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Preface
Volume 19 of the series Ion Exchange and Solvent Extraction devotes itself to a 
comprehensive look at the progress of science underlying solvent extraction in its 
role as the central technique for the reprocessing of commercial spent nuclear fuel. 
Perhaps one of the most difficult separation challenges imaginable is the partition-
ing of the components of nuclear fuel that has been “burned up” in a nuclear reactor. 
Not only does this challenge lie in the selective removal of certain actinides and 
fission products in a mixture of over a third of the periodic table, but also the sepa-
rations must be carried out in a field of intense radioactivity. Moreover, the sought 
decontamination factors are ambitious, and the range of concentrations of metals 
to be removed varies from on the order of milligrams per liter to over hundreds of 
grams per liter. As if this is not enough, we demand group separations and even 
simultaneous extractions of metal species that are quite disparate, even simultaneous 
extraction of cations and anions. Early practitioners soon recognized the power of 
solvent extraction as a technique that possessed high selectivity and also offered the 
robustness and simplicity needed for operation behind thick concrete shielding. The 
flexibility of stagewise flowsheet design was especially appealing. Indeed, solvent-
extraction chemistry developed over a half-century ago is still widely practiced in 
the world, and it may even be said that solvent extraction itself as a technique for the 
industrial separation of metals owes its birth to the problem of nuclear separations.

Now, more than six decades after the dawn of the nuclear era, a period of trans-
formation—some say a renaissance—has begun in nuclear technologies in all parts 
of the fuel cycle, and this naturally includes a transformation in the practice of 
solvent extraction. In view of the peaking of world oil supplies, growing concerns 
about global warming and its potential connection with the burning of fossil fuels, 
and domestic needs for energy independence, more countries are turning to greater 
use of nuclear energy as part of their energy policy. At the same time, it is recog-
nized that long-term use of nuclear energy will necessitate the development of better 
technology to separate and recycle those components that either add energy value 
or that, because of their long-term hazard, need to be destroyed by transmutation. 
Thus, the long-term vision of many workers in the field entails a proliferation-free 
 nuclear-energy economy in which little waste is stored or released to the environ-
ment. Motivated by such goals, research has not stood still over the past few decades, 
and now there exist new understanding, new molecules, new processes, and new 
contacting methods that can be used in future plants for commercial reprocessing. 
What is more, the momentum of current research coupled with powerful new tools 
available for conducting research promises major advances in the field.

In view of the heightened challenges and accompanying transformations in the 
field of spent nuclear fuel reprocessing, this volume aims to capture recent prog-
ress as it can be described today and looks ahead to potential developments. An 
overview chapter on the basic strategies in reprocessing introduces the book, defin-
ing the goals being pursued in different countries and the accompanying technical 
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challenges being addressed. The next three chapters present a range of new mole-
cules that have been synthesized and tested toward gaining increased selectivity and 
performance for specific purposes, such as the group separation of actinides from 
lanthanides. New classes of molecules such as calixarenes, bis(triazinyl)pyridines, 
and diamides show an increasing sophistication over previous generations of sim-
pler extractants, taking advantage of the unique economics of nuclear separations. 
Compared with the hydrometallurgical recovery of metals from ores, separations in 
the nuclear industry, where the capital and operating costs are dominated by factors 
other than the price of the extractants, benefit from the considerable variety of appli-
cable molecular frameworks that can be used. If molecules of greater complexity 
can be afforded and are needed for certain tasks, then molecular design must be pur-
sued, for the high cost of synthesis and testing of new compounds for radiochemical 
separations necessitates testing fewer compounds. Design techniques must pinpoint 
effective structures prior to synthesis, and one chapter addresses a new approach to 
the discovery of even more powerful extractants. It is also known that some objec-
tives can be accomplished by mixing extractants, as the next chapter discusses, but 
can one generalize some measure of rules that provide some predictability? Despite 
all the attempts to design superior extractants, the phenomenon of phase splitting or 
third-phase  formation has remained one of the factors impeding progress since the 
earliest use of solvent extraction. It can be said that the “ungainly” molecular struc-
tures of the most successful extractants owe their origin in part to avoidance of third 
phases. Unfortunately, the understanding needed to overcome this problem by ratio-
nal vs. empirical means has been limited until recently, as described in another chap-
ter. The theme of understanding-leading-to-predictability is continued in addressing 
the inevitable problem of the effects of intense radiation on the solvent and its perfor-
mance. If a new extractant cannot survive radiolysis conditions, then its usefulness 
in reprocessing is severely limited. But, can we predict in advance such instability? 
Nuclear separations often raise the question of accountability, requiring accurate 
real-time analytical capabilities, which are needed for good process control in any 
case. Accordingly, advances in analytical techniques, many based not surprisingly 
on reagents familiar in process separations, are covered. The development of new 
types of centrifugal contactors for more efficient processing is also described, for 
increasing throughput reduces  footprints and corresponding costs. Higher through-
put also reduces solvent inventory, further enabling the use of expensive designer 
 extractants, and reduced phase-contact times minimize solvent degradation. Finally, 
a  forward-looking chapter caps off the volume by considering new chemistry that 
may offer the potential for further advances in the future, using novel media such as 
ionic liquids and supercritical solvents.

In view of its comprehensive coverage, this volume is intended as a necessary 
reference for anyone interested in the basic chemistry of nuclear fuel reprocessing, 
including students, academicians, government researchers, industrial practitioners, 
and even policymakers. It should present a foundation for new research, as it not 
only describes the state of our knowledge, but also covers research tools, such as new 
methods for molecular design, spectroscopic techniques, and analytical methods. It 
should help applied chemists usher in the next era of nuclear technologies, as they will 
have a much better understanding of the systems they are working with. It should help 
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in the process of setting nuclear policy, as it defines what our capabilities are, at least 
in principle, upon further development. Although directed at nuclear separations, this 
volume should also prove useful to solvent-extraction chemists in hydrometallurgy, 
practicing the recovery of metals from ore, scrap, etc., in that the same new research 
tools are available for the study of any liquid-liquid system. Moreover, certain aspects 
of solvent extraction, such as third-phase formation, extractant design, and process-
stream analysis, challenge all researchers and practitioners in the field. Therefore, 
Volume 19 of the series Ion Exchange and Solvent Extraction seems a timely one for 
many reasons and a fitting presentation of the state of the art in solvent extraction.
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1 Overview of Solvent 
Extraction Chemistry 
for Reprocessing

Shoichi Tachimori
Sec. Nuclear Safety Commission (Retired)

Yasuji Morita
Japan Atomic Energy Agency
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1.1 IntRoDUCtIon

1.1.1 Current StatuS

Reprocessing of spent nuclear fuel (SNF) has been, for a half-century, playing a central 
role in an enhanced utilization of nuclear energy. In the first generation of reprocess-
ing, about 7.5–8.0 × 105 t of low burn-up uranium was processed during the Cold War 
era to recover ca. 300 t weapon-grade plutonium. In the second generation, on the con-
trary, reprocessing has been used to improve the peaceful utilization of nuclear energy, 
and ca. 1.0 × 105 t of civil high burn-up fuel, which is almost one-third of the total civil 
SNF evolved worldwide, has been reprocessed mostly in Europe by now (1–3).

The sum total of electricity generated by means of nuclear power worldwide till 
the end of 2007 is almost 5.8 × 1013 kWh, which is 14 times that generated in the 
United States in 2006.
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2 Ion Exchange and Solvent Extraction: A Series of Advances

Changing the point of view to material transformation, a nuclear reactor yields 
both fission products (FPs) and transuranic elements (TRUs). One-day operation of 
a 1GWe- nuclear power plant consumes ca. 3.2 kg actinides by fission reactions pro-
ducing almost the same amounts of FPs, and simultaneously yields ca. 1.0 kg TRUs 
(mostly Pu), which is a remainder of TRUs produced by (n,γ) and (n,2n) reactions of 
U and burnt, on an assumption of an average burn-up of 30 GWD/t. Hence, human-
ity will realize, taking until 2010, the transmutation of ca. 104 t of U (235U and 238U) 
into FPs (ca. 7700 t), Pu (ca. 2300 t, assuming an average burn-up of 30 GWD/t), and 
minor actinides (MAs; Np, Am, Cm) by modern nuclear technology. Specifically, the 
main useful products include: Ru, 490 t; Rh, 110 t; Pd, 250 t; 99Tc, 170 t; 241Am (241Pu), 
300 t; 243Am, 10 t; 244Cm, 1.6 t, etc.

Although the main incentive of reprocessing is to use uranium resources  effectively 
by recovering and recycling the Pu and U remaining in the SNF, the real feature of 
the Pu flow in the current world can be described as follows:

 1. Pu production in contemporary power reactors is ca. 90–100 t/year.
 2. Pu separation by reprocessing is ca. 20–30 t/year.
 3. About two-thirds of the separated Pu are used in mixed oxide (MOX) fuel 

fabrication.
 4. The residual “excess” civilian Pu has been accumulating in several  countries, 

and the gross amounts of Pu stored were estimated to be ca. 250 t at the end 
of 2006.

After a peak at 2010, the amount of Pu stored is supposed to start decreasing 
due to the expected increase in MOX fuel fabrication and its usage in Light Water 
Reactors (LWRs). Obviously, the utilization of MOX fuel by LWRs would gradually 
reach a balance in which the fissile Pu in the LWR fuel is ca. 5% of the total fuels. 
Consequently, the utilization of U resources would not be drastically improved. The 
ultimate utilization will be attained in the Fast Breeder Reactor (FBR) fuel cycle, in 
which a conversion of fertile 238U to 239Pu overwhelms the consumption of the 239Pu.

In the second-generation reprocessing, the applied separation technology has 
been the PUREX process, an acronym of Plutonium Uranium Reduction Extraction 
(4) based on a liquid-liquid extraction with tri-n-butyl phosphate (TBP) in n-paraffin 
diluent, which selectively recovers Pu and U on an industrial scale.

Growing concerns about global environmental issues and the risk of nuclear pro-
liferation led to the evolution of additional requirements for the future sustainable 
utilization of nuclear energy. The requirements are:

 1. Drastically reduce the potential impact of radioactive wastes on the envi-
ronment, that is, the long-term radiotoxicity or exposure risk, particularly 
attributable to the high-level waste (HLW) to be disposed of.

 2. Further improve proliferation resistance (PR) and safety. The essential 
 elements to enhance nonproliferation of nuclear weapons or to suppress 
harmful usage of nuclear power are to (i) decrease the global inventory of 
separated fissile nuclides, including the existing warheads; (ii) make the 
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handling of special nuclear materials not authorized by IAEA extremely 
difficult; and (iii) disseminate worldwide renunciation of nonpeaceful utili-
zation of nuclear materials.

 3. Minimize the cost of the disposal of HLW in a deep geological repository 
by reducing not only the volume of the wastes, but also the heat load of the 
wastes.

In response to these requirements, various projects have been conducted so far. 
An elaborate idea of Partitioning and Transmutation (P&T) was revised and has been 
investigated among the OECD and non-OECD countries. The P&T strategy consists 
of a “partitioning process” and a “transmutation cycle.” In the former, most of the 
TRUs (Np, Pu, Am, and Cm), long-lived FPs (LLFP) (129I and 99Tc), and heat-generat-
ing nuclides (90Sr and 137Cs) are partitioned in addition to U by chemical separation to 
realize (1) and (3) above. During the first 300 years after discharge of the SNF from 
a reactor, the thermal burden of the HLW on the repository, prevailing with 90Sr and 
137Cs, restricts the design conditions of the repository, and, consequently, removal of 
these heat-generating nuclides from the HLW relaxes the specifications of a reposi-
tory (5). After about 300 to 500 years, the radiotoxicity of the HLW is dominated by 
the MAs. After more than 200,000 years, the radiotoxicity of the HLW reaches the 
uranium-ore radiotoxicity threshold, which is regarded as nonhazardous to the envi-
ronment. Thereby, the removal of all the MAs from the HLW markedly reduces the 
long-term radiotoxicity of the consequent waste and makes it below that of the origi-
nal uranium ore after 3000 years. In the transmutation cycle, contributing to (1) and 
(2)-(i) above, the MAs and some LLFPs recovered are transmuted in a fast neutron 
reactor (FR) and accelerator driven system (ADS).

During the last few decades, considerable scientific and technical efforts have been 
devoted to develop partitioning/reprocessing processes in the frame of domestic and 
international projects: SPIN (France), OMEGA (Japan), bilateral cooperation and 
EURATOM Framework Programs 5 and 6 (NEWPART, PARTNEW, EUROPART, 
CALIXPART, PYROREP) (6, 7). Significant scientific and technical progress has 
been made. In Europe, the newest R&D program relating to P&T studies started in 
2007 under the 7th EU Framework Program FP7 (8).

Parallel with these programs, an ambitious project, the Global Nuclear Energy 
Partnership (GNEP), has been launched following the Advanced Fuel Cycle Initiative 
(AFCI) in the United States (9–11). This is a historical “turning-point” of the fuel 
cycle strategy of the United States from the once-through to the closed fuel cycle. 
Consequently, fruitful results of separation science and technology, including R&D 
for UREX+ (URanium Extraction plus) systems, have been emerging.

From the viewpoint of reducing the potential impact of radioactive wastes on the 
environment, a large-scale scientific and technical challenge has been devoted to 
addressing the issues of “legacy of defense waste” in the United States. Various sepa-
ration technologies to remove actinides (Ans), 137Cs, 90Sr, and 99Tc from the compli-
cated wastes stored in tanks at Hanford, Savannah River, and Idaho sites have been 
assessed, developed, and tested with real wastes under the collaboration of National 
Laboratories, private companies, and universities in the United States (12–15).
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1.1.2 PeCuliaritieS of reCent ProgreSS

During the last few decades, the evolution of separation science and technology for 
reprocessing has obviously been affected by the progress of modern science and 
technologies, including actinide chemistry, computer science, information technol-
ogy, an expanding knowledge base composed of a lot of fundamental and theoreti-
cal insights and experimental data, and highly sophisticated technologies. Some 
prominent achievements showing this feature symbolically are: (1) research teams 
in Marcoule and in Sellafield have successfully demonstrated control of the behavior 
of Np in the PUREX process; (2) research groups in the United States and in France 
have clarified the mesoscopic structure and the mechanism of third-phase formation 
(TPF) in extraction systems of TBP, diamides, and others; and (3) the debut of many 
novel extractants intentionally designed for specific separation purposes.

The first work depends essentially on an accurate and reliable analysis by using 
sophisticated simulation codes, such as, PAREX of CEA and SpeedUp (Aspen Plus) 
of British Nuclear Fuels Ltd. (BNFL), which were independently developed and veri-
fied by a large number of distribution and kinetics data of Np for redox reactions. 
The flowsheet conditions of the first cycle of the PUREX process were determined 
by CEA (16–18) with respect to coextraction of Np with U and Pu, and flowsheets 
of splitting Np from a U-stream were determined by BNFL (19, 20). The former 
flowsheets were validated by experiments using a genuine SNF and dedicated pulsed 
columns equipped with sensitive probes in the heavily shielded cell Chaîne Blindée 
Procédé (CBP) at the ATALANTE facility (CEA/Marcoule). The latter were vali-
dated by tests on a hot bench at Sellafield. Satisfactory results of Np extraction and 
stripping were obtained with a yield greater than 99%. Those rigs are well accom-
modated with high-level analytical lines.

TPF, splitting of an organic phase into two phases, has been an unwanted phe-
nomenon not only in the PUREX process, but also in many, if not most, liquid-liquid 
extraction systems, for example DIAMEX (DIAMide EXtraction). Despite its sig-
nificance, TPF remains insufficiently understood. Chiarizia et al. applied the small-
angle neutron scattering (SANS) technique to investigate TPF in the TBP solvent 
system (21, 22). The SANS data were obtained by using the very intense neutron 
beam from  the Intense pulsed neutron source (IPNS) at Argonne National Laboratory 
(ANL) and analyzed by virtue of Baxter’s “sticky spheres” model. In addition, the 
inner-sphere structure of the TBP-U(VI)-NO3

− complex in the third phase was stud-
ied by measuring the X-ray absorption fine structure (XAFS) at a beam-line of the 
Advanced photon source (APS) at ANL. Consequently, the mechanism of aggrega-
tion involving the self-assembly of small reverse micelles of TBP-metal complex and 
HNO3 was proposed. The findings elucidate the structure of the third phase and fea-
ture the physical chemistry of the system. The aggregation phenomenon is governed 
by two contrasting physical forces in an organic solvent: attractive and dispersive. 
Similar results were reported for diamide extraction systems by Madic et al., who 
used the small-angle X-ray scattering (SAXS) technique for analysis (23). They also 
used Baxter’s “sticky spheres” model.

The motivation of the third achievement is ascribed to the fact that the  influence 
of the invention of an ideal extractant possessing a high affinity and selectivity 
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toward a specified nuclide is so great as to expand the possibility of separations and 
to reduce the cost of a whole process significantly, and that the methodologies are 
well matured due to the progress of computer technology and software, complex 
chemistry, and synthetic organic chemistry.

These successful achievements were heavily owing to fundamental research, 
which induces synergism between fundamental and applied research. In addition, 
various collaborations among domestic and international researchers were also syn-
ergistic, and the development was thereby accelerated. The reprocessing technology, 
in this way, continues to evolve with the rapid progress of surrounding science and 
technology.

1.2  eVoLUtIon oF soLVent-eXtRACtIon 
sYsteMs FoR RePRoCessInG

Many review papers covering a broad spectrum of R&D issues of reprocessing were 
published during the period from the end of the twentieth century to the dawn of 
the new century (24–31). For the modernization of PUREX technology, which has 
already been practiced on an industrial scale for a half-century, the main R&D issues 
challenged were to

 1. Optimize each application of PUREX and the overall process to attain suf-
ficiently improved performance by refinement of flowsheet conditions using 
reliable and accurate software (i.e., database and simulation code) and by 
sophistication of process-control methods.

 2. Introduce novel processes for improved PUREX concepts (i.e., control of 
Tc, Np, and iodine) and advanced methods, such as reagent’s regeneration 
process.

 3. Develop the hardware (e.g., centrifugal contactors, sensors, and other devices) 
and accompanying equipment, such as waste-treatment systems.

 4. Address issues remaining unsolved in the PUREX process, namely, TPF, 
and topics in understanding the process fundamentally and thoroughly.

The ultimate goal for PUREX will be establishing an advanced single-cycle process 
(32, 33).

On the other hand, for the establishment of novel liquid-liquid extraction  processes, 
many subjects, from fundamentals to plant-scale application steps, are to be solved 
generally as follows:

 1. Design and develop a novel molecule that provides satisfactory separation 
of a target nuclide. It should be easily synthesized.

 2. Build a core extraction system: choose components such as extractant, diluent, 
modifier, scrubbing/stripping agents, aqueous-phase conditions, etc.

 3. Collect intrinsic data pertaining to the emerging process: liquid-liquid distri-
bution, kinetics, hydrolytic and radiolytic stability, and the maximum metal 
loading in an organic phase without TPF, referred to as the limiting organic 
concentration (LOC). Consequently, build a database.
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 4. Develop a process simulation code to contrive objective flowsheets and to 
predict and optimize performance.

 5. Establish the flowsheets by using the simulation code and the database, and 
perform small-scale countercurrent experiments to verify the flowsheets.

 6. Assess quality and quantity of products and wastes arising through the treat-
ment of product and raffinate streams, which contain not only nitric acid, but 
also organic compounds (i.e., complexants, reductants, etc.). The treatment 
methods significantly affect the cost and safety issues of the reprocessing.

The following sections review recent findings and progress achieved on liquid-
liquid extraction systems dedicated to reprocessing of the SNFs.

1.2.1 imProved PureX ProCeSS

Although the PUREX process is regarded as a well-matured chemical technology in 
the nuclear industry, owing to its complex chemistry, high radiation field, evolution 
of the fuels to be processed (i.e., extended high burn-up and MOX fuel), safety and 
economical issues, and its principal position in establishing the nuclear fuel cycle, 
both fundamental and application studies have been continued.

Precise process simulation codes are vital tools to design and optimize a process 
flowsheet of countercurrent liquid-liquid extraction. The central core of such codes 
generally consists of programs quantifying the liquid-liquid equilibrium of solutes 
and the kinetics of chemical reactions involved in the system. Baes et al. of Oak 
Ridge National Laboratory (ORNL) have established models for the  thermodynamics 
of two-phase equilibrium systems, and the latest version, SXFIT, is a general model, 
theoretically treating a limitless number of components for extraction systems (34, 
35). Kumar and Koganti of Indira Gandhi Centre for Atomic Research (IGCAR, 
India) have presented many empirical models to calculate equilibrium states of the 
solutes, including boundaries of TPF in the TBP/n-dodecane system (36–40). Such 
modeling efforts have also been performed worldwide (41–44).

As a consequence, corporations operating PUREX plants have been using sophis-
ticated process simulation codes, including the PAREX code in France (45–47), 
SpeedUp (Aspen Plus) in the UK (48), and SIMPSEX code in India (49–51). Argonne 
Model for Universal Solvent Extraction (AMUSE) code in the United States was con-
trived not only for PUREX, but for UREX+ processes (52), which will be mentioned 
later. In Japan, similar efforts have also been made (53–55).

As the PUREX process is operated under an extremely strong radiation field with 
nitric acid, the radiolytic and hydrolytic degradation of TBP/n-paraffin solvent and 
its influence on the process performance have long been investigated, and the studies 
are continuing (56–65). The degraded solvent should be regenerated for recycling, 
and one of the main reasons for the successful operation of the La Hague reprocess-
ing plants is an advanced solvent cleanup by vacuum distillation (66).

The behavior of Tc in the PUREX process was first reported by Siddall in 1959 
(67), and since then, not only its distribution (68), but also its detrimental effects (69) 
have been clarified. Thus, control of Tc in the PUREX process was envisaged in that 
most of the dissolved Tc is finally directed to the raffinate stream at the first cycle 
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(70). French researchers have verified that more than 99% of dissolved Tc could be 
stripped and put into the raffinate successfully (16–18).

As the requirements of U-product specification are very severe with respect to Np 
content (125 Bq/g U, according to ASTM C788-03), and due to its behavior in geolog-
ical systems, Np should be removed quantitatively from a waste disposed in a reposi-
tory. Therefore, sophisticated control of Np in the PUREX process has been strongly 
urged. As the distribution of Np valence state as IV, V, or VI varies depending on the 
system, many investigations have been devoted to the kinetics of redox reactions of 
Np in systems relating to PUREX. Studies are classified into two categories: those 
in HNO3−HNO2 systems (71–76) and those with reductants (77–85). Based on the 
valuable knowledge obtained and by virtue of excellent computer codes, very prom-
ising results of “Np management” in the PUREX process have been obtained at the 
hot cell in France and UK, as explained in Section 1.1.2 (16–20).

The phenomenon of TPF is a disturbing one to be avoided for an application of 
liquid-liquid extraction. For the PUREX process, the conditions of TPF as functions 
of concentrations of HNO3, U(VI), U(IV), and Pu(IV); diluent; and temperature 
were investigated thoroughly (86–88). The conditions are commonly expressed in 
terms of LOC. The scientific elucidation, however, of the TPF, dealing with compo-
sitions/speciation and structure of the phases, causes of the phase splitting and its 
mechanism, thermodynamic features of TPF, reasons for difference of the LOCs 
with respect to metals and acids, had been deficient.

As explained in Section 1.1.2, with the advent of advanced machines such as strong 
neutron sources or X-ray sources, structural analysis of liquid samples by SANS, 
SAXS, and XAFS has enabled the rigorous study of not only metal-ligand com-
plexes, but also TPF. Using these techniques, Chiarizia et al., Madic et al., and others 
have addressed the TPF issues vigorously (21–23, 89–97). Using Baxter’s “sticky 
spheres” model, they showed that the extracted metal-ligand species exist as reverse 
micelles. Consequently, the TPF was explained (21) in accordance with the idea that 
the small reverse micelles formed by the TBP in an organic phase are subject to two 
opposing physical forces: (1) thermal energy tends to keep the micelles, dispersed in 
the solvent; and (2) intermicellar attraction causes micellar adhesion. The latter is the 
van der Waals force between the polar cores of the reverse micelles and the attrac-
tion becomes stronger as increasing amounts of polar solutes are transferred into the 
TBP phase. When the energy of attraction between the micelles in solution becomes 
about twice the average thermal energy (~2kBT, where kB is the Boltzman constant), 
the reverse micelles start to self-assemble. Regarding how rapidly the energy of (2) 
reaches the critical value, 2kBT strongly depends on the charge and radius of the 
extracted cation, its ionization potential, and hydration enthalpy for the extracted 
nitrates. In a recent report, Berthon et al. (98) investigated the effect of alkyl chain 
length of both diamide and diluent on the phase splitting of an organic phase. They 
explained that the attractive force between polar cores of reverse micelles increases 
with a decrease of chain length of the diamide and with an increase of that of diluent. 
Diluent molecules, having shorter (or branched) chains, penetrate the apolar layer of 
reverse micelles, which results in swelling of the layer, and thus the attractive force 
between the micelles’ cores decreases. These findings provide an insight into TPF, 
and further studies would be expected to identify, a route to prevent the TPF.
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It is well recognized that centrifugal contactors in a reprocessing plant reduce the 
total cost and are, thus, superior to a plant installed with very big or tall pulsed col-
umns. In addition, as recent LWRs discharge UO2 fuels of very high burn-up (~55 
GWD/MT) and MOX fuels, which increase the radiation intensity of the SNF drasti-
cally, a very short contact time of an organic solvent with an aqueous solution is pref-
erable. Thus, development of annular centrifugal contactors has steadily progressed 
(99–103).

Recently, the CO-EXtraction (COEX) process was proposed by AREVA-France 
(104). The COEX process initially coextracts all of the U and Pu, and subsequently 
splits them into a U stream and a Pu stream containing an equal amount of U. In 
addition, a hydrometallurgical co-conversion process is coinstalled in an “integrated 
recycling plant,” which produces homogenous mixed actinide oxides (105, 106). 
Thus, the PR is enhanced.

A key technology that is imperative to society should have, and be prepared with, 
alternatives at all times. Thus, different kinds of monodentate extractants have been 
investigated worldwide. They are monoamides (107–115), dialkylsulfoxides (116–121), 
and trialkyl (122, 123) and tricyclohexyl phosphates (124).

1.2.2 advanCed ProCeSSeS

As discussed in Section 1.1.1, the requirements for the reprocessing of SNF have 
shifted due to the evolution of global politics and concerns about environmental 
issues. Consequently, to satisfy the new requirements, the kinds of radionuclides to 
be separated from SNF before disposition to a repository as waste are expected to 
increase compared to the development of new processes with the PUREX process. 
Now, separation chemists should recognize, before they start, how much (yield) 
and what quality (specifications) are required for products of the respective nuclides 
 separated. This goal is, of course, deduced from the defined purpose of a respective 
project. Table 1.1 shows examples of the goals for separation in the OMEGA project 
(125) and GNEP (AFCI) project (126). The goals of the OMEGA project were defined 
by expecting advanced future technologies. The target nuclides elaborated were not 
only U and Pu, but also MAs and some FPs.

Similar goals or criteria of the French SPIN program cannot be found, but the 
recovery targets of the CEA were described (18) explicitly as,

 1. 99.9% of the americium and curium present in the PUREX raffinate
 2. More than 99% of the neptunium and iodine present in the original spent fuel
 3. More than 99% of the technetium present in the PUREX raffinate
 4. 99.9% of the cesium present in the PUREX raffinate

Complete achievement of the above goals seems very difficult when we assume 
 nothing but the existing extractants. Therefore, the principal tasks are to develop 
novel extractants that are satisfactorily applicable to actual processes for target 
nuclides. Thus, many researchers, aiming at a specific nuclide, have pursued elabo-
rate investigations, such as “molecular design” or “molecular modeling,” through 
analytical and experimental approaches.
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1.2.2.1 Molecular Modeling Approach
Molecular design has enjoyed a long history, from the preliminary “trial-and-error” 
stage to the contemporary computer-aided “molecular modeling” stage. In this chapter, 
the latter, in silico design, for nuclear applications is focused on and reviewed.

Design of a novel ligand that shows affinity to specified metals entails a toolbox 
containing knowledge bases, computer codes, and synthetic methods for organics. 
The knowledge bases are, for example, OECD/NEA’s Thermochemical Database 
(127, 128), solvent-extraction database and programs for analysis (129–132). 
Although methodologies of modeling, how to use the tools, depend heavily on the 
researcher’s expertise, requisite criteria for design is the knowledge about the rela-
tionship between ligand structure and the nature of metal-donor group interactions; 
 quantitative  structure-activity relationship (QSAR). Many investigations to establish 
methodologies for designing ligands possessing high affinity and selectivity to spec-
ified metal ions have appeared during the past decade (133–150). Computational 
chemistry plays an essential role in these investigations, namely, molecular mechan-
ics (MM) and molecular orbital (MO) calculations. It has been efficiently used to 
obtain an  optimized structure of a molecule and to determine appropriate descriptors, 
resulting in a good QSAR with experimental properties. Hay of Pacific Northwest 
National Laboratory (PNNL) and others have progressed a research project for 
computational design of metal ion sequestering ligands (151–156). Initially, they 
developed a molecule-building software, HostDesigner. It generates a large num-
ber of candidate molecular architectures, incorporating sets of donor groups and 
molecular fragments given by users. HostDesigner screens many candidate archi-
tectures with respect to complementarity for a targeted metal ion and finally outputs 
a list of lead candidates for further evaluation. In the next step, the candidates are 
evaluated and prioritized more accurately with respect to their binding affinity for 
a specified metal ion guest by using MM models, for example, MMX, MM3, and 
AMBER. MM models partition the steric energy into stretching, bending, torsion, 
and nonbonded (Van der Waals, electrostatics, hydrogen bonding) interactions. The 
process of parameterizing these models requires knowledge of the geometries and 
potential energy surfaces for each individual interaction, which are precisely the cri-
teria needed to evaluate metal ion complementarity. A successful achievement of the 
strategy was demonstrated by the design of a bicyclic diamide (157–159).

Varnek of Université Louis Pasteur gives a comprehensive explanation of QSAR 
methodology (see Chapter 5 of this volume).

Molecular design ultimately requires a solid comprehension of a liquid-liquid 
extraction system not only in an equilibrium state of a system, but also in the form of 
intermediate complexes and dynamic processes taking place mainly at the liquid-liq-
uid interface. Molecular dynamic (MD) simulation reproduces the orientation of the 
reacting agents and the intermediate complexes at the interface rather precisely (160–
162), and consequently reflects the stability of metal-ligand complexes and selectivity 
of the reactions. Striking investigations with MD simulation have been accomplished 
by Wipff et al. (163–171), where a topical one is a phenomenon with TBP and UO2

2+ 

(167–169). MD computations have been advancing in various systems (172–174), 
and because they treat systems as inherently consisting of large numbers of atoms 
and molecules, the capability of MD simulation depends entirely on the progress 
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12 Ion Exchange and Solvent Extraction: A Series of Advances

of computer performance and computational techniques. In the future, molecular 
 modeling could be easily accomplished at a level of practical applications.

1.2.2.2 novel extractants and Processes
Usually, a novel extractant is developed aiming for an application for a specific sepa-
ration purpose. Therefore, in the present chapter, novel extractants were categorized 
and reviewed according to a specific purpose for reprocessing.

1.2.2.2.1 Uranium-Selective Extraction
As U is the major component of a SNF see Table 1.2, its initial separation in repro-
cessing alleviates the mass burden of following steps and is considered preferable. 
The UREX process developed in the AFCI program of the United States is based on 
the PUREX process (30 vol % TBP in n-dodecane) and suppression of extractions of 
Pu and Np by reduction/complexation (175–182). Plutonium and Np are reduced by 
acetohydroxamic acid (AHA, CH3CONHOH) to Pu(III), Np(V), and Np(IV). U is 
kept in an extractable U(VI) state. Although Np(IV) is also extractable, AHA forms 
a complex with Np(IV) that is soluble in the aqueous phase. In the case where reoxi-
dation of Pu(III) occurs, the Pu(IV) also transfers to the aqueous phase by form-
ing a Pu(IV)-AHA complex. Thus, U is exclusively extracted. AHA decomposes to 
hydroxylamine and acetic acid (176).

The reaction rate of AHA is large enough to use centrifugal contactors. Process 
experiments with real SNF in a series of centrifugal contactors have demonstrated 
a separation of highly pure U with a yield of >99.99% (126, 183–188). The UREX+ 
process also enables the effective separation of Tc (189).

For the design of UREX flowsheets, the AMUSE code has been used effectively. 
AMUSE is an updated version of the Generic TRUEX Model (GTM), which was 
developed during the 1980s and 1990s to design multistage countercurrent flowsheets 
for the TRans-Uranium EXtraction (TRUEX) process (190). GTM was renewed by 
adopting the SASSE model (Spreadsheet Algorithm for Stagewise Solvent Extraction) 
(191–194), a modified version of the SEPHIS code (195) and Spreadsheet Algorithm 
for Speciation and Partitioning Equilibria (SASPE). The prominent feature of 
AMUSE (196–198) involves (1) calculating very accurate distribution values using 
thermodynamic activities for H + , NO3

−, and water to fit experimental data to equilib-
rium equations (199); and (2) building the model in a modular format with the easily 
programmed and user-friendly Microsoft Excel. Thus, the AMUSE code is appli-
cable to design and optimization of solvent-extraction flowsheets of not only UREX, 
PUREX, and TRUEX, but also SREX, CSSX, and NPEX processes. Application to 
other processes, for example, CCD-PEG and TALSPEAK, is promising.

N,N-dialkylamides are monodentate ligands that show extraction properties 
for Ans similar to TBP. When a highly branched structure is incorporated into the 
alkyl groups of the amide molecule, the resulting amide exhibits steric hindrance 
in the extraction of Ans (200–202). This effect is larger for Pu(IV) than U(VI) and 
causes an increase in separation factor; SF[U(VI)/Pu(IV)] = D(UVI)/D(PuIV), where 
D(M) is the distribution ratio of M. A research group from the Japan Atomic Energy 
Agency (JAEA, formerly JAERI) has adopted N,N-di-octyl-2-ethylbutanamide 
(DO2EBA) as the extractant of the Branched-AlkylMonoAmide (BAMA) process 
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14 Ion Exchange and Solvent Extraction: A Series of Advances

and successfully demonstrated the selective recovery of U(VI). Neptunium(VI) 
extracted simultaneously with U(VI) was scrubbed and removed by AHA (203, 
204). The CEA group proposed N,N-di-(2-ethylhexyl)-iso-butanamide (D2EHiBA) 
for the selective extraction of U in the concept of GANEX (Grouped ActiNide 
EXtraction) (205) (Figure 1.1).

1.2.2.2.2 Extraction of Transuranium Elements
Processes for separating Pu in pure form are not included in the present review 
because of the restriction consistent with the nonproliferation rule. Thus, processes 
and extractants capable of extracting TRUs were reviewed. Methods for the separa-
tion of TRUs contrived so far can be categorized in four ways:

 A. Extract all Ans, including Am and Cm, simultaneously from a feed  solution 
of relatively high nitric acid concentrations, leaving all other elements 
including lanthanides (Lns). Probably U (and Np) is removed in advance.

 B. Extract Ans with Lns in an extraction stage of high acidity and strip only 
Ans in a stripping stage. Lns must be kept in an organic phase under the 
Ans-strip conditions. Finally, Lns are stripped. This is a one-cycle process.

 C. Extract Ans with Lns from highly acidic aqueous solution at the first cycle 
and then separate Ans from Lns in the second (low acid) cycle. The extract-
ants used in the respective cycles would be nonidentical.

 D. Use a mixture of two extractants; one enables extraction of both Ans and 
Lns from high acid solutions and the other enables extraction of Ans and 
Lns at low acidities. By using the mixed extractants, method (B) of one cycle 
is satisfied.

Actually, ligands capable of utilizing method (A) have not yet been devel-
oped. Ligands having N-donors and exhibiting a high SF[Ans/Lns] value in an 
acidic region are under investigation (see Section 1.2.2.2.2.2). Ligands such as 
 carbamoylmethylphosphine oxides (CMPO) and diamides are candidates for method 
(B). However, most  selective stripping of Ans is undertaken by using complexants 
under conditions of low acidity or pH region where the bidentate extractants lose 
their affinity toward Lns. Therefore, other methods were contrived as alternatives.

Based on the above considerations, Ans extraction systems following the methods 
(C) and (D) are reviewed below.

C

O

N

D2EHiBA

N

O

DO2EBA

FIGURe 1.1 Structure of branched monoamides.
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1.2.2.2.2.1  Simultaneous Extraction of Ans and Lns
CMPO. Among the  bidentate extractants reported, octyl(phenyl)-N,N’-di-iso-butyl 
carbamoyl-methylphosphine oxide (OΦD(iB)CMPO) is the most popular and thor-
oughly utilized extractant, which was developed by Horwitz et al. of ANL (212). It has 
been used in the TRUEX process and applied preponderantly to various objectives in 
the United States during the 1980s (206). A wide range of nitric acid concentrations 
of feed solution, for example, 1 to 6 M HNO3, is applicable to the TRUEX process. 
OΦD(iB)CMPO is used as dissolved in 1.2 to 1.4 M TBP-paraffin solvent. The quan-
tity of TBP used for OΦD(iB)CMPO is a function of the chain length and branching 
of the paraffinic hydrocarbon. A similar CMPO, diphenyl-N,N’-di-n-butylcarbamoyl-
methylphosphine oxide (DΦDBCMPO), whose characteristics have been compared 
with those of OΦD(iB)CMPO (206), was developed by Russian researchers (207). 
The Russian CMPO is not sufficiently soluble in the above solvent, but it dissolves in a 
polar organofluorine compound (Fluoropol-732, 1-nitro-3-(trifluoromethyl)benzene), 
and thus eliminates TBP, whose degradation products must be washed out sufficiently 
during operation. Studies on hydrolysis and radiolysis of OΦD(iB)CMPO have been 
carried out intensively, and the degradation products and their effects on the extrac-
tion systems of CMPO have been identified (208, 209). A trace amount of impurities 
or degradation products of CMPO-TBP, especially acidic compounds, significantly 
affects the extraction behavior toward Ans and Lns in the low acid region used in 
stripping. Consequently, high performance of cleanup methods for the recycled sol-
vent is definitely needed for the TRUEX process and has been envisaged (210, 211). 
Usually, extraction of multivalent elements (i.e., Fe, Zr, Mo, and Pd) is suppressed by 
the addition of oxalic acid to the feed solution or to scrubbing stages.

To design and optimize flowsheets most appropriate for the objective applica-
tion, the GTM program has been used (212, 213). After the 1990s, the application 
of the TRUEX process for practical purposes has been implemented successfully 
(214–219), parallel to fundamental investigations (220–225).

Malonamide. Malonamides (MAMs) are the most extensively investigated extract-
ant in Europe (226–245), under the terms of French law of 30 December 1991. MAMs 
have two carbonyl oxygens, which are electron donors and bind to actinides (246). 
Based on the wealth of data and molecular modeling expertise, the molecular formula 
was optimized in view of good extraction and stripping, solubility and loading capacity 
of the metal-complex in diluent, conditions of TPF, and hydrolytic and radiolytic sta-
bility (247, 248). Consequently, N,N’-dimethyl-N,N’-dioctylhexylethoxy-malonamide 
(DMDOHEMA) was assigned as an extractant of the DIAMEX process. The diluent 
used is the same as the one used in the La Hague plants, TPH, which is an industrial 
blend of branched alkanes obtained by polymerization of propylene and hydrogena-
tion of the formed tetramers. The DIAMEX flowsheets have been contrived and opti-
mized by using the PAREX code. The concentration of nitric acid in feed solutions is 
allowed to be 3–5 M. Verification experiments have been carried out with a genuine 
HA raffinate at the ATALANTE facility (16–18). The main results obtained by using 
0.65 M DMDOHEMA/TPH solvent up to 2004 are that (a) recovery yields of An(III) 
and Ln(III) were > 99.9%; (b) decontamination of the main disturbing elements, Zr 
and Mo (by oxalic acid) and Pd (by N-(2-hydroxylethyl)ethylenediamine-N,N’,N’-
triacetic acid; HEDTA) was satisfactory; and (c) effects of degradation products of 
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DMDOHEMA were limited and did not exert disturbing effects on the implementa-
tion of the DIAMEX process.

In the United States, Lumetta et al. designed a MAM molecule by a method of 
MM calculation, which gives a molecular formula with the most favorable total 
strain energy (157–159). The MAM ligand (LMAM) thus designed was chemically 
synthesized, and the X-ray crystal structure of the complex Eu(LDMA)2(NO3)3 exhib-
ited the same chelate conformation as predicted by the MM model, and moreover, 
its lipophilic derivative was synthesized and used for the verification experiments of 
solvent extraction. Very interestingly, it revealed a dramatic increase in the distribu-
tion ratio of Eu(III), namely 7 orders of magnitude larger than a typical LDMA (157). 
The extracted complexes of An(III) or Ln(III) in MAM-TPH extraction system are 
represented as M(NO3)3(LMAM)2, where M = An(III) and Ln(III).

Actually, TPF is also a problem of MAM extraction systems (23, 249, 250), and 
thus various investigations on TPF and the structural studies on the extracted metal-
MAM complexes have been carried out. Formation of reverse micelles and their 
aggregation were discussed (251–254).

Diglycolamide. Owing to the relatively weak affinity and poor preorganization 
(157) of the two carbonyl groups of MAM for the Ans and Lns ions, the DIAMEX 
process requires a higher concentration of DMDOHEMA, 0.5 M, and more extrac-
tion stages than the TRUEX process. JAEA researchers investigated the affinity-
 strengthening effect of ether oxygens introduced between the two amide groups 
of MAM, supposing a family of podands, and found only one ether oxygen is the 
strongest (255–258). Consequently, diglycolic amides (DGA) were deemed to bind 
to Ans(III) and Lns(III) ions in a definitive tridentate fashion. This feature was con-
firmed by an XAFS study (257).

The molecular formula of DGA was optimized, and N,N,N’,N’-tetraoctyl diglyco-
lamide (TODGA) was chosen for process applications (259, 260). The monoamide 
DHOA was used as a phase modifier of the TODGA/n-dodecane solvent to improve the 
solubility of the metal-TODGA complex (261). The basic extraction reaction of TODGA 
with An and Ln ions and the stoichiometry of their metal-TODGA complexes formed 
in the organic phase are similar to those of MAMs, including reverse-micelle forma-
tion and their aggregation (262–264). But, interestingly, the extractability of TODGA 
for actinide ions follows the order Th(IV)  Am(III) > Pu(IV) > U(VI) >> Np(V),  and 
D(M) versus atomic number of Lns apparently follows a very different pattern as com-
pared with MAMs (256). Hydrolytic and radiolytic stabilities were studied (265–267), 
and the results showed that n-dodecane has a sensitization effect on the  radiolysis 
of amides, owing mainly to a charge transfer from radical cations of n-dodecane to 
the amide molecules in the primary process (266). This result was supported by the 
 difference in the ionization potentials between n-dodecane and amides. The radiolytic 
effects on the practical extraction systems of Ans by TODGA-DHOA/n-dodecane sol-
vent were, however, found to be insignificant (275). Modolo et al. have demonstrated 
high performance of the TODGA-process for Ans-Lns coextraction with TODGA-TPH 
(268, 269) or TODGA-TBP-TPH (270–273) solvents using genuine HLW.

The extracted complexes of An(III) or Ln(III) in the TODGA-n-paraffin  extraction 
system are represented as ML2(NO3)3 or ML4(NO3)3 (reverse micelle including H2O 
and HNO3 molecules), where M = An(III) or Ln(III) and L = TODGA. Due to the 
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promising extraction propensity of TODGA, not only basic studies but also vari-
ous R&D works for applications have been envisaged and demonstrated (274–277). 
Tian et al. investigated the distribution equilibria and thermodynamics of U(VI), 
Np(V), Pu(IV), Am(III), and TcO4

− with another DGA, N,N,N’,N’-tetraiso-butyl-3-oxa-
glutaramide (TiBOGA) (278). The extractability of TiBOGA in 40/60% (V/V) 1-oc-
tanol/kerosene for the ions follows the order Am(III) >> Pu(IV) > U(VI)  Tc(VII) > 
Np(V). Mowafy et al. compared the extractability of several diglycolamides having 
different alkyl groups with amidic nitrogen, using benzene as diluent (279).

TRPO. The trialkyl phosphine oxide (TRPO) process was developed at Tsinghua 
University in China during the 1990s (280–282). TRPO is the trademark of a com-
mercial product in China, consisting of a mixture of phosphine oxides with alkyl 
groups of different C number. For the extraction of Ans (and Lns), 30 vol % TRPO 
in kerosene was used from an aqueous solution of nitric acid concentration of 0.5–1 
M. Ans (and Lns) were stripped with a 5–6 M HNO3 solution. Technetium(VII) is 
also efficiently extracted by the solvent and stripped by water (283). When TRPO 
degrades radiolytically, polymeric products prevent effective stripping of Pu (284–
286). The TRPO process has been tested in China (287) and at the ITU in Karlsruhe 
(288, 289) with genuine HLW; its performance was appraised as being satisfactory. 
Recently, from the viewpoint of integration of PUREX and TRPO processes, a sim-
plified TRPO flowsheets has been proposed (290).

DIDPA. Application of di-isodecyl phosphoric acid (DIDPA) to the extraction 
of Ans(III) and Lns(III) was initiated at JAEA in the 1970s (291, 292). Then it was 
fully investigated in the frame of the Partitioning and Transmutation program. For 
the extraction of Ans (and Lns), 0.5 M DIDPA-0.1 M TBP in n-dodecane was con-
tacted with an aqueous solution of nitric acid concentration of ~0.5 M. In the second 
cycle, from the re-extracted Ans and Lns, Ans were stripped by 0.05 M diethylene-
triamine-N,N,N’,N”,N”-pentaacetic acid (DTPA) solution, leaving Lns in the organic 
phase in the manner of the Reversed TALSPEAK process (358). Lns were stripped 
by 4 M HNO3. The process was tested in a hot-cell with a genuine HLW solution at 
the NUCEF facility of JAEA (293) and at the Institute for Transuranium Elements 
(ITU) in Karlsruhe (294). A recovery yield of 99.99% of Am and Cm was achieved. 
The process requires denitration of HLW in adjusting the feed, which produces pre-
cipitates of Mo, Zr, etc. Thus, it could, by filtration, remove most of the Mo and Zr, 
which are troublesome in the latter processes (Figure 1.2).

Scrubbing and stripping. Conditions of scrubbing and stripping are very 
 important from the viewpoint of process performance, as they determine the purity 
and recovery yield of a product. The former selectively removes contaminating 
solutes from the main extractable solute in an organic phase. The latter strips the 
objective solutes selectively and successively from the organic phase. Scrubbing 
and  stripping produce aqueous streams to be treated next, as a product or waste. 
Therefore, their chemical compositions are carefully determined to minimize the 
cost and the wastes. Some examples are shown in Table 1.3. The ligands that extract 
Ans usually exhibit affinity for multivalent metal ions, such as Fe(III), Mo(VI), 
Zr(IV), Pd(II), and Ru, and they are coextracted with Ans. Thus, most processes 
shown in Table 1.3 utilize complexing reagents that hold back the impurity elements 
by selective complexation in the aqueous phase. Oxalic acid is commonly used as a 
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typical complexant. Some reductants, for example, HAN, AHA, and H2O2, are also 
used for effective scrubbing and stripping. Most reagents used are salt-free, except 
for Na2CO3, and easily decomposable.

1.2.2.2.2.2  Separation between Ans and Lns Both Ans(III) and Lns(III) are 
classified as hard ions and react with hard donors, such as oxygen, very similarly 
because of the coincidence of ionic size and charge density. On the other hand, the 
nature of 5f electrons, that is, large relativistic effect, itinerant nature, and a degree 
of covalency (though small), makes the behavior of An(III) ions slightly softer than 
Ln(III) ions. Consequently, most group separations of Ans(III) and Lns(III) were 
attributed to the ligands possessing soft donors with sulfur or nitrogen atoms. Nash 
has presented a detailed discussion concerning the actinide separations (295).

On the premise of the transmutation of Ans (particularly Am and Cm) by fast 
neutrons, the Ans recovered must be adequately decontaminated from Lns. The 
required decontamination factor (DF) should be considered from the viewpoints of 
neutron absorption cross sections of Lns and interactions of Lns (in target) with the 
cladding material; see Table 1.1 (condition described in ASTM C833-01: < 20 mg 
Lns/g TRU). Taking the compositions of spent fuel to be reprocessed into account 
(see Table 1.2), the DF required is ca. 1000 for PWR-UO2 (60 GWD/t) and 140 for 
PWR-MOX (60 GWD/t). Thus, a DF of about 2000 will be a tentative goal.

Sulfur donors of the dithiophosphinic acid type. In 1994, Jarvinen et al of Los 
Alamos National Laboratory (LANL) et al. reported significantly large separation 
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factors (SF[Am/Eu]) in extraction systems of dicyclohexyldithiophosphinic acid-
TBP and Cyanex 301-TBP. The addition of TBP increased both distribution ratios 
and SFs (296). In 1995, Zhu et al. (Tsinghua University) reported extraordinary large 
values of SF[Ans(III)/Lns(III)]; they obtained SF[Am(III)/Eu(III)] = 4900 by using 
 purified bis(2,4,4-trimethylpentyl) dithiophosphinic acid, a major component (~80%) 
of Cyanex 301 (297, 298). Process flowsheets were developed and tested in China 
with genuine HLW (299–301). By applying a synergistic combination with TBP, 
larger SF values could be obtained. To elucidate the large SF values, investigations 
have been pursued to compare the extraction characteristics of three kinds of dialkyl-
dithiophosphinic acids with n-octyl-, 1-methylheptyl, and 2-ethylhexyl groups (302), 
and to study the structure of extraction complexes of Ans(III) and Lns(III) by XAFS 
(303), influence of aggregation to extraction (304), and speciation of the aggregate 
with Nd3+ (305). It has been well appreciated that the instability of the extractant is 
the main drawback of the Cyanex 301-based process. Thus, the radiolytic behavior 
of Cyanex 301 has been investigated (306, 307). Another drawback is the rather high 
pH (3.5–4) required for the aqueous solution. The control of pH is fairly difficult in 
a large-scale countercurrent process.

In the framework of the AFCI program, Peterman et al. of Idaho National 
Laboratory (INL) have examined the feasibility of using the Cyanex 301 system 
for treating an ammonium acetate/acetic acid buffered solution (308), which was 
used in the TRUEX process as a strip solution of Ans and Lns. A solvent comprised 
of 0.25 M Cyanex 301 and 0.37 M TBP in n-dodecane was studied. At a region of 
specific pH value, the intergroup separation of Am + Cm and Lns was concluded to 
be possible, and it was claimed that a method for removal of degradation products 
is needed in order to develop a viable large-scale Cyanex 301 process. In recent 
communications, incredibly large SF[Am/Eu] values, 4 orders of magnitude, were 
reported by Bhattacharyya et al. of Bhabha Atomic Research Centre (BARC, India) 
with a binary mixture of purified Cyanex 301 and N-donor ligands (309). The  solvent 
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Cl

(ClPh)2PS2H
di(chlorophenyl)

di-thiophosphinic acid

CYANEX 301
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FIGURe 1.3 Structure of sulfur donors used for intergroup separation of Ans(III) and 
Lns(III).
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used was 0.1 M Cyanex 301−0.01 M 1,10-phenanthroline (phen) or −0.025 M 2,2’-
bipyridine (bipy) in toluene.

Modolo et al. of Forschungszentrum Jülich (FZJ) have synthesized a new soft 
ligand, an aromatic dithiophosphinic acid, by substituting phenyl groups in place 
of alkyl groups and incorporating chlorine into the phenyl rings. The resulting 
bis(chlorophenyl) dithiophosphinic acid, (ClPh)2PS2H, exhibited more powerful 
extractability and radiation stability than Cyanex 301. TOPO was selected as a syn-
ergist, and a solvent comprised of 0.5 M (ClPh)2PS2H and 0.15 M TOPO in tert-
butylbenzene/20% isooctane/2% TBP was proposed (310, 311). When the solvent 
was contacted with 0.5 M HNO3 solution, a SF[Am(III)/Eu(III)] value of ca. 30 was 
obtained. Thus, the ALINA (Actinide(III)-Lanthanide INtergroup separation from 
Acidic medium) process was contrived (312–314) and tested with a setup of centrifu-
gal contactors with a feed solution simulating raffinate from the DIAMEX process 
(315, 316). The results were satisfactory, and the An product contained 1–3% of Lns, 
and the recovery yield of Am was > 99.9% (Figure 1.3).

In order to elucidate the high selectivity of (ClPh)2PS2H, structural investigations 
on the complexes of Cm(III) with (ClPh)2PS2H and three different neutral complex-
ing agents as synergists in tert-butylbenzene have been performed by EXAFS and 
TRLFS (317). The results were compared with those from the corresponding Eu(III) 
complexes. It was found that (a) the bidentate (ClPh)2PS2H and oxygen donor of 
the neutral synergists are directly coordinated to the metal cation; (b) no water is 
coordinated to either extracted Cm(III) or Eu(III) complexes; (c) the sulfur donors 
of (ClPh)2PS2H preferentially bind to Cm(III), whereas oxygen donor preferentially 
binds to Eu(III). It was concluded that a good selectivity in the system is correlated 
with a high ratio of the sulfur coordination number to oxygen coordination number. 
This feature is very different from EXAFS results by Jensen and Bond (318), where 
no structural differences were found between Cm(III) and Eu(III) complexed with 
bis(2,4,4-trimethylpentyl)dithiophosphinic acid without synergist.

From the viewpoint of wastes coming from the solvent and extractant, the process 
with S-donors has issues inherent to sulfur. Namely, sulfur is poorly soluble in borosili-
cate waste forms and causes problems in vitrification. Further, it does not conform to 
the CHON principle (319), meaning that it is not completely incinerable (see below).

Nitrogen donors. French scientists advocated the principle of “CHON,” which 
means usage of chemical reagents composed of elements C, H, O, and N atoms exclu-
sively, and therefore such reagents may be completely incinerable (319). Monoamides, 
diamides, and N-donors were developed in accord with the CHON principle. There 
are pros and cons to pursuing this principle in developing novel extractants. It is 
interesting that the term “incinerable” reminds us of nuclear “incineration,” which is 
another expression of transmutation. Supposing a radioactive waste including long-
lived radionuclides, in the case that the nuclides are incinerable (transmutable), they 
will be transmuted, but in the case that they are not incinerable, the radioactive waste 
would be sent to our descendants. By the same token, CHON reagents would be ben-
eficial in waste management for a long time span.

In the frameworks of international cooperation in Europe, FP5 and FP6, many 
kinds of N-donors have been synthesized and investigated for their capability of sepa-
rating Am(III) and Cm(III) from Lns(III). Madic (CEA) took the leadership for the 
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R&D works. The main N-donors investigated are picolinamides (2-pyridine carboxy-
amide) (320–322), 2,4,6-tri(2-pyridyl)-1,3,5-triazines (TPTZ) (323, 324), 2-(3,5,5-
trimethylhexanoylamino)-4,6-di(pyridine-2-yl)-1,3,5-triazine (TMAHDPTZ) (325), 
bis-triazinyl-1,2,4-pyridines (BTP) (241, 242, 326–337), and 6,6’-bis(5,6-dialkyl-1, 
2,4-triazin-3-yl)-2,2’-bipyridines (BTBP) (338–346). These nitrogen-bearing ligands 
(Figure 1.4), generally used with a synergist, were tested and assessed with regard to 
solubility, extractability, selectivity (SF), stability (hydrolysis and radiolysis), aqueous 
conditions (pH, acidity) where the ligand works, and availability and cost of synthesis. 
TMAHDPTZ, a substituted TPTZ, developed at the CEA, needs a synergist such as a 
carboxylic acid. Octanoic acid or C9H18BrCOOH was chosen, and a flowsheet for the 
SANEX process (Separation of ActiNide(III) elements by EXtraction) was defined; 
the solvent contained 0.04 M TMHADPTZ and 2 M octanoic acid in TPH, and the 
flowsheets were tested with genuine HLW (329). The TMAHDPTZ-octanoic acid 
(RH) mixture needs a feed solution in an elevated pH range, whereas the acidity of the 
product stream of the DIAMEX process is 0.5 M HNO3. Thus, for pH control, a gly-
colic acid/Na glycolate buffer was adopted. The formula of the extracted An-complex 
is represented as An(III)(TPTZ)(R.RH)3.

After the success of Kolarik (FZK) (326, 327), many BTPs were synthesized and 
tested as a candidate ligand for SANEX process in the frame of the NEWPART 
project (487). Among them 2,6-bis-(5,6-di-n-propyl-1,2,4-triazin-3-yl)pyridine (nPr-
BTP), without synergist, exhibited the best performance, for which SF[Am(III)/
Eu(III)] is >100; the feed acidity can be as high as 1 M HNO3, and with use of 0.04 M 
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FIGURe 1.4 Structure of nitrogen donors used for intergroup separation of Ans(III) and 
Lns(III).
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nPr-BTP in TPH/n-octanol (70/30 vol %) a hot test with a genuine solution was per-
formed at ATALANTE and ITU (328). The results revealed some problems, includ-
ing fairly rapid degradation of nPr-BTP by hydrolysis and radiolysis (329, 336). The 
sensitive position to the hydrolysis and radiolysis was identified to be the α carbon 
atoms of alkyl groups attached to triazinyls. Then, the 2,6-bis-(5,6-di-isopropyl-1, 
2,4-triazin-3-yl)pyridine (iPr-BTP) solvent comprised of 0.01 M iPr-BTP and 0.5 M 
DMDOHEMA in n-octanol as an alternative was employed. To improve the kinet-
ics of extraction and back-extraction, DMDOHEMA was used as a mass-transfer 
catalyst (337). From the hot test, (1) the scientific feasibility of the BTP process 
was confirmed, and (2) iPr-BTP was also shown not to be sufficiently resistant to 
radiolysis. Consequently, other types of BTPs, namely, bis(cyclohexyl-tetramethyl) 
BTP and bis(benzo-cyclohexyl-tetramethyl) BTP were investigated. The extracted 
An-complex with BTP in octanol is represented as [An(III)(BTP)3(NO3)3].

Workers at Reading University in the UK, having synthesized many N-donors 
including BTPs, have developed ligands of the BTBP family, which can act as tetraden-
tate ligands to metal ions (338–346). For applications, BTBP was modified by attach-
ing several side chains or groups to the core structure, and the molecules prepared 
were investigated for their physicochemical nature, extraction properties particularly of 
SF[Am(III)/Ln(III)], and their stability against hydrolysis and radiolysis. Some BTBPs 
exhibited very promising features. Development of a BTBP process is under way.

Soft-hard hybrid donors. As picolinamides (2-pyridine carboxyamides) extract 
An(III) from a weakly acidic solution, < 0.2 M HNO3, and its separation ability is 
rather low, SF[Am(III)/Eu(III)] < 10 (321), some pyridine-2,6-dicarboxyamides 
(PDA) were investigated (347–354). Although PDAs showed higher extraction of 
An(III) owing to two carbonyl groups in acidic solution, the SF values were not 
improved. This limit is ascribed to the ability of N-donors of the pyridine group 
in discriminating between 4f- and 5f-elements. Thus, Yaita et al. have pursued a 
new soft (N)-hard (O) hybrid donor, phenanthroline-amide; N-n-octyl-N-tolyl-1,10-
phenanthroline-2-carboxyamide: OcTolPTA (Figure 1.5), which exhibited a SF(Am/
Eu) value of ca. 20 at an aqueous concentration of 1 M HNO3 (355).

Actinide chemistry involving soft donors and separation of Ans and Lns by tailor-
made soft donors has been prevailing worldwide because its fruits are highly valuable 
in separation science and technology especially for the advanced reprocessing and 
partitioning.

Usage of hydrophilic complexants. Since the early report by Weaver and 
Kappelman (356), the Trivalent Actinide-Lanthanide Separations by Phosphorus-
reagent Extraction from Aqueous Komplexes (TALSPEAK) is still considered 
highly applicable for Am(III)/Ln(III) separations (357–361). In the newest pro-
gram of the AFCI, it has been revived in the UREX+ process (362). The Reverse 
TALSPEAK process, a single-cycle process, is preferable to TALSPEAK, a two-
cycle process. Both processes have several drawbacks, namely, inability to extract 
Ans (-Lns) from acidic aqueous solutions and necessity to maintain the pH and 
reagent  concentrations within a narrow range, significant solubility of organic-
phase components in the aqueous phase at high carboxylic acid concentrations, 
deleterious effects of some impurity ions such as Zr(IV), and production of salt 
wastes. Consequently, modifications are needed for application of TALSPEAK in 
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advanced reprocessing. It was shown that replacing the glycolic or lactic acid with 
citric acid eliminates or greatly reduces the deleterious effects caused by impuri-
ties on Ans-Lns separation and TPF. Citrate-based TALSPEAK can tolerate appre-
ciable changes in pH and reagent concentrations, and no significant loss of organic 
phase was observed (360–362).

The Reverse TALSPEAK process, a single-cycle process, was modified by the 
addition of diamide or CMPO, which extract Ans(III) and Lns(III) from a high nitric 
acid solution, where di(2-ethylhexyl)phosphoric acid (HDEHP) has the least ability of 
extraction. Thus, the French PALADIN (Partition of Actinides and Lanthanides with 
Acidic extractant, Diamide and INcinerable complexants) process utilizes a combina-
tion of malonamide and organophosphoric acid (363–370). A hot test was conducted 
at ATALANTE by using a mixed solvent, 0.5 M DMDOHEMA and 0.3 M HDEHP in 
TPH, and a strip solution containing 0.25–0.5 M HEDTA and 0.5 M citric acid pH 3.  
The results showed that the mixed extractant extracts Ans and Lns simultaneously 
and strips only Ans by means of HEDTA in a single cycle: yield of Am > 99.9% and 
Cm > 99.7%; DF for Lns is ca. 800. Thus, it is envisaged to integrate DIAMEX and 
SANEX processes into a single process (364). However, some drawbacks were found 
(365): (1) HDEHP extracts Zr and Mo strongly in the extraction stage; processes for 
removal of Mo and Zr from a solvent are needed for the recycle of the solvent; and 
(2) HDEHP exerted an antagonistic effect on the extraction of Ans and Lns with 
DMDOHEMA. These problems could be avoided by adding a partitioning stage 
to split out two solvents, DMDOHEMA-TPH and HDEHP, by exploiting a higher 

OcTolPTA
N-octyl-N-tolyl-1,10-phenanthroline-

2-carboxyamide 
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FIGURe 1.5 Structure of soft-hard hybrid donors used for intergroup separation of Ans(III) 
and Lns(III).
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alkaline-side aqueous solubility of HDEHP-salt than DMDOHEMA. Consequently, 
the solvent used for the extraction step was 0.65 M DMDOHEMA-TPH. Finally, an 
overall assessment was made for three candidate organophosphoric acids: HDEHP, 
bis(1,3-dimethylbutyl) phosphoric acid, and di(1-hexyl) phosphoric acid (365).

Dhami et al. of BARC studied another mixed solvent system, 0.2 M CMPO  
−0.3 M HDEHP in n-paraffin, and a strip solution of 0.4 M hydrazine hydrate-0.4 
M formic acid-0.05 M DTPA (371). The extraction performance of the process was 
also satisfactory.

For the separation of Ans from Lns, many other methods or strategies, including 
novel extractants, have been reported (372–380). These studies have produced vary-
ing degrees of promise, though progress is still at an early stage. They serve to show 
the intensity of interest in the area of An(III)/Ln(III) separations.

1.2.2.2.3 Extraction of Cesium and Strontium
A comprehensive review of the extraction of strontium and cesium was made by Dozol 
et al. (381). In the United States, there are many HLW tanks storing alkaline waste solu-
tion and sludge, and thereby energetic and continuing R&D with liquid-liquid extrac-
tion has been devoted to the removal of 137Cs and 90Sr, which are the main sources of 
soluble radioactivity. In the present article, solvent-extraction methods mostly used for 
nitric acid systems are reviewed and summarized (Table 1.4). Some of the reagents 
tested are shown in Figure 1.6.

1.2.2.2.3.1  Single-element Separation Extraction of Cs + ion is fairly difficult 
due to the small charge density of the atomic surface. Thus, calix-crowns were 
preferentially used for the extraction, because they trap Cs + ion not only by 
coordinating with the crown ring, but also by interaction with the π-electrons of the 
phenyl rings of the calixarene (382, 383). On the other hand, many reports appeared 
concerning extraction of Sr2+ from acidic solutions by crown ethers (384).

Crown ethers. Horwitz et al. evaluated 4,4(5)-di-(t-butylcyclohexano)-18-crown-6 
(DtBuCH18C6) in various organic diluents for the removal of Sr from acid  solutions 
(385, 386). The authors have demonstrated a relationship between the value of the 
extraction constant of Sr and the solubility of water in the organic diluent. The pres-
ence of water in the diluent obviates the need for complete dehydration of the nitrate 
ion associated with Sr2+ for its transfer into the organic phase. As the diluent of 
choice, n-octanol was selected for further development. DtBuCH18C6 has a low solu-
bility in the aqueous phase and exhibits linearity of its D(Sr) versus its concentration. 
In 1995, the ANL research group reported the replacement of the 1-octanol in the 
SREX process with a hydrocarbon diluent, Isopar L, because low concentrations of 
1-octanol, which are carried via the aqueous phase to downstream processes, reduce 
the performance of the processes (387, 388). This incompatibility is significant when 
the SREX process is followed by the TRUEX or PUREX processes. TBP was chosen 
as a modifier of the Isopar L diluent, because it showed higher D(Sr) values. The 
SREX process was efficiently applied to the HLW at INL till 1998 (389–394). The 
extracted complexes are represented as [SrL2+(NO3)2], where L = crown ether.

Calix-crowns. In France, exploratory studies of calix-crown molecules have been 
conducted by Dozol et al. (CEA) with the cooperation of ligand synthesis by Ungaro 
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of Parma (monocrown-calixarenes) and Vicens of l’ECPM of Strasbourg (biscrown-
calixarenes) (395–404). Hot tests with raffinate from reprocessing of MOX fuel were 
started at the CARMEN cell at Fontenay-aux-Roses in 1995. Several monocrown-
 calixarenes were chosen, and the combinations of extractant/modifier/diluent were opti-
mized. Important factors taken into account were good kinetics, sufficient extraction of 
Cs from acidities of the feed solution > 2 M, effective stripping by dilute HNO3, TPF, 
stability and effect of degradation products, high selectivity, and diluent compatibility 
with DIAMEX and PUREX processes. Consequently, the following two systems were 
selected as candidates. (1) 0.062 M DOC[4]C6/1.5 M TBP/TPH, and (2) 0.1 M Calix 
R14/1 M N-methyloctyl-2-dimethyl-butanamide/TPH (402, 403). The flowsheets for 
the respective systems were established by using calculation code (365). Verification 
tests have been conducted at the ATALANTE facility by using genuine raffinate solu-
tion, 4 M HNO3-0.2 M oxalic acid, demonstrating recovery yields of 99.8–99.9% 137Cs. 
Only 0.01% of the 137Cs was found in the final organic solvent. These excellent results 
prove their systems as being promising. Rais et al. proposed the solvent DOC[4]C6 
dissolved in 90 vol % 1-n-octanol-10 vol % dihexyloctanamide (DHOA) following the 
CHON principle (405). Researchers at Tsinghua University and BARC used extract-
ants, iPr-C[4]C6 (406) and calix[4]arene-bis(naphthocrown-6) (407), respectively.

A research group at ORNL developed the CSSX (Caustic-Side Solvent eXtraction) 
process for removal of cesium from alkaline waste solutions utilizing a novel ligand, 
calix[4]arene-1,3-bis-(tert-octylbenzo)-2,4-crown-6 (BOBCalixC6) (408–415). The 
extracting solvent is 0.01 M BOBCalixC6/0.50 M Cs-7SB/0.001 M trioctylamine 
(TOA)/Isopal L, where Cs-7SB is a modifier, and TOA is a suppressor added as a 
counterion of organophilic anion surfactant-impurities which impair stripping of Cs 
(416). Although the CSSX process was aiming at the alkaline-waste decontamina-
tion, namely SRS tank waste, the solvent could be regarded as applicable to acidic 
waste also (see FPEX process below). However, BOBCalixC6 is susceptible to nitra-
tion and is best replaced by alternative calix-crowns for acid-side use (410).

Moyer et al. of ORNL have been exploiting new kinds of calix-crown molecules for 
Cs extraction: a calix-crown bearing branched aliphatic groups for greater solubility, 
calix[4]arene-bis[4-(2-ethylhexyl)benzo-crown-6] (BEHBCalixC6) (417, 418), and 
pH-switchable calix-crowns bearing amino functionalities, such as BEHBCalixC6-
NH2 (419–421). These efforts open up possibilities for a next generation of extract-
ants, though mostly intended for treatment of alkaline solutions.

Diglycol amides. TODGA and other diglycol amides displayed an affinity toward 
Ca(II) and Sr(II) from 2–3 M HNO3 solutions (422). Thereby, recovery of not only 
Ans-Lns but also Sr(II) from spent fuels is contemplated (279, 422, 423). The 
extracted complexes are represented as [Sr(NO3)2L2(HNO3)], where L = TODGA.

1.2.2.2.3.2  Multielement Separation FPEX process. During the course of 
development of the UREX+ processes, the Fission Product EXtraction (FPEX) pro-
cess, based on a combined solvent containing two extractants, DtBu18C6 (SREX for 
Sr) and BOBCalixC6 (CSSX for Cs), has been envisaged (424–430). An interesting 
point is that a modifier Cs-7SB, used in the CSSX process, exhibited a synergistic 
effect in Sr extraction, and thereby TBP, used as a modifier in the SREX process, 
was eliminated in the FPEX process. Also, it had been found in the development of 
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CSSX that hydrogen-bond donor modifiers were most effective for Cs extraction, 
TBP being a poor modifier by comparison (413). The results of preliminary tests 
showed that the process is effective at selectively extracting Cs and Sr from solutions 
of nitric acid concentration between 0.5 and 2.5 M. Cesium and Sr can be stripped 
from the solvent with 0.01 M HNO3 solution.

CCD/PEG process. Dicarbollide anion {[π-(3)-1,2-C2B9H11]2Co}, a bulky lipophilic 
anion that dissociates from its associated cation almost completely in a polar solvent, 
was first reported by Rais and Seluckŷ of the Nuclear Research Institute R̂ež plc (NRI, 
Czech Republic) as an extractant for alkali metals (431). Generally, a hexachloro 
derivative, chlorinated cobalt dicarbollide, [(8,9,12-Cl3-C2B9H8)2-3-Co]– (CCD), is 
used because of an increase in chemical and radiation stability (432–434). The addi-
tion of polyethylene glycols (PEG) to the CCD solvent imparts effective extraction 
of alkaline-earth metals (435). Applications of CCD/PEG have been contrived, as 
described in a detailed review article written by Rais et al. (436). The extraction sys-
tem with CCD has some important drawbacks: (1) it needs polar aromatic or aliphatic 
nitro-compound diluents, which are environmentally toxic; and (2) it would release 
chloride ions during reprocessing and cause corrosion of the facility materials. Efforts 
toward increasing the solubility of CCD in nonpolar solvents have been focused on 
alkylation of CCD (437, 438). The CCD/PEG process is most effective when the nitric 
acid concentration in the feed is lower than 1 M. The extracted species of Cs+ and Sr2+ 
are represented as [Cs+ CCD−]org and [Sr

2+(CCD−)2]org, respectively, where cationic and 
anionic species are free ions in the organic phase.

In the 1980s, Russian scientists, in close cooperation with Czech scientists, ini-
tiated R&D for a Cs-Sr combined extraction process for large-scale applications 
(439–441). After successful R&D, the first commercial separation plant, the UE-35 
facility, was constructed at the Mayak reprocessing plant RT-1 (442). UE-35 was put 
into operation in August 1996 and, prior to 2001, had processed 1180 m3 of HLW 
by the CCD/PEG process, recovering a total of ca. 2 × 1018 Bq (50 MCi) of 90Sr 
and 137Cs (443–445). Based on these experiences with CCD/PEG, Esimantovskii 
et al. reported that the process for treatment of the aqueous products of the HAW-
partitioning flowsheet with CCD is fire-, explosion-, and corrosion-proof (446). The 
CCD-PEG process is a candidate for application in the UREX+ process.

UNEX process. An exhaustive extraction of Sr/Cs and all Ans (-Lns) by one cycle 
seems efficient and economical for the exclusive purpose of waste treatment either on 
the acid- or alkaline-side. This idea was developed in the collaboration  framework 
of America (INL) and Russia (Khlopin Radium Institute) (443, 444). Among many 
candidate mixtures of extractants, including CCD/PEG, CMPO, and TRPO, a mix-
ture of Russian CMPO, CCD, and PEG in FS-13 diluent was chosen. The flow-
sheets, named the UNiversal EXtraction (UNEX) process, were tested at Idaho and 
at the Mining and Chemical Combine (MCC) in Russia (30, 447–454) with genuine 
HLW. Recently, a change of stripping reagents from guanidine carbonate to meth-
ylamine carbonate (MAC), which can be recycled by distillation, has been reported. 
The resulting solidification process of the strip product is less complex, cheaper, 
faster, and safer due to the reduction of the consumption of organic chemicals (454, 
455). Romanovskiy et al. proposed a drastic variation of extractant, namely, from 
CMPO to diamide (456). Diamides as alternatives are 2,6-pyridine dicarboxyamide 
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derivatives, whose advantages include much simpler synthesis, larger solubility of 
their metal solvates in the diluent, and stronger affinity for An(III) versus Ln(III).

For the extraction of Cs or/and Sr, many other extraction systems have been 
reported (457–462).

A variety of novel extracting systems have been developed and reported with an 
increasing number of new extractants and accumulating knowledge. Although they 
are not treated comprehensively here, their contribution to the progress of separation 
science and technology is significant as a whole (463–467).

1.2.3 ConSolidated flow ConCePtS of advanCed reProCeSSing

Several consolidated flow concepts (CFCs) of advanced reprocessing have been pro-
posed. The overall goal of a CFC could be attained by a combination of the per-
formance of constituent elemental processes of the CFC. Technologically, it seems 
inappropriate to discuss the proposed CFCs in detail, because the elemental separa-
tion technologies are still evolving and immature, and some may be replaced by others 
in some cases. Three CFCs are, therefore, briefly explained here for comparison.

In the United States, variants of UREX+ flowsheets were proposed by the DOE in 
the frame of the GNEP as a principal process for the next generation. The transition 
from a once-through fuel cycle to a closed fuel cycle requires a staged approach. In 
stage 1, reprocessing of spent fuel is restored by modifying existing aqueous-based 
schemes. In stage 2, the recycling of Pu and certain MAs and the environmentally 
safe disposal of other FPs are the main objectives. In stage 3, the focus is on achiev-
ing a closed fuel cycle with actinide transmutation in which all fissile and fertile  
materials are recycled. Thus, in view of the accumulation of spent fuels, evolution of 
Gen III (plus) reactors, limited capacity of the Yucca Mountain repository, homoge-
neous and heterogeneous recycling of all transuranics to the Gen IV (fast) reactors, 
PR capability, and constraints on the progress of separation technologies, CFCs of the 
UREX+ family, including UREX+1, UREX+1a, UREX+2, UREX+3, and UREX+4, 
were proposed (10). As an example, the CFC of UREX+3 (Figure 1.7), which is sup-
posed to treat LWR spent fuels based fully on hydrometallurgical processes, separately 
recovers “Pu-Np” and “Am-Cm” for heterogeneous recycling in the Gen IV (fast) reac-
tors. The CFC of UREX+3 is comprised of several processes: 30 vol % TBP-NPH 
is used as an extracting solvent for U. Tc is coextracted with U and is removed by a 
high-acid strip in the presence of AHA prior to recovering U. The Pu-Np recovery 
is accomplished by the NPEX process after adjusting the valence state of Pu-Np to 
Pu(IV)-Np(IV). The TRUEX process is applied to the extraction of Am-Cm-Lns, and 
for the separation of Am-Cm from Lns, a TALSPEAK process is envisaged (468). 
Simultaneous isolation of Cs and Sr is performed by the CCD/PEG process.

The French CEA has been developing the GANEX concept, which is an advanced 
process to be applied to the homogeneous recycling of all actinides to Gen IV (fast) 
reactors (205, 469–471). Figure 1.8 shows the CFC of GANEX, which adopts the one-
cycle “DIAMEX + SANEX.” Because the GANEX process separates Am-Cm(-Lns) 
as an admixture of Pu-Np, the extraction characteristics of the mixed solvent 0.6 M 
DMDOHEMA and 0.3 M HDEHP in TPH for Pu(IV) and Np(IV,V,VI) were exam-
ined. D(M) values and group separation of Ans from Lns were satisfactory. LOC value 
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with Ce(III) was higher than 0.3 M at an aqueous acidity of 3 M HNO3 and 0.08 M at 
pH 3 (471). The isolation of FPs, namely 135Cs, is not shown in the GANEX process.

Taking the CHON principle into consideration, a research group at JAEA proposed 
the Amide-based Radio-resources Treatment with Interim Storage of Transuranics 
(ARTIST) concept (203, 472–474) for the Gen III+, IV reactor fuels (Figure 1.9). It 
is comprised of the BAMA process for selective U(VI) extraction, TODGA-I and -II  
processes for separation of all transuranics and separation of Sr, respectively, and 
the DOC[4]C6 process for Cs recovery. Interim storage of all transuranics recovered 
by the TODGA-I process was proposed. The admixture of TRUs and Lns satisfies 
the IAEA’s threshold for self-protection, 1 Sv/hr at 1 m, and thereby is actually a PR 
product. From this admixture, Pu is to be separated, mixed with U, and fabricated to 
MOX fuel for recycling to the Gen III+ reactors by PR modes in a combination of the 
separation process and the fuel fabrication process. TRUs are to be separated from 
Lns by an N-O hybrid donor, N-octyl-N-tolyl-1,10-phenanthroline-2-carboxyamide, 
fabricated to MAs oxide fuel, and burned in the FBR.

The CFCs shown in Figures 1.7–1.9 are futuristic and therefore, will evolve 
steadily in accord with circumstances. There are other well-known CFCs: NEXT 
(475) in Japan and Total Partitioning Process in China (476, 477).

As described above, various separation processes and CFCs have been developed and 
proposed, aiming at the modification of the current PUREX process and reformation of 
the Improved PUREX and also aiming at the establishment of advanced reprocessing 
processes. Figure 1.10 shows a classification scheme for these processes and CFCs.

Feed U, Pu,
Np, Am, Cm,
FP 1 M HNO3

0.1 M AHA

Scrub
0.5 M HNO3
0.3 M AHA

Tc strip
6 M HNO3

Tc product

U product

U strip
0.01 M HNO3

Hull, iodine

Tc-stripU re-extract.

U-strip

Extractant
30 vol % TBP

U extraction Scrub

Extractant
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Waste form
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Gen IV
reactor
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Decay
storage

Pu/Np
product

Cs/Sr
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LWR
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Solvent
recycle
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FIGURe 1.7 Conceptual flowsheet of UREX+3 for processing of LWR spent fuel.
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The technologies applied to the LWR fuel-reprocessing facilities of the next gen-
eration are especially required to be highly proven and PR. In the latter regards, 
processes producing mixed Pu products, Pu with U (50/50) (COEX), Pu with 
Np (UREX+2, +3, and NUEX), or Pu with MAs (-Lns) (GANEX, ARTIST, and 
UREX+1a) are likely candidates with additional elemental processes. The Pu-MAs 
mixed products are used as fuels for the Gen IV reactors. As the proliferation-
 resistant capability is different among these products (478), there are critical argu-
ments on this issue in the United States (479). As far as the fuel cycle of Gen IV 
reactors is concerned, separation processes with pyrometallurgical technologies are 
recommended if they are well matured.

1.3 FUtURe PRosPeCts

For various human activities in the twenty-first century, a new concept, sustainability, 
is a crucial idea. Sustainable development implies that the development of our gener-
ation should not constrain the development of the future generation. Accordingly, we 
should seriously take into account such key factors as economic, environmental, and 
social impacts, on the global scale and long time span. Among the methodologies 
to realize sustainable development, recycling is universal, implying  maximization 
of efficient utilization of energy and material resources, minimization of wastes, 
and consequent reduction in cost. It has matured in the material civilization of the 
twentieth century. Due to the intrinsic nuclear characteristics of actinides and FPs, 
recycled usage of the fissile actinides is inevitably needed to maximize the effi-
ciency of actinide utilization. By virtue of separation chemistry and technology, this 
fundamental concept has been successfully pursued in the reprocessing of nuclear 
fuel for a half-century. Thus, the main feature of advanced reprocessing should be 
in accord with “sustainability,” keeping strong relations with (1) the evolution of 
nuclear physics and technology, that is, Gen IV reactors and ADSs, and (2) the pro-
gressive pursuit of PR. Although burning of Pu by recycling increases an  intrinsic 
PR effectively, the PR during the reprocessing stage is also to be improved. Then, 
how could separation chemists and engineers take up this challenge and develop the 
separation technologies for advanced reprocessing, a pivotal function of a nuclear 
fuel cycle of the next generation?

A general answer will be to realize the best performance of separation processes 
and to contrive an ideal actinide-recycling flowscheme for SNF. In the process of 
liquid-liquid extraction, specifically, the goals to be realized are high extractability 
and selectivity, rapid kinetics, no TPF, high throughput, minimal secondary wastes, 
salt-free and CHON principle reagents, and stable and safe operation. These goals 
will be achieved through the following accomplishments:

 1. Design and synthesis of novel ligand molecules that satisfy the above con-
ditions for target metals. Good compatibility of the ligand or metal-ligand 
complexes with a paraffinic diluent is a central issue to be solved.

 2. Choice of ideal scrub and strip reagents and complexants, resulting in a prod-
uct of the highest purity and yield, an easy post-treatment of the stripped 
product, and the least amount of secondary wastes.
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 3. Elucidation of the phenomenon of TPF by studies of extraction mechanism 
and structure of metal complexes in the liquid phase and the mesoscopic 
features of the third-phases formed. Finally, the method of eliminating TPF 
is to be pursued.

 4. Investigation of the liquid-liquid interface, where the main reactions and 
mass-transfer occur, and understanding its microscopic features and its 
role in the kinetics thoroughly, for example by MD simulation and physical 
observations. The interface has hidden potential for future applications.

There is certainly a prospect of sure and steady progress due to favorable circum-
stances: (i) a menu of tools for molecular design, that is, databases, computer codes, 
and computers, has steadily become richer; (ii) much expertise and new methodolo-
gies are accumulating; and (iii) high-quality analytical instruments and high-tech 
machines, that is, synchrotron radiation facilities and strong neutron sources, are 
increasing worldwide and opened to users. As for facilities capable of treating high-
level radioactive materials, although they are very expensive and located in limited 
places, various forms of cooperative utilization will be intentionally pursued. A small 
experimental apparatus such as a microplant developed at the Chalmers University of 
Technology (480) will be beneficial, though somewhat limited.

Due to limited space, reports pertaining to rather futuristic technologies, such as, 
supercritical fluid extraction (481–484) and biphasic aqueous extraction (485, 486), 
were not referred to here (see Chapter 11). Nevertheless, these lead to new and very dif-
ferent avenues for future progress in developing advanced reprocessing technologies.

In conclusion, several issues relating to human science are to be mentioned,

 1. Human resources: researchers having good qualifications and expertise 
should be recruited.

 2. Cooperation: international, domestic, and cross-disciplinary collaborations 
are a requisite. GNEP and Framework Programs of the EU are good exam-
ples. In particular, support by synthetic chemists is critical.

 3. Education: to stimulate young researchers, good materials (textbooks, books), 
good practices (exciting experiences), opportunities of in situ exercises and 
schools should be offered to them. The Institute of Separation Chemistry of 
Marcoule (ICSM) is a good example.
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2.1 IntRoDUCtIon

Two of the major consequences of neutron-induced nuclear reactions with natural 
uranium targets, nuclear fission and production of trans-uranium elements, have con-
tributed significantly to the separation chemistry of actinides. Since the early days 
of the Manhattan Project, much of the interest centered on the separation of trace 
amounts of plutonium from a large excess of uranium and a moderate concentration 
of fission and decay products. Solvent extraction and ion exchange have played a key 
role in isolation, separation, and purification of uranium and plutonium, both at ana-
lytical and industrial scale. Sustained interest in improved nuclear fuel-reprocessing 
methods and growing concern for the fate of actinides at potential waste-disposal 
sites provide continuous motivation for investigating the complexation and separa-
tion behavior of actinides. Separation chemistry of actinides plays a pivotal role at 
different stages of the nuclear fuel cycle: (a) recovery and purification from ores, (b) 
chemical quality control of nuclear fuels, (c) fuel reprocessing, and (d) waste man-
agement. Apart from these applications, the actinides display a fascinating chemis-
try in solution (e.g., disproportionation, variable oxidation state, colloid formation, 
and polymerization), which provides sufficient justification for solution chemists to 
investigate their basic complexation and separation behavior (1).

Over the last six decades, a significant amount of work has been done in this 
area of nuclear science and technology. In the present review, an attempt has been 
made to highlight the recent developments in this branch of science concerning the 
actinide elements with special reference to thorium, uranium, and plutonium, spe-
cific isotopes of which are being used as fissile/fertile materials.

2.2 bAsIC CHeMICAL PRoPeRtIes

Actinides, particularly the lighter ones, display multiple oxidation states and com-
plex chemical behavior, which makes their chemistry quite fascinating. Some iso-
topes of these elements, such as 232Th, 233,235,238U, and 239Pu, are important for the 
nuclear industry due to their utility as fissile/fertile materials. Therefore, the separa-
tion chemistry of different oxidation states of Th, U, and Pu need to be reviewed with 
respect to both basic as well as applied aspects. Some fundamental chemical proper-
ties of the lighter actinides, including oxidation states, hydrolysis, and complexation 
characteristics form the basis of their separation.

2.2.1 oXidation StateS

In spite of considerable similarities between the chemical properties of lanthanides 
and actinides, the trivalent oxidation state is not stable for the early members of the 
actinide series. Due to larger ionic radii and the presence of shielding electrons, 
the 5f electrons of actinides are subjected to a weaker attraction from the nuclear 
charge than the corresponding 4f electrons of lanthanides. The greater stability of 
tetrapositive ions of actinides such as Th and Pu is attributed to the smaller values of 
fourth ionization potential for 5f electrons compared to 4f electrons of lanthanides, 
an effect that has been observed in aqueous solution of Th and Ce (2). Thus, thorium 
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exists in the aqueous phase only as Th(IV), whereas the oxidation state 3+ becomes 
dominant only for elements after plutonium. All the oxidation states are well known 
except the rare 7+ states for Np and Pu (3). The actinide ions in the 7+ oxidation 
state behave as very strong acids and are immediately hydrolyzed to oxoanions, such 
as MO5

3–. The chemistry of Pu is particularly interesting in view of its ability to 
coexist in four different oxidation states: 3+, 4+, 5+, and 6+. Penta- and hexavalent 
actinide ions exist in acid solution as the oxygenated cations, MO2

+ and MO2
2+, which 

are remarkably stable. The subsequent discussion is broadly restricted to the extrac-
tion behavior of only tetravalent actinides such as Th(IV), Pu(IV), and hexavalent 
actinides such as U(VI).

2.2.2 HydrolySiS

The actinide ions in 5+ and 6+ oxidation states are prone to severe hydrolysis as com-
pared to lower oxidation states in view of their high ionic potentials. Consequently, 
these oxidation states exist as the actinyl ions MO2

+ and MO2
2+ even under acidic con-

ditions, which can further hydrolyze under high pH conditions. The oxygen atoms of 
these ions do not possess any basic property and thus do not interact with protons. 
The tetravalent ions do not exist as the oxy-cations and can be readily hydrolyzed at 
low to moderate pH solutions. The degree of hydrolysis for actinide ions decreases 
in the order: M4+ > MO2

2+ > M3+ > MO2
+, which is similar to their complex formation 

properties (4). In general, the hydrolysis of the actinides ions can be represented as 
follows:

 M H O M OH H( ) ( )( )
2 x

n
x
n x x+ − + ++    (2.1)

The Th4+ ion, due to its larger size and lower ionic potential, is quite different 
from other tetravalent actinide ions, as it does not undergo hydrolysis as readily as 
U4+ or Pu4+ ions (5). Tetravalent U and Pu ions hydrolyze first in a simple reaction, 
as given by Equation 2.1, which is followed by a slow irreversible polymerization of 
hydrolyzed products.

2.2.3 ComPleXation of aCtinideS

The high-oxidation state actinide ions are referred to as hard acids and exhibit strong 
tendency to form complexes with hard-base ligands, especially those with oxygen 
donor atoms. Based on the complexation behavior of actinide ions with various 
complexing agents and extractants, suitable separation and purification methods 
have been devised. An important factor that determines the strength of the complex 
formed is the ionic potential (or charge density) of the metal ion, which is the ratio 
of ionic charge to ionic radius. Higher ionic potential corresponds to greater elec-
trostatic attraction between cations and anions, and hence stronger complexes are 
formed. This generalization is, however, valid only when primarily ionic bonds are 
formed. The complexing strength of actinide ions in different oxidation states fol-
lows the order M4+ > MO2

2+  > M3+ > MO2
+. Similarly, for the given metal ions in the 
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same oxidation state, the complexing ability increases with the atomic number due to 
the increased ionic potential as a result of the “actinide contraction” (6). For anions, 
the tendency to form complexes with a given actinide ion generally varies in the same 
manner as their abilities to bind with hydrogen ion (7). For monovalent ligands, the 
complexing tendency generally decreases in the order F− > NO3

− > Cl− > Br− > I− > 
CIO4

− (8). The divalent anions usually form stronger complexes than the monovalent 
anions and their complexing ability decreases in the order CO3

2− > SO3
2− > C O2 4

2− > 
SO4

2−. The complexing ability of some of the organic ligands with a given actinide 
ion follows the trend EDTA > citrate > oxalate > HIBA > lactate > acetate. However, 
factors like hybridization involving 5f orbitals, steric effects, and hydration of metal 
ions influence the tendency of complexation significantly for early actinides.

2.3 soLVent-eXtRACtIon stUDIes

Organic extractants facilitate the transfer of the metal ions from the aqueous phase to 
the organic phase in solvent extraction. Based on the nature of the organic extractant, 
the metal ion, and the diluent, effective separation methods can be devised. Uranium 
extraction into diethyl ether from nitrate medium by salting out is perhaps one of the 
first uses of solvent extraction for large-scale actinide processing (9). In this case, 
ether not only acts as the diluent, it also acts as the extractant, which works accord-
ing to the solvation mechanism (discussed below).

The organic extractants used for the separation of metal ions broadly fall into 
three classes, chelating extractants, solvating extractants, and ion-pair extractants. 
For the first two classes, usually nonpolar organic diluent is preferred. On the other 
hand, polar diluents are preferred in the case of ion-pair extraction.

 i. Chelating extractants. These extractants form chelate complexes, and many 
of them are weak acids. Usually, they dissociate at low pH to form anionic 
ligands that form strong complexes with the metal ions. Examples of this 
type of extraction are the extraction of Pu(IV) and Th(IV) by 2-thenoyltri-
fluoroacetone (HTTA) (10) and extraction of U(VI) by organophosphoric 
acid extractants such as di(2-ethylhexyl) phosphoric acid (DEHPA) (11), 
respectively. Commonly used chelating extractants such as beta-diketones, 
tropolones, and oximes have limited solubility in the organic diluents and 
hence have limited process applications. However, they are excellent ana-
lytical reagents.

 ii. Solvating extractants. Solvating extractants are widely used in the nuclear 
fuel cycle. Usually, the extraction of metal ions proceeds via replacement 
of water molecules by basic donor atoms (such as O, S, or N) of the neutral 
ligands. Well-known examples are the extraction of Pu(IV) and U(VI) by 
tri-n-butyl phosphate (TBP) and octylphenyl-N,N-di-iso-butylcarbamoylm-
ethyl phosphine oxide (CMPO) from nitric acid medium (12).

 iii. Ion-pair extractants. This type of extraction proceeds with the formation of 
ion-pair species between the metal-bearing ions and counterions provided 
by ligands. Acidic ligands provide anions by liberating protons, which then 
complex with the metal cations to form an ion pair. On the other hand, basic 
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ligands provide cations that complex with aqueous anionic metal complexes 
to form ion pairs. Examples of acidic extractants are sulfonic acids (13), 
carboxylic acids (14), and those of basic extractants are amines and quater-
nary ammonium salts (15).

2.3.1 CHelating eXtraCtantS

Chelating extractants such as beta-diketones, tropolones, hydroxyoximes, and 
8-hydroxyquinolines (Figure 2.1), have been used extensively for the extraction of 
actinide ions from moderate to weakly acidic solutions (15–17). Beta-diketones such 
as acetylacetone (acac), HTTA, benzoyl trifluoroacetone (BTFA), and dibenzoyl-
methane (HDBM) have been commonly used for the separation of actinide ions. The 
extraction mechanism involved formation of the enol form of the beta-diketone prior 
to complexation and extraction of the metal ion (Figure 2.2).

It is also reported that beta-diketones, such as HTTA, hydrolyze at higher pH 
values, leading to the formation of acetylthiophene and trifluoroacetic acid (19, 
20). Even for the hydrolysis reaction, the formation of enolate ion was found to be 
an active intermediate (19). Limitations such as aqueous solubility, photolytic and 
chemical degradation, and limited solubility in the organic diluents have restricted 
their applications to analytical work. Favorable extraction along with strong absorp-
tion of its complex (λmax = 417 nm; ε = 14,000 M–1 cm–1) makes HDBM a useful 
spectrophotometric reagent for uranium analysis. HTTA is commonly employed 
for the analytical separations of metal ions (21). One of the early reports on U(VI) 
extraction by beta-diketones is the extraction of uranyl ion by benzoylacetone (22). 
Apart from the acid dissociation constant (pKa) and partition coefficient of the ligand 
(PL), the effectiveness of the separation is governed by the complex formation con-
stant, partition coefficient of the metal-beta-diketonate, and kinetics of its extraction.  

O

OH

H
N

OH

R1 R2

O O

β-Diketone Tropolone 8-Hydroxyquinoline

FIGURe 2.1 Structural representation of some chelating extractants.

R1 R2

O O

R1 R2

OH O

R1 R2

O O
M

(a) (b) (c)

FIGURe 2.2 Structural representation of the (a) keto-form, (b) enol-form, and (c) metal 
complex.
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As the complex formation is preceded by the acid dissociation of the beta-diketone, its 
pKa value has an inverse dependence on the metal extraction efficiency (23), the lower 
the pKa value of the beta-diketone becomes, the higher its efficiency as an extractan-
tis. This inverse linear correlation of the pKa of the beta-diketone with its extraction  
constant was reported by Batzar et al. using acyclic ligands, HTTA (Figure 2.3a), 
HDBM, acac, etc., for U(VI) extraction (23). However, these beta-diketones are capa-
ble of extracting tetravalent actinides from moderate acidic solutions and hexavalent 
actinides from weakly acidic solutions. They extract trivalent actinides poorly. Beta-
diketones containing a heterocyclic moiety such as HPAI (3-phenyl-4-acetyl-5-isox-
azolone, pKa: 1.31; Figure 2.3b), HPBI (3-phenyl-4-benzoyl-5-isoxazolone, pKa: 1.12; 
Figure 2.3b), and HPMBP (1-phenyl-3-methyl-4-benzoyl-5-pyrazolone, pKa: 4.10; 
Figure 2.3c) have been employed for the extraction of actinides from acidic/complex-
ing media. The tetravalent actinide ions are usually extracted more efficiently than 
hexavalent uranium (Table 2.1). The inverse linear correlation of extraction constant 
(log Kex) with respect to the pKa of the extractant (observed distinctly in the case 
of U(VI)-acyclic beta-diketones) was not observed for Pu(IV) with beta-diketones 
like HPMBP and HPBI, in which the heterocyclic ring contained one of the ketonic 
groups. It was ascribed to the increased stereochemical constraints (24). However, 
very large extraction constants of Pu(IV) with HPMBP led to the development of 

N

O
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R

O
O

R CF3

O O

R = Thenoyl; HTTA
R = Ph; BTFA

R = Ph; HPBI
R = Me; HPAI

N
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O

Ph

Me

Ph

O

HPMBP

FIGURe 2.3 Structures of some beta-diketones used for the extraction of actinides.

tAbLe 2.1
two-phase extraction Constants for Actinides with 
several beta-Diketones

Metal Ion

Log Kex

HttA HPMbP HPbI

pKa 6.24 4.10 1.12

U(VI) –2.44 (28) 0.63 (27) 1.40 (28)

Th(IV) 2.25 (29) 6.96 (29) 8.26 (30)

U(IV) 5.42 (32) – –

Np(IV) 5.68 (32) – 10.11 (34)

Pu(IV) 7.31 (32) 13.75 (33) 10.76 (24)
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analytical procedures for the determination of Pu(IV) in the dissolver solution of 
the PUREX process as well as for the separation of Pu(IV) and U(VI) in the super-
natant of the oxalate conversion process (25, 26). Unlike the beta-diketones, which 
form six-membered chelate rings with the metal ions, tropolones (with two O atoms 
coordinating) and oximes (with one O and one N as donor atoms) form 5-membered 
chelate rings.

Organophosphorous acidic extractants such as DEHPA, dibutylphosphoric acid 
(DBP), 2-ethylhexyl phosphonic acid (PC-88A), and bis(trimethylpentyl) phosphinic 
acid (Cyanex-272) are employed for process applications (36). Their high organic-
phase solubility is based on the fact that they exist predominantly in dimeric form 
in the organic phase. Peppard et al. have investigated the extraction behavior of tet-
ravalent and hexavalent actinide ions using DEHPA, which exists as dimers in non-
polar diluents (11). The extracted species for tetravalent and hexavalent actinide ions 
are MY2(HY2)2 and M(HY2)2 (where Y represents the anion of monomer HY, and 
HY2 the anion of dimer H2Y2), respectively, as depicted in the following extraction 
equilibria:

 M HY M HY Y H4
2 2 2 23 4+ ++ +( ) ( )     (2.2)

 MO HY MO HY H2
2+ + + +2 22 2 2 2( ) ( )     (2.3)

The nature of extracted species depends on the nature of the aqueous-phase acid 
and its concentration. Whereas Pu(HY2)2Y2 was reported to get extracted from sulfu-
ric acid medium, three species, PuY2(HY2)2, Pu(NO3)Y(HY2)2, and Pu(NO3)2(HY2)2, 
were coextracted from nitrate medium with increasing concentration of nitrate ion 
(36). The strong ability of DEHPA to extract UO2

2+ is utilized in the DAPEX process 
for the recovery of uranium from sulfuric acid leach liquors (37). In this process, 
0.1 M DEHPA is modified with 0.1 M TBP or iso-decanol (to prevent third-phase 
formation) in kerosene. DEHPA is also used along with trinoctyl phosphine oxide 
(TOPO) for the recovery of U from phosphoric acid medium. Another commercially 
available organophosphoric acid, octylphenyl phosphoric acid (OPPA), has also been 
found promising for uranium recovery from phosphoric acid medium (38). OPPA is 
a mixture of dioctylphenyl phosphoric acid (DOPPA) and monooctylphenyl phos-
phoric acid (MOPPA). It extracts U(IV) preferentially over U(VI). Mithapara et al. 
studied the extraction behavior of Pu(IV) using this reagent (39). Several analytical 
applications for the recovery of U(VI) and Pu(IV) from various mineral acid solu-
tions using DBP and PC-88A have been reported in the literature (40–42).

2.3.2 Solvating eXtraCtantS

While pH plays an important role in the extraction of metal ions by the acidic  
chelating extractants, counteranions such as NO3

−, Cl−, etc., significantly influence 
the extraction of metal ions by solvating extractants (L) like TBP, TOPO, etc. The 
extracted species thus forms solvating species such as MX4 ∙ nL or MO2X2 ∙ nL for 
tetravalent and hexavalent actinide ions, respectively, where X is a representative 
counteranion and n is the number of ligand molecules in the extracted species. In 
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general, n is 2 for both tetra- and hexavalent actinide ions, whereas it is 3 for triva-
lent actinide ions. Exceptions are seen for Th(IV) extraction at high ligand-to-metal 
ion concentration ratio, where species of the type Th(NO3)4 ∙ 3L are reported. Such 
solvating type mechanism also operates for the extraction of tetra- and hexavalent 
actinides from nitrate medium using diethyl ether as well as hexone (MIBK) as the 
solvent. These solvents are used in the well-known BUTEX and REDOX processes 
originally proposed for fuel reprocessing in the early 1950s (43, 44). However, the 
low flash point of these solvents and the requirement of large concentrations of “salt-
ing-out” agents were found to be the drawbacks of these processes. TBP (Figure 
2.4), a neutral donor ligand working according to the solvation mechanism, has been 
extensively used for the reprocessing of irradiated fuels in the well-known “PUREX” 
(Plutonium Uranium Reduction EXtraction) process. The extraction mechanism 
involves the following extraction equilibria:

 Pu NO TBP Pu NO TBPo
4

3 3 44 2 2+ −+ + ⋅( ) ( )    (2.4)

 UO NO TBP UO NO TBPo2
2

3 2 3 22 2 2+ −+ + ( ) ( ) ·    (2.5)

The metal ion extraction should increase with the increase in extractant concen-
tration as well as with nitrate ion concentration. With the increasing concentration of 
nitric acid, beyond a point however, a decrease in metal ion extraction is observed, 
which is ascribed primarily to the (i) formation of anionic actinide complexes, and 
(ii) decrease of extractant concentration caused by nitric acid extractant complex 
formation. The latter is represented as:

 TBP NO H TBP HNOo o
H

( ) ( )+ + ⋅− +
3 3

K    (2.6)

where KH is the acid uptake constant of TBP. The log KH values for TBP and TOPO 
are 0.17 and 8.9, respectively (28).

The radiolytic and chemical degradation of TBP gives rise to monobu-
tylphosphoric acid (MBP) and DBP, which are powerful extractants under low 
acidic conditions. As stripping in the PUREX process is carried out under such 
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FIGURe 2.4 Structures of TBP and trialkyl phosphine oxide R1 = R2 = R3 = n-octyl: TOPO.
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conditions, the presence of MBP and DBP along with TBP adversely influences 
the process. Formation of synergistic species of both U(VI) and Pu(IV) involving 
TBP and the degradation products (such as MBP and DBP) makes the stripping of 
these ions more cumbersome. These degradation products also extract some fis-
sion products under PUREX feed conditions and influence the decontamination 
factors (DFs). TBP extracts U(VI) better at ambient temperature as compared 
to Pu(IV). On the other hand, it extracts Pu(IV) better at higher temperatures 
as compared to U(VI). This principle has been used in the improved PUREX 
(IMPUREX) process recommended for Pu recovery from fast reactor spent fuel 
(45). The contrasting effects of temperature on the extraction behavior are due 
to stronger hydration as well as more stringent stereochemical requirements of 
Pu(IV) as compared to U(VI).

Higher homologues of TBP were evaluated for the extraction of U(VI) and 
Pu(IV), and stereochemical isomers of TBP were evaluated for the separation of 
U(VI) from Th(IV). Triamyl phosphate (TAP) and its branched isomer triisoamyl 
phosphate (TiAP) have been identified as alternative extractants having very low 
aqueous solubility and no third-phase formation problem with plutonium (46–48). 
The effect of temperature on the extraction of U(VI) from nitric acid medium by 
TAP/n-dodecane was studied at varying extractant concentration and aqueous-phase 
acidity (49). Trialkylphosphates were also evaluated for the extraction of U(VI) and 
Th(IV) ions (47). It was observed that the distribution ratio for the extraction of 
Th(IV) is drastically suppressed by the introduction of branching at the first carbon 
atom of the alkyl group. In this context, Suresh et al. investigated the extraction of 
uranium and thorium by tri-sec-butyl phosphate (TsBP) and tri-iso-butyl phosphate 
(TiBP) (50, 51). Higher homologues of TBP, like tri-n-hexyl phosphate (THP) and 
tris(2-ethylhexyl) phosphate (TEHP), were reported to have higher extraction abil-
ity with reduced tendency toward third-phase formation (52, 53). The esters with 
bulkier substituents in place of the butyl group were proposed to be of practical 
value for the process applications in uranium and thorium separation (54). The lim-
iting organic-phase concentration (LOC) of thorium in equilibrium with aqueous 
nitric acid-thorium nitrate was reported to decrease in the order THP > TAP > TBP. 
It was expected that with higher homologues like TEHP, an even better loading of 
thorium could be achieved without the risk of third-phase formation. Pathak et al. 
showed that TEHP can be a better choice for U/Th separation as compared to TBP 
and TsBP (55).

There are many other neutral organophosphorus compounds that have similar 
extraction mechanism, but they offer a wide range of extraction ability for the 
metal ions. As a matter of rule, for the neutral compounds, the extraction power 
increases markedly as the number of direct C–P bond increases in the series, 
which can be given as phosphate < phosphonate < phosphinate <  phosphine oxide. 
TOPO (Figure 2.4) is a powerful neutral extractant for many tetra- and hexava-
lent actinide ions. Its use along with DEHPA for U recovery in the Wet Process 
Phosphoric Acid (WPPA) process is well known (56). Studies with mixed trial-
kyl phosphine oxides (TRPO) have also shown high extraction of tri-, tetra-, and 
hexavalent actinides from high-level waste (HLW) (57). The effect of nature of the 
mineral acid on uranium extraction has been investigated by Petkovic et al., who 
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reported extraction of disolvate species, with the log Kex values as 8.11, 5.27, and 
4.12 for HNO3, HCl, and H2SO4, respectively (58).

Recently, another class of neutral organophosphorus compounds, namely, N,N-
dialkyl carbamoyl methyl phosphonate (CMP) (59) and its phosphine oxide analog 
(CMPO) have received attention due to their ability to extract even trivalent actinides 
from acidic solutions along with the hexa- and tetravalent actinide ions. These biden-
tate phosphorus-based neutral extractants are reported to be stronger extractants as 
compared to TOPO (59–62). Pu(IV) and U(VI) are extracted as per the following 
extraction equilibria:

 Pu NO CMPO Pu(NO CMPO(o)
4

3 3 44 2 2+ −+ +    ) ·  (2.7)

 UO NO CMPO UO NO CMPO2
2+

(o)+ +−2 2 23 2 3 2
   ( ) ·  (2.8)

Due to the ease of formation of third phase with CMPO, many literature reports are 
based on the use of the mixture of 0.2 M CMPO + 1.2 M TBP as the solvent (63). This 
mixture has also been used in the TRUEX process recommended for the partitioning 
of minor actinides from HLW. Some applications of CMPO for the separation of Pu 
include its recovery from assorted laboratory wastes and oxalate supernatant (64, 65).

Due to several distinct advantages over TBP (see Section 2.8.2), dialkylamides 
are being considered as alternatives to TBP for process applications. Basic studies 
on the effect of the structure of N,N-dialkylamides with varying alkyl substituents 
on the carbon atom adjacent to carbonyl group, namely, di-(2-ethylhexyl)acetamide 
(D2EHAA), di-(2-ethylhexyl)propionamide (D2EHPRA), di-(2-ethylhexyl)isobutyr-
amide (D2EHIBA), and di-(2-ethylhexyl)pivalamide (D2EHPVA), on the extraction of 
U(VI) and Th(IV) have been carried out (66, 67). The conditional extraction constants 
(Kex) for uranium are found to vary in the order: D2EHAA (34.0 ± 2.0) > D2EHPRA 
(5.6 ± 0.4) > D2EHIBA (1.2 ± 0.1) > D2EHPVA (0.51 ± 0.03). A third phase has been 
observed in the case of 1 M D2EHAA (≥1 M HNO3) and 1 M D2EHPRA (≥3 M 
HNO3) in the presence of macro concentrations of thorium. The separation factor 
(SF = DU / DTh) for D2EHPVA is distinctly larger as compared to other amides as well 
as to TBP. Studies have revealed that successive alkylation of the Cc atom adjacent to 
the carbonyl group greatly suppresses the extraction of tetravalent actinides and fis-
sion products as compared to the hexavalent metal ions and, therefore, holds promise 
for the separation of U(VI) from Th(IV). Large numbers of amides were evaluated for 
their extraction behavior with respect to U/Th separation (Table 2.2) (66–72).

Vidyalakshmi et al. studied the influence of the molecular structure of amides on 
the extraction of uranium and nitric acid (73). Gupta et al. showed that from moder-
ately acidic medium (3.5 M HNO3), U(VI) and Pu(IV) are extracted by amides (viz. 
dihexylhexanamide, DHHA; dihexyloctanamide, DHOA; and dihexyldecanamide, 
DHDA) via the solvation mechanism similar to TBP. The log Kex values for the sol-
vated species involving amides were lower than TBP for U(VI), but higher than TBP 
for Pu(IV) (74–76). At higher nitric acid concentration, the amides undergo protona-
tion (HAmide+) and extract U(VI) and Pu(IV) as ion pairs of the type [UO2( )NO3 3

−]  
[HAmide+] and [Pu( )NO3 6

2−] [HAmide+]2. Thus, the amides differ from TBP (sol-
vated species) with respect to the nature of extracted species at high acidity.
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Ruikar et al. investigated the extraction behavior of U(VI) and Pu(IV) from  
3.5 M HNO3 medium with gamma-irradiated amides (77, 78). The distribution ratio 
of U(VI) decreased gradually with increased dose (up to 5 × 105 Gray) and became 
almost constant thereafter. By contrast, the distribution ratio of Pu(IV) decreased 
gradually up to 4 × 105 Gray dose and increased thereafter, indicating the synergistic 
effect of radiolytic products at higher dose.

Extraction of actinides has also been reported with substituted malonamides 
like N,N’-di-methyl-N,N’-di-n-butyl-tetradecylmalonamide (DMDBTDMA) (79),  
for which the extracted species for Pu(IV) and U(VI) are observed to be Pu(NO3)4 ∙ 
3DMDBTDMA and UO2(NO3)2 ∙ 2DMDBTDMA, respectively. The extraction by 
malonamides also suffers from a drawback of third-phase formation, necessitating 
the use of a modifier at higher acidity and high metal loadings. Several variants of sub-
stituted malonamides have also been used, the most promising for actinide partition-
ing being N,N’-dimethyl-N,N’-di-n-octyl-hexylethoxymalonamide (DMDOHEMA) 
(80). Another promising diamide extractant is N,N,N’N’-tetraoctyl-3-oxapentane-
1,5-diamide (TODGA), which has been proved to be the most efficient extractant for 
the trivalent actinide ions from acidic media (81–83).

tAbLe 2.2
evaluation of branched-Chain Amides for the separation of 233U from 
Irradiated 232th (69)

R C

O

N

R'

R'

Amide R R’ DU Dth sF

D2EHIBA (CH3)2CH C4H9CH(C2H5)CH2 3.70 1.0 × 10−2 370

DIB2EHA CH3(CH2)3CH(C2H5) (CH3)2CHCH2 4.70 1.34 × 10−2 351

DOIBA (CH3)2CH C8H17 5.84 1.42 × 10−2 411

DO2EHA CH3(CH2)3CH(C2H5) C8H17 6.58 1.85 × 10−2 356

D2EHBA C3H7 C4H9CH(C2H5)CH2 8.36 6.01 × 10−2 139

D2EHPRA CH3CH2 C4H9CH(C2H5)CH2 9.7 0.1 97

D2EHAA CH3 C4H9CH(C2H5)CH2 19.10 1.12 17

DHOA C7H15 C6H13 12.40 0.59 21

DHDA C9H19 C6H13 11.62 0.45 26

DBDA C9H19 C4H9 11.48 0.96 12

DHHA C5H11 C6H13 12.80 0.80 16

TBP – – 40 4 10

Source: Pathak, P.N.; Veeraraghavan, R.; Ruikar, P.B.; Manchanda, V.K., Radiochim: Acta, 86, 129–
134, 1999. With permission.

Note: Concentration of the extractant: 1 M; Diluent: n-dodecane; Aqueous phase: 4 M HNO3; Temperature: 
25oC; SF: DU/DTh (using 233U / 234Th tracer only).
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Preston et al. studied the solvent extraction and separation behavior of U(VI) 
and Th(IV) from sodium nitrate solutions (0.2–6.0 M), emloying a series of dial-
kyl sulfoxides with different structures (84). For the isomeric compounds of R2SO 
with C8 alkyl groups, the SFs increase in the order: R = n-octyl > 2-ethylhexyl, 
which is also the order of increasing steric hindrance of the alkyl group. For these 
compounds, the extracted metal complexes reported were UO2(NO3)2∙2R2SO and 
Th(NO3)4∙3R2SO. The extraction of Np(IV), Np(VI), Pu(IV), and U(VI) from nitric 
acid medium has been carried out with dibutyldecanamide (DBDA), DHDA, bis-2
-ethylhexylsulfoxide (BEHSO), and CMPO using n-dodecane as the diluent (85). 
The order of extraction for the metal ions was CMPO > BEHSO > DHDA > DBDA. 
The species extracted into the organic phase were found to be the disolvate with 
all the extractants for hexavalent metal ions such as Np(VI) and U(VI) and also 
with tetravalent ions like Np(IV) and Pu(IV) in the case of BEHSO and CMPO. 
However, in the case of DBDA and DHDA, Np(IV) and Pu(IV) were extracted as 
the trisolvate species. In general, log Kex (two-phase extraction constant) increased 
with increasing basicity of the extractants. Sato et al. had investigated the uptake 
of U from HCl medium using dihexyl sulfoxide (86). The liquid-liquid extraction 
behavior of plutonium(IV) from aqueous nitric acid media into n-dodecane by 
BEHSO indicated increased extraction with increasing nitric acid concentration up 
to 6 M HNO3, beyond which a decrease was observed (87). Higher extractability of 
U(VI) led to the decrease in Pu(IV) extraction under loading conditions. Similar to 
CMPO, bifunctional carbamoyl methyl sulfoxides were also used for the extraction 
of actinides from acidic medium. Uranium extraction using phenyl-N,N-dibutylcar-
bamoylmethyl sulfoxide (PCMSO) from acidic nitrate media suggested no internal 
buffering action, as the distribution ratio values were much lower as compared to 
CMPO (88). Another report indicated no extraction of trivalent actinides, though 
moderate extraction of Pu(IV) and U(VI) was observed. X-ray crystal structure 
data has confirmed the bidentate nature of the ligand (89). Shukla et al. studied the 

tAbLe 2.3
extraction Constants of some Actinide Ions from nitric Acid Medium 
Using solvating extractants along with the Acid Uptake Constant (KH)

Log Kex

extractant KH −th(IV) −Pu(IV) −U(VI)

TBP 0.16 −0.07 2.04 1.35

TOPO (24) 8.9 − 6.84 5.58 (91)a

DHOA (76) 0.19 1.48 3.55 1.49

D2EHIBA (66) 0.12 −1.62 −1.44 −0.06

DMDBTDMA (79) 0.32 − 5.4 2.2

CMPO (62) 2.0 6.61 (92)a 4.7 2.8

TODGA (83) 4.0 − 8.6 4.9

a  N,N-diphenyldimethylCMPO in dichloromethane.
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extraction behavior of Pu(IV) and U(VI) from aqueous nitric acid media using di-n-
octylsulfoxide (DOSO) as the extractant (90). Extraction constants for some actinide 
ions with neutral extractants are listed in Table 2.3. It is clearly seen that TOPO has 
the largest extracting power among the monodentate ligands, while TODGA is the 
strongest extractant among the polydentate ligands.

2.3.3 eXtraCtion by ion PairS

Tertiary amines and quaternary ammonium compounds have been used for the 
extraction of actinide ions from relatively high concentrations of acids and salts. In 
these cases, the ammonium compounds form reverse micelles in the organic phase 
(93). The amine solutions are necessarily pre-equilibrated with acid solutions to form 
anionic-exchange sites, which subsequently exchange with the anionic complexes 
of metal ions. These extractants are termed liquid anion exchangers. Extraction 
of actinides increases with the chain length of amine extractants due to increas-
ing organophilicity, which increases the partition coefficient of the extractant and 
hence, the distribution ratios. Tri-n-octyl amine (TOA), trilauryl amine (TLA), and 
Alamine 336 have been extensively used for actinide extraction. However, tetravalent 
actinides form their anionic complexes readily and are better extracted as compared 
to hexavalent actinides. Alamine 336 is used for the recovery of U(VI) from the sul-
fate leach liquor as per the following extraction equilibrium:

 2 3 2 4 3 2R N H SO (R NH ) SO+
4
2+ −     (2.9)

 2 3 2 4
2

2 4 3
4

3 4( ) ( ) ( )R NH SO UO SO R NH [UO+ +− −+    22 4 3
4

4
22( ) ]SO SO− −+  (2.10)

This process is termed the AMEX or PURLEX process and has better decontam-
ination from the associated impurities as compared to the DAPEX process described 
above (94, 95). In view of its high specificity for Pu(IV) over U(VI), the TLA pro-
cess has been suggested for the recovery of Pu from the spent fuel. It shows >99.9% 
recovery of Pu and DF > 103 for fission products such as Zr and Nb. Alamine 336 is 
recommended for the separation of trivalent actinides from trivalent lanthanides in 
the TRAMEX process. The extraction of hexavalent actinides using tertiary amines 
varies with the nature of aqueous phase acid and its concentration (96). The extrac-
tion of U(VI) from sulfuric acid medium is larger at low acid concentration as com-
pared with those from HCl or HNO3 medium. The relative extractability follows the 
trend: H2SO4 > HCl > HNO3 at low acidity (<2 M), which changes to HCl > HNO3> 
H2SO4 (>2 M). Aliquat 336 is used for separating 234Th from natural U where feed 
contains the mixture in 6 M HCl (30). A report on the extraction of uranium and plu-
tonium from hydrochloric acid solution using tri(isooctyl)amine dissolved in xylene 
or methylisobutyl ketone (MIBK) indicates that U and Pu are separated from tho-
rium, alkali metals, alkaline earths, rare earths, zirconium, niobium, and ruthenium, 
as the latter elements do not form extractable anionic species (97). The extraction of 
Np(IV), Pu(IV), and U(VI) from aqueous hydrochloric acid into tertiary and qua-
ternary amines such as Aliquat-336, tetraheptylammonium chloride, and Hyamine-
1622 were reported to involve species such as NpCl 6

2−, PuCl6
2−, and UO2Cl4

2−, 

59696.indb   77 7/14/09   9:32:39 PM



78 Ion Exchange and Solvent Extraction: A Series of Advances

which was supported by absorption spectrophotometry (98). In another report, the 
 extraction behavior of technetium and actinides such as thorium, uranium, neptu-
nium, plutonium, americium, and curium from nitric acid medium was investigated 
using Aliquat-336 in 1,3-diisopropyl benzene as the extractant (99). Distribution data 
obtained are modeled by anion exchange (technetium) and ion-pair formation mech-
anisms (actinides) with the extraction of nitric acid included to account for the lower-
ing of the free extractant concentration. Takahashi et al. developed a selective and 
very effective concentration method for uranium(VI) by the homogeneous liquid-
liquid extraction method based on the ion-pair separation of perfluorooctanoate ion 
(PFOA−) with tetrabutylammonium ion (TBA+) and acetate as the complexing agent, 
which formed anionic U-bearing species such as UO2(CH3COO)3

– (100). There are 
several other reports on the ion-pair extraction of actinide ions that involved neutral 
donor ligands. In those studies, diluents played an important role in deciding the 
nature of extracted species. Mohapatra et al. studied the ion-pair extraction behav-
ior of uranyl ion from aqueous picrate solutions (pH 3.0) employing several crown 
ethers such as benzo-15-crown-5 (B15C5), 18-crown-6 (18C6), dibenzo-18-crown-6 
(DB18C6), and dibenzo-24-crown-8 (DB24C8) in chloroform (101). The stoichiom-
etry of the extracted species corresponded to [UO2(crown ether)n]2+ · [pic−]2, where 
n = 1.5 for B15C5 and 1 for 18C6 as well as DB18C6. Adducts of DB24C8 could not 
be observed, as practically no extraction was possible using this reagent. Interestingly, 
in this report, trivalent lanthanides were extracted to a much larger extent than the 
uranyl ion. In another study, Am3+ was extracted to a much higher extent than UO2

2+ 
ion, when 18C6 in CHCl3 was used as the extractant and picrate ion was used as 
the counteranion (102). The same authors have observed similar unusual extraction 
behavior of Am3+ and UO2

2+ using TBP and DOSO as extractant and picrate as the 
counteranion. The inner-sphere water molecules and their substitution by the oxo 
donor molecules appeared to influence the extraction constants of these metal ions, 
which was corroborated with the help of thermodynamic parameters (103).

2.3.4 SynergiStiC eXtraCtion

“Synergism” refers to the phenomenon where the extraction of metal ions in the 
presence of two or more extractants is more than that expected from the sum total 
of the individual extractants. Though solvent extraction of actinides using a single 
extractant is discussed above, there are numerous applications of synergistic extrac-
tion using a combination of suitable extractants. Major advantages of the synergistic 
extraction include low ligand inventory and the possibility of extraction from a high 
concentration of acids or complexing agents. Well-known examples of synergistic 
extraction are the extraction of U(VI) and Pu(IV) from nitric acid medium by a 
mixture of a beta-diketone (such as HTTA) and neutral oxo donors such as TBP and 
TOPO (Figure 2.4) (23). A linear correlation between the adduct formation constant 
and ligand basicity was observed (24). No role of stereochemistry of auxiliary ligand 
(substituted amides) was observed for U(VI) extraction with primary ligands such as 
HTTA, HPMBP, or HPBI (104–106). The synergistic extraction systems are influ-
enced by side reactions in the aqueous phase, side reactions in the organic phase, 
and interactions between the primary and auxiliary ligands wherein diluent plays 
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an important role (107). Dialkyl amides when used as the auxiliary ligand yielded 
enhancement in the extraction as predicted by their KH values (66). Manchanda et al. 
have investigated the adduct formation of U(VI)-TTA complexes with several amine 
oxides and observed a combined role of ligand basicity and stereochemistry, but no 
significant role of back bonding from U to the π* orbitals of the amine oxides (108). 
Subramanian et al. indicated that the adduct formation with sulfoxides is less pro-
nounced as compared to that with phosphine oxides (109).

Though TBP and DOSO adducts of Pu(IV) were observed when HTTA was used 
as the primary extractant, no such adducts were reported with the Pu(IV)-HPMBP 
system (110, 111). On the other hand, synergism was observed for Pu(IV) extraction 
with HTTA, HPMBP, and HPBI (with stringent stereochemical requirements) when 
TOPO was used as the auxiliary ligand (27, 33). Other tetravalent actinide ions such 
as Th(IV) and Np(IV) have shown similar extraction behavior (29, 30, 34). Some 
adduct formation constants (Ks) for U(VI) and tetravalent actinide ions are listed in 
Table 2.4. It is necessary to consider both electronic and steric factors of the ligands 
to explain the observed trends.

Studies on the synergistic extraction of hexavalent uranium and hexavalent plu-
tonium in HNO3 medium with HTTA and HPMBP in combination with neutral 
donor(s), namely, diphenyl sulfoxide (DPSO), TBP, and TOPO (monofunctional) and 
dibutyldiethyl Carbomoyl methyl phosphonate (DBDECMP), dihexylethyl carbomyl 
methyl phosphonate (DHDECMP), CMPO (bifunctional), suggested a linear corre-
lation of the equilibrium constant for the organic-phase synergistic reaction (log Ks) 
of both U(VI) and Pu(VI) with the basicity (log KH) of the donor (both mono- and 
bifunctional) indicating bifunctional donors also behave as monofunctional. This 
was supported by the thermodynamic data obtained by carrying out distribution 
studies at variable temperatures (112). On the other hand, synergistic extraction of 
U(VI) using acylpyrazolones and crown ethers showed lower enhancements as com-
pared to TBP as the auxiliary ligands, which was ascribed to the stereochemical 
effects and unusual conformations of the crown ethers (113).

Synergistic extraction, in the system DEHPA and TOPO, is quite interesting for 
its ability to extract uranium from high concentrations of phosphoric acid (38). This 
finds application in the recovery of uranium from dilute phosphoric acid medium in 

tAbLe 2.4
ternary Adduct Formation Constants of early Actinide Ions with some 
beta-Diketones

Log Ks

HttA HPMbP HPbI

tbP toPo tbP toPo tbP toPo

U(VI) 5.10 7.05 4.28 6.45 5.12 (28) 8.70 (28)

Th(IV) 4.63 (111) 7.50 (111) – 6.28 (29) 6.70 (30) 8.56 (30)

Np(IV) – 5.66 (111) – – – 7.14 (24)

Pu(IV) – 4.95 (111) – 3.91 (33) – 4.85 (34)
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the WPPA process, which contains about 50–200 ppm U. Usually, 0.5 M DEHPA + 
0.125 M TOPO in kerosene is used for the extraction of U(VI), where the U oxidation 
state is adjusted by the NaClO3/H2O2 oxidizing mixture. The stripping of U(VI) to 
U(IV) by Fe2+ is the key in this process. Stronger complexing ability of U(IV) with 
phosphate ion helps in transferring the extracted metal ion back to the aqueous phase 
in the stripping cycle. The extraction of uranium(VI) from hydrochloric acid medium 
with PC-88A and neutral organophosphorous donors like TBP, TOPO, and Cyanex 
923 (S) in n-dodecane gave synergistic enhancement in the order Cyanex 923 > 
TOPO > TBP (114). The species extracted with PC-88A alone is UO2(HA2)2, whereas 
with S alone, it is UO2Cl2·2S, and with the synergistic mixtures it is UO2(HA2)2·S.

Otu has reported the extraction of thorium(IV) and uranium(VI) from nitric acid 
solutions into a synergistic extraction system containing 2-ethylhexyl phenylphos-
phonic acid (HEHP) and micellar dinonylnaphthalene sulfonic acid (HDNNS) (13). 
Synergistic enhancement factor of 67 and 11 were observed for Th(IV) and U(VI), 
respectively, from 1 M HNO3. Although HDNNS shows better separation of thorium 
and uranium, the mixed ligand system exhibits superior extractability for both met-
als ions. Extraction studies of uranium(VI) with LIX-860 (HX represented by the 
chemical formula C12H25(C6H13)OHCHNOH) and its mixture with Versatic-10 (HR, 
mixture of tertiary monocarboxylic acids containing a total of 10 carbon atoms) 
have indicated extraction of mixed species such as UO2X2(HR)n, UO2R2(HX)n, and 
UO2RX (HX)n(HR)n in the synergistic extraction system. The extraction efficiency 
changed with the nature of the diluent (14).

Few studies are available on synergistic extraction using amines as the primary extrac-
tant. Sriram et al. studied the distribution behavior of U(VI) from H2SO4 (0.1 M) using 
mixtures of Alamine 336 with three different neutral oxo donors, namely, DHOA, TBP, 
and TOPO, in several diluents (115). The stoichiometry of species extracted in dodecane 
medium was found to vary with the nature of the oxo donor. In the case of Alamine 336-
DHOA mixture {R3NH}4UO2(SO4)3, DHOA appears to dominate. Synergistic enhance-
ment in DU values varied in the order DHOA < TBP < TOPO, which follows the trend 
of their basicities. In nitrobenzene medium, antagonism was observed.

2.4 sPeCtRosCoPIC stUDIes on eXtRACteD sPeCIes

Several spectroscopic techniques, namely, Ultraviolet-Visible Spectroscopy (UV–Vis), 
Infrared (IR), Nuclear Magnetic Resonance (NMR), etc., have been used for under-
standing the mechanism of solvent-extraction processes and identification of extracted 
species. Berthon et al. reviewed the use of NMR techniques in solvent-extraction 
studies for monoamides, malonamides, picolinamides, and TBP (116, 117). NMR 
spectroscopy was used as a tool to identify the structural parameters that control 
selectivity and efficiency of extraction of metal ions. 13C NMR relaxation-time data 
were used to determine the distances between the carbon atoms of the monoamide 
ligands and the actinides centers. The 1H, 2H, and 13C NMR spectra analysis of the 
solvent organic phases indicated malonamide dimer formation at low concentrations. 
However, at higher ligand concentrations, micelle formation was observed. NMR 
studies were also used to understand nitric acid extraction mechanisms. Before obtain-
ing conformational information from 13C relaxation times, the stoichiometries of the 
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extracted species were established. This helped in assigning the NMR spectra to the 
monoamides and to understand the fast-exchange process. Similarly, the exchange 
reactions of TBP and CMP in U(VI)-nitrato complexes with TBP or CMP were stud-
ied by 31P NMR spectroscopy in solvents like CD3COCD3 and CD2Cl2 solvents (118). 
The number of TBP molecules coordinated to uranyl nitrate was determined to be 
1 in CD3COCD3 and 2 in CD2Cl2 by 31P NMR signals of free and coordinated TBP. 
Similarly, the number of coordinated CMP was evaluated as 1 in CD3COCD3. The 
exchange rate of TBP in U(VI)-TBP was independent of the free TBP concentration, 
whereas that in U(VI)-CMP was dependent on free CMP concentration.

May et al. investigated the extraction behavior of U(VI), U(IV), Np(IV), and Pu(IV) 
complexation with dibutyl phosphoric acid (HDBP) in 30% TBP/organic diluent 
solutions (119). Spectroscopic analysis of organic phases by 31P NMR, absorption 
 spectroscopy, and Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS) 
indicated that U(VI) formed a range of complexes with HDBP. At comparatively high 
HNO3 loading in the organic phase, HDBP can displace TBP groups to form either 
UO2(NO3)2(HDBP)(TBP) or UO2(NO3)2(HDBP)2. At lower HNO3 loadings, HDBP 
can also deprotonate and act as a chelate ligand, displacing nitrates to form either 
UO2(DBP)2(HDBP)x or UO2(NO3)(DBP)(HDBP)x (where x = 1 or 2). Distribution data 
and absorption spectroscopy also indicated that Np(IV) formed at least two complexes 
in which nitrate groups are displaced by the DBP− anion. In contrast, for U(IV), it is 
almost certain that TBP groups are displaced by HDBP at increased HDBP loading, 
forming U(NO3)4(HDBP)(TBP). However, there was no evidence for the displacement 
of nitrates. Pu(IV) distribution data suggested that complex reactions were taking 
place in both the phases. Nevertheless, HDBP does readily complex with Pu(IV), dis-
placing nitrates from the Pu(IV) species formed in the organic phase. IR and visible 
spectra of UO2(NO3)2∙2DHOA isolated from the organic phase confirmed the forma-
tion of a single inner-sphere complex where the metal amide coordination was through 
the carbonyl oxygen of DHOA. The Proton Magnetic Resonance (PMR) spectra indi-
cated the existence of restricted rotation around the C-N bond (120). Subramanian et 
al. suggested similar restricted rotation around the C-S bond in synergistic complexes 
of the type UO2(beta-diketone)2∙DOSO. The bidentate nature of both beta-diketones 
in these complexes was confirmed by PMR and IR spectral studies (121).

Shifts in the asymmetric stretching frequencies of N-O group (amine in oxides), S-O 
group (in sulfoxides), and P-O (in phosphine oxides) were correlated with the adduct 
formation constants in the organic phase (121–124). IR spectroscopy was used to iden-
tify the coordination of nitrate groups to metal cations and of the extractant molecules. 
Ruikar et al. described a method for the quantitative estimation of some organic extract-
ants such as TBP, DOSO, and dibutyldecanamide (DBDA) (125). These studies indi-
cated that Beer’s law was obeyed in the concentration range of 0.01–0.2 M. The method 
was applied for the determination of amide contents of irradiated di-n-alkylamides.

2.5 tHIRD-PHAse FoRMAtIon stUDIes

The term “Third-Phase Formation” in solvent extraction refers to a phenomenon in 
which the organic phase splits into two phases (126). One of the two phases is diluent 
rich, whereas the other is rich in extractant and also contains the metal solvate. Third-
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phase formation behavior of any extractant for a particular metal ion under a specified 
condition is expressed in terms of LOC. This refers to the concentration of the metal 
ion in the organic phase beyond which the organic phase splits into two phases.

TBP forms a third phase during the extraction of tetravalent metal ions such 
as Pu(IV), U(IV), and Th(IV). The formation of a third phase during countercur-
rent extraction may lead to “flooding,” severely affecting the hydrodynamics of 
the processes. Also, accumulation of a Pu-rich third phase may lead to a criticality 
problem. The conditions leading to the formation of third-phase must be avoided 
in solvent-extraction processes. Major factors that affect third-phase formation are 
(i)  organic-phase composition (nature and concentration of diluent and extractant 
concentration), (ii) aqueous-phase composition, and (iii) temperature. Extensive 
studies have been carried out to understand the third-phase formation phenomenon 
for different organophosphorous extractants like TBP, TAP, TsBP, tricyclohexyl 
phosphate (TcyHP), diamylamyl phosphonate (DAAP), CMPO, amines, etc., under 
different experimental conditions (127–133). Rao et al. reported that during Th(IV) 
extraction with trialkyl phosphates like TBP and TAP, the LOC values (a) increased 
with extractant concentration and the carbon chain length of the alkyl group, and 
(b) decreased with increased aqueous-phase acidity. Comparison of the third-phase 
formation behavior of Th(IV) with Pu(IV) showed that the problem of third-phase 
formation is more severe with the former than with the latter. Recently, it was 
observed that TcyHP formed a third phase during the extraction of U(VI), which is 
not reported during the extraction with TBP (132). No third phase is observed during 
the extraction of uranium during reprocessing of the spent nuclear fuel from ther-
mal reactors due to the presence of low concentrations of Pu in the feed solutions. 
However, during the fast-reactor fuel reprocessing, one has to optimize the condi-
tions to avoid third-phase formation in view of the relatively larger concentration of 
Pu in the feed solutions.

It was observed that third-phase formation is almost instantaneous in  trialkyl 
 phosphates and in amine systems. By contrast, Gasparini reported that third phase 
formation in the case of dialkyl amides is kinetically slow (134, 135). Among 
the amides studied, N,N dihexyl derivatives of n-hexanamide (DHHA), n- octanamide 
(DHOA), and n-decanamide (DHDA) were identified as suitable candidates for 
actinide extraction (74–76). The LOC value of Pu(IV) in DHOA-n-dodecane system 
increased from 0.12 mol/L (at 1 M HNO3) to 0.2 mol/L (at 3.3 M HNO3); thereafter 
the value decreased gradually to 0.055 mol/L at 7 M HNO3 (136). This variation in 
the trend can be due to the change in the proportions of the extractable species like 
Pu(NO3)4·2DHOA, HNO3∙DHOA, and [Pu(NO3)6]2–[HDHOA]2

+ with varying aque-
ous-phase nitric acid concentration. At lower nitric acid concentrations (0.5–1 M), 
the third phase appeared in the form of crud, which can be attributed to the extensive 
aggregation of the extractable species in the organic phase (137–141).

Unlike the TBP system, third phases appear in the amide extraction system under 
high uranium loading conditions (75). The LOCs for U(VI), using 1 M DHHA and 1 
M DHOA in n-dodecane obtained as a function of equilibrium nitric acid concentra-
tion of the aqueous phase (1–8 M) at 25°C, were measured. The LOC values for both 
amides decreased regularly with nitric acid molarity in the aqueous phase. The LOC 
value ranged from 0.37 mol/L (at 1 M HNO3) to 0.088 mol/L (at 6.6 M HNO3) for 
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DHHA and 0.43 mol/L (at 1 M HNO3) to 0.17 mol/L (at 7.7 M HNO3) for DHOA. The 
effect of nitric acid on the LOC of uranium was explained as due to the competition 
of amide for HNO3 and UO2(NO3)2 molecules. Uranium loading capacities of 1 M 
solutions of the amides in n-dodecane at 3.0 M HNO3 are evaluated to be 0.29 mol/L 
for DHHA and 0.40 mol/L for DHOA. Apart from the influence of nitric acid, the 
influence of NaNO3, temperature, and ionic strength was also studied on the LOC 
of uranium.

Recently, Jha et al. reported that straight-chain amides showed an increase in 
Th-LOC values with the total number of carbon atoms and the carbon chain length 
on the carbonyl group (142).

The LOC values for Th(IV) for DHOA, DHDA, and TBP as the extractants were 
marginally higher in n-dodecane as compared to normal paraffinic hydrocarbon 
(NPH). The LOC data in the U(VI)-DHDA/n-dodecane system indicated no definite 
trend from 0.5 to 5 M HNO3. However, no crud formation was observed at higher 
nitric acid concentration (from 5.5 to 8 M), and the LOC values decreased from  
0.29 mol/L (at 5.6 M HNO3) to 0.16 mol/L (at 8 M HNO3).

Spectroscopic techniques such as visible and IR spectroscopy, EXAFS, and 
Small Angle Neutron Scattering (SANS) have been used for characterizing the third-
phase formed during the extraction of Th(IV) and Zr(IV), and nitric acid by TBP 
(137–141). Chiarizia et al. investigated the U(VI)-HNO3-TBP, n-dodecane system 
to gain insight on the coordination chemistry and structure evolution of the spe-
cies formed in the organic phase before and after third-phase formation (137, 138). 
Chemical analyses, spectroscopic and EXAFS data indicate that U(VI) is extracted 
as the UO2(NO3)2∙2TBP adduct, whereas the third-phase species have the average 
composition UO2(NO3)2∙2TBP∙HNO3. SANS measurements on TBP solutions loaded 
with only HNO3 or with increasing amounts of U(VI) have revealed the presence, 
before phase splitting, of ellipsoidal aggregates with the major and minor axes up to 
about 64 and 15 Å, respectively. The formation of these aggregates, very likely of the 
reverse micelle-type, is observed in all cases, that is, only HNO3, only UO2(NO3)2, or 
both HNO3 and UO2(NO3)2 (when extracted by the TBP solution). Upon third-phase 
formation, the SANS data revealed the presence of smaller aggregates in the light 
organic phase, whereas the heavy organic phase contained pockets of diluent, each 
with an average of about two molecules of n-dodecane.

Borkowski et al. studied the third-phase formation in Th(NO3)4 extraction from 
1 M HNO3 by 20% TBP in n-octane (139, 140). Chemical analyses showed that 
Th(IV) existed in the organic phase mainly as the trisolvate Th(NO3)4·3(TBP). The 
third phase also contains a small amount of HNO3, presumably hydrogen-bonded 
to the trisolvate complex. SANS measurements on TBP solutions loaded with 
only HNO3 or with increasing amounts of Th(IV) revealed the presence, before 
phase splitting, of large ellipsoidal aggregates with the parallel and perpendicular 
axes having lengths up to about 230 and 24 Å, respectively. Although the forma-
tion of these aggregates was observed in all cases, that is, when only HNO3, only 
Th(NO3)4, or both HNO3 and Th(NO3)4 are extracted by the TBP solution, the 
size of the aggregates is largest in the latter case. Similar observations were made 
during the extraction of Zr(IV) from nitric acid medium by TBP/n-octane (141). 
SANS study showed an increased scattering intensity with increased extraction 
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of Zr(NO3)4 into the organic phase, which was attributed to interactions between 
small reverse micelle-like particles containing two to three TBP molecules. The 
particles interact through attractive forces between their polar cores with a poten-
tial energy exceeding 2kBT. The interparticle attractions lead to the third-phase 
formation.

2.6 MoDeLInG

Auwer et al. used X-ray Absorption Spectroscopy (XAS) to study various U, Np, and 
Pu nitrato coordination complexes of the type AnO2(NO3)2∙TBP (143). No significant 
variation in the actinide environment was noticed across the series UO2

2+, NpO2
2+, 

and PuO2
2+. Relativistic molecular orbital calculations for (UO2(NO3)2(TBPO)2), 

(UO2(NO3)2(TBP)2), (UO2(NO3)2(TMP)2) (TMP is trimethylphosphate), and 
(UO2(NO3)2(H2O)2) using the discrete-variational Dirac-Slater molecular orbital 
method showed that the bonds between uranium and the ligands of these complexes 
have a degree of covalent character (144). There is a close relationship between the 
ligand-displacement ability in complexes of the type (UO2X2L2) (X = Cl, NO3) and 
effective charges of atoms to be coordinated in each ligand. The strength of bond 
between ligands and the central uranium atom is calculated by Mulliken population 
analysis. From these calculated results, it was shown that the overlap population on 
TBP with a central uranium atom is larger than that on TMP.

Rabbe et al. applied the molecular orbital approach to establish structure- activity 
relationships on a database of 22 monoamides used as U(VI) nitrate extractants (145). 
Semiempirical calculations on the monoamides were carried out using the AM1 
self-consistent field method. A quantitative relationship was established between the 
U(VI) nitrate distribution ratio and a charge parameter of the monoamide extractant. 
Further, it was found that predominant factors determining the extracting ability of 
a monoamide were of three kinds: (1) electron density of the coordinating atoms or 
groups, which should be as high as possible; (2) steric effects, which should be as low 
as possible; and (3) lipophilicity of the ligands, which should be above a minimum 
threshold value (146). Molecular mechanics calculations were done on UO2(NO3)2A2 
complexes in order to determine the influence of steric effects on the formation of 
these compounds. Calculations of monoamide lipophilicity using Rekker’s method 
showed that all the molecules of the database were lipophilic enough and, conse-
quently, this parameter was not significantly important for the extraction of ura-
nyl nitrate by these monoamides. In this context, assuming that the alkyl group 
(attached to N atom) does not influence the charge parameter, Pathak et al. used 
the reported values of N,N-dibutylacetamide, N,N-dibutylpropionamide, N,N-
dibutylisobutyramide, and N,N-dibutylpivalamide for di(2-ethylhexyl) derivatives of 
acetamide (D2EHAA), propionamide (D2EHPRA), isobutyramide (D2EHIBA), and 
pivalamide (D2EHPVA), respectively (66, 67). It was observed that logDU, logDTh, 
as well as KH varied linearly with the total electron density of the selected amides, 
irrespective of acidity. It appeared that the charge density accounts both for elec-
tronic as well as steric factors relevant to the branching of the alkyl substituents on 
the Cα atom. Dramatic changes in the actinide coordination sphere appeared when 
the An(VI) metal was reduced to An(IV).
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Solovkin et al. constructed a model describing the kinetics and equilibrium 
in systems involving complexation and solvent extraction of tetravalent uranium, 
plutonium, and neptunium in aqueous solutions of nitric acid/sulfuric acid with a 
TBP-n-alkane mixture (147). Koganti and coworkers have worked extensively on 
the development of SIMPSEX code relevant for fuel reprocessing (148–151). The 
model is specific to mixer-settler contactors and is restricted to mass-transfer equi-
librium. The code has been validated with the experimental data available in the 
literature. Empirical models for third-phase formation, limiting acid concentration 
for the prevention of Pu(IV) polymerization were developed and incorporated into 
the SIMPSEX code. Salting-effect models were proposed for third-phase forma-
tion behavior of U(VI), U(IV), Pu(IV), and Th(IV) in solvent-extraction systems 
using TBP as the extractant (152). Conventionally, the composition of the actinide-
TBP solvate is assumed to be the same in the unpartitioned organic phase and the 
third-phase.

2.7 sPent-FUeL RePRoCessInG

Nuclear power constitutes about 15% of the total electricity produced worldwide 
(350 GWe) (153). In all, 30 countries are engaged in this activity with about 450 
nuclear power reactors currently in operation. The extent of occurrence of uranium 
in nature would have set the limit for growth of the nuclear energy, as is the case 
with other fossil fuels like coal and oil. However, the possibility to synthesize 239Pu 
and 233U overcame this limitation. These fissile materials are produced in nuclear 
reactors by the irradiation of naturally occurring uranium and thorium. These fissile 
isotopes can be recovered from the spent nuclear fuel or especially irradiated targets. 
Nuclear-fuel reprocessing is the operation of recovering the nuclear-grade uranium 
and plutonium from the spent fuel, which is a complex chemical/radiological mixture  
containing isotopes of more than 30 elements at varying concentrations. Reprocessing 
is an important element for the long-term global nuclear power scenario, which is the 
major motivation to develop novel schemes for the separation of thorium, uranium, 
and plutonium from other elements with high DFs. Spent fuel produced worldwide 
up to 1997 was around 200,000 t, and it is expected to reach 340,000 t by the year 
2010 (153). However, out of this, only about 80,000 t has been reprocessed so far. 
France and the UK are the leading nations engaged in fuel reprocessing and recy-
cling of uranium and plutonium.

Salient features of any fuel-reprocessing scheme are:

 a. Sufficient cooling of spent fuel to allow decay of short-lived fission 
products

 b. Quantitative recovery of U and Pu
 c. High DFs (with respect to the fission products and structural materials) to 

ensure nuclear purity of U and Pu
 d. Remote control operations to avoid personnel exposure

It is desirable to install specially designed reprocessing equipment behind massive 
concrete shielding (sometimes as much as 1.5 m thick) to protect personnel from 
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high radiation fields. Another important difference between traditional and nuclear 
chemical engineering is the need to provide a design that precludes criticality acci-
dents caused by the presence of sufficient fissile material above certain concentration 
and in certain physical states/shapes.

2.7.1 PureX ProCeSS and reCent develoPmentS

The PUREX process is based on the extraction of Pu(IV) and U(VI) as Pu(NO3)4∙2TBP 
and UO2(NO3)2∙2TBP complexes from moderate nitric acid (~3 M) (154–162). Most 
of the other elements in monovalent, divalent, trivalent, and pentavalent states do not 
form sufficiently strong neutral nitrate complexes that can be made organophilic by 
TBP. Mutual separation of U and Pu is achieved by reducing Pu to Pu(III) without 
affecting the oxidation state of U. Back-extraction of U is carried out by contacting 
the organic phase with the aqueous phase of low nitrate concentration. Solvent needs 
to be freed from the degradation products, and Na2CO3 has always been used for this. 
The salient features of the PUREX process are:

 1. Decladding/dissolution of spent fuel in concentrated nitric acid
 2. Feed adjustment [oxidation state of Pu to Pu(IV)]
 3. Co-extraction of U(VI)/Pu(IV) with 30% TBP/n-dodecane as solvent
 4. Scrubbing of fission products
 5. Partitioning of Pu by reduction to Pu(III)
 6. Back-extraction of uranium
 7. Purification cycle for Pu
 8. Purification cycle for U
 9. Regeneration/recycle of the solvent
 10.  Pu and U reconversion to their oxides
 11. HLW (raffinate of the coextraction cycle) disposal

The aim of the extraction step is to separate U and Pu together from fission products. 
After adjustment of the composition of the dissolver solution, it is fed to the center of 
a pulse column, which may have an extraction as well as scrub section. The nuclear 
industry has made significant contributions in the development of liquid-liquid con-
tactors for the separation of one or more solutes from feed solutions, wherein they 
provide a more economical alternative compared to other unit operations. The vari-
ous equipment that is used can be broadly classified into three categories: (1) mixer-
settlers; (2) liquid pulsed sieve-plate columns; and (3) centrifugal contactors. Each 
one has its own merits. Mixer-settlers score over the other contactors in their simple 
design and reliable operation over a wide range of process conditions. Recently, 
air-pulsed mixer-settlers of different designs are also in use in the fuel-reprocessing 
industry (163). A solvent stream, 30% TBP-n-dodecane is fed at the bottom of the 
contactor, and a stream of 2–3 M scrub solution of HNO3 enters the contactor from 
the top. U and Pu are extracted together by the solvent stream; the scrub stream 
eliminates most of the fission products co-extracted with U and Pu. A high load-
ing of U in the solvent phase helps to reduce the extraction of fission products (as 
the available free TBP concentration decreases). On the other hand, a very high U 
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loading decreases the extraction of valuable Pu. Therefore, an optimum saturation of 
60–80% is generally preferred.

The loaded and scrubbed solvent, containing U and Pu from the extraction/scrub 
column, is taken to the partitioning contactor, where U and Pu are separated from 
each other. Back-extracting Pu from the TBP phase achieves this by reducing it to a 
trivalent state with U(IV)-hydrazine. The aqueous Pu(III) stream is scrubbed by TBP 
to remove the excess U(IV), which has sufficient extractability in the TBP phase. An 
aqueous scrub with U(IV) and hydrazine in dilute nitric acid is introduced from the 
top of the column to remove the residual Pu from the U-bearing organic phase that 
leaves the column from the top. The U-bearing organic stream is stripped of U in the 
strip contactor using dilute nitric acid (0.01 M). Low acidity helps the stripping of U. 
The organic feed contains some HNO3, which increases the acidity of the aqueous 
stream. After this cycle, the solvent is generally sent for Na2CO3 washing to remove 
the degradation products of TBP.

The aqueous U product with trace-level impurities is taken to evaporators for 
concentration, and after conditioning at 1 M HNO3, U(IV)-hydrazine is added to 
reduce Pu(IV) to Pu(III), and then it is fed to the compound contactor where U is 
again extracted by TBP to a higher saturation level. Pu(III) and fission products 
remain in the aqueous phase. The loaded solvent is stripped in another column with 
0.01 M HNO3. The final U product is concentrated and precipitated as ammonium 
diuranate, filtered, and calcined to get UO2. After the separation from the bulk of the 
U in the first cycle, the Pu stream is once again passed through a solvent-extraction 
cycle to remove the traces of U and fission products present, as well as to obtain the 
desired product concentration required for precipitation. Here, 20% TBP is preferred 
as extractant, as the feed is devoid of bulk U. As an alternative, final purification is 
sometimes carried out by an anion-exchange process (164). The final Pu product is 
precipitated as plutonium(IV) oxalate, filtered, and calcined to get PuO2.

Table 2.5 summarizes the developments at the four major stages of the PUREX 
process. The success of the process is measured by the quantitative recovery (>99.9%) 
of U and Pu with high DFs (DF > 106) from the fission products and structural materi-
als. There is also growing concern about the volumes of radioactive waste generated 
during fuel reprocessing. There have been continuous R&D efforts in radiochemical 
laboratories toward these ends.

As a consequence, whereas NaNO2 was employed for feed adjustment of the repro-
cessing solution in the earlier plants, N2O4 is being used increasingly for this purpose 
today. Similarly, in the partitioning cycle, U(IV) has replaced ferrous sulfamate. The 

tAbLe 2.5
Developments in the PUReX Process

stage original Development References

Feed adjustment NaNO2 N2O4, electrolytic (160)

Co-decontamination 3 M HNO3 5 M HNO3, 50°C (IMPUREX) (45)

Partitioning Fe(NH2SO3)2 U(IV)-hydrazine, electrolytic (164)

Solvent treatment Na2CO3 Hydrazine carbonate (164)
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addition of U in the process is an acceptable proposal, as it can be conveniently 
diverted to the uranium PUREX stream. Regeneration of solvent demands the elimi-
nation of acidic degradation products like monobutyl phosphoric acid (H2MBP) and 
HDBP with an alkaline wash. In this context, commonly used Na2CO3 contributes 
significantly toward the generation of large salt volumes. Whereas electrolytic meth-
ods are becoming increasingly popular to restrict the waste volumes for the first two 
steps, hydrazine carbonate is a potential candidate to replace Na2CO3 for solvent 
treatment. There is also an effort to improve the PUREX process (IMPUREX) by 
adjusting the feed acidity to 5 M instead of 3 M and the temperature to 50°C (instead 
of ambient temperature) (45). These modifications are expected to yield Pu product 
with improved DF from fission products like Zr and Ru.

Ban et al. reviewed the reduction properties of several salt-free reagents for Np(VI) 
and Pu(IV) to choose selective reductants that reduce only Np(VI) to Np(V) for separat-
ing Np from U and Pu in TBP by reductive back-extraction (165). Allylhydrazine was 
proposed as a candidate for selective Np(VI) reduction, and it was confirmed by a batch 
experiment that allylhydrazine reduced almost all Np(VI) to Np(V) and back-extracted 
Np from the organic phase (30% TBP/n-dodecane) to the aqueous phase (3 M HNO3) 
within 10 minutes. A continuous countercurrent experiment using a miniature mixer-
settler was carried out with allylhydrazine at room temperature. At least 91% of Np(VI) 
fed to the mixer-settler was selectively reduced to Np(V) and separated from U and Pu.

Hydroxyurea dissolved in nitric acid can efficiently strip plutonium and neptunium 
from tributylphosphate (TBP) and has little influence on the uranium distribution 
between the two phases (166). The SFs of uranium/plutonium and uranium/neptu-
nium can reach values as high as 4.7 × 104 and 260, respectively. This indicates that 
hydroxyurea is a promising salt-free agent for the separation of uranium from pluto-
nium and neptunium. The hydrolysis and polymerization of Pu(IV) can cause serious 
problems during the aqueous processing of spent fuel and nuclear wastes, whenever 
acidity in the pH range is encountered. Several studies describing the liquid/liquid 
extraction behavior of polymeric Pu(IV) showed that poor plutonium extraction was 
accompanied by the appearance of an interfacial crud or third phase. Crud is an 
emulsion stabilized by finely dispersed solids. Insoluble residues can also be formed 
by the complexation of degradation products of TBP with Zr(IV) and Pu(IV) (167).

As a part of the Advanced Fuel Cycle Initiative (AFCI), Argonne National 
Laboratory has developed the Uranium Extraction Process (UREX+ process), which 
consists of five solvent-extraction processes that separate dissolved spent fuel into 
seven fractions (168). The five solvent-extraction processes were: (i) UREX, quan-
titative extraction of uranium and technetium; (ii) Chlorinated Cobalt Dicarbollide-
Polyethylene Glycol (CCD-PEG), recovery of Cs and Sr; (iii) Neptunium Plutonium 
Extraction (NPEX), recovery of plutonium and neptunium; (iv) TRUEX: recovery 
of Am, Cm, and Rare Earth Element (REE) fission products; and (v) Cyanex 301: 
separation of Am and Cm from REEs. Under the Global Nuclear Energy Partnership 
(GNEP) program led by the United States, efforts are being made by countries with a 
developed nuclear technological base to provide safe nuclear power to other countries 
and to minimize proliferation concerns worldwide (169–173). There is a renewed 
international interest in the development of new separation schemes for coprocess-
ing of U/Pu present in dissolver solution. This has an additional advantage with 
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respect to criticality problems. The coprocessing option appears particularly prom-
ising for the reprocessing of Pu-based fast reactor spent fuels. In this approach, the 
recycling of spent nuclear fuel will be done without separating out pure plutonium. 
This will help in nuclear nonproliferation, recovery, and reuse of fuel resources. The 
long-lived fission products such as 99Tc and 129I will be separated and immobilized 
before disposal in repositories. Short-lived fission products such as 137Cs and 90Sr 
will be allowed to decay until they meet the requirements for disposal as low-level 
waste. Transuranics such as Pu, Np, Am, and Cm will be separated from the fis-
sion products so that they could be fabricated into fuel for an Advanced Burner 
Reactor (ABR). Birket et al. reviewed the recent developments in the PUREX pro-
cess for nuclear-fuel reprocessing and have recommended U/Pu coprocessing and 
Pu/Np costripping. Aqueous soluble simple hydroxamic acids, for example, formo- 
and aceto-hydroxamic acids, are very effective for the separation of uranium from 
neptunium and plutonium (174–178). The strength of interaction of the hydroxamic 
acids has been quantified by determination of stability constants.

Recently, straight chain N,N-dihexyloctanamide (DHOA) was evaluated for the 
coprocessing of spent nuclear fuel (179). Batch extraction studies suggested that 
DHOA is a better choice for coprocessing of spent nuclear fuel than TBP. It offers 
better extraction of Pu under feed conditions (4 M HNO3) and easy stripping at 0.5 
M HNO3 without using any reducing agent. This observation was attributed to the 
formation of disolvated species at 0.5 M HNO3; whereas more than two DHOA mol-
ecules were involved in the extracted species at 4 M HNO3.

2.7.2 tHorium fuel reProCeSSing

In order to make use of thorium as a nuclear resource for power generation, develop-
ment of efficient separation processes are necessary to recover 233U from irradiated 
thorium and fission products. The THORium uranium EXtraction (THOREX) pro-
cess has not been commercially used as much as the PUREX process due to lack of 
exploitation of thorium as an energy resource (157, 180). Extensive work carried out 
at ORNL during the fifties and sixties led to the development of various versions of 
the THOREX process given in Table 2.6. The stable nature of thorium dioxide poses 
difficulties in its dissolution in nitric acid. A small amount of fluoride addition to 
nitric acid is required for the dissolution of more inert thorium (181).

Salient features of the THOREX process are:

 1. Difficulty in dissolution of irradiated thoria.
 2. 233Pa, formed by neutron capture of 232Th, decays to 233U with a half-life of 

27.4 days. This necessitates a longer cooling period for the complete recov-
ery of 233U in one step.

 3. The contamination due to 232U in the recovered 233U product leads to intense 
gamma radiation, which requires specially designed shielded facilities dur-
ing fuel reprocessing and fuel fabrication.

The use of fluoride ion, however, enhances the corrosion of stainless steel equip-
ment. This problem is mitigated by the addition of appropriate amounts of aluminium 
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(in the form of Al(NO3)3) to complex the excess fluoride, thus, limiting the concen-
tration of free fluoride ion (188). Thorium metal dissolves without much difficulty 
in 10–15 M HNO3 containing HF (~0.03 M). During the dissolution of zircaloy-
clad thorium fuel, dissolution of the zirconium clad takes place to a small extent 
along with the thorium fuel, and this has to be taken into account during subsequent  
solvent-extraction steps (189). TBP has been used principally as the extractant for the 
selective extraction of 233U over 232Th. Depending on the requirement whether both 
thorium and 233U are to be recovered or only 233U is to be extracted, the concentration 
of TBP is judiciously chosen. TBP (5%) has been used as the extractant for the selec-
tive extraction of 233U (187). Thorium and 233U have been co-extracted employing 
30% TBP. The coextraction of thorium and 233U leads to third-phase formation (186). 
To avoid third-phase formation, the solvent loading of TBP phase with thorium is 
restricted to values much lower than that normally employed in the case of uranium. 
After one cycle of extraction, scrubbing, and stripping, the aqueous 233U stream con-
tains significant amounts of thorium, minor quantities of other actinides, and fission 
products. Three alternative methods are used for the purification of product 233U.

 1. Anion exchange in hydrochloric acid/acetic acid medium for selective sorp-
tion of uranium as its anionic chloride/acetate complex (190, 191).

 2. Cation exchange in nitric acid for preferential sorption and removal of tet-
ravalent thorium (192).

 3. Precipitation and separation of thorium from 233U as oxalate (193, 194).

Even though in the THOREX process 233U can be preferentially recovered 
from irradiated thorium fuel by using an extraction flowsheet based on 5% TBP/n-
dodecane as the extractant, further lowering of the concentration of TBP in the sol-
vent has certain advantages in terms of reduced co-extraction of thorium and fission 
products (195, 196). Ramanujam et al. reported a sequential precipitation technique 

tAbLe 2.6
Various schemes for the separation of Uranium and thorium

Process Details Medium extractant References

Hexone − 233U Extraction of 233U Acid deficient Hexonea (182)

Interim − 23 Extraction of 233U Acidic 1.5% TBP (183)

THOREX No. 1 Selective extraction Acidic (184)

Pa DIBCb

U 5% TBP

Th 45% TBP

THOREX No. 2 Co-extraction of U and Th Acid deficient 42.5% TBP (185)

Acid THOREX Co-extraction of U and Th Acidic 30% TBP (186)

THOREX Extraction of 233U Acidic 5% TBP (187)

a  4-Methyl-2-pentanone.
b  2,6-Dimethyl 4-heptanol.
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for the separation of uranium and thorium present in the uranium product stream of a 
 single-cycle 5% TBP THOREX process (193). It involved the precipitation of  thorium 
as oxalate in 1 M HNO3 medium at 60°C–70°C and, after filtration, precipitation of 
uranium as ammonium diuranate at 80°C–90°C from the oxalate supernatant. This 
technique offered several advantages over the ion-exchange process normally used 
for treating these products.

2.7.3 ComPariSon of PureX and tHoreX ProCeSSeS

Table 2.7 compares the salient features of PUREX and THOREX processes. Whereas 
uranium is the major component in the PUREX feed, thorium is in macro concen-
tration in the THOREX feed solutions. U and Pu are co-extracted in the PUREX 
process, employing 30% TBP as extractant. Separation of U and Pu in the PUREX 
process is based on the conversion of Pu(IV) to Pu(III), which is poorly extracted by 
30% TBP. However, Th(IV) cannot be reduced. In the THOREX process, therefore, 
selective extraction of U over Th is carried out using 5% TBP solution in n-dode-
cane. LOC values (g/L) of the bulk elements (i.e., U and Th) in the PUREX and 
THOREX processes are ~120 and 25, respectively. A scrub cycle is essential in both 
the processes to improve decontamination from fission products. Decay products of 
232U-228Th (especially 212Bi and 208Tl) are hard gamma emitters, which necessitates 
additional shielding arrangements during reprocessing as compared to that needed in 
the PUREX process in view of the softer gammas (60 keV) emitted by 241Am.

2.8 ALteRnAtIVe eXtRACtAnts

2.8.1 organoPHoSPHorouS eXtraCtantS

Though TBP is the work horse for spent fuel reprocessing, its use has shown some lim-
itations, such as high aqueous solubility (~0.4 g/L), deleterious nature of degradation 
products, and the problems of third-phase formation with tetravalent Pu and Th. In 
the context of short-cooled fast-reactor fuel reprocessing, these drawbacks of TBP are 
of serious concern. There is an interest, therefore, to develop alternative extractants. 
Process flowsheets have been suggested with high temperature (IMPUREX Process) 
during extraction to avoid plutonium reflux and third-phase formation (45). TAP and 
its branched isomer TiAP have been identified as alternative extractants, having very 
low aqueous solubility and no third-phase formation problem with plutonium (46–48). 
The effect of temperature on the extraction of U(VI) from nitric acid medium by TAP/
n-dodecane was studied at varying extractant concentration and aqueous-phase acid-
ity (49). Extraction of uranium by TAP is an enthalpy-controlled process.

Hydrolytic and radiolytic degradation of TAP solution in normal paraffinic hydro-
carbon (NPH) in the presence of nitric acid was investigated. Physicochemical prop-
erties such as density, viscosity, and phase-disengagement time (PDT) were measured 
for undegraded and degraded solutions (197). The variations in these parameters 
were not very different from those obtained with degraded TBP. Thus, the hydro-
dynamic problems expected during the solvent-extraction process with TAP would 
be similar to those encountered with TBP/NPH system. The influence of chemical 

59696.indb   91 7/14/09   9:32:41 PM



92 Ion Exchange and Solvent Extraction: A Series of Advances

tA
b

Le
 2

.7
C

om
pa

ri
so

n 
of

 P
U

R
eX

 a
nd

 t
H

o
R

eX
 P

ro
ce

ss

Fe
at

ur
e

PU
R

eX
 P

ro
ce

ss
 (

PH
W

R
 fu

el
)

tH
o

R
eX

 P
ro

ce
ss

 (
J-

ro
ds

 in
 R

es
ea

rc
h 

R
ea

ct
or

)

Fe
ed

 c
om

po
si

tio
n

~3
00

 g
/L

 U
 +

 ~
1 

g/
L

 P
u +

 M
A

a  +
 F

Ps
b  

in
 3

 M
 H

N
O

3
~2

00
 g

/L
 T

h +
 ~

20
0 

m
g/

L
 U

 +
 F

Ps
 in

 4
 M

 H
N

O
3

E
xt

ra
ct

an
t

30
%

 T
B

P 
in

 n
-d

od
ec

an
e

5%
 T

B
P 

in
 n

-d
od

ec
an

e

Pr
in

ci
pa

l r
ad

io
nu

cl
id

e
Pu

 (
23

9 P
u)

U
 (

23
3 U

)

Pr
ec

ur
so

r 
of

 p
ri

nc
ip

al
 r

ad
io

nu
cl

id
es

23
9 N

p 
(t

1/
2 =

 2.
3 

d)
23

3 P
a 

(t
1/

2 =
 27

 d
)

Se
pa

ra
tio

n 
sc

he
m

es
C

o-
ex

tr
ac

tio
n 

of
 P

u(
IV

) 
an

d 
U

(V
I)

 p
re

fe
re

nt
ia

lly
 

ov
er

 M
A

s 
an

d 
FP

s;
 s

cr
ub

 c
yc

le
 to

 im
pr

ov
e 

D
F 

fr
om

 F
Ps

; p
ar

tit
io

n 
of

 P
u(

II
I)

 f
ro

m
 U

(V
I)

/U
(I

V
)

Pr
ef

er
en

tia
l e

xt
ra

ct
io

n 
of

 U
(V

I)
 o

ve
r 

T
h(

IV
) 

an
d 

FP
s;

 s
cr

ub
 c

yc
le

 to
 im

pr
ov

e 
D

F 
fr

om
 T

h 
as

 w
el

l  
as

 F
Ps

L
O

C
 a

nd
 s

to
ic

hi
om

et
ry

 o
f 

ex
tr

ac
te

d 
sp

ec
ie

s 
of

 th
e 

bu
lk

 e
le

m
en

ts
>1

20
 g

/L
 U

U
O

2(
N

O
3)

2 
∙ 2

T
B

P

25
 g

/L
 T

hc

T
h(

N
O

3)
4 
∙ 3

T
B

P

Pr
od

uc
tio

n 
of

 lo
ng

-l
iv

ed
 m

in
or

 a
ct

in
id

es
Si

gn
ifi

ca
nt

N
eg

lig
ib

le

R
ad

io
lo

gi
ca

lly
 im

po
rt

an
t r

ad
io

nu
cl

id
e

24
1 P

u(
14

.9
 y

)–
24

1 A
m

 (
43

3 
y)

23
2 U

(7
2 

y)
–22

8 T
h 

(2
 y

) 
de

ca
y 

to
 21

2 B
i/20

8 T
l

a 
M

in
or

 a
ct

in
id

es
.

b 
Fi

ss
io

n 
pr

od
uc

ts
.

c 
In

 1
M

 T
B

P.

59696.indb   92 7/14/09   9:32:42 PM



New Developments in Thorium, Uranium, and Plutonium Extraction 93

and radiation-induced reactions in TAP-NPH-HNO3 on plutonium retention in the 
organic phase has also been assessed.

Even though a TBP-based THOREX process has been employed for the reprocess-
ing of spent thorium fuels, there are certain inherent problems like third-phase forma-
tion and low SF for U/Th separation, which necessitate the development of alternative 
extractants. Siddall, Mason, and Griffin suggested that, in the absence of steric effects 
in organophosphorus ligands, the extraction of both U(VI) and Th(IV) increases as 
the basicity of the coordinating P = O of the neutral extractant increases (198, 199). 
However, among the homologous series of neutral phosphate, phosphonate, phosphi-
nate, and phosphine oxide, phosphate has the least basic phosphoryl oxygen of the series 
and gives the largest SF for U/Th separation. In this connection, several trialkylphos-
phates were developed and tested for the extraction of U(VI) and Th(IV) ions (47). It 
was observed that the distribution ratio for the extraction of Th(IV) is drastically sup-
pressed by the introduction of branching at the first carbon atom of the alkyl group.

Suresh et al. investigated the extraction of uranium and thorium by TsBP and 
TiBP (isomers of TBP with branched carbon chain) as an alternative choice for TBP 
(47). Higher homologues of TBP, for example, THP and TEHP, were reported to have 
higher extraction ability with reduced tendency toward third-phase formation (50, 
51). The esters with bulkier substituents in place of the butyl group were proposed to 
be of practical value for the process applications in uranium and thorium separation 
(54). The LOC of thorium in equilibrium with aqueous nitric acid-thorium nitrate 
was reported to decrease in the order THP > TAP > TBP. Pathak et al. showed that 
TEHP can be a better choice for U/Th separation compared to TBP and TsBP (55).

Brahmmananda Rao et al. synthesized TcyHP, having three closed bulky aliphatic 
rings and compared the extraction of U(VI) and Th(IV) with those of TBP, TsBP, and 
THP (132). The distribution ratios for extraction of U(VI) and Th(IV) by TcyHP at all 
acidities were almost double the value for THP. One of the major drawbacks of the 
extraction of U(VI) and Th(IV) by TcyHP was the formation of a third-phase during 
extraction. Typically, the Th(IV)-LOC value at neutral acidity for 1.1 M TcyHP/n-
dodecane was ~25 g/L, whereas that of 1.1 M TBP/n-dodecane was 52 g/L. The most 
striking observation was that the extraction of uranium by TcyHP/n-dodecane from 
neutral medium led to third-phase formation even with a loading of 3.1 g/L, whereas 
other trialkyl phosphates did not form a third phase at all during extraction of U(VI) 
under comparable conditions. However, in the process for recovery of 233U from irra-
diated thorium, when the uranium concentration was in the millimolar range, the 
higher U/Th SFs achieved with TcyHP could prove to be an advantage.

2.8.2 n,n-dialkyl amideS aS eXtraCtantS

Since the pioneering work of Siddall, N,N-dialkyl amides have been evaluated exten-
sively as alternative extractants to TBP (200, 201). The salient features of amides as 
extractants are (i) low volume of secondary waste generated (completely incinerable), 
(ii) innocuous nature of chemical and radiolytic degradation products (better decon-
tamination from fission products and regeneration/clean up easier), (iii) low aqueous-
phase solubility, (iv) final U and Pu products streams are free of P contamination, 
and (v) ease of synthesis. However, LOC values of U and Pu as well as viscosity are 
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unfavorable with respect to TBP. In view of the fact that  physicochemical properties 
of amides can be tuned by the judicious choice of the alkyl groups, this group of 
extractants has received attention as an alternative to TBP. An increase in the chain 
length, particularly adjacent to the carbonyl group, improves the extraction ability 
and LOC of metal ions. However, it adversely influences the phase disengagement 
time, hydraulic behavior, and the aqueous solubility of degradation products.

Musikas and co-workers studied extensively the extraction behavior of inorganic 
acids and U/Pu extraction chemistry with N,N-dialkyl amides (202–205). Based on 
the extraction data, they proposed certain dialkyl amides suitable for the reprocess-
ing of irradiated nuclear fuels in nitric acid media. Most of the work reported earlier 
on amides referred to either aromatic or substituted aliphatic hydrocarbons employed 
as diluents. However, these diluents are not suitable for commercial-scale reprocess-
ing due to their poor radiation and chemical stability in the presence of nitric acid, as 
well as their tendency to form a three-phase system.

Recently, a systematic attempt has been made in the authors’ laboratory to investi-
gate (a) linear dialkyl amides as an alternative to TBP (as in the PUREX process) for 
their recovery and purification of Pu, and (b) branched dialkyl amides as alternatives to 
TBP (as in the THOREX process) for the recovery and purification of uranium (66–72, 
74–78). Several dialkyl amides were synthesized and evaluated for their extraction 
behavior toward U(VI), Pu(IV), Am(III), and fission products from nitric acid medium 
employing n-dodecane as the diluent. N,N-dihexyl derivatives of hexanamide (DHHA), 
octanamide (DHOA), and decanamide (DHDA) were found to be promising among a 
large number of extractants studied. These ligands readily dissolved in n-dodecane and 
did not form third phases with nitric acid (up to 7 M). The nature of extracted species 
formed in the organic phase, the corresponding two-phase extraction constants, the 
influence of U loading on third-phase formation and on distribution data, and the effect 
of gamma irradiation as well as of temperature have been investigated (74–78, 205). 
Laboratory batch studies as well as mixer-settler studies were performed with DHOA 
and compared with those of TBP. Figure 2.5a shows the differences in the behavior of 
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FIGURe 2.5 (a) Stage-analysis data of DHOA and TBP in uranium extraction cycle. (b) 
Stage-analysis data of DHOA and TBP in uranium stripping cycle. (From Manchanda, V.K.; 
Pathak, P.N., Sep. Pur. Technol., 35, 85–103, 2004. With permission.)
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the two extractants. The aqueous uranium concentration for DHOA system is lower, 
but the acidity is higher as compared to the TBP system at stage 1 as well as at stage 
2. Whereas approximately 215 g/L U was extracted in the 1st stage for DHOA, only 
180 g/L was extracted in the case of 1.1 M TBP. Figure 2.5b shows the superior strip-
ping behavior of 1.1 M DHOA as compared to that of 1.1 M TBP.

From extensive studies with linear and branched-chain dialkyl amides, it was 
concluded that branched-chain D2EHIBA was a promising candidate for the sepa-
ration of 233U from irradiated thorium. Further distribution behavior of U(VI) and 
Th(IV) was studied employing 0.5 M D2EHIBA/n-dodecane as a function of nitric 
acid concentration in the presence of 0.05 M HF + 0.1 M Al(NO3)3 and 200 g/LTh. 
Fission-product distribution behavior has been investigated under THOREX feed 
conditions. Mixer-settler studies were carried out on THOREX feed solution con-
sisting of [Th] = 200 g/L, [U] = ~210 mg/L, [HNO3] = 4.0 M, [HF] = ~0.05 M, 
and [Al(NO3)3] = ~0.1 M, using 0.5 M D2EHIBA as well as 5% TBP solutions in 
n-dodecane as extractants (68–72).

Table 2.8 summarizes the results obtained during 12-stage mixer-settler runs car-
ried out using 0.5 M D2EHIBA and 5% TBP on THOREX feed solution ([Th] = 207 
g/L, [U] = 202 mg/L, [HNO3] = ~4 M, [HF] = ~0.01 M, and [Al(NO3)3] = ~0.1 M). 
Loss of uranium to the raffinate is significantly lower in the case of 0.5 M D2EHIBA 
(1%) than in the case of 5% TBP (5%).

It is clear that significant decontamination of U over Th is achieved in the 
case of 0.5 M D2EHIBA as compared to that of 5% TBP [DF ~1.2 × 103 (0.5 M 
D2EHIBA) and ~40 (5% TBP)]. In view of higher extractant concentration in 
the case of D2EHIBA (0.5 M), acid uptake is significantly larger than that of 5%  
TBP (0.18 M).

tAbLe 2.8
Comparison of Performance of 0.5 M D2eHIbA with 5% tbP 
During Mixer-settler Runs

Parameter 0.5 M D2eHIbA 5% tbP (0.18 M)

Uranium loss (%) 1% 5%

Thorium uptake (g/L) 0.18 5.9

Acid uptake (M) 0.4 0.17

After stripping
[U]org. (mg/L) Not detected ( < 1) 5

[Th]org. (mg/L) Not detected ( < 1) 16

[HNO3] (M) 0.03 0.005

DFa ~1.2 × 103 (~106) ~40

Source: Pathak, P.N.; Prabhu, D.R.; Kanekar, A.S.; Ruikar, P.B.; Bhattacharyya, A.; 
Mohapatra, P.K.; Manchanda, V.K., Ind. Eng. Chem., Res. 43, 4369–4375, 2004. 
With permission.

Note: Number in bracket refers to overall DF of U over Th; Strippant: distilled water.
a After extraction cycle.
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2.9 noVeL teCHnIQUes

Solvent-extraction processes are extensively employed in hydrometallurgy opera-
tions for the recovery of metal ions at industrial scale (in quantities larger than kilo-
grams). However, a major problem associated with this technique is the generation 
of large volumes of secondary waste and handling of large volumes of inflammable 
diluents. At times, the extractant cost may be too high to permit its use in large-scale 
solvent-extraction processes. It is, therefore, imperative to look for alternative tech-
niques where the ligand inventory is lower, particularly when the metal quantities 
involved are in the grams/milligrams range. In this connection, several techniques 
like Hollow fiber supported liquid membrane (HFSLM), Magnetically Assisted 
Chemical Separation (MACS), and Extraction Chromatography (EC) are being 
evaluated for the recovery of metal ions from relatively lean solutions (206–214). All 
these techniques are based on metal ion solvent-extraction data.

2.9.1 eXtraCtion CHromatograPHy

The EC technique combines the versatility of solvent-extraction and chromato-
graphic techniques. However, one important difference between solvent-extraction 
and chromatography processes is the change in the activities of the extractant and 
the extracted complex due to the influence of the EC support. Another difference is 
the non-attainment of the thermodynamic equilibrium when EC is performed in a 
column. These differences do not influence the chemical steps of transfer of the sol-
ute from one phase to another (214). Traditionally, the final purification of 233U and 
Pu products in the reprocessing of Th/U-based spent fuel has been achieved by ion-
exchange chromatography. The recent developments in EC technique include evalu-
ation of new extractants for the uptake of actinides from different aqueous media. 
This technique can be particularly useful for the treatment of low actinide activity 
levels in effluent streams. Currently, the emphasis is on the chemical grafting of the 
extractant molecules on solid supports to enhance the stability of the extraction-
chromatographic resin material.

Madic and coworkers have carried out a pilot-scale investigation to evaluate the 
possible application of the extraction-chromatographic method for the partitioning 
of alpha emitters from liquid wastes emanating from a fuel-reprocessing facility, 
with an aim to obtain pure AmO2, which can be used for alpha, gamma, and neutron 
sources (215). The process developed for alpha partitioning had two steps: (i) the 
extraction of macro amounts of uranium with 30% TBP in dodecane in mixer-set-
tlers, and then (ii) coextraction of 237Np, 239Pu, and 241Am by EC on a macro column 
filled with di-n-hexyloctoxymethylphosphine oxide sorbed on an inert support. In 
each run, about 200 L of initial waste were decontaminated from alpha emitters. The 
loading step was followed by selective elution of americium, neptunium, and plu-
tonium. Silica gel was used as an inert support for the extraction-chromatographic 
separation of actinides and lanthanides from HNO3 and synthetic HLW solutions 
(216). Using CMPO impregnated silica gel, high sorption of Pu, Am, and U was 
obtained from the U-depleted HLW solution. These metal ions were subsequently 
eluted using different eluents. Similarly, Cyanex 923 sorbed on Chromosorb-W was 
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used as the stationary phase in the extraction-chromatographic separation of actinide 
ions from simulated HLW (devoid of uranium) (212). The uptake behavior of U(VI), 
Pu(IV), Am(III), and Fe(III) was studied batch. Schulte et al. evaluated the applica-
tion of the EC technique to actinide decontamination from hydrochloric acid effluent 
streams to reduce the loss of radioactivity to the environment and the hazard of the 
associated solid waste (217).

The chemical anchoring of the extractant molecule with the polymeric matrix of 
the resin beads can overcome the problem of loss of impregnated extractant from the 
pores of the solid support. Recently, Ansari et al. reported a novel malonamide grafted 
polystyrene-divinyl benzene resin for extraction, preconcentration, and separation 
of actinides (218, 219). The grafted resin exhibited stronger binding for hexavalent 
and tetravalent actinides such as U(VI), Th(IV), and Pu(IV) over trivalent actinides, 
namely, Am(III) and Pu(III). Batch studies on solid-phase extraction performed over 
a wide range of acid solution (0.01–6 M HNO3) revealed that the components of a 
ternary mixture of uranium, americium, and plutonium or thorium, americium, and 
plutonium could be separated from each other at 1 M HNO3. Desorption of U(VI), 
Pu(IV), and Am(III) from the loaded resin was efficiently carried out using 0.1 M 
α-HIBA, 0.25 M oxalic acid, and 0.01 M EDTA, respectively. Quantitative precon-
centration of actinide ions such as Th(IV) and U(VI) was possible from 3 M HNO3 
solution. The practical utility of the grafted resin was evaluated by uranium sorption 
measurements in several successive cycles. The sorption efficiency of the resin with 
respect to uranyl ion remained unchanged even after 30 days of continuous use. The 
surface morphology of the resin was monitored with the help of scanning electron 
microscopy (SEM).

Subramanian and coworkers developed polymeric sorbents using different sup-
port materials (such as Merrifield chloromethylated resin, Amberlite XAD 16) and 
complexing ligands (amides, phosphonic acids, TTA), and evaluated their binding 
affinity for U(VI) over other diverse ions, even under high acidities. The practical 
utility of these sorbents was demonstrated using simulated waste solutions (220–
222). Shamsipur et al. reported the solid-phase extraction of ultra trace U(VI) in 
natural waters using octadecyl silica membrane disks modified by TOPO (223). The 
method was found satisfactory for the extraction and determination of uranium from 
different water samples.

2.9.2 SuPerCritiCal fluid eXtraCtion (Sfe)

The last two decades have seen an increased interest in the use of supercritical flu-
ids in separation science. Supercritical CO2 has often been employed as a naturally 
occurring medium for the separation, purification, and determination of organic sub-
stances in environmental samples. However, there are only limited reports on the 
use of supercritical fluid as solvent in the separation of metal ions from solutions 
as well as various solid matrices. The supercritical fluid extraction (SFE) technol-
ogy offers several advantages over conventional solvent-based methods, including 
the ability to extract radionuclides directly from solids, easy separation of solutes 
from CO2, and minimization of waste generation. It can easily be removed from the 
extracted substances by degasification under atmospheric pressure and temperature. 
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As supercritical fluid is able to dissolve analytes directly from solid materials, sam-
ple dissolution is not a necessary condition for SFE.

In the nineties, Wai et al. initiated the work on the separation of lanthanides and 
actinides through a supercritical fluid route (224–228). Supercritical fluid carbon 
dioxide (SF-CO2) is capable of extracting radionuclides including cesium, strontium, 
uranium, plutonium, and lanthanides directly from liquid and solid samples with 
proper complexing agents (229–233). Of particular interest is the ability of SF-CO2 
to dissolve uranium dioxide directly using a CO2-soluble TBP-HNO3 extractant to 
form a soluble UO2(NO3)2(TBP)2 complex that can be separated from Cs, Sr, and 
other transition metals (234–236). This method has also shown promise to dissolve 
plutonium dioxide in SF-CO2. Direct extraction of metal ions by supercritical fluid 
is highly inefficient primarily because of the charge-neutralization requirement and 
weak solute-solvent interactions. However, when metal ions are bound to organic 
ligands, they may become quite soluble in supercritical CO2. Similar to the conven-
tional solvent extraction, solvating/chelating extractants are employed to facilitate 
the dissolution of metal ion in supercritical fluid. The basic requirements for SFE are 
(i) supercritical fluid must be able to dissolve both ligand and metal complex in suffi-
cient quantities, (ii) ligand must be able to access the metal ion present in the sample, 
and (iii) metal complex must be transported in supercritical fluid without significant 
decomposition. Efficient extraction also requires good control over temperature and 
pressure of supercritical fluid. Table 2.9 lists some of the recent studies on U(VI) 
and Th(IV) using different extractants as modifiers. Trofimov et al. investigated the 
effects of calcination temperatures on the dissolution of individual actinide oxides 
from mixtures, as well as of solid solutions U-Pu, U-Np, U-Am, and U-Pu-Eu oxides 
in SF-CO2 containing the TBP-HNO3 complex (248). The effect of the calcination 
temperature of solid solutions of dioxides on the separation of actinides during SFE 
was also studied. It was shown for the first time that milligram amounts of uranium 
oxide could be quantitatively dissolved in SF-CO2 containing TBP-HNO3 and effi-
ciently separated from Pu, Np, and Th during SFE of mechanical mixture of these 
oxides (249). However, both U and Pu are quantitatively dissolved in SF-CO2 con-
taining TBP·HNO3 during SFE from solid solutions of U-Pu dioxide. An increase of 
the calcination temperature of the mixed U(IV)-Pu(IV) oxide from 850°C to 1200°C 
showed no influence on the relative extraction yield of these actinides during SFE. It 
is found that uranium and plutonium are directly extracted from unirradiated mixed 
oxide (MOX) fuel by SF-CO2 containing TBP-HNO3 (250). It is likely that it is easier 
to directly extract uranium and plutonium from irradiated than unirradiated fuel. 
Studies are underway on the Super-DIREX process for reprocessing of spent fuel, 
which has shown high efficiency (251). Dependence of the extraction efficiency on 
dissolution temperature, Pu content, oxide/TBP-HNO3 complex ratio, and effect of 
oxidation have been investigated. Clifford et al. presented a model for the analysis 
of the results of extraction of uranium in a flow system by supercritical fluid modi-
fied with TBP from a nitric acid matrix in which the extraction is not limited by the 
solubility of the uranium species (252). The model used is that of diffusion out of a 
sphere into a medium in which the extracted uranium is infinitely dilute. Although 
not a completely accurate representation of the liquid-supercritical fluid system, 
the model is shown to be a reasonable representation. A UV irradiation experiment 
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showed photochemical reduction of UO2
2+-TBP complex by ethanol in supercritical 

carbon dioxide (253).

2.9.3 membrane-baSed SeParation StudieS

This branch of separation science has gained attention in the past few decades essen-
tially due to its cost effectiveness in the treatment of industrial effluents, water puri-
fication, gas separation, etc. (254–260). Carrier-mediated transport of metal ions 
across liquid membranes is one of the options for the recovery of valuable metals 
from various waste streams. This is of great relevance in the nuclear industry in view 
of the stringent nuclear-waste management regulations. In this context, few attempts 
have been made for the recovery of radiologically toxic, long-lived, actinides and 
fission products employing extractants like CMPO, DMDBTDMA, and Aliquat 
336, etc. (261–271). Amongst several membrane-based techniques, supported liq-
uid membranes (SLMs) are particularly fascinating essentially due to their selectiv-
ity and simplicity. However, SLM-based separations have a major disadvantage of 
physical stability. Due to the advent of polymer inclusion membranes (PIM) and 
HFSLMs, several groups have shown keen interest in these techniques. Whereas 
hollow-fiber based separations offer the distinct advantage of efficient mass transfer 
due to large surface-to-volume ratio, PIMs offer the advantage of carrier immobility 
(272–274).

Amines were used as carriers for uranium recovery from acidic solutions. Babcock 
et al. showed that coupled transport of uranium from a sulfate medium using tertiary 
amine as the carrier is quite efficient (265, 275, 276). Mohapatra et al. reported the 
selective transport of U(VI) over Th(IV) from HCl medium using Aliquat 336/chlo-
roform as the carrier (265). This study suggested that a significant amount of acid 
 transport affected the uranium transport across the membrane. Shailesh et al. reported 
the U/Th separation studies using D2EHIBA as a carrier for SLM (277). Microporous 
polytetrafluoroethylene (PTFE) membrane was used as the polymeric support for the 
transport studies of uranium from a feed in nitric acid medium. The effect of experi-
mental parameters, namely, role of diluent, carrier concentration, feed acidity, and 
metal ion concentrations on U/Th transport, was investigated (Figure 2.6). A model 
describing the transport mechanism was proposed.

Hollow-fiber nondispersive extraction (HFNDX) showed very fast transport 
(within 20 minutes) of uranium from a feed containing 10 g/L U in 4 M HNO3, 
using DHOA as the carrier (278). Similar studies are being done at Bhabha Atomic 
Research Centre, Mumbai, India, on the evaluation of TODGA for the partition-
ing of actinides from HLW solutions. The HFSLM technique was used for the 
decontamination of the severely contaminated Hanford site groundwater, using 
 dialkylphosphinc acid (Cyanex-272) as the carrier (272). Selective transport of Pu4  
over other long-lived fission-product contaminants from aqueous acidic solutions 
through an organic bulk-liquid membrane (BLM) and flat-sheet SLM contain-
ing TBP as the mobile carrier and dodecane as the membrane solvent has been 
reported. Extremely dilute to moderately concentrated plutonium nitrate solutions 
(10−5 M) in ~2–3 M HNO3 were used as the source phase. With an increase in car-
rier concentration in the organic membrane, both the amount of plutonium that can 

59696.indb   100 7/14/09   9:32:44 PM



New Developments in Thorium, Uranium, and Plutonium Extraction 101

be extracted into the membrane and the viscosity of the organic solution increases. 
These opposing effects result in maximum plutonium permeation with about 30% 
TBP in dodecane, while enhanced acidity of the strip side adversely affects the 
partitioning of the cation into the product side. Among several aqueous reagents 
tested, 0.5 M ascorbic acid was found to be the most efficient strippant. Rathore et 
al. used TBP as the carrier for the transport of Pu(IV) from nitric acid medium by 
the HFSLM method. Transport of Pu(IV) from nitric acid medium across a HFSLM 
was also studied using Aliquat 336 as the carrier. This technique was further used 
for the recovery of Pu from oxalate-bearing wastes generated during the reconver-
sion process (273, 274).

2.9.4 magnetiCally aSSiSted CHemiCal SeParation

Conventionally, ion-exchange and solvent-extraction technologies have been used 
for the separation and recovery of transuranics and other hazardous metal ions from 
waste solutions of different origins. However, due to the requirements of bulky equip-
ment, large chemical inventories, and large volumes of secondary wastes, there is a 
need to develop new technologies that can overcome the drawbacks of the solvent-
extraction technique. In this connection, MACS provides a promising alternative to 
solvent extraction (279–285). In this process, tiny ferromagnetic particles coated 
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FIGURe 2.6 Variation of U, Th, and nitric acid transport with feed Th concentration. 
Carrier: 1 M D2EHIBA/n-dodecane. Strip: pH 2 solution. Feed acidity: 4 M HNO3. 
[U]feed = ~200 mg/L. Duration: 8 h. (From Shailesh, S.; Pathak, P.N.; Mohapatra, P.K.; 
Manchanda, V.K., J. Membr. Sci. 272, 143–151, 2006. With permission.)
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with extractant are used for selective removal of radionuclides and hazardous metal 
ions. The contaminant-loaded particles are then recovered from the waste solutions 
using a magnetic field. The contaminants attached to the magnetic particles are 
subsequently removed using a small volume of strippant, and then the particles are 
recycled. This mode of separation is novel, simple, compact, and low in cost. Work 
done at ANL, USA, has demonstrated the effectiveness of this technique.

At BARC, DMDBTDMA as well as TODGA-coated magnetic particles (cross-
linked polyacrylamide and acrylic acid entrapping charcoal and iron oxide) were 
evaluated for possible application in the partitioning of actinides, lanthanides, and 
fission products from pure nitric acid solutions as well as from simulated pressurized 
heavy-water reactor-high-level waste (PHWR-SHLW) (286–288). Uptake profiles 
of various metal ions, including Pu(IV) and U(VI), were obtained as a function of 
time and nitric acid concentration by batch studies using DMDBTDMA/TODGA-
coated magnetic particles. The order of uptake followed the order Pu(IV) > U(VI) > 
Am(III) > Eu(III) > Sr(II) > Cs(I) in both nitric acid and SHLW. The stability and 
recycling capacity of the DMDBTDMA/TODGA-coated magnetic particles was 
also assessed. Similarly, Cyanex 923-coated magnetic particles were also evaluated 
for uptake of metal ions from waste streams.

2.10 FUtURe PeRsPeCtIVes

Solvent extraction has played a key role in the separation of actinides both at industrial 
scale as well as for analytical applications. New challenges in the nuclear industry 
relate to the (a) recovery of uranium from lean natural resources (including phosphate 
rocks and oceans), (b) development of proliferation-resistant flowsheets for the repro-
cessing of spent fuels of thermal reactors, (c) development of novel extractants which 
are amenable for high radiation dose as well as for high Pu loading for fast-reactor 
fuel reprocessing, and (d) development of efficient schemes to recover alpha emitters 
quantitatively from the radioactive waste effluents. Basic extraction/stripping data 
with unirradiated and irradiated solvents of different oxidation states of actinides 
under widely varying aqueous media composition is critical for the development of 
any new separation scheme. In view of the presence of hard gamma emitters ema-
nating from 232U, there has been very little attention paid so far to the development 
of flowsheets for the efficient recovery of 233U from the irradiated Th used for flux 
flattening in thermal reactors or as blanket in fast reactors. In this context, there is 
a need to (i) develop efficient dissolution schemes for irradiated ThO2, (ii) develop 
innovative schemes to integrate reprocessing and fabrication stages of (Th, 233U)O2 
fuel to reduce the problem of 232U decay products, and (iii) improve our understand-
ing of separation chemistry of Pa.

In recent years, there has been increasing interest in developing green solvents to 
minimize the adverse impact on the environment. In the nuclear industry, particular 
emphasis is on reducing the secondary waste volume as well as on reducing the 
ligand inventory. There is a paradigm shift in the choice of new extractants based on 
C, H, O, N elements (to ensure their complete incinerability). Alternative techniques, 
such as, EC, SFE, hollow-fiber based SLMs, and magnetically assisted chemical 
separations, need to be developed, which are essentially based on the principle of 
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solvent extraction but allow large reduction in the ligand inventory, thereby facilitat-
ing the use of exotic ligands in process solvents.
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3.1 IntRoDUCtIon

3.1.1 wHy SHould trivalent aCtinideS be SeParated?

Spent nuclear fuel from any current power reactor contains uranium and  plutonium, 
in proportions such that their recovery becomes an economically justifiable opera-
tion that also saves natural uranium resources. Industrial reprocessing of spent 
nuclear fuel through the PUREX process (1–4) aims at partitioning uranium (U) and 
plutonium (Pu) from the fission products and the minor actinides (neptunium (Np), 
americium (Am), curium (Cm), californium (Cf), etc.), so designated because of 
their small quantities per ton of metallic fuel compared with U and Pu. Reprocessed 
 plutonium can be used to fabricate mixed oxide (MOX) fuel, whereas reprocessed 
uranium can be stored as a valuable material. Furthermore, by conditioning the 
highly active PUREX raffinates in glass and the fuel claddings and hulls in concrete 
matrices, reprocessing of spent nuclear fuel considerably reduces the final waste 
volume requiring disposal in deep geological repositories.

Regarding the evolution of the radiotoxic inventory of nuclear waste on a geological 
time scale, it has been calculated that the potential hazard of vitrified waste still exceeds 
10,000 years if only U and Pu are separated from the spent fuel. However, the removal 
of minor actinides followed by transmutation into shorter-lived radionuclides would 
reduce this period to 300−500 years, in contrast with the 200,000-year period estimated 
in the case of the direct disposal of spent nuclear fuel. That is the reason why the P&T 
strategy, namely the partitioning of minor actinides from highly active PUREX raffi-
nates (or, if possible, directly from the spent nuclear fuel dissolution solutions) followed 
by their transmutation in dedicated nuclear reactors, has consensually been adopted 
among the Organization for Economic Cooperation and Development/Nuclear Energy 
Agency (OECD/NEA) countries as the best strategy to reduce long-term nuclear-waste 
radiotoxicity (5). In Japan, the OMEGA program (Option for Making Extra Gains 
of Actinides and Fission Products Generated in Nuclear Fuel Cycle) was initiated in 
1988 (6, 7). In France, two Waste Management Acts were enacted in 1991 and 2006 to 
organize French research programs on the partitioning and transmutation of long-lived 
radionuclides and help prepare the construction of both an industrial minor- actinide 
partitioning facility and an actinide-burner reactor by 2020 (8–15). EURATOM has 
funded many collaborative projects among European research institutes in the field of 
P&T since the 1990s (16–23). In 2003, the U.S. Department of Energy instituted a 
new program: the Advanced Fuel Cycle Initiative (an outgrowth of former programs, 
Advanced Accelerator Applications and Accelerator Transmutation of Waste), which 
intends to provide the technologies necessary for cost-effective and environmentally 
sound processing of spent nuclear fuel by 2025 (24–27).

As no technology can selectively transmute minor actinides to a degree mean-
ingful for waste management while they are contained in the spent nuclear fuel, 
these elements must be separated from the neutron-absorbing elements before being 
properly transmuted. In the case of trivalent minor actinides, this preliminary step is 
further necessary because of the following reasons:

Trivalent actinides (An(III), from Am(III) to Cf(III)) are poorly extracted •	
by tributyl phosphate (TBP); only Np can be separated by modifying the 
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PUREX experimental conditions; hence, a demand exists for the design of 
new extracting agents for the recovery of An(III).
Lanthanides, which account for about one-third of the fission products, are •	
strong neutron-absorbing elements and predominantly exist as trivalent cat-
ions in acidic aqueous solutions; the solution chemistry of transplutonium 
elements (TPEs) thus, resembles that of lanthanides (28–31).

The separation of the trivalent 4f and 5f elements has therefore become a challenging 
key issue in the technical feasibility demonstration and success of the P&T strategy.

Difficulties that must be overcome when developing a new separation process 
include the need to:

Ensure high An(III) recovery yields•	
Ensure high An(III) decontamination factors (DFs) toward other elements •	
initially present in the feed stream
Minimize changes in the highly active feed composition to avoid forming •	
precipitates, the occurrence of which could trap minor actinides and thus 
decrease their recovery yields
Minimize secondary waste generation•	
Ensure fast mass transfer to shorten the process time and allow the use of •	
small-volume contactors (32, 33)

3.1.2 How to SeParate trivalent aCtinideS?

Although numerous separation processes exist, they all belong to only two main cat-
egories: aqueous and dry. Aqueous processes are mainly employed for radionuclides 
in the form of oxides; dry processes can be used for both metallic and oxide forms. 
Hydrometallurgical processes (the focus of this review) involve liquid-liquid extrac-
tion (solvent extraction) and can easily be implemented at industrial scale through 
remotely handled continuous operations. They rely on the dissolution of the elements 
constituting the spent nuclear fuel in an acidic solution, usually a heated solution of 
concentrated nitric acid, which stabilizes a fairly wide range of oxidation states of the 
dissolved elements. Furthermore, the prepared nitric feed is not too corrosive toward 
stainless-steel devices compared with other mineral acids. The chemical behavior 
of the dissolved elements can thus be controlled by their oxidation states. The target 
elements, for example the An(III), will undergo complexation reactions:

Either in the bulk aqueous phase, through specific interactions with hydro-•	
philic chemicals introduced at the different steps of the partitioning process 
(e.g., extraction or stripping steps), or
After diffusion to the interface, through specific interactions with lipophilic •	
chemicals incorporated in the organic solvent.

The separation of An(III) will thus be achieved either by selective extraction or 
by selective complexation in the aqueous phase. These two different modes will be 
illustrated by many examples in this review. Although favorable to an industrial 
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implementation, as the amount of An(III) is much smaller than that of the fission 
products contained in the spent fuel, the selective extraction of An(III) is rather 
difficult to achieve, especially when the feed contains many other cationic spe-
cies, as it requires the design of very selective extracting agents. There is currently 
no identified partitioning process that can selectively extract the An(III) directly 
from a spent nuclear fuel dissolution solution nor from a nonpretreated PUREX 
raffinate. As it will be discussed hereafter, most of the processes described in the 
literature extract the An(III) selectively from an An(III) + Ln(III) solution issued 
from a first-step process, which has separated the An(III) + Ln(III) fraction from 
a PUREX highly active raffinate. Examples of such first steps are TRUEX, TRPO, 
DIAMEX, and DIDPA (first step) processes. Examples of An(III)/Ln(III) second-
step separation processes are CYANEX 301, ALINA, and all the systems involving 
nitrogen polydentate ligands, such as polypyridines or polytriazines (TPTZ, BTP, 
or BTBP). There are, however, a few processes that allow the An(III)/Ln(III) par-
titioning by the selective complexation of the An(III) in the aqueous phase, either 
at the extraction or at the stripping steps. A preliminary pH adjustment by denitra-
tion (or acidity reduction/neutralization) of the feed is nevertheless necessary to 
enable the selective complexation of the An(III) by hydrophilic agents when they 
are directly introduced in the feed, such as in the TALSPEAK process. In case the 
selective hydrophilic agent is introduced in the stripping solution, such as in the 
“reverse” TALSPEAK, DIDPA (second step), SETFICS, and DIAMEX-SANEX/
HDEHP processes, the loading capacity of the organic solvent must be very high to 
avoid third-phase formation, as some fission products, such as Mo, Zr, Ru, and Pd 
might also be coextracted with the trivalent lanthanides and actinides.

3.1.3  moleCular engineering: toward a rational 
ConCePtion of tHe eXtraCtantS

Among the various parameters to take into account when developing a new separa-
tion system for An(III)/Ln(III) separation, the most important ones are the following 
(28, 29, 32–39):

Affinity toward the target An(III), which should be high under the extrac-•	
tion conditions (high loading capacity without third-phase formation or 
precipitation) and low under the stripping (back-extraction) conditions 
(the reversible reaction should be controlled by simple parameters, such as 
nitrate or proton concentrations).
Selectivity toward the An(III) versus the mineral acid (usually nitric acid) •	
and the other metallic cations present in the feed. The higher the selectivity 
attained, the fewer the process stages required, and thus the more compact 
the industrial footprint.
Kinetics of phase transfer should be sufficiently fast, both at the extrac-•	
tion and stripping steps, to allow short-residence time contactors to be 
employed. In pulsed columns, the contacting time averages a few minutes, 
while in centrifugal contactors, this contacting time might shorten to only 
a few seconds.
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Coalescence of both the organic and the aqueous phases at each step of the •	
process, which ensures good hydraulic properties (no phase entrainment, 
no stable emulsion).
Stability of both the organic diluent and the extractant, which should be •	
the highest possible. However, as the latter will inevitably age and degrade 
through hydrolysis and radiolysis, its degradation compounds should not 
disturb the implementation of the separation process and should be easily 
eliminated by specific washing.
Secondary waste produced by the implementation of the separation process •	
should be as low as possible. Some current strategies rely on the develop-
ment of extraction systems based on only four atoms, C, H, O, and N, to 
convert the spent solvent into environmentally friendly gases.

Therefore, in their quest to design new An(III) selective ligands or extractants, 
chemists have to consider many criteria, such as:

The ligand structure (nature of constituting atoms), which will directly con-•	
dition its hydrolytic/radiolytic stability and impose the nature of its degra-
dation compounds (as secondary waste).
The nature of the electron-donor atom(s) introduced in the skeleton of the •	
ligand and their electronic densities, which will define the ligand affinity 
and selectivity toward the An(III).
The ligand denticity (number and location of the electron donor atoms), •	
which will tune its selectivity toward the target An(III).
The choice of the substituting groups grafted on the structure of the •	
ligand, which will affect (i) its affinity and selectivity toward the target 
An(III) (a steric hindrance of its coordination sites will, for instance, 
decrease its extraction properties); (ii) its hydrophilicity or  lipophilicity, 
which plays in important role in the kinetics of phase transfer and 
hydraulic properties (e.g., coalescence of the organic phase and aggre-
gation of extractant molecules in the solvent); and (iii) its hydrolytic/
radiolytic stability.

To design ever more efficient new ligands, chemists today may benefit from the 
thriving analytical techniques developed to thoroughly investigate complex forma-
tion, metal extraction, and chemical degradation mechanisms (e.g., X-ray crystal-
lography, X-ray absorption, infrared and Raman spectroscopies, time-resolved 
laser-induced fluorimetry, small-angle neutron/X-ray scattering, nuclear magnetic 
resonance, or electrospray-ionization mass-spectrometry (40–53)), as well as from 
the accurate theoretical modeling approaches (quantum chemistry and molecular 
dynamics calculations (54–57)).

Since the 1960s, considerable efforts have been devoted worldwide to develop 
viable An(III)/Ln(III) separation systems, either by liquid-liquid extraction, pre-
cipitation, or ion-exchange chromatography. These systems have been regularly 
reported in comprehensive reviews covering various issues of actinide and lan-
thanide separations, such as the basics of actinide solution chemistry in aqueous/
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organic media, historical background, and emerging techniques that may figure 
prominently in future developments of actinide separation options (28, 29, 34–39, 
58). The latest review was published in 2006, highlighting the significant role 
of soft-donor ligands in the observed An(III)/Ln(III) selectivity and emphasiz-
ing the generic flowsheets of the most mature processes developed throughout the 
world to separate the actinides from the spent-fuel dissolution liquors, such as 
PUREX, TRUEX, TRPO, DIDPA, UNEX, SETFICS, DIAMEX, and SANEX 
(39). However, although important results have been achieved (concept feasibil-
ity assessment at laboratory scale on highly active feeds), to date, none of these 
separation processes have been developed industrially to ensure the closure of the 
fuel cycle by selective recovery of the trivalent minor actinides for subsequent 
transmutation in dedicated reactors.

This review will not consider all aspects of An(III)/Ln(III) separation, but will 
focus on the latest achievements of solvent-extraction processes developed around 
the world to separate An(III) from Ln(III) in acidic media. Only systems whose 
concept feasibility has been assessed through the implementation of countercur-
rent tests either at laboratory or pilot scales will be described. The reader will find 
more information in the above-mentioned reviews about some new organic solvents 
studied for An(III)/Ln(III) separation, but which have not yet been developed up to 
the process-design stage. The following review will focus only on the studies that 
have been published in the open literature since the 1990s, and that have not been 
screened out in previous reviews. It will also include papers published or reported 
during international conferences during the last couple of years.

3.2 FUnDAMentAL FeAtURes oF HYDRoMetALLURGY

3.2.1 aPPliCable PrinCiPleS of Solvent eXtraCtion

Hydrometallurgy aims to produce pure metallic species from rather complex solu-
tions. This is typically the case for spent nuclear fuel dissolution liquors, which 
contain about one-third of the Mendeleyev periodic table. The first step of a hydro-
metallurgical process usually involves preparing the aqueous feed by dissolving the 
crude solid material containing the metallic species to be recovered and all sorts of 
impurities in a suitable aqueous matrix (59). In the case of spent nuclear fuel, the 
dissolution matrix is nitric acid, and the highest dissolution yields are required to 
minimize actinide losses in the waste (60). The target elements are then extracted 
from this acidic dissolution liquor by contacting it with an immiscible organic sol-
vent containing one (or more) efficient and selective extracting agent(s), which can 
simultaneously undergo multiple reaction equilibria, often with the help of aqueous 
complexants and redox agents. The role of the organic diluent is to confer the separa-
tion system with the physical properties required for process development: density, 
surface and vapor tensions, flash point, etc. Preferred diluents for nuclear applica-
tions are aliphatic hydrocarbons (e.g., n-dodecane, odorless kerosene, isoparaffinic 
hydrocarbons, etc.) because of their good hydraulics, low aqueous solubility, and 
resistance to radiation degradation (32, 33). The dispersion that takes place during 
the mixing of the aqueous and the organic phases increases the exchange surface 
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area (all the more so as the droplets are small), thus increasing the diffusion of the 
concerned species from the bulk to the interface, the probability for their meeting at 
the interface, and thus the kinetics of complexation reactions. Preferred devices for 
achieving this mixing in reprocessing are either discontinuous, such as mixer-settlers 
and annular centrifugal contactors, or continuous, such as pulsed columns (61).

When chemical equilibrium is approached (the chemical potentials of the respec-
tive species are equal in both phases), the physical separation of the two phases is 
achieved either through natural gravity or centrifugation forces. This results in an 
enriched organic phase that can consequently be contacted with a suitable stripping 
solution to concentrate the target element(s) into a suitable form for the next step of 
the reprocessing scheme (e.g., new feed solution, precursor materials for waste condi-
tioning or fuel fabrication) and a depleted aqueous phase (raffinate). This procedure 
can be repeated countercurrently until the desired recovery and decontamination 
yields are obtained. Such flexibility in flowsheet design and all-liquid reprocessing 
takes advantage of a broad range of solvent-extraction chemistry (62).

The extraction of a given metallic cation Mn+ into an organic solvent proceeds 
either through its coextraction with some of the anions initially present in the 
aqueous feed (two different mechanisms (1) and (2) are distinguished) or through 
its exchange with proton(s) from the organic solvent to conserve phase neutrality 
(mechanism (3)):

 1. “Solvate extraction” occurs when a neutral extracting agent (usually a 
ligand bearing electron donor atoms, such as oxygen in octyl(phenyl)-N,N-
diisobutylcarbamoylmethyl-phosphine oxide (CMPO), used in the TRUEX 
process) coextracts both the cation and the anion(s) to form intimate, par-
tially, or fully dissociated neutral complexes in the organic phase, depend-
ing on the dissociation constant of the organic diluent.

 2. “Anion exchange” occurs when an ion pair is formed in the organic phase 
between the positively charged extracting agent (usually a quaternary or 
protonated tertiary amine, such as Aliquat 336 used in the TRAMEX pro-
cess) and the negatively charged complex containing the metallic cation 
(usually formed in the aqueous feed because of an excess of concentration 
of anions that complex the targeted metallic cation).

 3. “Proton exchange” or “cation exchange” occurs when the metallic cation is 
extracted through the exchange of proton(s) from the organic acidic extract-
ing agent (such as HDEHP in the TALSPEAK process), which sometimes 
belongs to a synergistic mixture.

The reasons why solvent extraction has become the reference technique for the 
reprocessing of spent nuclear fuels at industrial scale (and will probably also be chosen 
in the future for the recovery of long-lived radionuclides) are the following (32, 33):

The choice is wide for the formulation of the chemical system developed •	
to separate the target species (e.g., number and nature of the extracting 
agent(s), including the use of binary synergistic systems or phase modifiers, 
concentration of species, nature of the organic diluent).
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The desired separation and purification specifications are easily obtained •	
by successive extraction-scrubbing-stripping steps. Flowsheet design is 
very flexible.
The separation processes involving all-liquid operations can be imple-•	
mented continuously, which, is very advantageous industrially, as it ensures 
high throughputs.
The criticality risks can be almost completely cancelled by designing •	
devices that fulfill specific safety geometric requirements.
The energy input for running hydrometallurgical processes is usually small •	
(room temperature, normal pressure).

However, it is also fair to say that concerns about proliferation have been a prob-
lem, in that solvent-extraction methods have created the possibility to separate plu-
tonium. Furthermore, nuclear researchers have to address several problems when 
developing partitioning processes, such as the use of flammable liquids, the disposal 
of spent solvents, as well as the fate of the chemicals introduced in the various parts 
of the processes to improve their performances (e.g., complexants and buffers added 
to the feeds or stripping solutions).

3.2.2 tHermodynamiCS of Solvent eXtraCtion Pertaining to f-elementS

3.2.2.1 Properties of trivalent Actinides and Lanthanides
Today, it is accepted that lanthanides (4f elements) and transplutonium actinides (5f 
elements) possess relatively similar physical and chemical properties (28–31, 63) 
including:

A stable trivalent oxidation state in acidic aqueous solutions•	
Decreasing cation radii along the series resulting from the inability of the •	
relatively small spatial extension of the 4f and 5f electrons to compensate 
for the steadily increasing nuclear charge
Similar cation radii for certain An(III) and Ln(III)•	
First-coordination-sphere hydration numbers ranging from 9 (at the begin-•	
ning of the series) to 8 (at the end of the series)
Hard electron-acceptor properties according to Pearson’s theory of hard •	
and soft acids and bases (64), which favor electrostatic interactions with 
oxygen-bearing ligands (hard donors), such as ligands bearing -C=O or 
-P=O groups

From the early 1980s, it has also been assumed that the slightly greater spatial 
extension of the 5f orbitals was responsible for the existence of some degree of cova-
lence (or polarizability) in the bonding interactions between An(III) and soft bases, 
such as sulfur- or nitrogen-bearing ligands (65–69). Recent thermodynamic studies 
exploiting accurate analytical techniques, such as microcalorimetry, nuclear mag-
netic resonance, extended X-ray absorption fine structure, X-ray crystallography or 
mass spectrometry, providing a better comprehension of the complexation/extraction  
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mechanisms, have highlighted differences in the behaviors of trivalent actinides and 
lanthanides (54–56, 70). The higher enthalpy terms for An(III) are often assumed 
to be in line with a higher degree of covalence within the metal-ligand bonds. 
Furthermore, density functional theory (DFT) calculations have recently managed to 
account for the experimental relative stabilities of methyl-2,6-bis(1,2,4-triazin-3-yl)
pyridine (Me-BTP) complexes with Ce(III) and U(III). In particular, the significant 
shortening of the U-N distances with respect to those of Ce-N (∆d = 0.09 Å) in the 
Me-BTP complexes has been rationalized in terms of π back-bonding interactions 
between uranium 5f orbitals and the ligand π* levels (54, 55). Computational mod-
eling through DFT calculations has also confirmed the experimentally determined 
metrical parameters of M[N(EPR2)2]3 neutral complexes (M = An, Ln; E = S, Se, Te; 
R = Ph, iPr), in which the An-E bond lengths (An = U, Pu) appear shorter than the 
Ln-E bond lengths (Ln = La, Ce) for metal ions of similar ionic radii. These results 
seem consistent with an increase in covalent interactions in the actinide bonding 
relative to the lanthanide bonding due to an increase in f-orbital participation in the 
An-E bonds (56).

3.2.2.2 solvate extraction of trivalent 4f and 5f elements
The solvate extraction mechanism of trivalent 4f and 5f elements can be described 
by the following equilibrium, where A− symbolizes the anion of the aqueous phase 
and E is the neutral solvation agent of the organic phase (overbars account for spe-
cies in the organic phase, where residual aqueous molecules might also hydrate the 
extracted complex):

 M A eE  MA Eex
3 e

3 3+ + +−
K

      (3.1)

As a rough approximation (neglecting the activity coefficients), the distribution 
ratio of a given trivalent metallic cation (DM) can be derived from the logarithm 
expression of the concentration equilibrium constant Kex:

 log log[ ] log[ ] logD e KM exA E= − + +3

Accordingly, DM increases with both the concentration of the neutral solvation agent, 
E, initially present in the organic phase, and that of the mineral anion, A–, initially 
present in the aqueous phase. Inversely, the back-extraction of the trivalent element 
is favored by a decrease of the concentration of A– in the aqueous solution.

For a given ionic strength, DM depends on the nature of the coextracted anion 
A–. To allow the formation and extraction of the neutral complex, the coextracted  
mineral anion A– has to lose part (or all) of its hydration shell. The smaller the  
hydration energy of the mineral anion is, the easier is its transfer to the organic 
phase, and thus the higher is the affinity of the solvation extractant toward tri-
valent 4f and 5f elements (29, 76), as observed in the series chloride < nitrate  
< perchlorate < pertechnetate, which inversely follows the anion hydration energy 
order ∆Gh(Cl–) > ∆Gh(NO3

–) > ∆Gh(ClO4
–) > ∆Gh(TcO4

–).
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If the source of anions A− is a mineral acid, a competitive proton-extraction reac-
tion might occur, which will decrease the affinity of the neutral solvation agent for 
the target trivalent elements:

 n n{ , }    ( )H A E HA E+ − +     (3.2)

On the other hand, if the source of anions A– is an organophilic acid, already 
present in the organic phase, a synergistic effect might be observed between the two 
extractants, but the extraction mechanism will resemble that of a cation exchange 
(see Section 3):

 M eE HA ME A (HA) 32
ex

e 3 2 3
3+

−+ + +n
K

n( )     HH+  (3.3)

Neutral extracting agents possessing oxygen-donor atoms (hard bases) in their 
structure easily coordinate trivalent lanthanide and actinide cations, but do not 
discriminate between the two families of elements, because the ion-dipole (or ion-
 induced dipole type) interactions mostly rely on the charge densities of the electron 
donor and acceptor atoms. As a result, the similar cation radii of some An(III) and 
Ln(III) and the constriction of the cation radius along the two series of f elements 
make An(III)/Ln(III) separation essentially impossible from nitric acid media. They 
can be separated, however, if soft-donor anions, such as thiocyanates, SCN–, are 
introduced in the feed (34, 35, 39, 77).

Neutral oxygen-donor extracting agents coordinate either through monodentate, 
bidentate, or polydentate modes. However, the higher the degree of coordination of 
the neutral oxygen-donor extractant to the trivalent cation is, the stronger are the 
metal-ligand bonding interactions because of the increased entropy-variation term 
(∆S > 0), due to the increased system disorder caused by dehydration of the metallic 
cations (78).

Among the monodentate oxygen phosphorus donor extractants widely used for 
trivalent 4f and 5f element extraction, one can cite the Neutral organo phosphorous 
compounds (NOPCs), such as phosphine oxides R3P = O used in the Chinese TRPO 
process (79). The higher the negative charge density on the oxygen atom of the P=O 
moiety is, the higher is the affinity of the ligand for a given trivalent 4f or 5f element 
salt. Therefore, the order observed for the extraction of trivalent 4f and 5f elements 
by monodentate NOPCs follows the inductive effects of the R and RO substituents: 
R3P=O > RO(R′)2P=O > (RO)2R′P=O > (RO)3P=O (80, 81). Because R substituents 
induce a higher basicity than RO substituents, phosphates are very poor solvation 
agents of trivalent elements and require a very high salting-out effect.

Bidentate oxygen-donor extractants include the neutral diamide  compounds, such 
as the malonamides used in the French DIAMEX and DIAMEX-SANEX processes, 
RR′N(C=O)-CHR″-(C=O)NRR′; the bisphosphine oxides, RR′(P=O)- CHR″-(P=O)
RR′; the carbamoyl-(methyl)-phosphinates, ROR′O(P=O)-(CH2)n = 0 or 1-(C=O)NRR′; 
or the more efficient carbamoyl-methyl-phosphine oxides, RR′(P=O)-CHR″-(C=O)
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NRR′, such as CMPO used in several processes (e.g., American or Russian TRUEX, 
Japanese SETFICS processes). The bifunctional nature of these extractants reduces 
the impact of competition between HNO3 and the target metal cations.

Among the terdentate oxygen-donor extractants are the neutral diglycolamide 
compounds, RR′N(C=O)-CH2-O-CH2-(C=O)NRR′, used in the Japanese TODGA 
process.

In all the preceding chemical schemes, R, R′, and R″ represent linear or branched 
alkyl or phenyl substituents.

Conversely, neutral extracting agents possessing nitrogen electron-donor atoms 
in their structure (soft bases) will easily discriminate between An(III) and Ln(III) 
even from nitric acid feeds, thanks to covalently hinted An(III)-N interactions, the 
best example being the terdentate bis-triazinyl-pyridines (BTPs) or the tetradentate 
bis-triazinyl-bis-pyridines (BTBP).

3.2.2.3 Cation-exchange extraction of trivalent 4f and 5f elements
In simple cases, which tend to be rare, the cation exchanger exists in a monomeric 
form in the organic phase, mostly found in the case of the chelating β-diketone 
extractants, RR′(C=O)-CHR″-(C=O)RR′. In other cases, such as for the carboxy-
lic acids or the dialkyl-phosphorus acids, dimers predominantly exist in less polar 
organic phases (82, 83). The extraction mechanism of trivalent 4f and 5f elements 
can often be described by the following equilibrium, where HA symbolizes the pro-
ton exchanger initially present in the organic phase (superscripts account for species 
in the organic phase):

 M HA MA (HA) 3H2
ex

3 2 3
3+

−
++ +n

K
n( )        (3.4)

As a rough approximation (neglecting the activity coefficients), the distribution 
ratio of the metallic cation (DM) can be derived from the logarithm expression of the 
equilibrium constant (Kex):

 log log[( ) ] logD n KM exHA 3pH= + +2

This relation clearly underscores the critical role of the aqueous phase acidity  
(or pH).

There are various types of organic proton exchangers (34, 35, 38). Diesters of 
phosphoric acid, (RO)2P = O(OH), phosphonic acids, R(RO)P = O(OH), and phos-
phinic acids, R2P = O(OH), where R represents linear or branched alkyl or phenyl 
substituents, are the most common cation exchangers developed in liquid-liquid 
extraction for the extraction of trivalent 4f and 5f elements. They were initially devel-
oped for the American TALSPEAK and the Japanese DIDPA processes and have 
recently been introduced in the French DIAMEX-SANEX process. As for previously 
described NOPCs, these organophosphorus acids present oxygen-donor atoms (hard 
bases) in their structures and therefore will easily coordinate trivalent lanthanide and 
actinide cations, but they will not allow complete discrimination of the two families 
of elements. However, contrary to previously described neutral organophosphorus 
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solvation extractants, the order observed for the extraction of trivalent 4f and 5f ele-
ments by organophosphorus acids follows the reverse inductive effects of R and RO 
substituents: (RO)2P=O(OH) > R(RO)P=O(OH) > R2P=O(OH) (84).

Alkyl substituents, which increase the basicity compared with RO substituents, 
make the proton less labile.

Mono- and disulfur substitutes of diesters of phosphoric acids, phosphonic acids, 
and phosphinic acids, possessing soft-donor atoms in their structures, present large 
An(III)/Ln(III) selectivities, especially the dialkyl-dithiophosphinic acid used in the 
Chinese CYANEX 301 process or its chlorophenyl derivative used in the German 
ALINA process.

Some carboxylic acids, such as bromodecanoic acid, are soluble in hydrocarbon 
diluents and may be used as cation exchangers. However, due to their usually high 
pKa values compared with those of organophosphorus acids or sulfonic acids, the use 
of these carboxylic acids is restricted to buffered feeds.

3.3  ReCent ADVAnCes In An(III)/Ln(III) sePARAtIon 
bY soLVent-eXtRACtIon PRoCesses

Until now, the research carried out worldwide for An(III)/Ln(III) separation by sol-
vent extraction has been motivated by two different objectives:

 1. Solve the critical problem arising from the legacy of decades of military 
research programs: how to decontaminate the highly active liquid waste 
and sludge containing large quantities of alpha emitters?

 2. Address the challenges of long-term nuclear-waste storage: how to reduce 
the radiotoxicity of the final waste to be disposed of in underground 
repositories?

Today, the Generation IV roadmap requirements and the Global Nuclear Energy 
Partnership (GNEP) initiated by the United States (85) encourage radiochemists 
to develop hydrometallurgical separation processes that tackle a single challenge: 
how to recover the minor actinides from the spent-fuel dissolution liquors, selec-
tively or together with other actinides, in order to fabricate new fuels or targets for 
transmutation in dedicated reactors? This would make possible the closure of the 
nuclear fuel cycle and demonstrate the sustainability of nuclear energy for the next 
centuries (86, 87).

However, due to the chemical similarities of the trivalent actinide and lanthanide 
elements, historically, it has been easier to develop step-by-step processes: first, 
An(III) + Ln(III) coextraction processes, which also address the problem of waste 
alpha decontamination, and second, An(III)/Ln(III) separation processes, which can 
only be implemented on the solutions produced by the first-step processes. Today, 
however, a few processes are available that allow recovery of the trivalent actinides 
in a single step from highly active liquid waste.

This review will exclusively deal with studies related to solvent-extraction pro-
cesses (neither solid-phase precipitation nor ion-exchange chromatography) aiming 
at separating trivalent actinides from PUREX raffinates or spent-fuel dissolution 

59696.indb   130 7/14/09   9:32:51 PM



Overview of Recent Advances in An(III)/Ln(III) Separation 131

liquors. Only the systems that have been developed up to the implementation of cold, 
spiked, or highly active countercurrent tests at laboratory scale or in industrial pilot 
plants will be described: first, the two-cycle processes, and second, the single-cycle 
processes.

3.3.1 two-CyCle ProCeSSeS

3.3.1.1  First step: An(III) + Ln(III) separation from the Rest  
of the Fission Products

In each country concerned with the reprocessing of spent nuclear fuel arising from 
civil or military applications, the highly active waste (HAW) that has been gen-
erated for decades by the PUREX or similar processes is still currently stored 
on the reprocessing plant sites, either as a liquid sludge contained in tanks or as 
a solid in vitrified or cemented matrices. HAW usually contains large quantities 
of alpha emitters (minor actinides, such as Np and TPEs) that increase its long-
term radiotoxicity. Therefore, the solvent-extraction processes developed in the 
early 1980s aimed at achieving high minor-actinide DFs (e.g., American TRUEX 
and Russian-American UNEX), but not at separating trivalent actinides from lan-
thanides: they involved highly efficient bidentate and chelating extracting agents 
bearing oxygen-donor atoms. On the contrary, other solvent-extraction processes 
based also on oxygen-donor extracting agents, such as Chinese TRPO, Japanese 
DIDPA (first cycle), and French DIAMEX processes, were developed as head-end 
steps of An(III)/Ln(III) partitioning schemes. The concept feasibility of all these 
processes has already been validated on genuine highly active feeds, and their 
recent developments mainly deal with the following issues:

Process comprehension, such as the study of aggregation phenomena to •	
predict third-phase formation.
Minor experimental modifications, such as the use of hydrophilic complex-•	
ants to ease the scrubbing and stripping of the loaded solvents and simplify 
the flowsheets.
Optimization of the extractant skeleton or the diluent nature to improve •	
extraction or separation yields.

These developments will hereafter be described for each family of extractants 
from NOPCs to amino compounds, and for each topic, results will be sorted chrono-
logically by country.

3.3.1.1.1 Phosphate and Phosphonate Derivatives
The enthalpies of extraction of U(VI) and Am(III) nitrates by neutral  organophosphate 
extractants, such as tri-n-butyl phosphate (TBP), tri-n-amyl phosphate (TAP), 
 tri-sec-butyl phosphate (TsBP), tri-iso-amyl phosphate (TiAP), and tri-n-hexyl 
phosphate (THP) have been determined in n-dodecane over the temperature range 
283−333 K (88). Am extraction becomes more exothermic in the following order: 
THP~TiAP < TAP < TsBP < TBP, highlighting the steric hindrance caused by 
branched substituents compared with linear homologues and long-chain substituents 
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(hexyl) compared with shorter ones (butyl) in the Am(III)-trisolvates extracted by 
trialkyl phosphates.

Diamylamyl phosphonate (DAAP) has been evaluated as a substitute for TBP 
to extract U(VI), Th(IV), Pu(IV), and Am(III) in n-dodecane (89). Some impor-
tant physical properties of this extractant (density, viscosity, surface tension, and 
phase disengagement time) that should fulfill specific requirements for industrial 
applications were measured and compared to those of TBP. However, although 
higher than in the case of TBP, DAm only reaches 0.16 at 303 K for [HNO3] = 1.5 
M and [DAAP] = 1.1 M in n-dodecane. It remains poor compared with other tet-
ravalent and hexavalent actinides. The trend shows a steep rise of DAm values with 
[HNO3] from 0.5 to 1.5 M, followed by a gradual fall. It is, however, assumed 
from this study that higher concentrations of DAAP, or even neat DAAP, could 
lead to appreciable DAm values, enabling DAAP application in trivalent actinide 
extraction.

3.3.1.1.2 Trialkyl-phosphine Oxides: The TRPO Process
The TRPO process was developed at the Institute of Nuclear Energy Technology 
(INET, Tsinghua University, Beijing, China) in the 1980s to recover the transura-
nium elements (TRU) from highly active defense waste (90). It uses a mixture of 
trialkyl phosphine oxides (TRPO, with C6 < R < C8 or CYANEX 923 dissolved 
at 30% in kerosene), which can extract An(III) and Ln(III) if the feed acidity is 
decreased to less than 1 M HNO3. An(III) and Ln(III) are then selectively stripped 
from the loaded solvent (containing other extracted actinides) in 5.5 M HNO3. Np 
and Pu are recovered in 0.6 M oxalic acid and U in a 5% sodium carbonate solu-
tion. However, the presence of Fe(III) causes third-phase formation, which can be 
avoided either by adding TBP or n-octanol to the TRPO solvent, or by diluting 
the feed (91).

A 72-hour inactive test was performed to validate the whole process scheme in 
five pulse columns and 24 stages of centrifugal contactors at the INET (92). Nd and 
Zr simulated Am and Pu, respectively. DFs (expressed as the ratios: [M]feedφfeed/[M]

raffφraff, where φ represents the flow-rate of solute M) greater than 3000, 500, and 
1000 were obtained for U, Nd, and Zr, respectively, thus demonstrating the feasibil-
ity and reliability of the TRPO process scheme.

Previous active countercurrent tests performed in compact contactors (10 mm in 
diameter, 4−5 mL holdup per stage) on highly saline waste (~380 g/L of Na, Al, Fe, 
Cr, and Ni) had demonstrated that 99.9% of the actinides could be recovered with the 
rare earth elements (REEs) in six stages (93).

A new concept integrating both the PUREX and the TRPO processes is proposed 
by the INET researchers. This simplified PUREX-TRPO process uses a binary mix-
ture of TBP (20%) and TRPO (20%) in kerosene to extract all actinides including 
TPEs, which can be back-extracted together with the trivalent lanthanides in a 5.5 M 
HNO3 solution as in the TRPO process (94).

As part of a process comparison campaign carried out by the Institute for TPEs  
(ITU, Karlsruhe, Germany), a TRPO flowsheet was implemented countercurrently 
in 22 miniature centrifugal contactors. The process used six stages for extrac-
tion, two stages for the first scrub with 1 M HNO3, four stages for stripping the 
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An(III) + Ln(III) fraction with 5.5 M HNO3, two stages for the second scrub with 
0.6 M oxalic acid, four stages for stripping the Np + Pu fraction with 0.6 M oxalic 
acid, and finally four stages for stripping U with 5% Na2CO3. It involved a mixture 
of trialkyl(C6-C8) phosphine oxides (TRPO) dissolved at 30% in n-dodecane as 
the organic solvent and a genuine PUREX raffinate (obtained from reprocessing 
commercial spent (light water reactor) LWR fuel) denitrated to 0.7 M HNO3 as 
the aqueous feed. Despite the fact that this preceding denitration of the high-level 
liquid waste (HLLW) with formic acid might have implied a risk of precipita-
tion and hence losses of minor actinides, the DFs obtained for the raffinate (in 
the extraction section) and for the organic solvent (in the stripping section) were, 
respectively, higher than 800 and equal to 730 for Am(III), and higher than 200 
and equal to 780 for Cm(III). The overall recovery yields for Am(III) and Cm(III) 
were 99.7 and 99%, respectively. Losses of the trivalent minor actinides in the 
Np + Pu fraction (~0.13%) and in the U output (0.14% for Am(III) and 0.35% for 
Cm(III)) were higher than in the spent solvent (0.03% for Am(III) and 0.09% for 
Cm(III)) (95, 96).

3.3.1.1.3 Bidentate Neutral Organophosphorus Compounds
3.3.1.1.3.1  CMPO: The TRUEX Process The TRUEX (TRansUranium EXtraction) 
process (97, 98), developed at the Argonne National Laboratory (ANL) in the 1980s 
to decontaminate Cold War legacy transuranic waste (arising from  plutonium produc-
tion for nuclear weapon manufacturing), uses a mixture of TBP and CMPO (Figure 
3.1) that allows all minor actinides (and the lanthanides) to be extracted from acidic 
media (up to 5 M nitric acid). However, it requires a PUREX (or similar) process as 
its front-end.

The TRUEX solvent ([CMPO] = 0.2 M + [TBP] = 1.4 M in n-dodecane) was 
employed to decontaminate samples of sludge arising from the concentration 
(by evaporation of water) and neutralization (with caustic) of the acidic waste of 
Melton Valley Storage Tank W-25 at the Oak Ridge National Laboratory. The 
sludge was quantitatively (~80%) dissolved in concentrated nitric acid after caus-
tic leaching treatment (99). Two campaigns of batch liquid-liquid extraction tests 
(at 2.9 and 1.6 M HNO3, respectively) were successfully carried out, although gel 
formation disturbed the experiments. More than 95% of Eu, Pu, Cm, Th, and U 
were removed in only one step from the aqueous feeds. Mercury and vanadium 
also appeared to be extracted. The analytical results were in good agreement with 

i(C4H9)

i(C4H9)P
C8H17 N

O
O

FIGURe 3.1 n-Octyl-phenyl-N,N′-di(iso)butyl-carbamoyl-methyl phosphine oxide (CMPO) 
used in the TRUEX process.
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the values predicted by the Generic TRUEX Model (GMT), a thermodynamic 
model developed during the 1980s to design TRUEX flowsheets, and grounded 
on mass-action laws describing the extraction of ionic species by neutral organic 
ligands (100).

Since the launching of the Advanced Fuel Cycle Initiative (AFCI) program in the 
United States, the TRUEX solvent has been integrated in the five-step UREX+ pro-
cess, initially consisting of five solvent-extraction steps to separate the constituents 
of dissolved spent nuclear fuels into seven fractions (101):

 1. Following dissolution, uranium and technetium are recovered from the feed 
in separate product streams.

 2. In the next step, which was designed by researchers of the Idaho National 
Laboratory (INL, Idaho), cesium and strontium are removed from the 
UREX raffinates.

 3. After feed acidity adjustment, plutonium and neptunium are recovered in 
the NPEX process, with high yields and sufficiently low impurity levels to 
make them suitable for MOX fuel fabrication.

 4. The raffinate of the NPEX process is fed, without acidity adjustment, to a 
TRUEX step, where the minor actinides and the REEs are recovered.

 5. Eventually, the TRUEX product is fed directly to a CYANEX 301 step, 
where the minor actinides are purified from the REEs.

At the end of 2003, the complete UREX+ solvent-extraction process was assessed 
and validated using multistage countercurrent centrifugal contactors at ANL. It was 
run twice in three multistage 2-cm centrifugal contactors, initially with a simu-
lated dissolved spent fuel, and subsequently with a feed obtained by dissolving in 
nitric acid an irradiated uranium-oxide pin of spent Big Rock Point fuel (initially 
enriched at 4.6% with 235U, containing 1% of gadolinium burnable poison, burned 
up to 29,600 MWd/MT, and cooled for 21 years). The volume and concentration 
of the initial nitric acid solution was adjusted to provide a uranium solution appro-
priate to the low-acid requirements of the UREX process. The process flowsheets 
were designed with the help of the Argonne Model for Universal Solvent Extraction 
(AMUSE) code, an updated version of the former GMT code. Because of the number 
of stages available and the low stage efficiency of the 2-cm centrifugal contactors, 
the flowsheets expected for plant use would be significantly different.

Americium, curium, REEs, and residual plutonium and neptunium were all 
extracted by the TRUEX solvent ([CMPO] = 0.2 M + [TBP] = 1.4 M in n-dodecane). 
Some fission products were also extracted and had to be scrubbed from the solvent. 
Although the lighter rare earths were considerably more extractable than the heavier 
rare earths, flowsheets could easily be designed to give complete separation of Am 
and Cm from all rare earths. The TRUEX flowsheet tested Figure 3.2) was unique 
to the UREX+ process by having three scrub sections. In the first scrub section, the 
impurities were removed from the solvent using oxalic acid. The second scrub used 
moderately concentrated nitric acid to scrub oxalic acid from the solvent. The third 
scrub section used relatively dilute nitric acid to lower the concentration of nitric acid 
in the loaded solvent and ease the stripping of the actinide and REEs. The stripping 
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section used a weakly complexing salt to back-extract the trivalent elements and 
maintain a pH between 3 and 4, allowing the subsequent direct implementation of 
the CYANEX 301 solvent.

Recently, a suite of processes collectively known as UREX+ (i.e., UREX + 1, 
UREX + 1a, UREX + 2, UREX + 3, UREX + 4) has been designed to meet a num-
ber of the GNEP targets (102).

The current American reference process is the UREX + 3, consisting of several 
solvent-extraction steps that separate the constituents of the dissolved spent nuclear 
fuels into three main products (27):

 1. Uranium
 2. A mixture of uranium, neptunium, and plutonium to fabricate new mixed 

actinide-fuels (either metallic or oxides)
 3. A mixture of americium and curium

Following spent nuclear-fuel dissolution, the UREX+ Codecon Process flowsheet 
allows (i) partial recovery of uranium on one side of the multistage contactor-bank 
 (uranium being coextracted with technetium in a PUREX-like solvent), and (ii) com-
plete recovery of neptunium and plutonium (stripped with a reducing hydroxylamine 
nitrate (HAN) solution) together with the remaining uranium, on the other side of the 
contactor-bank. The UREX+ raffinate is fed (without acidity adjustment) to a TRUEX 
step, where the trivalent minor actinides and the REEs are co-recovered in a TRUEX 
output stream, which is then fed (after acidity adjustment) to a TALSPEAK step to sepa-
rate Am(III) and Cm(III) from the Ln(III). Cesium and strontium are removed from the 
TRUEX raffinate by implementing the FPEX process. They are subsequently combined 
with the lanthanides (recovered in the TALSPEAK raffinate) in high-level waste forms, 
whereas the other metallic fission products are turned into metal waste forms.

Under the 3rd EURATOM Framework Program on the management and disposal 
of radioactive wastes, Italian researchers of the National Commission for Research 
and Development of Nuclear and Alternative Energy Sources (ENEA) tested a 
TRUEX flowsheet, aiming at achieving an alpha decontamination factor (DF) greater 

Solvent
CMPO and TBP
in n-dodecane

Feed
NPEX product

Scrub 1 Scrub 2 Scrub 3 Strip

Spent solvent

Raffinate
Traces of REEs, Am, Cm

Extraction Scrub 1 Scrub 2 Scrub 3 Strip

Product
REEs, Am, Cm

FIGURe 3.2 TRUEX process flowsheet used in the UREX+ demonstration run by ANL.
(From Vandegrift, G.F., Regalbuto, M.C., Aase, S., Bakel, A., Battisti, A.T., Bowers, D., Byrnes, 
J.P., Clark, M.A., Cummings, D.G., Emery, J.W., Falkenberg, J.R., Gelis, A.V., Pereira, C., 
Hafenrichter, L., Tsai, Y., Quigley, K.J., Vander Pol, M.H. 2004. ATALANTE 2004: Advances 
for Future Nuclear Cycles, June 2004, Nîmes, France.)
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than 1000 together with a reduction of the lanthanides/americium weight ratio by a 
factor of about 200 (103). The solvent consisted of TBP (1.4 M) and two derivatives 
of CMPO, namely octyl phenyl diisobutyl CMPO (OφCMPO, 0.2 M in n-dodecane) 
and diphenyl diisobutyl CMPO (Ph2Bu2CMPO, 0.2 M in o-xylene).

As part of a process comparison campaign carried out by ITU, a TRUEX flow-
sheet was implemented countercurrently in 24 miniature centrifugal contactors (95, 
96). In this flowsheet, six stages were used for extraction, six stages for the scrub with 
0.2 M HNO3 and 0.01 M oxalic acid, four stages for stripping the An(III) + Ln(III) 
fraction with 0.05 M HNO3, four stages for stripping the Np + Pu fraction with 0.05 
M HNO3 and 0.05 M HF, and finally four stages for stripping U with 5% Na2CO3. 
It involved a mixture of CMPO and TBP, dissolved at 0.2 and 1.4 M in n-dode-
cane as the organic solvent, respectively, and a genuine PUREX raffinate (obtained 
from reprocessing commercial spent LWR fuel) as the aqueous feed (2 M HNO3). 
At equilibrium, feed DFs greater than 1200 for Cm(III) and 7700 for Am(III) were 
obtained. However, due to an accumulation of Am(III) and Cm(III) in the organic 
phase all along the back-extraction section, only small amounts of the latter elements 
were found in the An(III) + Ln(III) fraction (7% and 13% of Am(III) and Cm(III), 
respectively), while part of these two elements appeared down-stream in the Np + Pu 
product (7% and 10% of Am(III) and Cm(III), respectively) and in the U product (5% 
and 7% of Am(III) and Cm(III), respectively). Only a small amount remained in the 
spent solvent, 0.4 and 0.3% of Am(III) and Cm(III), respectively. This was believed 
to be caused by the too high nitric acid concentration in the loaded organic solvent 
in the An(III) back-extraction section. Hence, the trivalent minor actinide recovery 
yield is expected to be improved by reducing this acidity.

At the Indian Bhabha Atomic Research Center, inactive engineering-scale coun-
tercurrent tests have been conducted with a TRUEX solvent to validate the extrac-
tion of La(III) and Ce(III) (used to mimic An(III) and Ln(III) bulk separation) from 
a surrogate feed ([HNO3] = 4 M) simulating a PUREX raffinate issued from the 
reprocessing of a long-cooled pressurized heavy-water reactor spent fuel (104). Over 
a period of approximately 10 hours, 300 L of the surrogate feed was treated in com-
bined airlift mixer-settler units (10 stages, 20−30 L/h throughput) by a solvent com-
posed of CMPO (0.25 M) and TBP (1.2 M) dissolved in n-dodecane. La(III) and 
Ce(III) were quantitatively stripped in a ternary mixture of NaOH (1.5 M), formic 
acid (1.5 M), and DTPA (0.05 M). Third-phase formation was not encountered in the 
five-extraction stages or in the five stripping stages. The final streams showed negli-
gible amounts of entrained phases. The overall mass balances were satisfactory.

In Japan, a 16-stage TRUEX flowsheet involving a solvent composed of CMPO 
(0.2 M) and TBP (1 M), dissolved in n-dodecane, was implemented in batch experi-
ments. The extraction of short-lived fission products (93Y, 99Mo, 97Zr, 122Sb, 132Te, 133I, 
and 143Ce, produced by neutron irradiation) and neptunium was investigated. The 
distribution ratios of all these elements were experimentally determined as a function 
of various parameters, such as the concentrations of nitric acid, uranium, and oxalic 
acid. The acid dependence of Np and Zr was clearly observed, and oxalic acid was 
effective in limiting Zr extraction. High distribution ratios were observed for Y(III) 
and Ce(III), simulating Am(III). The lack of reproducibility of the distribution ratios 
of Mo was attributed to differences in preparation protocols. The extraction of Te was 
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explained by considering the presence of neutral and anionic species (105–107). The 
modified SEPHIS code was employed to evaluate the distribution of HNO3 in each of 
the 16 stages of the extraction-scrubbing bank. The SEPHIS code is a Fortran com-
puter code, developed at Oak Ridge National Laboratory in 1975 to solve the material 
balances of countercurrent solvent-extraction processes, which includes algorithms to 
predict the distribution ratios for Pu and U based on TBP concentration, extractable 
and nonextractable nitrate concentrations, and Pu and U metal ion concentrations. 
From the obtained [HNO3]aq values, the distribution ratios of Ce, Mo, Pd, and Sb 
were estimated in each stage using experimental DM curves or literature data for the 
actinides. The concentration profiles of all elements were then calculated thanks to 
the multistage extraction simulation code. The recovery of the TRU by the TRUEX 
solvent was expected to be effective from 1 to 3 M HNO3 in the presence of oxalic acid 
and oxidizing agent. However, this TRUEX flowsheet still requires further improve-
ment to obtain higher performances for Mo and Pd decontamination.

The extraction behavior of nitric acid into a TRUEX solvent (0.2 M CMPO and 
1 M TBP in n-dodecane) was studied for 0.1–7 M HNO3 (108). The effective CMPO 
concentration was estimated from the extraction results of lanthanum nitrate, and 
the following relationship was proposed: [CMPO]/[CMPO]ini (%) = exp(4.706−1.099 
[HNO3] + 0.1005[HNO3]2−0.0089[HNO3]3), based on the formation of (HNO3)
(CMPO) and (HNO3)2(CMPO) complexes and the activity coefficients calculated by 
the Zdanovskii–Mikulin rule. The applicability of the effective CMPO concentra-
tion to model the extraction of other elements was demonstrated for cerium and 
ytterbium nitrates:

 M NO CMPO M NO CMPOex3
3 3 3 33 3+ −+ +     ( )

K
    (3.5)

However, this speciation is a bit different from the one previously determined 
using the Mikulin–Sergievskii–Dannus’ model for the extraction of neodymium 
nitrate by CMPO (alone) in nitrophenylhexyl ether (NPHE), also called 1-(hexyloxy)-
2-nitrobenzene (109). A satisfactory description of the distribution of neodymium 
nitrate has been obtained over a wide range of neodymium and nitric acid concen-
trations in the aqueous phase by taking into account the formation of the follow-
ing complexes involving CMPO: Nd(NO3)3(CMPO)n = 1–3 and Nd(NO3)3(HNO3) 
(CMPO)n = 1–3. The stoichiometric mean activity coefficients of the components in 
binary aqueous phases had been determined by interpolating experimental data pub-
lished in the literature. For mixtures, they have been calculated from experimental 
data using the Mikulin’s equation, whereas the activity coefficients of the species in 
the organic phase have been calculated from the Sergievskii–Dannus’ equation.

3.3.1.1.3.2  Carbamoylmethyl Phosphine Oxide Derivatives The physicochemi-
cal properties of various aryl derivatives of CMPO have been investigated at the 
Vernadsky Institute of Geochemistry and Analytical Chemistry. Extraction of 
americium and lanthanides from nitric acid with solutions of diphenyl- and dibutyl-
(diethylcarbamoylmethyl) phosphine oxides (Ph2Et2-CMPO and Bu2Et2-CMPO) 
in dichloroethane have been investigated as a function of the concentrations of the 
extractants and nitric acid (110, 111). The observed dependences are characterized 
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by a pronounced tetrad effect for Bu2Et2-CMPO, and a steeper slope but no tetrad 
effect for Ph2Et2-CMPO. Both extractants show low selectivity toward Am(III), but 
the Am(III)/Ln(III) separation factor increases with the Ln(III) atomic number.

Diphenyl-(dibutylcarbamoylmethyl) phosphine oxide (Ph2Bu2-CMPO) was shown 
able to effectively extract actinide and REEs from acidic solutions, without its pre-
liminary dissolution in an organic solvent (112−114). Initially solid, Ph2Bu2-CMPO 
powder changes its state of aggregation when contacted with 4 M HNO3 and turns 
into a colorless viscous liquid complex (a liquid reagent that does not mix with aque-
ous phase). The extraction behaviors of praseodymium(III), americium, neptunium, 
and plutonium in various oxidation states were assessed using the liquid reagent 
Ph2Bu2-CMPO·HNO3· nH2O (where n = 2−3). The extraction yields appeared to be 
greater than with conventional solvent extraction, although redox reactions occurred 
during the extraction process (e.g., Pu(III), Np(V), and Am(VI) are not stable on 
contact with the liquid reagent phase). The redox potential of the liquid reagent was 
estimated around +1.5 V, based on the formal redox potentials of Pu(IV)/(Pu(III), 
Np(IV)/Np(V), and Am(VI)/Am(V).

The extraction of Am(III) was investigated in greater detail for different nitric 
acid concentrations and salt contents: Al (5−15 g/L), Na (5−20 g/L), Ca (0.5−2.0 g/L),  
Cr (0.5−2.5 g/L), and Fe (0.5−5.0 g/L). The completeness of extraction of Am was 
determined by the amount of Ph2Bu2-CMPO·HNO3 compound involved and depended 
on the concentration of nitric acid and the duration of the contact time of the phases 
(115). In solvent-extraction systems involving organic diluents, the extraction of the 
target elements and that of nitric acid are usually in  competition. Conversely, in the 
particular case of metal extraction into an acidified Ph2Bu2-CMPO phase (without 
any organic diluent), both processes favor the extraction of Am, as if the salting out 
of the acid results in a more complete formation of the liquid reagent. The extrac-
tion of Am(III) from solutions of Al salts showed that when the acid and salt con-
centrations increase, the extraction yield of Am(III) also increases, and the time of 
establishment of extraction equilibrium shortens. This peculiarity could become an 
advantage for processing acidic HAW, because the use of toxic and environmentally 
hazardous organic solvents would be avoided.

3.3.1.1.3.3  The UNEX Process: A Universal Solvent Intensive collaboration 
between the INL and the Khlopin Radium Institute of Saint Petersburg (KRI, Russia) 
since 1994 has resulted in the development of the UNEX process for the treatment 
of radioactive waste stored at the INL (116–125). The UNEX process is based on the 
following tertiary solvent:

A chlorinated cobalt dicarbollide (CCD, Figure 3.3) originally developed •	
in the mid-1970s by Czechoslovakian researchers and later implemented in 
Russia to remove cesium from acidic solutions
Polyethylene glycol (PEG-400), which helps strontium removal•	
Diphenyl-•	 N,N-diisobutylcarbamoylmethylphosphine oxide (Ph2-CMPO, 
Figure 3.3), a bidentate neutral organophosphorus compound (BNOPC) 
derived from the TRUEX process, which proved to be efficient for the 
removal of actinides and REEs.

59696.indb   138 7/14/09   9:32:54 PM



Overview of Recent Advances in An(III)/Ln(III) Separation 139

Testing and demonstration of concept feasibility of the UNEX process has been 
completed on batch contact studies using simulated and genuine sodium-bearing 
acidic waste stored in underground stainless steel tanks at the INL. DFs of 99.7% 
for Sr, > 95% for Cs, and 99.99% for actinides were achieved with a solvent com-
posed of CCD, PEG, and Ph2-CMPO, dissolved in either a light or a heavy non-
nitroaromatic diluent (respectively less or more dense than the aqueous feed).

Several countercurrent pilot plant tests have been run in centrifugal contactors:

Two countercurrent tests were carried out with simulated waste at the •	
INL (116, 117). The first flowsheet implemented (11 extraction stages, 
1 scrub stage, 6 Cs/Sr strip stages, 3 actinide strip stages, and 5 sol-
vent wash stages) failed because of flooding in the aqueous solution 
exiting the Cs strip section, and large quantities of Zr precipitate were 
observed in each of the Cs strip stages. The removal efficiencies from 
the feed were 99.7%, > 99.98%, and > 99.92% for Cs, Sr, and Eu (used 
as Am surrogate), respectively. The second flowsheet was modified to 
prevent the problems encountered during the first run (citric acid was 
added in the aqueous feed to avoid Zr extraction, as well as in the scrub 
and Cs/Sr strip solutions, to scrub potentially extractable Zr). It was 
implemented without flooding or precipitate formation in the contac-
tors. However, the organic solvent precipitated after many recycles and 
washings, either because of a lack of solubility of Ph2-CMPO in the 
light non-nitroaromatic diluent or because of a change of its formulation 
through recycling. The removal efficiencies from the feed were high, 
99.7 and 99.97%, for Cs and Sr, respectively, but lower than 5% for Eu, 
probably due to Ph2-CMPO precipitation.
A countercurrent test on a simulated waste was successfully completed •	
at KRI without flooding, third-phase formation, or precipitation of Ph2-
CMPO, thanks to the use of meta-nitrobenzotrifluoride (Fluoropole-732) as 
the organic diluent. In this test, 2 cascades of 12 centrifugal contactors were 
arranged in a circle: eight extraction stages, five stages of Sr and rare-earth 

–

iBu
CoCo

P
N

iBu
O

O

FIGURe 3.3 Cobalt dicarbollide and Ph2-CMPO used in the UNEX process.
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strip, six stages of Cs strip, and five stages of solvent wash. The removal 
efficiencies obtained for the radionuclides were all better than 99.8%, except 
for Am which was 99.2%.
One countercurrent test treated 1.7 L of genuine radioactive tank waste at •	
INL. The flowsheet (Figure 3.4) was successfully implemented without 
flooding, third-phase formation or precipitation, in a 24-stage pilot plant 
(2-cm centrifugal contactors) designed and built at ANL. The removal effi-
ciencies from the feed were 99.95%, 99.985%, and 95.2% for 137Cs, 90Sr, 
and the total alpha emitters, respectively. The lower-than-expected alpha 
removal efficiency was assumed to be due to loading of the Ph2-CMPO by 
fission products, such as Fe and Mo (118, 121).
Long-term countercurrent tests (one lasting 128 hours) were performed in •	
the hot cells of the Mining and Chemical Combine (MCC, Zheleznogorsk, 
Russia) in the framework of a DOE Project with Sandia National 
Laboratories. The tests were carried out under dynamic conditions in EZ-33 
centrifugal contactors made by NIKIMT (122) and involved a solvent com-
posed of CCD, CMPO, and PEG-400, respectively, dissolved at 0.08 M, 
0.015 M, and 0.4 vol% in phenyltrifluoromethylsulfone (FS-13). The recy-
cled extractant completed a total of 70 cycles, and its characteristics did 
not vary significantly during the test. The following recovery degrees of 
target radionuclides were calculated from their content in the genuine raf-
finate: > 99.95% Cs, > 99.99% Sr, and > 99.7% gross alpha-activity.

The feasibility of recovering hazardous radionuclides from acidic waste solu-
tions by the UNEX process is demonstrated. However, the tests also confirm that 
the solvent composition should be adjusted to attain optimum results depending 
on the waste composition (123). Besides, traditional UNEX process has some 
drawbacks:

Stripping solutions contain large amounts of guanidine carbonate (0.5−1 •	
M) and diethylene-triamine-pentaacetic acid (DTPA) (124). Though, 

Feed
~5 mL/min

Scrub Cs/Sr strip TRU strip Wash

2419 2016 178 10 11

Cs/Sr product TRU product Wash effluentRaffinate

UNEX solvent

1

FIGURe 3.4 Universal extraction process flowsheet (UNEX). (From Law, J.D., Herbst, 
R.S., Todd, T.A., Wood, D.J., Romanovskiy, V.N., Esimantovskiy, V.N., Smirnov, I.V., Babain, 
V.A., Zaïtsev, B.N. 1999. Global 1999: Nuclear Technology – Bridging the Millennia, 
August–September 1999, Jackson Hole, WY.)
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studies have shown that solutions of methylamine carbonate and DTPA or 
methylamine carbonate and nitrilotriacetic acid (NTA) were as efficient as 
the guanidine carbonate and DTPA solution to strip the target extracted 
elements. Furthermore, methylamine carbonate is easily regenerated by 
distillation.
The UNEX solvent seems to be of limited utility for reprocessing acidic •	
solutions containing large quantities of lanthanides and/or actinides such 
as dissolved spent nuclear fuel solutions. These constraints are primar-
ily attributed to the limited solubility of Ph2-CMPO and of its  metallic 
complexes in the UNEX solvent. That is why diamide derivatives of 
dipicolinic acid Figure 3.5) have recently been suggested as alterna-
tive An + Ln(III) extractants. The tetrabutyl derivative shows the most 
 promising results for the extraction of trivalent elements, but it requires 
the presence of CCD and PEG-400 as synergistic agents in the FS-13 
diluent (123, 125).

A procedure based on condensation with phenol and paraform (used as formalde-
hyde source) was developed to convert spent UNEX solvent (CCD, PEG-400, Ph2-
CMPO, and FS-13) into a solid infusible resin for disposal. The resulting material is 
insoluble in aqueous alkali and acidic solutions and organic solvents. Incorporation 
of FS-13 in the cross-linked polymer was confirmed by physicochemical methods. 
Resistance of the cured resin to high temperatures was proven by thermogravimetry 
(126). This procedure is assumed to be applicable to other organic wastes containing 
weakly reactive aromatic compounds, such as Fluoropole-732, 1,2-dichlorobenzene, 
and nitrobenzene.

3.3.1.1.3.4  Diphosphine Dioxides BNOPCs, such as diphosphine dioxides, have 
been considered for the recovery of transplutonium elements and REEs from HAWs 
(127). These chelating compounds exhibit enhanced extractive power compared with 
CMPO or malonamide compounds (128) due to their bidentate coordination poten-
tial. “Anomalous aryl strengthening effects” (due to an increase in substituent elec-
tronegativity, but a decrease in diphosphine dioxide basicity) are often observed when 
NOPCs coordinate metal cations in a bidentate mode. The resulting six-membered 
ring (Figure 3.6, n = 1) has actually a greater acceptor power, and the phenyl substitu-
ents at the phosphorus atoms turn from electron acceptors into electron donor moieties 
(129). Therefore, the extraction constants of bidentate NOPCs are higher by a factor 
of 105 than those of monodentate NOPCs, such as trioctyl phosphine oxide (TOPO). 

N
N

O O

N

R1

R2
R2

R1

FIGURe 3.5 2,6-Pyridinedicarboxamide derivates investigated for the UNEX process.
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Another explanation for the incredibly strong extractive power of BNOPCs could be 
the change at high acidity of the mechanism of metal ion extraction from solvate to 
cation exchange. It was observed and confirmed by IR spectroscopy and ESI-MS stud-
ies that cationic complexes of BNOPCs with proton hydrates or lithium cation easily 
form in polar organic solvents, such as dichloroethane, meta-nitrobenzotrifluoride, and 
trifluoromethyl phenyl sulfone, which promote acid dissociation in the organic phase. 
The pre-existing proton hydrates also orientate the donor centers of the BNOPC mol-
ecules in an optimized configuration for metal-cation interaction. Europium extraction, 
for instance, proceeds substantially better in the presence of BNOPC complexes with 
hydrated protons (when the cation-exchange mechanism is possible) than in the case 
of the solvate mechanism. It was assumed that the latter reaction pathway, where the 
extractant molecules have to displace the water molecules from the metal cation hydra-
tion shell, was less energetically favorable than the cation-exchange reaction pathway in 
which the exchanged protons are released and hydrated by the water molecules stem-
ming from the simultaneously occurring dehydration of the metal cation.

The major drawback of phenyl derivatives of BNOPCs is that they are only 
scarcely soluble in classical hydrocarbon diluents without the addition of massive 
amounts of phase modifiers, such as TBP or TOPO. They are, however, soluble in 
halogenated and nitro-halogenated organic diluents (130). Furthermore, the anoma-
lous aryl strengthening effect also increases the extraction of other fission products, 
such as Zr, Mo, Tc, and Fe, which can only be avoided by introducing specific hydro-
philic complexants (e.g., acetohydroxamic acid).

Alkylene-bis(diphenylphosphine) dioxides seem to be more soluble in haloge-
nated organic diluents than methylene-bis(diphenylphosphine) dioxides and present 
different extraction features toward An(III) (131).

3.3.1.1.4 Di-iso-decylphosphoric Acid: The DIDPA Process
A four-group partitioning scheme was initially proposed by research teams from 
the former Japan Atomic Energy Research Institute (JAERI, today JAEA, Japan 
Atomic Energy Agency) to treat highly active PUREX raffinates (132). It consists  
the separations of 

 1. TRU for further transmutation
 2. Tc and platinum-group metals (PGM)

P

O O

P
(CH2)nR1

R2

R1
R2

M

n = 1 or 2 R1 = Bu, Ph
R2 = Bu, Ph

FIGURe 3.6 Bidentate neutral organophosphorus compounds (BNOPCs): diphosphine 
dioxides.
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 3. Thermal fission products, Cs and Sr to reduce the costs of the underground 
repository

 4. Other fission products to be disposed of in a geological repository

As described in Figure 3.7, TRU separation is performed by implementing the 
DIDPA process on pretreated PUREX raffinates. A front-end denitration step by 
formic acid is thus required to reduce the nitric acid concentration of the feed 
down to 0.5 M to allow the TRU elements to be extracted by the cation exchanger 
 di-iso-decyl-phosphoric acid (DIDPA). This preliminary step, however, induces 
the precipitation of Mo and Zr (and thus the potential carrying of Pu), which 
requires filtration steps. The TRU and Ln(III) elements are coextracted by a sol-
vent composed of the dimerized DIDPA and TBP, dissolved at 0.5 and 0.1 M, 
respectively, in n-dodecane. The An(III) + Ln(III) fraction is back-extracted into a 
concentrated 4 M nitric acid solution, whereas Np and Pu are selectively stripped 
by oxalic acid.

Several validation tests of the four-group partitioning scheme (including the first 
cycle TRU + Ln(III) coextraction by the DIDPA process) were carried out at JAERI, 
from the early 1980s to 1998, on genuine highly active PUREX raffinates (134–136), 
but the research program seems to be over now:

PUREX raffinate

Pretreatment
(denitration) Precipitation

Ln + TPE

DTPA Oxalic acid

TRU
group

Tc-PGM
group

Sr-Cs
group

Other
groupEffluent

Column
adsorption

Precipitation by
denitrationFormic acid

Zeolite and
titanic acid

Raffinate

Rare earths

Formic acid

DIDPA
(First cycle)

DIDPA
(Second cycle):
selective TPE

back-extraction

FIGURe 3.7 Four-group partitioning process scheme involving the DIDPA process. 
(Courtesy of Kubota, M., Morita, Y., Yamaguchi, I., Yamagishi, I., Fujiwara, T., Watanabe, 
M., Mizoguchi, K., Tatsugae, R., NUCEF’98 Symposium Working Group, November 1998, 
Hitachinaka, Ibaraki, Japan.)
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In 1983, the DIDPA process was tested on 1.2 L of genuine HAW (200 Ci) •	
using mixer-settlers. This test gave satisfactory results for the recovery of 
Am and Cm from the feed.
A countercurrent semihot test was later implemented in 24 miniature cen-•	
trifugal contactors: eight stages for the extraction, four stages for the scrub-
bing, four stages for the An(III) + Ln(III) stripping with 4 M HNO3, and 
eight stages for the Np + Pu stripping with 0.8 M oxalic acid. As only 12 
stages could be set up in the hot cell, the flowsheet was run in two succes-
sive sequences. The feed originated from a stored concentrate of various 
reprocessed LWR fuels, centrifuged to remove the precipitate, and further 
diluted 11 times with HNO3 (instead of normal denitration method) to 
adjust its acidity down to 0.5 M. The solvent was a mixture of DIDPA (0.5 
M) and TBP (0.1 M) dissolved in n-dodecane (133). Due to the limited num-
ber of stages, the process conditions selected were not fully successful in 
achieving high recovery yields for the actinides: 98.4% of Cm(III), 97.9% of 
Am(III), 91.9% of Pu, but only 72.6% of Np were stripped. It was, however, 
assumed that the actinide extraction and back-extraction efficiencies could 
be raised by increasing the number of stages, the concentration of oxalic 
acid, and the temperature.
In 1998, the four-group partitioning process was tested on 2 L of a genuine •	
HAW (issued from the reprocessing of a 8-GWd/MT spent fuel), denitrated 
down to 0.5 HNO3 with formic acid and filtered to remove the colloids (sta-
bilized by the addition of Mo(H3PO4)) and precipitates. Two batteries of 16 
mixer-settlers Figure 3.8) were installed in the Nuclear Fuel Cycle Safety 
Engineering Research Facility (NUCEF). In seven stages of extraction 
and four stages of scrubbing, more than 99.99% of Am(III) and Cm(III) 
were extracted, and more than 99.98% of the latter two elements were 
 back-extracted in five stages with 4 M nitric acid. Np and Pu were extracted 
simultaneously, and more than 99.6% and 99.9% of Np and Pu, respectively, 
were back-extracted in 16 stages with 0.8 M oxalic acid.

As part of a process comparison campaign carried out at the ITU, a DIDPA flow-
sheet was implemented countercurrently in 24 miniature centrifugal contactors: 

Solvent
DiDPA and TBP
in n-dodecane

Raffinate

1 Extraction 7 Scrubbing 11 An + Ln strip 16

Loaded solvent
DiDPA and TBP
in n-dodecane

Strip solution
H2CO4

Spent solvent

1 Np + Pu strip 16

Np, Pu(Fe)
product

Strip solution
Conc. HNO3

ScrubFeed
HNO3 0.5 M

100 mL/h

FIGURe 3.8 The DIDPA process (first cycle) tested in NUCEF in 1998. (Courtesy of 
Morita, Y., Yamaguchi, I., Fujiwara, T., Koizumi, H., Kubota, M., NUCEF’98 Symposium 
Working Group, November 1998, Hitachinaka, Ibaraki, Japan.)
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eight stages were used for extraction, four stages for the scrub with 0.5 M HNO3 
and 1 M oxalic acid, four stages for stripping the An(III) + Ln(III) fraction with 
4 M HNO3, and eight stages for stripping the Np + Pu fraction with 0.8 M oxalic 
acid. It involved a mixture of DIDPA and TBP, respectively dissolved at 0.5 and 0.1 
M in n-dodecane, as the organic solvent, and a genuine PUREX raffinate (obtained 
by reprocessing commercial LWR spent fuels) denitrated with formic acid, as the 
aqueous feed (0.5 M HNO3). Feed DFs greater than 770 were obtained for the minor 
actinides. The overall recovery yields for Am(III) and Cm(III) were 97.9 and 98.4%, 
respectively (95, 96).

3.3.1.1.5 Malonamides
In the 1980s, French researchers from the Commissariat à l’Énergie Atomique 
(CEA) proposed the use of diamide extractants to separate minor actinides from 
PUREX raffinates and among the diamides those belonging to the malonamide 
sub-group, with the general formula RR′N(C == O)-CHR″-(C == O)NRR′, where R, 
R′, and R″  represent hydrogen or hydrocarbon substituents (137). These bidentate 
extractants are soluble in hydrogenated tetrapropene (HTP), the organic hydrocar-
bon diluent used in the PUREX process at the AREVA La Hague reprocessing plant. 
Furthermore, carboxylic degradation products of malonamides are less detrimental 
to the back-extraction of minor actinides in diluted nitric acid than the organophos-
phoric derivates of degraded BNOPCs.

3.3.1.1.5.1  DMDBTDMA: Former DIAMEX Reference Molecule Until 1999, 
N,N′-dimethyl-N,N′-dibutyltetradecylmalonamide (DMDBTDMA, Figure 3.9) was 
considered the best malonamide to develop the DIAMEX (DIAMide EXtraction) 
process, with regard to thermodynamics (i.e., ligand lipopholicity, affinity toward 
trivalent minor actinide nitrates, and third-phase occurrence) as well as kinetic 
issues (the kinetic extraction rates of Am(III) and Cm(III) were found to be close 
to that of Eu(III)). DMDBTDMA extracts trivalent metal nitrates from acidic solu-
tions mainly through a solvation mechanism, thus allowing their stripping in diluted 
nitric acid. The stoichiometry of the extracted complexes at saturation was shown to 
be M(III)(DMDBTDMA)2(NO3)3, but higher stoichiometries can be observed owing 
to the aggregation of the malonamide (138–141). Among the 4f series, the affin-
ity of the malonamide decreases as the atomic number of the trivalent lanthanide 
increases (142).
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FIGURe 3.9 Evolution of the diamide structure of the DIAMEX process.
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Three countercurrent hot tests were performed in mixer-settlers at the CEA 
Fontenay-aux-Roses in 1993, with six, two, and eight stages, respectively for the 
extraction, scrub, and strip sections. A high O/A flow rate was set to avoid third-
phase formation. Ketomalonic acid and hydrogen peroxide were introduced in the 
feed to prevent Zr and Mo, respectively, from being coextracted (143, 144). Although 
globally satisfactory (good alpha decontamination of the feed, good stripping from 
the loaded solvent, and prevention of Zr extraction), these preliminary hot tests nev-
ertheless identified the difficulties of separating Ru (which remained in the solvent) 
and Mo.

After the flowsheet was assessed on a surrogate feed (145), a countercurrent 
hot test was implemented in 16 miniature centrifugal extractors by teams from 
the ITU during the NEWPART collaborative project (17, 95, 96, 145, 146) under 
the Fourth EURATOM Framework Program. It involved DMDBTDMA (purified 
on Alumina-B before use) dissolved at 0.5 M in HTP and a genuine PUREX raf-
finate obtained by reprocessing a commercial LWR spent fuel (45.2 GWd/tM), fur-
ther adjusted at 3.5 M nitric acid. Feed DFs greater than 400 for Ln(III), 275 for 
Am(III), and 70 for Cm(III) were achieved with only six extraction stages (although 
the rather low DF values of the latter two elements might be due to the contamina-
tion background in the hot cell facility). Coextraction of Mo and Zr was efficiently 
prevented by adding 0.1 M oxalic acid into the feed and using four scrubbing stages 
with a solution consisting of 3.5 M HNO3 and 0.3 M oxalic acid. The back-ex-
traction of the trivalent elements also proved to be very efficient in 0.1 M HNO3, 
as solvent DFs greater than 2000 for Am(III) and equal to 425 for Cm(III) were 
obtained in only four stages (two complementary acid scrubbing stages were set up 
before the stripping section). The overall recovery yields for Am(III) and Cm(III) 
were 99.6% and 99.2%, respectively. However, palladium and ruthenium were also 
coextracted (> 99.9% for Pd and 5.7% for Ru) and stripped (98.5% for Pd and 5% 
for Ru) with the An(III) + Ln(III) fraction, thus requiring further investigations, 
especially to avoid Pd extraction.

3.3.1.1.5.2  DMDOHEMA: The New DIAMEX Reference Molecule Laboratory 
studies have been undertaken at the CEA Marcoule to optimize the structure of the 
malonamide from the standpoint of its affinity for trivalent elements, its loading 
capacity, and the ease of managing its degradation compounds. The new reference 
molecule, N,N′-dimethyl-N,N′-dioctylhexylethoxymalonamide (DMDOHEMA, 
Figure 3.9), exhibits an oxygen atom in its central chain, which enhances its extrac-
tive properties toward trivalent elements and shortens its degradation compounds 
formed by acidic hydrolysis and radiolysis (147). Hydrolytic and radiolytic degrada-
tion of DMDOHEMA has been qualitatively and quantitatively characterized (148, 
149). The degradation compounds with the most detrimental effect on the extraction 
efficiency of DMDOHEMA are first methyloctylamine, followed by the carboxylic 
acids and a monoamide. Regeneration of the spent DMDOHEMA solvent has been 
optimized using specific alkali washings (145, 150, 151).

The DMDOHEMA flowsheet was first adapted from that of DMDBTDMA 
thanks to the PAREX process simulator code, and inactive countercurrent tests have 
been performed in mixer-settlers. Nitric acidity was decreased from 3.5 to 3 M in the 
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extraction-scrubbing section to prevent Fe extraction, the O/A flow-rate was reduced 
to save solvent consumption, and the aqueous stripping flow rate was reduced to 
concentrate the back-extracted trivalent f elements. The inactive runs confirmed the 
choice of DMDOHEMA as the new reference DIAMEX extractant in that the hydro-
lytic behavior was correct, and the Ln(III) extraction performance was as good as 
observed with DMDBTDMA. The elimination of Zr was quantitative, and the elimi-
nation of Mo, Ru, and Fe was much better than with DMDBTDMA: 99.7% for Mo, 
79% for Ru, and 98.1% for Fe, in the case of DMDOHEMA, compared with 95%, 
50%, and 27%, respectively in the case of DMDBTDMA (152).

These promising results were confirmed by a countercurrent hot test carried out in 
16 miniature centrifugal extractors at the ITU, during the NEWPART collaborative 
project under the Fourth EURATOM Framework Program (96, 145). DMDOHEMA 
was dissolved at 0.65 M in HTP, and the feed was a genuine PUREX raffinate 
(obtained by reprocessing a commercial LWR spent fuel) adjusted at 3.7 M nitric 
acid. Oxalic acid (0.1 M) and N-(2-hydroxyethyl)ethylenediamine-N,N′,N′-triacetic 
acid (HEDTA, 0.01 M) were added to the feed to limit the extraction of Mo and Zr 
on the one hand, and Pd on the other hand. The flowsheet consisted of five extraction 
stages, five scrubbing stages (Mo-Zr and Pd were efficiently scrubbed by a solution 
of 0.2 M oxalic acid + 0.015 M HEDTA), two acid scrub stages (with 1 M HNO3), 
and four strip stages (with 0.1 M HNO3). The overall recovery yields for Am(III) and 
Cm(III) were better than in the case of the DMDBTDMA hot test, almost 100% and 
99.7%, respectively.

From 1999 to 2005, several countercurrent tests were carried out in laboratory 
scale mixer-settlers, centrifugal contactors, or rotating (“Couette-Taylor” effect) 
columns, in the G1 and ATALANTE facilities at the CEA Marcoule, using sur-
rogate (153), spiked, or highly active (3, 15, 147, 154) PUREX raffinates as the 
aqueous feeds, and the new reference molecule DMDOHEMA dissolved in HTP as 
the organic solvent. These tests, as well as long-term hydrolysis/radiolysis endur-
ance tests performed in the MARCEL facility, all aimed at assessing and validating 
the industrial feasibility of the DIAMEX process implementation. An example of 
a DIAMEX flowsheet tested in 2000 in miniature centrifugal extractors (ECLHA, 
developed at the CEA Marcoule) on a genuine highly active PUREX raffinate is 
shown in Figure 3.10. The hydrodynamic behavior of the solvent recycled six times 
was excellent during the 37-hour hot test, although it stemmed from a previous hot 
test carried out in 1999 and had been reused without any particular pretreatment. 
As shown in Figure 3.10, high An(III) and Ln(III) recovery yields and high DFs 
versus Mo, Zr, and Pd were obtained thanks to the use of oxalic acid (for Mo and 
Zr) and HEDTA for Pd in the feed and scrubbing solutions. In the 1999 hot test, for 
instance, approximately 60% of the Pd initially present in the feed had followed the 
An(III) + Ln(III) product.

Two DIAMEX/DMDOHEMA hot tests have also been successfully car-
ried out at the ITU, during the PARTNEW collaborative project under the Fifth 
EURATOM Framework Program (18). They involved either a genuine PUREX 
High Active Raffinate (HAR) or a High Active Concentrate (HAC), obtained after 
the concentration (by a factor of ~10) through denitration using formic acid, of a 
PUREX HAR produced by reprocessing a commercial MOX fuel (~30 GWd/tM). 

59696.indb   147 7/14/09   9:33:00 PM



148 Ion Exchange and Solvent Extraction: A Series of Advances

The DIAMEX HAR hot test was implemented in a 16-stage centrifugal-contactor 
setup without solvent recirculation: five stages for extraction, five stages for scrub-
bing, two stages for acid scrubbing of the organic phase, and four stages for back-
extraction (Figure 3.11).

The extraction profiles were modeled with the PAREX code (developed at the 
CEA) and the results compared with earlier data obtained with DMDBTDMA. The 
five extraction stages were sufficient to achieve feed decontamination factors above 
2200 and 320 for Am(III) and Cm(III), respectively. The extraction of Mo, Zr, and 
Pd was efficiently prevented using oxalic acid and HEDTA scrubbing, but not that 
of Tc, Y, and to some extent Ru. The back-extraction proved to be very efficient, 
yielding more than 99.9% recovery of Am(III) and Cm(III) in only four stages. 
The An(III) + Ln(III) fraction was collected in 0.5 M HNO3, ready for the next 
separation process (155). The DIAMEX HAC hot test was also implemented in a 
16-stage centrifugal contactor setup at the ITU, after validation of the process flow-
sheet on a spiked countercurrent test carried out on a surrogate concentrated feed 
at the ForschungsZentrum Jülich (FZJ, Germany) (156, 157). The flowsheet applied 
was very close to the one described in Figure 3.11, except that the nitric acidity of 
the feed was 4.1 M, the HEDTA concentration was decreased to 0.05 and 0.01 M, 
respectively in the feed and scrub solutions, and the nitric acidity of the stripping 
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FIGURe 3.11 DIAMEX HAR process flowsheet tested at the ITU with DMDOHEMA. 
(Courtesy of Serrano-Purroy, D., Baron, P., Christiansen, B., Malmbeck, R., Sorel, C., Glatz, 
J.P. 2005. Radiochimica Acta, 93, 351–355, 2005.)
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FIGURe 3.10 DIAMEX process flowsheet tested at the CEA Marcoule in 2000 with 
DMDOHEMA. (Courtesy of Madic, C., Lecomte, M., Baron, P., Boullis, B., Compte-Rendu 
de Physique, 3, 797–811, 2002.)
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solution was increased to 0.3 M. As for the DIAMEX HAR hot test, the back-
extraction of Am(III) and Cm(III) also proved to be very efficient, with more than 
99.7 and 99.9%, respectively, recovered in only four stages. DFs were higher than 
5000 for the most abundant Ln(III), higher than 20,000 for Am(III), and higher than 
10,000 for Cm(III), thus confirming the efficiency of DMDOHEMA for extracting 
trivalent lanthanides and minor actinides. The addition of oxalic acid and HEDTA 
effectively prevented coextraction of Mo, Zr, and Pd. Most fission products were 
not extracted, the exception being Tc (DF = 217), Y (DF = 85), and Ru (DF = 1.1) 
(158, 159).

Also during the PARTNEW collaborative project, miniature Hollow Fiber 
Modules (HFM) from Celgard Liqui-Cel 2.5 × 8 Extra-Flow type, consisting of 
bunches of 100 to 1000 Celgard X30-240 hollow fibers (0.24 mm inside diame-
ter, 0.30 mm outside diameter, 0.02 μm average pore size, 40% porosity) potted 
in 15−30 cm long glass tubes, were used as phase contactors at the Institut für 
Nukleare Entsorgung (INE, Karlsruhe, Germany) to carry out several counter-
current DIAMEX/DMDOHEMA tests on inactive and spiked surrogate PUREX 
raffinates.

As organic and aqueous phases are macroscopically separated by the membrane, 
HFM offer several hydrodynamic advantages over other contactors, such as the 
absence of flooding and entrainment, or the reduction of feed consumption (160, 
161). The flowsheets tested in HFM were similar to those developed for centrifugal 
contactor tests. Computer codes based on equilibrium (162) and kinetics data, diffu-
sion coefficients (in both phases and in the membrane pores), and a hydrodynamic 
description of the module, were established to calculate transient and steady-state 
effluent concentrations. It was demonstrated that, by selecting appropriate flow rates 
(as mass transfer is mainly controlled by diffusion), very high DFs (DFAm = 20,000 
and DFCm = 830) could be achieved. Am(III) and Cm(III) back-extraction efficiency 
was up to 99.87%.

3.3.1.1.6 Diglycolamides
3.3.1.1.6.1  TODGA Process Because of the difficulties encountered when imple-
menting the DIDPA process (especially during the feed denitration/filtration steps), 
researchers from the former Japan Atomic Energy Research Institute (JAERI, today 
JAEA) have revised their approach to minor-actinide partitioning from the stand-
point of ecology, proliferation-resistance, waste minimization, safety, and economy. 
A new partitioning concept named Amide-based Radio-resources Treatment with 
Interim Storage of Transuranics (ARTIST) was thus proposed in the early 2000s for 
the treatment of spent fuels (163). ARTIST comprises two main steps:

 1. The exclusive isolation of uranium at the front-end by an amide extractant 
(BAMA process using a Branched Alkyl MonoAmide)

 2. The overall recovery of TRU and lanthanides

However, several optional processes are also envisaged to address GEN IV con-
cerns: (i) selective recovery of Pu to produce MOX fuels, (ii) separation of TRU from 
lanthanides to prepare targets for the transmutation of TRU in  Accelerator-driven 
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systems (ADS), and (iii) isolation of Cs and Sr to reduce the underground  
disposal cost.

As substitutes for DIDPA extractant, many amides and diamides have been syn-
thesized and tested for TRU partitioning. It was found that the modification of biden-
tate malonamides into tridentate diglycolic amides (DGA) resulted in more efficient 
extractants than DMDOHEMA toward all actinides (An(III–VI)), and sometimes 
even better than CMPO. The nature of the N-substituents (alkyl chain length or 
branching) of the DGA compounds is of importance for metal ion extraction. For 
instance, the DU(VI) value decreases as the alkyl chain length increases through the 
series C3H7 > C4H9 > C6H13 > C8H17 (164, 165). Among the different DGA com-
pounds investigated, bearing various alkyl chain lengths on their amide moieties, 
N,N,N′,N′-tetraoctyl-3-oxapentanediamide (TODGA, Figure 3.12) appeared to be 
the best extractant of actinides and lanthanides (166–171). Actinide extractability 
decreases in the following order An(IV) ≥ An(III) > An(VI) > An(V), whereas that 
of the fission products is relatively small, except for Zr(IV), Sr(II), and of course 
Ln(III). Contrary to the behavior observed with the malonamides, the extraction of 
Ln(III) increases with the atomic number in the case of TODGA.

The polarity of the organic diluent plays an important role in extraction. The 
DM(III) values decrease in the order n-octanol~n-dodecane > dichloroethane > toluene  
> chloroform, probably because the oxygen-donor atoms of the DGA compound inter-
act with the aromatic and halogenated organic diluents (169, 172). In polar diluents 
such as n-octanol, M(TODGA)2(NO3)3 complexes are extracted, whereas metal com-
plexes require three or more TODGA molecules to remain stable in nonpolar organic 
diluents such as toluene or n-dodecane, where HNO3 molecules are assumed to take 
part in the complex extraction reaction. When a nonpolar diluent such as n-dodecane 
is used, TODGA solvent is prone to form a third phase with relatively low organic 
concentrations of metal nitrates. For instance, the Nd(III) loading  capacity of a solu-
tion of 0.1 M TODGA in n-dodecane is 0.008 M at [HNO3] = 3 M. This disadvantage 
in the case of industrial application can be overcome by adding a phase modifier to the 
organic solvent. For instance, if the concentration of N,N-dihexyl-octanamide (added 
to TODGA) exceeds 0.5 M in n-dodecane, no third phase is observed, but the DNd 
value is decreased, while that of DHNO3 is increased compared with neat TODGA/n-
dodecane (173, 174). TBP (0.5 M) also significantly increases the Nd(III) loading 
capacity of TODGA (from 11 to 20 mM, for [HNO3] = 3 M and [TODGA] = 0.1 M 
in HTP). However, the presence of TBP enhances the extraction of both oxalic acid 
(introduced in the feed to prevent Zr extraction) and nitric acid, which can generate 
precipitation problems while stripping the Ln(III) from the loaded solvent.

O
N

O

N

O

Oc

Oc Oc

Oc

FIGURe 3.12 Tridentate N,N,N′,N′-tetraoctyl-3-oxapentanediamide: TODGA.
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The studies of metal ion/TODGA complexes in organic diluents present unusual 
features, which are difficult to interpret by traditional coordination chemistry: (i) the 
form of the extracted An:TODGA complexes appears to change as nitric acid concen-
tration increases in the aqueous phase; (ii) significant amounts of nitric acid are coex-
tracted into the organic phase; and (iii) measurements based on simple equilibrium 
thermodynamics suggest the participation of four TODGA molecules in the extracted 
An(III) nitrates, which is more than can reasonably be accommodated in the inner 
coordination sphere of these cations (175). An explanation of these peculiarities was 
given by small-angle neutron scattering (SANS) investigations combined with vapor-
pressure osmometry and tensiometry measurements of solutions of 0.1 M TODGA in 
alkane diluents, equilibrated with aqueous solutions of nitric or hydrochloric acids in 
the presence and absence of Nd(III). In metal-free nitric acid media, partial formation 
of TODGA dimers was observed at low acidities, whereas for nitric acid concentra-
tions exceeding 0.7 M, polydisperse mixtures of TODGA monomers, dimers, and 
small reverse micelles (tetramers) were revealed by SANS experiments. No micelliza-
tion was observed in metal-free hydrochloric acid, but the tetrameric reverse micelles 
of TODGA appeared as soon as Nd(NO3)3 or NdCl3 were extracted into n-octane. The 
size and morphology of the micelles changed little in the presence of Nd(III), but the 
Baxter model applied to the SANS spectra revealed significant interparticle attrac-
tions between the polar cores of the micelles that increased by raising the concentra-
tions of nitric acid and Nd(III) in the organic phase. This could explain the unusual 
extractive behavior of TODGA toward An(III) and Ln(III) in alkanes (176).

Work has been pursued in Europe in recent years, especially during the col-
laborative projects PARTNEW (18) and EUROPART (23) under the Fifth and 
Sixth EURATOM Framework Programs, to develop a viable TODGA process for 
An(III) + Ln(III) recovery from PUREX raffinates. During the PARTNEW project, 
two consecutive tracer tests have been carried out in miniature centrifugal contac-
tors at the FZJ. In both tests, the feed was a surrogate PUREX raffinate spiked with 
152Eu(III), 241Am(III), and 244Cm(III), and the solvent consisted of TODGA dissolved 
at 0.2 M in HTP:

The first countercurrent test was implemented in 12 stages: four extraction •	
stages, four scrubbing stages (with 1 M HNO3, 0.1 M oxalic acid, and 0.05 
M HEDTA), and four stripping stages in 0.01 M HNO3. 99.95% Am(III) 
and > 99.8% La-Gd(III) were recovered from the surrogate feed. However, 
the An(III) + Ln(III) product solution also contained some contaminants: 
9% Sr and 4% Mo.
The second flowsheet was therefore implemented in 24 stages (Figure 3.13) •	
(177). This time, the An(III) + Ln(III) product solution contained only 
0.66% Sr and 1.31% Mo. However, the large amounts of oxalic acid (up to 
0.4 M) introduced in the feed and scrubbing solutions to avoid Zr extraction 
led to partial precipitation of An(III) and Ln(III) oxalates in the low acidity 
conditions of the stripping section.

Therefore, extensive batch extraction studies have been carried out during the 
EUROPART project to optimize the system formulation. A mixture composed of 
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TODGA (0.2 M) and TBP (0.5 M), added as a phase modifier to increase the loading 
capacity of TODGA in HTP, was finally proposed to design flowsheets for the coex-
traction of An(III) and Ln(III) from PUREX raffinates. As for the French DIAMEX 
process, the extraction of Mo, Zr, and Pd was avoided by the addition of oxalic acid 
and HEDTA in the feed and scrub solutions, but the oxalic acid concentration was 
reduced to less than 0.3 M to prevent oxalates of An(III) and Ln(III) from precipi-
tating in the stripping step (because of the transfer of oxalic acid by TBP from the 
extraction bank to the stripping bank) (178). Countercurrent spiked and hot tests 
were carried out in 2006 in centrifugal contactors at the FZJ and the ITU, respec-
tively, and confirmed the potentiality of the TODGA/TBP/HTP solvent to coextract 
An(III) and Ln(III) from PUREX raffinates:

In the spiked tests performed at the FZJ (•	 179, 180), the feed solution simulated 
a PUREX raffinate spiked with 241Am(III), 244Cm(III), 252Cf(III), 152Eu(III), 
and 137Cs(I). More than 99.9% of the trivalent lanthanides and actinides were 
extracted and back-extracted. Very high DFs versus most of the fission prod-
ucts (except ruthenium, 10% of which was coextracted and only 3% back-
extracted) were obtained by implementing the flowsheet described in Figure 
3.14 in two successive steps (first-day extraction and scrubbing steps over 6 
hours, and second-day stripping step over 2.5 hours) using 16 centrifugal 
contactors designed at Tsinghua University (Beijing, China) and installed in 
radiochemical hoods at the FZJ.
Thanks to these promising results, two hot tests were further carried out in •	
the hot cells of the ITU (181, 182) on a genuine highly active PUREX raffi-
nate obtained by reprocessing ~500 g of a UO2 commercial reactor spent fuel 
(60 GWd/t). Oxalic acid and HEDTA were added to the PUREX high- activity 
raffinates, and its acidity was adjusted to ~4.4 M. The flowsheet tested was 
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FIGURe 3.13 TODGA process flowsheet tested at the FZJ on a surrogate PUREX  raffinate. 
(Modolo, G., Vijgen, H., Schreinemachers, C., Baron, P., Dinh, B., Global 2003, Atoms for 
Prosperity: Updating Eisenhower’s Global Vision for Nuclear Energy, November 2003, New 
Orleans, LA.)
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similar to that described in Figure 3.14, except that the stripping bank con-
sisted of 16 stages. The flowsheet was therefore implemented in two succes-
sive steps, because only 16 miniature laboratory centrifuges (of the BXP012 
type manufactured by Rousselet-Robatel Inc., France) were available in the 
hot cells. The extraction and scrubbing were run during one day and the 
organic phase (TODGA and TBP, respectively dissolved at 0.2 and 0.5 M in 
HTP), which was collected after equilibrium was reached, was stripped the 
day after. Both actinides ([Np + Am + Cm]~190 mg/L) and lanthanides (~1.7 
g/L) were extremely efficiently extracted and back-extracted ( > 99.9%), with 
DFs exceeding 1000 for the Ln(III) (being maximum for Pr and Nd and com-
parable with earlier DIAMEX experiments) and reaching 40,000 for Am(III) 
and Cm(III). Y was also strongly extracted: it followed the lanthanides and 
the actinides, ending up in the product fraction. Sr, Zr, and Mo were coex-
tracted to some extent, but efficiently scrubbed. Pd was efficiently held in the 
aqueous stream thanks to HEDTA complexation in the scrub sections. Of the 
extracted Ru, around 1% ended up in the An(III) + Ln(III) product fraction, 
while 17% remained in the spent solvent and should be further removed by a 
specific solvent treatment before recycling.

The hydrolytic and radiolytic stabilities of TODGA/HTP and TODGA/TBP/HTP 
solvents have been studied both by the FZJ and JAEA research teams:

At the FZJ, it was shown that the TODGA solvent was very stable over a •	
period of 60 days of contact with 3 M nitric acid. It also easily sustained 
an absorbed dose of 600 kGy (dose rate of 1.9 kGy/h). However, for higher 
doses (up to 1 MGy), a slight decrease of DM(III) values was observed for 
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FIGURe 3.14 TODGA/TBP process flowsheet tested at the FZJ on a surrogate PUREX raf-
finate. (Courtesy of Modolo, G., Asp, H., Vijgen, H., Malmbeck, R., Magnusson, D., Sorel, C., 
Global 2007: Advanced Nuclear Fuel Cycles and Systems, September 2007, Boise, ID.)
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Am(III) but not for Eu(III). Obviously, TODGA degradation was higher in 
the presence of 3 M nitric acid (183).
At JAEA, it was demonstrated that the concentration of TODGA (pre-equil-•	
ibrated with 3.0 M HNO3) in n-dodecane decreased exponentially with the 
integrated dose (for a dose rate of 4.8 kGy/h), although the extractabilities 
of the actinide ions were maintained at high acidity even after 422 kGy.  
On the other hand, at low acidity, the values of DM(III) were increased by 
irradiation. These results are assumed to be due to the radiolytic degra-
dation product, N,N-dioctyl-3-oxapentan-1,5-amic acid, which plays an 
appreciable extracting role as a proton exchanger at low acidity and as a 
synergist on the extraction at high acidity (184). Nevertheless, the radiolytic 
stability of TODGA could be largely improved by the addition of suitable 
compounds, such as N,N-dioctylhexanamide (DOHA), in the TODGA/n-
dodecane solution (185). Moreover, the use of an organic diluent with an 
ionization potential lower than that of TODGA (e.g., n-octanol, benzene, 
di-iso-propylbenzene, nitrobenzene, benzylalcohol) also protects TODGA 
extractant. Furthermore, it was confirmed that aromatic substitution of 
DGA compounds promoted their radiolytic resistance compared with alkyl 
substitution.

3.3.1.1.6.2  TODGA Derivatives Three tetraalkyl-3-oxa-pentanediamides  studied 
in China, namely N,N,N′,N′-tetrabutyl-3-oxa-pentanediamide (TBOPDA), N,N,N′,N′-
tetrahexyl-3-oxa-pentanediamide (THOPDA), and N,N,N′,N′-tetra(2-ethylhexyl)-3-
oxa-pentanediamide (TEHOPDA), have shown strong extraction properties toward 
tri/tetravalent actinides and medium extraction affinities toward Tc(VII), Mo(VI), 
U(VI), Np(V), Fe(III), Cr(III), Ba(II), Ni(II), Ru(II), and Sr(II) (186). Although 
the increase in the substituted alkyl length lowered the extraction of the actinides, 
TEHOPDA was chosen as the best extractant among the three investigated diglycola-
mides to perform a cascade extraction experiment, because the stripping of the acti-
nides was easier from the loaded solvent. Besides, it was reported in the literature that 
branching of the alkyl chain attached to the acyl N atoms of the diglycolamides sup-
presses the extraction of strontium from acidic solutions (187). The solvent therefore 
consisted of TEHOPDA dissolved at 0.25 M in a mixture of kerosene and n- octanol 
(70/30 vol%). 99.99% of U (initially 225 g/L in the feed) and 99.999% of Am, Pu, 
and Np (traces) were extracted from a spiked surrogate spent-fuel dissolution solution 
in four steps.

At the Indian Bhabha Atomic Research Center, engineering-scale inactive coun-
tercurrent tests (similar to those previously described for the TRUEX process) have 
also been performed on TEHOPDA, hereafter referred to as TEHDGA (N,N,N′,N′-
tetra(2-ethylhexyl)diglycolamide) (104, 188). The objective was to validate the 
extraction of La(III) and Ce(III), used to mimic An(III) and Ln(III) coseparation 
from a surrogate feed ([HNO3] = 4 M) simulating a PUREX raffinate, obtained from 
reprocessing a long-cooled pressurized heavy-water reactor spent fuel. The solvent 
consisted of TEHDGA dissolved at 0.2 M in a 30% isodecyl alcohol/n- dodecane 
mixture. Isodecyl alcohol was preferred to N,N-dihexyl-octanamide or TBP, as 
phase modifier, because of its lower affinity for nitric acid and hence its better 
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influence on third-phase formation with synthetic high level waste. The concentra-
tion of TEHDGA was optimized and set at 0.2 M to avoid the coextraction of other 
fission products, such as Mo and Sr. La(III) and Ce(III) were quantitatively stripped 
in dilute nitric acid (0.01 M). As in the TRUEX test, no third-phase formation was 
encountered, either in the five extraction stages or in the five stripping ones, and the 
final streams showed negligible amounts of entrained phases. The overall mass bal-
ances were satisfactory.

3.3.1.2 second step: An(III)/Ln(III) separation
All partitioning processes described in today’s literature that claim to separate the 
minor An(III) from the fission products by selective extraction of the An(III) actu-
ally perform the An(III)/Ln(III) partition from a feed arising from a front-end par-
titioning step, which has already separated the An(III) + Ln(III) fraction from a 
PUREX raffinate. There are, however, other processes that perform the An(III)/
Ln(III) partition by using a selective hydrophilic complexant, introduced either in 
the feed to selectively complex the An(III) and prevent their extraction, or in the 
stripping solution to selectively back-extract the An(III) from the loaded solvent. 
The development and achievements of these two families of processes (“selective 
extraction of An(III)” and “selective complexation of An(III)”) will be described 
hereafter.

3.3.1.2.1 Selective Extraction of An(III)
3.3.1.2.1.1  Nitrogen Donor Extractants Synergistic mixtures: “N donor ligand +  
lipophilic acid.” Since the 1980s, synergistic mixtures composed of a tridentate 
polyazine and a carboxylic acid have been studied (189). The tridentate polyazine 
usually provides the selectivity toward the An(III), while the carboxylic acid helps the 
extraction into the organic phase of the complexes formed between the An(III) and the 
tridentate polyazine ligand. Potentialities of 2,2′:6′,2″-terpyridine (terpy), 2,4,6-tri-2-
pyridyl-1,3,5-triazine (TPTZ) (142, 189–193), 2-amino-4,6-di-(pyridine-2-yl)-1,3,5-
triazine (ADPTZ) (46), 6-(5,6-dialkyl-1,2,4-triazin-3-yl)-2,2′-bipyridines (71), 2,6-bis 
(4,6-di-pivaloylamino-1,3,5- triazin-2-yl)-pyridines (43), 2,6-bis-(benzimidazolyl)-4-
 pyridines (198), 2,6-dioxadiazolypyridines (199), or 2,6-bis-(benzoxazolyl)-4- pyridine 
derivatives (194) (Figure 3.15) have been assessed with α-bromocapric acid, and dif-
ferences in extraction behavior have been explained by the basicity of the nitrogen-
donor ligand.

Thermodynamic data determined by UV-visible spectroscopy and microcalori-
metric titrations have highlighted a stability increase in the case of the Am(III)-
ADPTZ complex compared with those of trivalent lanthanides (46). This difference 
is assumed to arise from a greater degree of covalence in the americium-nitrogen 
bond, in that complex formation is more exothermic for the Am(III)-ADPTZ com-
plex. Quantum chemistry calculations (DFT) support this experimental result, show-
ing a slightly greater covalence in the actinide-ligand bond that originates from a 
charge transfer from the ligand σ orbitals to the 5f and 6d orbitals of the actinide 
ion. 1H NMR competition experiments showed that the tridentate terpy ligand has 
a higher affinity for U(III) in anhydrous pyridine than for Ce(III) or Nd(III) in the 
presence of iodide ions (195). The X-ray crystal structures of the solvates revealed 

59696.indb   155 7/14/09   9:33:05 PM



156 Ion Exchange and Solvent Extraction: A Series of Advances

that the U-N(central pyridine) distances were shorter than the U-N(distal pyridines) 
distances, whereas the reverse order was found in lanthanide compounds. These 
differences could reflect the presence of a π back-bonding interaction between the 
uranium atom and the terpy ligand.

First results dealing with trivalent actinide/lanthanide group separation in lab-
oratory-scale mixer-settlers, using a synergistic mixture, were reported in 1986 
(196). The system combined TPTZ, directly dissolved at 0.003 M in the acidic feed 
([HNO3] = 0.125 M, spiked with 241Am, 152Eu, and 141Ce), and dinonylnaphthalene 
sulfonic acid (HDNNS, dissolved at 0.05 M in carbon tetrachloride, used as the 
organic diluent to minimize phase-disengagement difficulties). Sixteen stages were 
employed for the extraction-scrubbing section and three stages for Am(III) stripping. 
Group separation of tracers was satisfactory: 99.9% of Am(III) was recovered, with 
only 2% of the initial Ln(III) content. However, for macroconcentrations, 5% of the 
Ln(III) were still present in the Am(III)-loaded organic phase (containing 99.5% of 
the initial Am(III)). This incomplete separation was attributed to temperature fluc-
tuations in the mixer-settlers. Attempts to substitute hexachlorinated cobalt dicar-
bollide for HDNNS in the synergistic mixture with TPTZ failed because of the too 
strong extraction power of the hydrophobic anion, which attenuated the selectivity of 
TPTZ toward An(III) (197).

More recently, a countercurrent spiked test was run at the CEA Marcoule with 
a synergistic mixture composed of the tridentate nitrogen ligand 2-(3,5,5-trimeth-
ylhexanoyl-amino)-4,6-di(pyridin-2-yl)-1,3,5-triazine (TMHADPTZ, Figure 3.16) 
and octanoic acid. The surrogate An(III) + Ln(III) feed, containing 0.58 mM of 
Am(III), 1.6 μM of Cm(III), and 18 mM of various Ln(III), was buffered with a 
glycolic acid/sodium glycolate mixture to allow high DAn(III) values and tune the pH 
variations (because DAn(III) values vary with the third power of the pH). Although 
the observed Am(III)/Eu(III) separation factor was only 10 in batch tests with this 
synergistic mixture, a process flowsheet was elaborated for the separation of An(III) 
from Ln(III). This process flowsheet was tested in laboratory-scale mixer-settlers 
in 2000 (3, 147). The main results of this spiked test are indicated in Figure 3.17. 
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Although promising, this system has not been further developed because of its sen-
sitivity to pH variations and the need to buffer the feed (either via a front-end step 
where the feed acidity is reduced through denitration, or via the introduction of large 
amounts of carboxylic acid in the scrubbing solution).

Bis-Triazinyl-Pyridines. Among the various tridentate polyazine compounds 
investigated for the past two decades, the only family of ligands that appear to 
extract trivalent actinides selectively over trivalent lanthanides from acidic media 
([HNO3] > 1 M) are the 2,6-bis-(5,6-dialkyl-1,2,4-triazin-3-yl)-pyridines (known 
as BTPs, Figure 3.18), discovered by German researchers (200) from the INE, 
during the NEWPART European collaborative project of the 4th EURATOM 
Framework Program (145). These soft N-donor ligands, which show unexpectedly 
high separation factors between An(III) and Ln(III) (SFAn/Ln > 100), extract triva-
lent metallic cations through a solvation mechanism leading to the formation of 
M:L3 complexes in which three tridentate BTP ligands bind to the trivalent metal-
lic cation, which ends up almost completely dehydrated in its inner coordination-
shell (70, 156).

The BTP ligands immediately drew the curiosity of the European scientific com-
munity in its quest for potential candidates for the development of minor-actinide 
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FIGURe 3.16 2-(3,5,5-Trimethylhexanoyl-amino)-4,6-di(pyridin-2-yl)-1,3,5-triazine (TMH 
ADPTZ).
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FIGURe 3.17 Synergistic system process flowsheet tested at the CEA Marcoule on a sur-
rogate An(III) + Ln(III) product. (Courtesy of Madic, C., Lecomte, M., Baron, P., Boullis, B., 
Compte-Rendu de Physique, 3, 797–811, 2002.)
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partitioning processes. A first BTP system, consisting of 2,6-bis(5,6-di-n-propyl-
 1,2,4-triazin-3-yl)-pyridine (nPr-BTP) dissolved at 0.04 M in a mixture of HTP and 
n-octanol (70/30 vol%), was optimized from the standpoint of An(III) loading capac-
ity and extraction/back-extraction kinetics (201, 202). It was applied to the partition-
ing of An(III) from Ln(III) both in miniature HFMs at the FZK-INE (Karlsruhe, 
Germany) (203) and in laboratory-scale mixer-settlers at the CEA Marcoule (204). 
In the 10.5-hour countercurrent alpha test performed at the CEA Marcoule in 1998, 
five stages of extraction, three stages of Ln(III) scrubbing, and four stages of An(III) 
stripping were implemented (6 mL mixing chamber and 17 mL settling chamber). 
Four complementary stages of An(III)-product scrubbing by introducing fresh nPr-
BTP solvent in the first stages of the An(III) stripping section, were implemented to 
maintain extractable palladium in the organic phase and therefore purify the An(III) 
product, as shown in Figure 3.19. The feed was a surrogate DIAMEX product 
(An(III) + Ln(III) fraction) containing all Ln(III) and Am(III) in nominal amounts 
([Am(III)] = 126 mg/L) in [HNO3] = 1 M (152Eu(III) and 244Cm(III) being at trace 
levels). Am(III) and Cm(III) were quantitatively extracted from the feed ( > 99.85%). 
However, only 98.3% of Am(III) and 93.9% of Cm(III) were recovered in the prod-
uct solution. DFs of Am(III) and Cm(III) versus Ln(III) were high but not satisfying. 
The mass ratio of the REEs in the actinides(III) output was about 7%, even if the 
concentration of Y(III) in the synthetic feed was mistakenly six times higher than 
that of an actual DIAMEX product solution. Less than 1% of Ru(III) but 70% of 
Fe(III) were coextracted with the An(III) in the solvent. Less than 1% of Pd(II) fol-
lowed the An(III) product, although 20−25% mass-balance deviations were noted 
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for both iron and palladium. Corrosion of the steel mixer blades accounted for the 
unexpected amounts of iron found in the different streams.

Despite the failure of this alpha test to meet the target specification of less than 5 
wt% of Ln(III) in the An(III) product, countercurrent hot tests were scheduled within 
the NEWPART collaborative project on genuine highly active DIAMEX product 
solutions, first at the ITU and then at the CEA Marcoule. The results of the ITU hot 
test, carried out in centrifugal contactors (205) were rather encouraging, although 
the overall performance in terms of An(III) recovery yields was lower than 99.9%, 
in particular for Cm(III), 2.5% of which remained in the solvent, with another 2.5% 
left in the raffinate. The number of stripping stages was therefore increased in the 
flowsheet implemented in mixer-settlers in the hot cells of the ATALANTE facility 
at the CEA Marcoule. The observed DFs were very satisfactory (1400 < DFAn(III)/

Ln(III) < 450,000), actually higher than expected by calculations, but the extraction 
and back-extraction yields of trivalent actinide elements were much lower than pre-
dicted by flowsheet modeling (2.5% of Am(III) and Cm(III) were left in the raffinate 
and 1.4% of Cm(III) in the spent solvent). Partial degradation of the nPr-BTP ligand 
accounted for the unexpectedly bad results observed during the hot test. A 20% loss 
of nPr-BTP was estimated by calculation (147).

Complementary laboratory experimental investigations of nPr-BTP hydrolytic sta-
bility revealed that DAm values decreased by 80% after two days of contact of the 
nPr-BTP solvent with a 1 M nitric acid solution, but by 50% after only two hours, due 
to the artificial addition of nitrous acid (potentially formed by the alpha radiolysis of 
nitric acid during a hot test) at 0.02 M to the 1 M nitric acid solution (206, 207).

Thanks to gas chromatography and atmospheric-pressure chemical-ionization 
mass-spectrometry analyses, a mechanism of nPr-BTP degradation has been pro-
posed. The first step is assumed to be the attack at one CH2 group on the α position 
of the triazine rings to form a nitro compound observed by 15N NMR. In the second 
step, the compound is degraded into an alcohol (which is the main degradation prod-
uct observed in the absence of acidic aqueous phase) or into a ketone (which is the 
main degradation product observed after the hydrolysis of nPr-BTP by molar nitric 
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FIGURe 3.19 nPr-BTP process flowsheet tested at the CEA Marcoule on a surrogate 
An(III) + Ln(III) product. (Courtesy of Hill, C., Hérès, X., Calor, J.N., Guillaneux, D., 
Mauborgne, B., Rat, B., Rivalier, P., Baron, P. 1999. Trivalent actinides/lanthanides separation 
using bis-triazinyl-pyridines. Global 1999: Nuclear Technology – Bridging the Millennia, 
August–September, Jackson Hole, WY.)
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acid). A second CH2 group can also be attacked, resulting in the formation of doubly 
functionalized compounds (dialcohols and diketones). The alcohol compounds can 
also lose one propyl chain. Side and minor reactions result in breaking triazinyl rings 
leading to cyano compounds (208).

It was further demonstrated that BTP ligands bearing branched alkyl groups on 
the α position of their triazine rings were more stable to hydrolysis than BTP ligands 
bearing linear alkyl groups. This is the reason why 2,6-bis-(5,6-di-iso-propyl-1,2,4-
triazin-3-yl)-pyridine (iPr-BTP) was chosen to develop a new process flowsheet for 
An(III)/Ln(III) partitioning (209). However, due to the low solubility of iPr-BTP 
and its An(III) complexes in HTP/n-octanol mixtures and because of the peculiar 
kinetic behavior of iPr-BTP compared with nPr-BTP when extracting traces or 
macro amounts of An(III), iPr-BTP had to be dissolved in pure n-octanol. Moreover, 
DMDOHEMA (or another surface-active reagent) had to be added as a phase-
transfer catalyst to accelerate An(III) extraction. The optimized formulation of the 
iPr-BTP system was as follows: [iPr-BTP] = 0.01 M and [DMDOHEMA] = 0.5 M in 
n-octanol. In addition, glycolic acid (0.3 M, neutralized to pH 4 by NaOH) had to be 
used as the stripping agent to facilitate An(III) back-extraction.

An inactive countercurrent test was first carried out in the G1 facility at the CEA 
Marcoule in a battery of eight centrifugal contactors using a synthetic nitric acid 
solution containing Nd(III) and Eu(III) at 2 g/L and 100 mg/L, respectively, to assess 
the hydrodynamic behavior of the system, which appeared to be satisfactory (206).

The flowsheet described in Figure 3.20 was then implemented twice in small-
scale centrifugal contactors in June 2001 in the ATALANTE hot cells (3):

 1. First, as a “once-through” process, which lasted 8 hours and gave far better 
yields for the An(III) recovery than the hot test performed in 1999 with nPr-
BTP. More than 99.9% of Am(III) and more than 99.8% of Cm(III) were 
recovered from the genuine feed. An(III) losses in the raffinate solution and 
in the spent solvent, reached respectively 180 and 13 μg/L for Am(III) and 
23 and 1 μg/L for Cm(III). A mean DF of 150 was estimated for An(III) 
versus Ln(III), but higher values were calculated for lighter Ln(III), which 
were also the major components initially present in the feed. Hence, the 
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FIGURe 3.20 iPr-BTP process flowsheet tested at the CEA Marcoule on a genuine 
DIAMEX An(III) + Ln(III) product. (Courtesy of Madic, C., Lecomte, M., Baron, P., Boullis, 
B. 2002. Compte-Rendu de Physique, 3, 797–811, 2002.)
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amounts of Ln(III) in the An(III) product solution were lower than 2.5 
wt%.

 2. Second, as a “solvent recycle” process, which ran for 54 hours without 
solvent clean-up to treat 3.85 L of a DIAMEX An(III) + Ln(III) product. 
This second hot test, which generated 6.5 L of Am(III) + Cm(III) product, 
revealed partial degradation of iPr-BTP, probably because of alpha/gamma 
radiolysis reflected by a 40% decrease in the solvent-extraction performance 
observed after two cycles (207).

Attempts to improve the chemical stability of BTP ligands by fully substituting 
the carbon atoms on the α position of the triazine rings led the organic chemists of 
the University of Reading to design and synthesize Bis-Annulated-Triazine-Pyridines 
(BATP, Figure 3.18), such as 2,6-bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydrobenzo[1,2,4]
triazin-3-yl) pyridine (CyMe4-BTP) or 2,6-bis(9,9,10,10-tetramethyl-9,10-dihydro-
 1,2,4-triaza-anthracen-3-yl) pyridine (BzCyMe4-BTP), in which the labile α-benzylic 
hydrogens have been replaced by methyl groups (210). The hydrolytic stability of 
CyMe4-BTP is as good as that of iPr-BTP. It was demonstrated that the nature of the 
organic diluent (aliphatic, aromatic, nitro-aromatic) also influences the stability of the 
BTP ligands, especially those presenting radical-scavenging properties (211, 212).

The distribution ratio of Am(III) is much higher for CyMe4-BTP than for iPr-BTP 
when mixed with DMDOHEMA in n-octanol, and the observed An(III)/Ln(III) 
selectivity is outstanding for an N-soft-donor ligand: SFAm/Eu > 1500 at equilibrium 
(207). Nevertheless, stripping becomes problematic, and further investigations and 
optimizations are still required before this system can be applied to countercurrent 
test implementation.

Bis-Triazinyl-BiPyridines. A new class of tetradentate N-donor polyazine ligands 
was designed at the University of Reading during the European collaborative proj-
ect EUROPART of the EURATOM 6th Framework Program: the Bis-Triazinyl-
BiPyridines (BTBPs) (207), consisting of two 5,6-dialkyl-[1,2,4]-triazinyl groups 
linked by a central dipyridyl moiety (Figure 3.18). The motivation for turning triden-
date BTPs into tetradentate BTBPs was multiple:

Increase the solubility of the nitrogen-donor ligands in aliphatic diluents•	
Improve the An(III)/Ln(III) selectivity by increasing the denticity of the •	
ligand
Improve the hydrolytic/radiolytic stability of the BTPs•	

The extraction properties of the BTBPs toward trivalent lanthanides and actinides 
have been intensively investigated as a function of the nature of the organic diluent 
or phase-transfer catalyst and as a function of the ionic strength and acidity of the 
aqueous phase (47, 210–215).

The stoichiometry of the extracted M(III) complexes differs from that of the 
above-mentioned BTP ligands in that M:L2 complexes (instead of M:L3 complexes) 
have been identified by various techniques (e.g., X-ray crystallography, nuclear mag-
netic resonance, electro-spray ionization mass-spectrometry, and slope analysis in 
liquid-liquid extraction).
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As in the case of the tetra-n-alkyl substituted BTP ligands, the tetra-n-alkyl 
substituted BTBP compounds suffer from a weak chemical stability when they are 
dissolved in HTP/n-octanol mixtures, because of the oxidation of their α-benzylic 
hydrogens. However, 6,6′-bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo[1,2,4]tri-
azin-3-yl)[2,2′]bipyridine (CyMe4-BTBP, Figure 3.18), in which the labile α-benzylic 
hydrogens have been replaced by methyl groups, exhibits a good hydrolytic stability 
(comparable to that of CyMe4-BTP) and a better apparent radiolytic stability com-
pared with BTP compounds, probably due to its lower complex stoichiometry. In 
fact, the mass-action law differs and is more favorable in the case of the BTBPs: the 
DM(III) values, measured when investigating the effect of irradiation doses on BTBP 
ligands, follow a two-fold order of the extractant concentration in the organic phase 
(because M:L2 complexes are formed), whereas in the case of the BTPs, the DM(III) 
values follow a three-fold order of the extractant concentration (because M:L3 com-
plexes are formed) (207).

CyMe4-BTBP was envisaged for the development of an An(III)/Ln(III) parti-
tioning process. The system formulation was optimized: [CyMe4-BTBP] = 0.01 M 
and [DMDOHEMA] = 0.25 M in n-octanol, for the organic solvent, and [Glycolic 
acid] = 0.5 M, neutralized to pH 4 by NaOH, for the stripping solution (216). A flow-
sheet was elaborated based on the extraction isotherms determined through a series 
of test-tube experiments. Nevertheless, kinetic problems were identified when imple-
menting this system in centrifugal contactors at the FZJ and at the ITU (217). Due 
to the small hold-up volume compared to the flow rate in centrifugal contactors, the 
time for extraction was too short to reach the DM values determined at equilibrium 
in batch tests. Kinetics experiments performed to investigate the DM dependence 
of the flow rate showed that even with the lowest applicable flow rates, only 8% of 
the equilibrium DAm value was reached for Am(III) extraction in the single-stage 
centrifuge spiked test and around 16% in the single-stage centrifuge hot test (the dif-
ference being due to the size of the centrifuges). Nevertheless, a countercurrent hot 
test was attempted at the ITU (218). The An(III) + Ln(III) product issued from the 
TODGA hot test carried out at the ITU in 2006 on a PUREX raffinate (see Section 
3.3.1.1.6.1) was used as the feed, after increasing its acidity to 2 M. The concentration 
of CyMe4-BTBP was increased to 15 mM in the mixture DMDOHEMA (0.25 M)/n-
octanol to compensate for the low apparent DM(III) values measured in single-stage 
 centrifuge experiments. The extraction section comprised nine stages followed by a 
three-stage scrub and a four-stage strip. All flow-rates were set to 10 mL/h due to the 
slow extraction/back-extraction kinetics of the CyMe4-BTBP system (Figure 3.21).  
The “once-through” countercurrent test was successful, as more than 99.9% of 
Am(III) and Cm(III) ended up in the product with less than 0.1% of the most domi-
nant lanthanides, thus demonstrating the ability of CyMe4-BTBP system to separate 
An(III) from Ln(III). A validation of the process when recycling the solvent is now 
awaited.

3.3.1.2.1.2  Sulfur-donor Extractants The CYANEX 301 Process. Various 
 dialkyl-(mono/di)-thio(phosphoric/phosphinic) acids, such as di(2-ethylhexyl)-di-
thiophosphoric acid (HDEHDTP), bis(2,4,4-trimethylpentyl)-thiophosphinic acid 
(CYANEX 272), bis(2,4,4-trimethylpentyl)-monothiophosphinic acid (CYANEX 
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302), or the better known bis(2,4,4-trimethylpentyl)-dithiophosphinic acid (CYANEX 
301), have been studied at the Institute of Nuclear Energy Technology (INET, Tsinghua, 
China) to separate An(III) from REEs. Like HDEHP from the TALSPEAK process, 
the oxygen-donor extractant CYANEX 272 presents the highest extraction efficiency 
for Ln(III), among the CYANEX compounds. On the contrary, its monothio ana-
log CYANEX 302 is selective toward An(III), but much less than its dithio analog 
CYANEX 301, thus, demonstrating the importance of soft-donor atoms in the struc-
ture of the extractant for An(III)/Ln(III) separation (219). Nevertheless, commer-
cial CYANEX 301 compound from the Canadian CYTEC company only contains 
approximately 80% bis(2,4,4-trimethylpentyl)-dithiophosphinic acid (HBTMPDTP, 
Figure 3.22) and requires prior purification by crystallization of its ammonium salt 
in benzene to become highly selective toward An(III): SFAm/Eu = DAm/DEu = ~5900 
at pH > 3 (91). When mixed with a nitrogen soft ligand, such as 2,2′-bipyridine or 
1,10-phenanthroline in toluene, HBTMPDTP presents Am/Eu separation factors that 
exceed 40,000 from nitrate solutions at pH > 3 (69, 220).

An empirical distribution ratio model was first elaborated to describe the extrac-
tion of Am(III) and Ln(III) in kerosene by purified HBTMPDTP, based on mass bal-
ances and mass-action laws of HBTMPDTP dimerization in kerosene, dissociation 
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HNO3 2 M
10 mL/h

FIGURe 3.21 CyMe4-BTBP process flowsheet tested at the ITU on a genuine TODGA 
An(III) + Ln(III) product. (Courtesy of Magnusson, D., Christiansen, B., Glatz, J.P., 
Malmbeck, R., Modolo, G., Serrano Purroy, D., Sorel, C. 2008. ATALANTE 2008: Nuclear 
Fuel Cycles for a Sustainable Future, May 2008, Montpellier, France.)
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FIGURe 3.22 Soft S-donor dithiophosphinic acidics developed for An(III)/Ln(III) 
separation.
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and distribution of HBTMPDTP in the aqueous phase, and trivalent metallic cation 
extraction (221, 222):

 
M 2(HBTMPDTP)2

 M(BTMPDTP)3 HBTMPDTP 3H

Kex

However, the formation of such 1:4 (metal:ligand) complexes, in which three 
molecules of HBTMPDTP lose their protons and one remains protonated, was later 
invalidated by SANS, visible absorption spectroscopy, and extended X-ray absorp-
tion fine structure experiments, which all support 1:3 (metal:ligand) complexes in the 
organic phase (223).

A method for computing countercurrent process parameters was developed 
to design practicable An(III)/Ln(III) separation flowsheets involving purified 
HBTMPDTP and was verified through multistage extraction-cascade experiments 
(four to six stages), using surrogate as well as genuine highly active An(III) + Ln(III) 
product solutions from the TRPO process, after pretreatment to adjust their pH to 
3.5 (224–226). Spiked countercurrent extraction experiments showed that >99.99% 
Am(III) could be separated from the Ln(III) and >99% of Ln(III) from Am(III) 
within six stages.

A continuous flowsheet was further tested countercurrently by implementing a 
solution of purified CYANEX 301, dissolved at 0.5 M in kerosene and saponified to 
0.8%, in a 10-stage miniature centrifugal-contactor battery (four stages for extrac-
tion, three stages for scrubbing with 0.5 M NaNO3 at pH = 3.6, and three stages for 
Am(III) stripping by 0.5 M HNO3). The feed, an An(III) + Ln(III) fraction from a 
previous TRPO process, was evaporated to dryness to remove nitric acid (approxi-
mately 4.7 M HNO3), the residue was dissolved in 0.5 M NaNO3 and contacted three 
times with the CYANEX 301 solvent to remove Fe(III), Mo(VI), and Pd(II). Its 
pH was then adjusted to 3.5 with NaOH (227). The results of the hot test were not 
satisfactory, as the separation of REEs from Am(III) did not meet the transmuta-
tion requirements, although better results should be obtained by optimizing process 
parameters, such as the number of stages and the pH of the scrubbing solution.

By combining purified CYANEX 301 (HBTMPDTP, 0.5 M) with TBP (0.25 M) 
in kerosene, the pH1/2 value of Am(III) extraction was decreased from 3.16 to 2.45 
(228). A multistage extraction cascade experiment, consisting of seven stages of 
extraction, three stages of scrubbing (with 0.1 M HNO3), and two stages of Am(III) 
stripping (with 0.5 M HNO3), showed that >99.99% of trace amounts of 241Am(III) 
were extracted with <0.04% Nd(III) from the initial surrogate feed composed of pal-
ladium and neodymium nitrates ([Pd + Nd] = 0.5 M) at pH 3.

The ALINA Process. During the European collaborative project NEWPART under 
the Fourth EURATOM Framework Program (145), several bis(halogeno-phenyl)-
dithiophosphinic acids, aryl derivatives of HBTMPDTP-bearing electron-attractor 
substituents (presenting negative mesomeric effects), were synthesized and tested at 
the FZJ with the intention of achieving An(III)/Ln(III) separation at pH values lower 
than 2 (229, 230). Batch experiments showed that it was possible to carry out this dif-
ficult separation with relatively high selectivity, even in strongly acidic media (up to 
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1 M HNO3), using aromatic dithiophosphinic acids mixed with either TBP or TOPO. 
The higher hydrolytic and radiolytic resistance of aromatic dithiophosphinic acids 
compared with HBTMPDTP was also demonstrated. The formulation of a selec-
tive organic solvent was optimized in order to selectively extract trivalent actinides 
from DIAMEX An(III) + Ln(III) product solutions. It consisted of di(chlorophenyl)
dithiophosphinic acid ([Clφ]2PSSH, Figure 3.22) and tetra-n-octylphosphine oxide 
(TOPO), respectively dissolved at 0.5 and 0.25 M in tert-butyl-benzene. Based on this 
solvent, the Actinide(III)-Lanthanide(III) INter-group separation in Acidic medium 
(ALINA) process was tested countercurrently, at the FZJ, using 12 miniature cen-
trifugal extractors designed at Tsinghua University and a surrogate An(III) + Ln(III) 
feed simulating a DIAMEX product (231). The flowsheet consisted of four stages of 
extraction, four stages of scrubbing, and four stages of stripping (Figure 3.23). More 
than 96% of Am(III) was extracted from the feed and back-extracted with 3 M nitric 
acid; ~3% of the Ln(III) followed the An(III) stream, probably because the 1 M acid 
scrubbing was not efficient enough. Although in good agreement with the calculated 
predictions, the results of this spiked test showed that the process should be extended 
by two extraction steps and two scrubbing steps to achieve complete separation of 
An(III) and Ln(III).

The ALINA process has also been implemented in HFMs at the INE. The mass-
transfer kinetics appeared fast, and an Am(III) extraction efficiency exceeding 99.9% 
was observed (156, 203).

3.3.1.2.2 Selective Complexation of An(III)
3.3.1.2.2.1  The ZEALEX Process Researchers from KRI have shown that the zir-
conium salt of dibutyl phosphoric acid (ZS-HDBP) was soluble in Isopar-L in the 
presence of 30% TBP. This super PUREX solvent, known as ZEALEX, extracts 
actinides (Np-Am) together with lanthanides and other fission products, such as Ba, 
Cs, Fe, Mo, and Sr from nitric acid solutions. The extraction yields depend on both 
the molar ratio between Zr and HDBP in the 30% TBP/Isopar-L mixture and the con-
centration of HNO3 (232). Trivalent transplutonium and lanthanide elements can be 
stripped together from the loaded ZEALEX solvent by a complexing solution, mix-
ing ammonium carbonate, (NH4)2CO3, and ethylenediamine-N,N,N′,N′-tetraacetic 
acid (EDTA). An optimized version of the process should allow the separation of 

Solvent
(Cl )2–PSSH + TOPO
in tert-butylbenzene

Raffinate
Ln(III)

1 Extraction 4 5 Scrubbing 8

Spent solvent

Strip solution
Conc. HNO3

An(III) productAcid scrub
HNO3

Feed
An + Ln surrogate

HNO3 0.5 M
50 mL/h

9 12Stripping

FIGURe 3.23 ALINA process flowsheet tested at the FZJ on a surrogate DIAMEX product. 
(Courtesy of Modolo, G., Odoj, R., Baron, P., Global 1999: Nuclear Technology – Bridging 
the Millennia, August–September 1999, Jackson Hole, WY.)
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An(III) from Ln(III) in a two-cycle flowsheet. In the first cycle, Ln(III) and An(III) 
are coextracted by 0.2 M ZS-HDBP dissolved in 30% TBP/Isopar-L and, in the sec-
ond cycle, the An(III) are selectively stripped by a diethylenetriamine-N,N,N′,N″,N″-
pentaacetic acid (DTPA) solution, while the Ln(III) are consecutively stripped by a 
mixture of nitric acid and hydrogen peroxide. DFs greater than 100 are expected by 
calculations, and less than 5% Ln(III) contamination is assumed (233, 234).

3.3.1.2.2.2  Di(2-ethylhexyl)-phosphoric Acid (HDEHP): The TALSPEAK 
Process A comprehensive review has recently been published on the development 
and operational characteristics of the TALSPEAK (Trivalent Actinide-Lanthanide 
Separation by Phosphorus reagent Extraction from Aqueous Komplexes) process, 
developed in the late 1960s at the Oak Ridge National Laboratory (USA) to partition 
Ln(III) and An(III) between an acidic organophosphorus extractant and an aqueous 
phase buffered with a carboxylic acid and containing a polyaminopolycarboxylate 
complexant. Several combinations of different extractants and aqueous complexant/
buffer couples have been investigated, as well as the influence of various parameters, 
such as the nature of the organic diluent, the pH, and the temperature (235, 236). The 
most commonly tested TALSPEAK system involves:

HDEHP as the cation-exchanger dissolved in di-•	 iso-propylbenzene
DTPA as the hydrophilic selective complexant of the An(III)•	
Lactic acid as the aqueous buffer•	

It generally proceeds through the extraction of the Ln(III) at a pH ranging from 2 
to 3, leaving the An(III) in the aqueous raffinate as polyaminopolycarboxylate com-
plexes. Therefore, it requires a buffered feed, which could be the stripping solution 
of a front-end process (such as the TRUEX process).

A variant solvent formulation was developed in China (INET), involving 
(2-ethylhexyl)-phosphonic acid 2-ethylhexyl ester (HEHEHP) as the extractant 
(saponified to 40% with concentrated ammonia), dissolved at 1.5 M in kerosene, 
to recover, in 43 stages, 99% of Am(III) and remove 90% of Ln(III) from a 0.2 M 
nitrate feed (pH 1) (237).

In the “reverse” TALSPEAK process, the An(III) + Ln(III) fraction is first coex-
tracted from a feed, the acidity of which has to be reduced to ~0.1 M by denitration 
or nitric acid extraction. An(III) are then selectively stripped using DTPA in citric 
acid (1 M) at pH 3 (hence the name “reverse” TALSPEAK process), and the Ln(III) 
are finally stripped by 6 M HNO3. Attempts to apply this TALSPEAK variant to 
the treatment of actual UREX + raffinates are reported in the literature, but they 
involve several steps. The problematic Zr and Mo elements are first removed by 
direct extraction with HDEHP (0.8 M in di-iso-propylbenzene) from the high-acidity 
raffinate stream arising from the UREX + co-decontamination process (238). The 
remaining fission products and actinides can then be concentrated by acid evapora-
tion and denitration processes. This concentrate is further diluted to a lower acid-
ity (e.g., [HNO3] = 0.03 M) to allow the coextraction of An(III) and Ln(III) by the 
TALSPEAK solvent.
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3.3.1.2.2.3  Di-iso-decylphosphoric Acid: The DIDPA Process An(III) and 
Ln(III) can be partitioned using the DIDPA solvent (DIDPA and TBP, respectively 
dissolved at 0.5 and 0.1 M in n-dodecane) in a two-step process approach. First 
coextracted and costripped in a 4 M nitric acid solution in a first DIDPA cycle (see 
Section 3.3.1.1.4), the An(III) + Ln(III) fraction is partitioned in a second cycle after 
denitration of the An(III) + Ln(III) product by formic acid to reduce the nitric acid 
concentration to at least 0.5 M. In this second DIDPA cycle, An(III) and Ln(III) are 
first coextracted by the DIDPA solvent, and the An(III) are selectively stripped by 
DTPA (0.05–0.1 M) in a solution buffered at pH 3 with lactic acid (1 M). The triva-
lent lanthanides are further stripped with a 4 M nitric acid solution (134).

3.3.2  one-CyCle ProCeSSeS: SeParation of an(iii) from  
PureX raffinateS

3.3.2.1 the setFICs Process
The SETFICS process (Solvent Extraction for Trivalent f-elements Intragroup 
Separation in CMPO-Complexant System) was initially proposed by research teams 
of the former Japan Nuclear Cycle Development Institute (JNC, today JAEA) to 
separate An(III) from PUREX raffinates. It uses a TRUEX solvent (composed of 
CMPO and TBP, respectively dissolved at 0.2 and 1.2 M in n-dodecane) to coextract 
trivalent actinides and lanthanides, and a sodium nitrate concentrated solution (4 M 
NaNO3) containing DTPA (0.05 M) to selectively strip the TPEs at pH 2 and keep the 
Ln(III) extracted by the TRUEX solvent (239). However, the DFs for heavy Ln(III) 
are rather poor. An optimized version of the SETFICS process has recently been 
proposed as an alternative process to extraction chromatography for the recovery 
of Am(III) and Cm(III) in the New Extraction System for TRU Recovery (NEXT) 
process. NEXT basically consists of a front-end crystallization of uranium, a simpli-
fied PUREX process using TBP for the recovery of U, Np, and Pu, and a back-end 
Am(III) + Cm(III) recovery step (240, 241).

Minimization of the secondary wastes produced by the SETFICS process was 
assessed during inactive countercurrent test campaigns. Although it improved the 
loading capacity of the TRUEX solvent in n-dodecane, the increase of TBP content 
from 1.2 to 1.4 M enhanced the extraction of nitric acid. This affected the pH in 
the stripping bank (which is only slightly buffered by DTPA), which lowered the 
complexation yields of An(III) by DTPA, and consequently decreased the separa-
tion of light lanthanides (242). Furthermore, the use of HAN as a “salt-free” substi-
tute for sodium nitrate in both the acid scrubbing and An(III) stripping sections, as 
described in Figure 3.24, led to poorer decontamination of Nd and Sm than in previ-
ous tests. From the mass-balance data and the DFs observed for Nd, Sm, and Eu, it 
was concluded that the experimental flowsheet was not yet ideal for An(III) recovery 
and required further optimization (243).

A SETFICS countercurrent hot test was recently conducted with high loading of 
“salt-free” flowsheet (in order to reduce the solvent volume and the amount of waste 
stream by 50%) in the JAEA Chemical Process Facility (CPF) as part of the feasibil-
ity demonstration of the NEXT process. The solvent consisted of CMPO and TBP, 
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respectively dissolved at 0.2 and 1.4 M in n-dodecane, and the feed was a genuine 
highly active solution issued from the first two steps of the NEXT process. Two 
batteries of 16 miniature centrifugal extractors were used consecutively to imple-
ment a 64-stage flowsheet Figure 3.25). In the first step, the trivalent actinides and 
lanthanides were coextracted using seven stages. The loaded solvent was scrubbed 
by nitric acid and HAN solutions using 25 stages. In the second step, the An(III) 
were selectively stripped by a salt-free DTPA (0.05 M)/HAN (2 M) solution using 16 
stages, followed by the back-extraction of the remaining Ln(III) in dilute nitric acid. 
Americium and curium followed the An(III) product solution, and their total losses 
were kept below 1%. The DFs for the major fission products were >3100, >10, 1.8, 
and 1.9, respectively for Cs, Pr, Nd, and Sm. DFAn/Nd was lower than in previous tests 
(241). HEDTA, which exhibits higher dissociation constants than DTPA, was pro-
posed for the selective stripping of the An(III). Batch distribution data of Ln(III) in 
the presence of HEDTA showed that the required nitrate concentration was half that 
needed with DTPA to obtain the same DNd value. Nevertheless, Ln(III) intragroup 
separation appeared to be worse with HEDTA than with DTPA, foreseeing a less 
efficient An(III)/Ln(III) separation in countercurrent test applications. Furthermore, 
the An(III) stripping appeared to be very sensitive to pH variations (slope of −3 for 
the variation of log DM(III) versus pH).

1 2 7 9 16

1 6 16

1 2 6 16

1 16

Solvent
CMPO + TBP
in n-dodecane

Solvent
CMPO + TBP
in n-dodecane

Feed

Conc. HNO3

Raffinate

HAN (pH)

Acid waste Loaded solvent

Loaded solvent

An(III) product

Ln waste
Spent solvent

DTPA
HAN (pH)

Diluted HNO3

Diluted HNO3

Solvent
CMPO + TBP
in n-dodecane

FIGURe 3.25 SETFICS process flowsheet tested at JAEA (CPF) on a highly active feed. 
(Courtesy of Nakahara, M., Sano, Y., Koma, Y., Kamiya, M., Shibata, A., Koizumi, T., 
Koyama, T. 2007. Journal of Nuclear Science and Technology, 44, 373–381, 2007.)
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The use of fluorinated organic diluents, such as Fluoropole-732, has recently been 
suggested to suppress third-phase formation risks in the SETFICS solvent, even with-
out TBP (244). A solvent consisting of CMPO, dissolved at 0.22 M in Fluoropole-732, 
was tested in active countercurrent tests performed at the Mining Chemical Combine 
in Russia in the scope of a collaboration between the research teams of JAEA and the 
KRI of Saint Petersburg. A spiked test was first run with 10 L of a surrogate feed to 
bring the equipment into reliable operating mode, and then a hot test was carried out to 
treat 12 L of HAW arising from reprocessing a fast-breeder-reactor spent nuclear fuel. 
Trivalent REEs and TPEs were quantitatively extracted: >99.97% Ce(III) and Am(III), 
and >98.7% La, Pr, and Nd. Upon HNO3 washing, the TPEs were stripped by a solution 
of NaNO3 (3 M) and DTPA (0.05 M) at pH = 2.5, which also stripped 41% of Sm, 48% 
of Eu, and 58% of Y; thus, no effective purification of the TPEs from the heavy REEs 
was observed, similarly to the classical SETFICS process. Contamination of the TPE 
stream by La, Nd, Pr, Ce, U, and Fe was 0.5%, 4.4%, 0.3%, 0.04%, 1.2%, and 3.6%, 
respectively. Increasing the concentration degree of the target elements in the strip prod-
uct led to a decreased separation.

3.3.2.2 the DIAMeX-sAneX/HDeHP Process
The DIAMEX-SANEX/HDEHP process is probably the only single-step process 
that enables a complete selective An(III)/Ln(III) partitioning from non-pretreated 
PUREX raffinates (245). It combines two organic molecules possessing opposite but 
complementary extracting mechanisms:

N,N•	 ′-Dimethyl-N,N′-dioctylhexylethoxymalonamide, used in the DIAMEX 
process, which extracts trivalent metallic cations from highly acidic feeds by 
solvation, thus avoiding any adjustment of the acidity of PUREX raffinates.
Di(2-ethylhexyl) phosphoric acid, used in the TALSPEAK process, which •	
extracts trivalent metallic cations at low acidity by proton exchange.

As in the SETFICS and TALSPEAK processes, the DIAMEX-SANEX/HDEHP 
process involves selectively back-extracting the trivalent actinides by a hydrophilic 
polyamino-carboxylate complexing agent, HEDTA, in a citric acid buffered solu-
tion (pH 3). However, the combination of HDEHP and DMDOHEMA at high acid-
ity promotes the coextraction of some d-block transition metals, such as Pd(II), 
Fe(III), Zr(IV), and Mo(VI), which must be dealt with by specific stripping steps (as 
described on Figure 3.26) that increase the total volume of the output streams:

The An(III) and some fission products (Ln(III), Pd(II), Fe(III), Zr(IV), Ru, •	
and Mo(VI)) are first coextracted from the PUREX raffinate by the mixture 
of extractants (DMDOHEMA and HDEHP, respectively dissolved at 0.5 
and 0.3 M in HTP).
The interfering •	 d-block transition metals, Mo and Pd, are stripped prior to 
the TPEs by a citrate solution at pH 3.
The An(III) are selectively stripped by HEDTA in a citric acid buffered •	
solution (pH 3), while the Ln(III) are maintained extracted in the organic 
phase by HDEHP.
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The Ln(III) are back-extracted in 1 M nitric acid•	
Zr and Fe are finally stripped by an acidic oxalic solution•	

The concept feasibility of this process was first validated by the successful imple-
mentation of an inactive countercurrent test using 48 stages of laboratory-scale mix-
er-settlers (6 mL mixing chamber and 17 mL settling chamber) in the G1 facility 
at the CEA Marcoule. This inactive test was followed by a countercurrent hot test 
in 2000, performed on a genuine highly active PUREX raffinate in the hot cells 
of the ATALANTE facility (3, 147, 246). The flowsheet was implemented in two 
sequences of approximately 6 hours each, as only 32 miniature centrifugal contac-
tors were available in the hot cells:

 1. Extraction (eight stages), Mo and Pd stripping (eight stages), and An(III) 
stripping (16 stages)

 2. Ln(III) and Y(III) stripping (eight stages), and Zr and Fe stripping (eight 
stages)

The main results of this hot test can be summarized as follows:

Satisfactory hydrodynamic behavior•	
High recovery yields for An(III):•	  >99.9% for Am(III) and >99.7% for 
Cm(III) (0.2% of Cm(III) remained in the raffinates, but this should be 
improved by two additional stages in the extraction section)
Satisfactory An(III)/Ln(III) DFs: DF•	 An/Ln > 800 (less than 2 wt% of Ln(III) 
in the An(III) product solution)

Solvent
DMDOHEMA

HDEHP in HTP

1 Extraction 8
Solvent

1 Mo, Pd strip. 8

3

TMAOH Citric acid
pHMo>99% - Pd > 99%

Ru 4%
Am, Cm < 0.03%

Feed
26 mL/h

Aam < 0.04%-Cm 0.24%
Ru 96%

Solvent

9

1 An stripping 16 1 Lm, Y strip. 8

HNO3
Oxalic acid

Zr-Fe
> 99%

HNO3Ln-Y
> 99.9%

HEDTA
Citric acid

pH
Am > 99.9% - Cm > 99.7%

Eu 0.04% - Nd 0.15%-
other Ln < 0.1%

Pd 0.5%-Ru < 0.01%

Zr, Fe strip. 81

FIGURe 3.26 DIAMEX-SANEX/HDEHP process flowsheet tested at the CEA Marcoule 
on a genuine PUREX raffinate. (Courtesy of Madic, C., Lecomte, M., Baron, P., Boullis, B.,  
Compte-Rendu de Physique, 3, 797–811, 2002.)
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Satisfactory An(III)/fission products DFs: only 0.5% of Pd and less than •	
0.01% of Ru followed the An(III) fraction

It should be noted, however, that a simplified version of the DIAMEX-SANEX/
HDEHP process was also successfully implemented on a genuine highly active 
DIAMEX product (An(III) + Ln(III) fraction) in 2005, as the second step of an 
An(III)/Ln(III) partitioning scheme, in the scope of the technical feasibility valida-
tion of minor-actinide separation proposed by the CEA to address the issues of the 
1991 French radioactive waste management act (154).

The chemical stability of the DIAMEX-SANEX/HDEHP solvent with regard to 
acidic hydrolysis and gamma radiolysis has been investigated both in batch experi-
ments and during a continuous 1800-hour test in which the solvent was recycled 
approximately 100 times and was subjected to a cumulative dose of ~800 kGy (at a 
dose rate of 1.3 kGy/h) and to ~250 hours of 3 M nitric acid hydrolysis at 40°C in the 
MARCEL facility of the CEA Marcoule (247, 248). A continuous regeneration of the 
spent solvent by alkali washing prevented the accumulation of degradation products 
(especially the monoamide and acid amide derived from DMDOHEMA), combined 
with an in-line adjustment of the extractant concentration allowed the process per-
formances to remain constant during the 1800-hour run.

Current optimizations of the DIAMEX-SANEX/HDEHP process rely on the simpli-
fication of its flowsheet by minimizing the required number of stages and the volumes of 
the generated effluents through the use of more efficient hydrophilic complexing agents. 
Another optimization contemplated consists in avoiding the presence of the phosphorus 
acidic extractant at the extraction step (which induces the concomitant extraction of 
molybdenum, zirconium, and iron) (249). This option is made possible by introducing 
in the process flowsheet (right after the stripping of the lanthanides) an in-line separa-
tion of the two extractants (by specifically stripping the phosphorus acidic extractant 
into an appropriate buffered citric acid solution). The DMDOHEMA is thus recycled in 
a first “loop” of the process flowsheet (where An(III) and Ln(III) are coextracted at high 
acidity), and the acidic extractant in the second one (where the An(III) are selectively 
stripped by the carboxylate complexant). These modifications involve a search for a new 
organophosphorus acid which would offer the advantages of HDEHP, but which could 
be easily separated from DMDOHEMA. di-n-Hexylphosphoric acid (HDHP) was cho-
sen as a substitute for HDEHP because it fulfills all the required criteria.

The coordination of trivalent 4f and 5f elements with DMDOHEMA and HDHP 
has been investigated in n-dodecane and HTP under different extraction conditions 
(high and low acidity) with the help of various techniques (liquid-liquid extraction, 
extended X-ray absorption fine structure spectroscopy, small-angle neutron/X-ray 
scattering, vapor pressure osmometry, and electrospray ionization mass spectrom-
etry). The extraction of Eu(III) and Am(III) by HDHP-DMDOHEMA mixtures 
exhibits a change of extraction mechanism and a reversal of selectivity taking place 
at 1 M HNO3 in the aqueous phase: below 1 M HNO3, HDHP dominates the metal 
extraction, whereas DMDOHEMA is the predominant extractant at higher aque-
ous acidities. Results indicate modest antagonism between the two extractants in 
the extraction of Eu(III) and synergism in the extraction of Am(III). These data are 
interpreted as resulting from the formation of mixed DMDOHEMA/HDHP/M(III) 
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complexes containing two phosphoric and five malonamide moieties (250, 251). This 
stoichiometry has been further confirmed by electrospray ionization mass spectrom-
etry studies on the DMDOHEMA/HDEHP couple of extractants (52).

3.4 ConCLUsIon

The separation of trivalent minor actinides (Am, Cm, Cf) from trivalent lanthanides 
has been a challenging and key issue of the Partitioning and Transmutation strat-
egy during the past decades, because no technology can transmute the actinides to 
a degree meaningful for waste management without prior chemical separation from 
the lanthanides because of their neutron-poisoning effect. The lanthanides present the 
same oxidation state (i.e., III) as the 5f   TPEs in acidic solutions, the matrix usually 
employed to dissolve spent nuclear fuels. This physical feature similarity makes the 
chemical separation of An(III) from Ln(III) all the more tedious and difficult. Various 
hydrometallurgical processes based on solvent extraction have been developed around 
the world over almost a half century for An(III)/Ln(III) separation from acidic aqueous 
feeds. This review summarized the latest developments of An(III)/Ln(III) separation 
processes, the concept feasibility of which has been assessed through the implementa-
tion of countercurrent tests either at laboratory or at pilot scales. They all require prior 
implementation of the PUREX (or similar) process, which eliminates the two major 
actinides, uranium and plutonium (and potentially also the minor actinide neptunium). 
They are summarized in Figure 3.27 and can be broken down as follows:

Two-cycle processes, which achieve the An(III)/Ln(III) separation only •	
after a first cycle of An(III) + Ln(III) coextraction and separation from the 
rest of the fission products
One-cycle processes, which allow the separation of An(III) from Ln(III) •	
directly from PUREX raffinates

However, none of these hydrometallurgical processes allows the An(III) to be selec-
tively extracted from PUREX raffinates. The two-cycle processes need a preliminary 
step in which “hard-donor” extractants bearing oxygen atoms easily coextract the tri-
valent (and sometimes higher oxidation states) 5f elements together with the trivalent 4f 
elements from acidic feeds. The compounds involved in these first-step processes can be 
mono- or bidentate ligands that extract either through a solvation mechanism, as in the 
case of the phosphine oxides (e.g., TRPO, TRUEX, or UNEX processes) and in the case 
of the diamides (e.g., DIAMEX or TODGA processes), or through a proton exchange 
mechanism, as in the case of the phosphoric acids (e.g., DIDPA process), which require a 
prior adjustment of the feed acidity below 1 M HNO3. The acidity of the An(III) + Ln(III) 
fraction produced by these front-end processes is usually lower than that of the PUREX 
raffinate, allowing second-step processes to employ “soft-donor” extractants bearing 
either nitrogen or sulfur atoms inducing selectivity toward the An(III). The trivalent 
TPEs can thus be either selectively extracted, as in the case of N-donor polytriazines 
(e.g., BTP or BTBP) and S-donor dithiophosphinic acids (e.g., CYANEX or ALINA 
processes), or selectively stripped by an N-donor hydrophilic complexing agent such as 
DTPA (e.g., TALSPEAK or DIDPA processes).
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Historically, pairs of processes have been developed throughout the world to 
achieve An(III)/Ln(III) partitioning: TRUEX + TALSPEAK in the United States, 
TRPO + CYANEX in China, DIDPA + DIDPA in Japan, and DIAMEX + BTP or 
DIAMEX + ALINA in Europe, but cross combinations of processes are possible. 
The one-cycle processes (e.g., SETFICS and DIAMEX-SANEX/HDEHP) appear 
more attractive and more compact than the two-cycle processes, as they do not use 
two different solvent loops to carry out the separation of An(III) from Ln(III), but 
they sometimes generate much larger aqueous streams than the feed input.

Obviously, to date, there has been no implementation (at least reported in the 
recent literature) of any of these An(III)/Ln(III) partitioning processes at nuclear 
industrial scale. Studies are still in progress (i) to demonstrate the long-term sturdi-
ness of these flowsheets and the chemical stability of the extractants employed, (ii) 
to master the impact of the extractant degradation products on the flowsheet efficien-
cies, (iii) to regenerate the spent solvents, (iv) to manage the secondary technologi-
cal wastes generated, and (v) to convert the separated minor actinides into suitable 
precursors for new fuel fabrication. Nevertheless, the recent advances observed in 
the field of An(III)/Ln(III) separation by solvent extraction make the closure of the 
fuel cycle increasingly realistic and the sustainability of nuclear energy increasingly 
credible. Besides, research in test tubes on new structures of complexing/extracting 
ligands is still currently reported in the literature (i) to improve the efficiency of 
already known An(III)/Ln(III) separation systems, (ii) to strengthen ligand chemi-
cal stability, and (iii) to investigate new concepts for An(III)/Ln(III) separation from 
genuine high-active raffinates (Figure 3.28). These laboratory-scale studies might 

For the coextraction of An(III) and Ln(III)

Bis-Diglycolamides [252] CMPO-functionalized
calixarenes [253,254]

CMP(O)-functionalized C-pivot
tripodes 257–259]

O O
NHN

O
NHN

O OO
H

17
C

8

C
8
H

17

C
8
H

17

C
8
H

17

(  )m = 2
O

NH
O

O P Ph
Ph

n = 6

O

N

P O

O

O

N
P

OO
O

N

P
O

OR R

R
n n

n

R R

R

n = 1–3

For the separation of An(III) from Ln(III)
N,N´ -Dialkyl, N,N´-diaryl-
dipicolinamides [261–263]

2,6-bis(1-Aryl-1-H-
tetrazol-5-yl)pyridines

(ATP, [265])

Hydrophobic derivatives of
N,N´, N,N´-tetrakis (2-methylpyridyl

ethylenediamine (TPEN [266])

N
O

NN

O
R R

N
N

NN

NN N

NN

R R
RR

N N

N

NN

N

FIGURe 3.28 Examples of new extractant structures investigated at the laboratory scale 
(test tubes) for An(III)/Ln(III) separation.
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be the premises of tomorrow’s industrial separation processes. They involve, for 
instance, the following molecules:

bis-Diglycolamides (•	 252), CMP(O)-functionalized calixarenes (253, 
254), CMP(O)-functionalized cyclotriveratrylenes (255, 256), CMP(O)-
functionalized trityl or C-pivot tripodes (257–259), or phosphorylated cal-
ixarenes (260) for the coextraction of An(III) and Ln(III)
N,N•	 ′-Dialkyl, N,N′-diaryl-dipicolinamides (261–263), dithiocarbamates 
(264), 2,6-bis(1-aryl-1-H-tetrazol-5-yl)pyridines (ATP, (265)), and hydro-
phobic derivatives of N,N,N′,N′-tetrakis(2-methylpyridyl)ethylenediamine 
(TPEN, (266)) for the separation of An(III) from Ln(III).
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4.1 nUCLeAR WAste

Today, there are over 440 fission nuclear reactors in 31 countries, producing approxi-
mately 16% of the electrical energy used worldwide. When 235U or odd isotopes of 
plutonium (239Pu, 241Pu) undergo nuclear fission, under action of neutrons, they split 
into two fission fragments consisting of lighter atoms than the original. The sum 
of their masses is slightly lower than that of the heavy atom. This mass difference 
consists of ejected neutrons and the release of binding energy, which can be used in 
nuclear reactors to produce electricity.

The fission products include every element from zinc through to the lanthanides. 
The majority of the mass yield of the fission products occurs in two peaks. These two 
peaks (expressed by atomic number) range from strontium to ruthenium and from 
tellurium to neodymium, respectively. By subsequent β decay reactions, these radio-
active isotopes lead to stable isotopes. 239Pu formed in situ undergoes fission similar 
to 235U, leading to the formation of fission products. About one-fourth to one-third 
of the total fuel load of a reactor is removed from the core every 12–18 months and 
replaced with fresh fuel. Then, after several years of storage in pools, the spent-fuel 
rods are either sent to a definitive disposal (US policy) or reprocessed (France, UK, 
Japan, Russia…). In the future, the United States expects to reprocess spent fuels. 
Table 4.1 displays repartition of elements (kg/tU) produced by uranium fission for 
two burn-up values and two initial 235U enrichment values (E), respectively.1

Fission reactors were also utilized for the production of plutonium. The first site 
was Hanford, and was established in 1943 to produce plutonium for nuclear weap-
ons. To separate the valuable plutonium from other by-products, the spent uranium 
fuel was dissolved in nitric acid and chemically separated. Once the plutonium was 
removed, the rest was dumped in sludge tanks and was chemically converted to an 
alkaline solution for storage. In its alkaline form, the waste consists of two compo-
nents, soluble salt and insoluble sludge. Both components contain highly radioac-
tive residues from nuclear materials production. Radionuclides found in the sludge 
component include higher valent fission products (such as 90Sr, lanthanides) and 
long-lived actinides (such as uranium and plutonium). Radionuclides found in the 
soluble salt component include isotopes of cesium and technetium, as well as traces 
of strontium and actinides. In the same way, nuclear materials production operations 
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at the Savannah River Site (SRS) resulted in the generation of large quantities of the 
same type of waste.

4.1.1 reProCeSSing

Reprocessing is based on liquid-liquid extraction for the recovery of uranium and 
plutonium from used nuclear fuel (PUREX process). The spent fuel is first dissolved 
in nitric acid. After the dissolution step and the removal of fine insoluble solids, 
an organic solvent composed of 30% TriButyl Phosphate (TBP) in TetraPropylene 
Hydrogenated (TPH) or Isopar L is used to recover both uranium and plutonium; the 
great majority of fission products remain in the aqueous nitric acid phase. Once sepa-
rated from the fission products, back-extraction combined with a reduction of Pu(IV) 
to Pu(III) allows plutonium to be separated from uranium; these two  compounds can 
be recycled.2

After a few years, the radiotoxicity of spent fuel is dominated by 90Sr and 137Cs 
with half-lives of 29 and 30 years, respectively. After 300 years, their radioactivity is 
negligible. For the long term, the main radiotoxicity sources are some long-lived fis-
sion products (99Tc, 129I, 135Cs…) and especially actinides. Currently, in Europe and 
Japan, high-activity solutions arising from the PUREX process are, after  calcinations, 
incorporated in glass matrixes. In the future, these solid wastes are destined for dis-
posal in geological formations. The major radionuclides in a typical aged spent fuel 
and their contributions are summarized in Table 4.2.3

Table 4.2 indicates that over 95% of the radiation in spent fuels presented for 
 separation arises principally from 137Cs and 90Sr, the remaining part being mainly 
due to americium isotopes that are α emitters. Similarly, the bulk of some 1.5-W/kg 
heat load from radioactivity is due to these nuclides. Presently, two ways are followed, 
either the disposal of spent fuel (current policy in the United States) or the spent 

tAbLe 4.1
Repartition (kg/tU) According to Chemical Family of Fission Products

Uo2 33 GWd/tU (E = 3.5%) Uo2 60 GWd/tU (E = 4.5%)

Rare gas (Kr, Xe) 5.6 10.3

Alkali (Cs, Rb) 3 5.2

Alkaline earth (Sr, Ba) 2.4 4.5

Y and lanthanides 10.2 18.3

Zirconium 3.6 6.3

Chalcogenides (Se, Te) 0.5 1

Molybdenum 3.3 6

Halogens (I, Br) 0.2 0.4

Technetium 0.8 1.4

Platinoids (Ru, Rh, Pd) 3.9 7.7

Diverse (Ag, Cd, Sn, Sb) 0.1 0.3

Source: J.-G. Devezeaux de Lavergne and B. Boullis, Clefs CEA, 53, 36–53, 2005. With permission.
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fuel reprocessing in order to recover and recycle uranium and plutonium contained 
inside, wih vitrification of the high-activity waste (HAW) produced during reprocess-
ing operations. To minimize the vitrified HAW volume to be disposed of in a deep 
geological repository and the  radiotoxicity of the waste, several countries are study-
ing advanced separation processes, as described below.

4.1.2  SeParation of minor aCtinideS (nePtunium,  
ameriCium, and Curium)

A possible alternative management of HAW is to remove the long-lived nuclides, 
mainly actinides, and to destroy them by transmutation into short- or medium-lived 
fission products. About one-third of the mass of fission products belongs to the fam-
ily of the lanthanide elements and must be separated from actinides because of the 
high neutron-capture cross sections of some of their isotopes (149Sm, 155Gd, 157Gd…). 
These elements, like americium and curium, exist in the radioactive liquid waste at 
the +3 oxidation state, and thus the selective separation of lanthanides from actinides 
is complex, as reinforced by the fact that the molar ratio of lanthanides over actinides 
is close to 30 for spent fuels having a burn-up of 33 GWd t−1. Upon modification 
of its valence, neptunium can be recovered during the PUREX process. Trivalent 
actinides (americium and curium) and lanthanide nitrates are coextracted in the 
DIAMEX process developed in France and Europe, and an additional extraction step 

tAbLe 4.2
Radionuclides in spent Fuel Aged for 10 Years in Descending order of 
Activity

Radionuclide
Half Life 

(y)
Activity, 
bq/kg

Content, 
mole/kg

specific 
Dose Rate, 
eV/(kg/s)

Heat Load, 
W/kg

Radiolysis 
Rate, moles/

(kg hour)

137Cs 30.07 3 × 1012 6.8 × 10−3 3.5 × 1018 5.6 × 10−1 2.1 × 10−4

90Sr 28.84 2 × 1012 4.4 × 10−3 5.6 × 1018 8.9 × 10−1 3.3 × 10−4

99Tc 211 × 103 8 × 108 1.3 × 10−2 2.4 × 1014 3.8 × 10−5 1.4 × 10−8

240Pu 6.65 × 103 1 × 108 4.9 × 10−5 1.0 × 1014 1.6 × 10−5 6.0 × 10−9

135Cs 2.3 × 106 1 × 107 1.7 × 10−3 2.7 × 1012 4.3 × 10−7 1.6 × 10−10

All low LET 5 × 1012 2.6 × 10−2 9.1 × 1018 1.45 5.4 × 10−4

241Am 432 7 × 1010 2.3 × 10−3 4.0 × 1017 6.3 × 10−2 2.4 × 10−5

243Am 7.4 × 103 1 × 109 5.6 × 10−4 5.4 × 1015 8.7 × 10−4 3.3 × 10−7

239Pu 24 × 103 8 × 107 1.5 × 10−4 4.2 × 1014 6.7 × 10−5 2.5 × 10−8

237Np 2.14 × 106 1.5 × 107 2.4 × 10−3 2.4 × 1014 3.7 × 10−5 1.4 × 10−8

All high LET 7.1 × 1010 5.4 × 10−3 4.01 × 1017 6.41 × 10−2 2.4 × 10−5

Grand total 5.1 × 1012 3.1 × 10−2 9.5 × 1018 1.52 5.7 × 10−4

Source: J.-G. Devezeaux de Lavergne and B. Boullis, Clefs CEA, 53, 36–53, 2005. With permission.
Note: Low Energy Transfer (LET) emitters (β and γ); High Energy Transfer (LET) emitters (α and 

recoil). All quantities are per kilogram of spent fuel.
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is necessary to accomplish the separation of actinides from lanthanides. Studies are 
in progress to “burn” neptunium and americium by transmutation in nuclear reactors. 
Promising results were obtained especially for burning americium. Management of 
curium is more complex.

4.1.3 SeParation of CeSium and Strontium

Separation of these two radionuclides will reduce the short-term heat load in a geo-
logical repository and, when combined with the separation of Am and Cm, could 
strongly increase the capacity of the geological repository. It is forecasted that the sep-
arated cesium/strontium stream will be directed to a decay-storage for  approximately 
300 years, at which time the activity of the 137Cs and 90Sr will be below the limits for 
low-level waste. However, the long-lived 135Cs, in spite of its relatively low residual 
radioactivity, will still need to be disposed of in a repository.

4.1.4 reCovery of otHer fiSSion ProduCtS

Lanthanides are coextracted with actinides and then separated from actinides, which 
are forecasted to be sent to a repository. The lanthanide elements comprise a unique 
series of metals in the periodic table. These metals are distinctive in terms of size, 
valence orbitals, electrophilicity, and magnetic and electronic properties, such that 
some members of the series are currently the best metals for certain applications. 
Increased use of the lanthanides in the future is likely, because their unusual combi-
nation of physical properties can be exploited to accomplish new types of chemical 
transformations. These elements coextracted with actinides and then separated from 
the latter, could in the future be recovered and used (among the lanthanides, only 
151Sm is a long-lived isotope (half-life 90 years)).4

Further progress has much to do with High-level liquid waste (HLLW) containing 
up to 1 kg rhodium and 2 kg palladium per 1 ton spent nuclear fuel depleted up to 80 
GW/day. Rhodium obtained from fission consists of stable 103Rh and trace amounts 
of short-lived radionuclides. As for palladium, it is a mixture of 83% stable isotopes 
and 17% of radioactive 107Pd with a half life of 6.5 × 106 years. Its intrinsic radioac-
tivity (soft β-emitter with Emax of 35 keV) is very weak, and it can be tolerated for 
many industrial applications. Recovered rhodium must be stored for 25–30 years for 
the short-lived radionuclides to be decayed; palladium can be used immediately. The 
platinoids can be recovered as an additional source of noble metals, extremely rare 
elements in the Earth’s crust (especially Rh), irreplaceable for catalysis, alloying, 
hydrogen isotopes separation, thermonuclear engineering, etc. Moreover, removal of 
these elements from HLLW is desirable before immobilization, to eliminate complex 
problems during vitrification and also to improve the quality of final waste form.5,6

4.1.5 medium aCtivity waSte

Nuclear industry operations, especially reprocessing, produce radioactive waste con-
taining mainly large amounts of sodium nitrate and nitric acid and radionuclides at 
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much lower concentration. A way to reduce the volume of liquid waste to be send to 
a repository in geological formation is to concentrate it by evaporation: the concen-
trated part has to undergo a subsequent treatment while the pure distillate part can 
be released into the environment after radiological control. The treatment involves 
removing from this concentrate, long-lived nuclides (actinides, 90Sr, 137Cs), which can 
be disposed of in a repository in geological formations after vitrification and sending 
the bulk of the waste (inactive salts and the short-lived low-level and intermediate-
level activity nuclides) to a subsurface repository, such as the Soulaisne repository 
in France.7

Large amounts of sodium waste arise from fast neutron reactors (Phenix and 
Superphenix in France, Dounreay in the UK, Monju in Japan), which are cooled by 
large amounts of liquid sodium, which is contaminated by 137Cs during its function-
ing. We shall see that it is possible to remove radioactive cesium after conversion of 
liquid sodium to sodium hydroxide.

From the 1940s, several classes of inorganic ion exchangers have been used for 
cesium removal, such as zeolites, hexacyanoferrates, zirconium phosphates, ammo-
nium phosphomolybdates, and crystalline silicotitanates. Generally, these compounds 
have only been able to efficiently remove cesium under restrictive conditions. The per-
formances of most of these compounds strongly decreased as the acidity or salinity of 
liquid waste increased, either because of decreasing Kd values or instability of the inor-
ganic ion exchangers. The most efficient compounds for removal of cesium are hexacy-
anoferrates, ammonium phosphomolybdates, or phosphotungstates. Unfortunately, 
cesium sorption with these compounds is hardly reversible. After saturation of these 
exchangers, two possibilities exist, either their reuse, which requires implementation 
of large volumes of high-salinity eluent and which produces new liquid waste, or their 
solidification with the cesium into ceramics. In the both cases, the concentration  factors 
(CF) obtained are low.

Tetraphenylborate (TPB) was used at Savannah River to recover cesium from 
alkaline solutions, but attempts to treat HLW tanks with TPB resulted in the produc-
tion of benzene (a TPB decomposition product) at levels that did not permit the safe 
operation of the process.8 Crown ethers and dicarbollides were proposed as extract-
ants to remove cesium from acidic HAW, but these compounds are not selective 
enough to allow cesium to be removed from solutions containing large amounts of 
nitric acid or sodium nitrate.9 Dicarbollides were used in Russia at industrial scale to 
recover cesium from HAW, but the removal of cesium was only possible after partial 
denitration of the liquid waste.10

Complex mixtures (one-third of the elements of Mendeleev’s table are present in 
solutions arising from the PUREX process) and harsh conditions (high acidity and 
strong irradiation generated by radioactive elements) of the chemical  processing of 
nuclear fuels require the utilization of highly selective and radiation-resistant extrac-
tants, properties fulfilled by calixarenes. In the remainder of this chapter, the object 
will be to present results showing progress in the use of calixarenes to solve the 
 various separation problems outlined above. Because of the multitude of compounds 
presented, the reader is referred to Section 4.7 of this chapter for structures and 
abbreviations.
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4.2 CALIXARenes

Calixarenes are cyclic molecules made up of several phenol units linked via methyl-
ene groups. The most common calixarenes, calix[4]arenes, calix[6]arenes, or calix[8]
arenes contain 4, 6, or 8 phenolic units, respectively. The use of the word “calix” was 
suggested by the shape of the tetramer, which can adopt a beaker-like conformation. 
Gutsche proposed the name calixarenes for cyclic oligomers resulting from condensa-
tion of formaldehyde with p-alkyl phenols.11 Calixarenes are characterized by a narrow 
(or lower rim, the phenolic hydroxy groups), a wide (or upper rim, the aromatic posi-
tions para to the phenolic hydroxy groups), and a central annulus. These calixarenes 
or “parent calixarenes” are available in large quantities by simple one-pot procedures 
and can be easily modified in various ways by reactions that can be carried out either 
on the narrow rim or on the wide rim; they represent an ideal scaffold on which it is 
possible to assemble various functional groups, from three arrays of reactive centres 
(phenolic groups, the para position after dealkylation, and the methylene bridges) 
leading to a multitude of functionalized calixarenes (Figure 4.1).11–14  See Section 4.7 
for a tabulation of structures and abbreviations for individual compounds.

Calix[4]arenes are characterized by a three-dimensional basket shape, the inter-
nal volume being around 10 nm3. Calixarenes exist in different chemical conforma-
tions because rotation around the methylene bridge is possible. In calix[4]arene, four 
conformations are possible: cone, partial cone, 1,2-alternate, and 1,3-alternate. These 
four conformations are in dynamic equilibrium. Conformations can be locked, for 
instance, by placing a bulkier substituent than the ethyl group on the lower (or narrow) 
rim, this chain prevents the benzene units from rotating inside the calixarene cavity.

More recently, thiacalix[n]arenes were synthesized, in which methylene bridges 
of calix[n]arene are replaced by sulfur atoms.15 This replacement leads to

An enlargement of the cavity of calixarenes•	
A potential oxidability to sulfoxide and sulfone for providing new sulfur-•	
bridged calixarenes
A possible coordination to specific metal ions controlled by the oxidation •	
state of sulfur

The idea of implementing calixarenes to allow radionuclides to be selectively 
extracted from radioactive waste was launched by CEA Cadarache, in direct coop-
eration with the Vicens group in Strasbourg, and also in the framework of projects 
granted by the Commission of European Community (EC).

The first project, gathering eight teams from six EC countries where more than 
140 new extractants were prepared and studied, not counting all the precursors and 
intermediates. Tests carried out with these compounds on simulated and real waste 
showed the excellent chemical and radiolytic performance of calixarene derivatives.

In the second project, gathering nine teams from six EC countries, more than 150 
new extractants were prepared and studied, and the target was reached for the decat-
egorization of waste. Dialkoxy calix[4]arene-crown-6 for cesium, octaamide calix[8]
arenes, and CMPO-like calixarenes for actinides display much higher complexing 
and extracting abilities than other classical extractants, crown ethers, or  dicarbollides 
proposed and sometimes used for this purpose.
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In the third project, gathering twelve teams from seven EC countries, more than 
160 new extractants were prepared and studied. The most promising compounds for 
the selective extraction of actinides are as follows

Picolinamide derivatives show interesting Am/Eu selectivity, but an effi-•	
ciency that is highly pH-dependent.

X
X

X X

OHOH
HO

OH

Wide rim

Narrow rim

X = H: C[4] - X = tBu : tBuC[4]

(a)

RO
RO

OR OR

Cone

1,2-Alternate

RO OR

OR
RO

RO

RO
OR OR

1,3-Alternate

Partial cone

(b)

RO OR

OR OR

FIGURe 4.1 Calix[4]arenes (a) and their conformations (b).
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Wide-rim tetra(CMPO) calix[4]arenes present good extraction abilities •	
and also rather good selectivities at high acidity. But, the stability toward 
hydrolysis is not very good. N-methylated compounds exhibit low  extraction 
efficiency, but higher stability toward hydrolysis when they are in contact 
with strong nitric acid (3 M).
Tetra(CMPO) cavitands present nearly the same extraction properties as •	
 wide-rim tetra CMPO calix[4]arenes, but a slightly lower selectivity.
Narrow-rim hexa(CMPO) calix[6]arenes are very promising, having very •	
high distribution ratios, especially at high acidities, and also remarkable 
selectivities.

The main results obtained were published in various journals. The wholeness of the 
synthesis, of the complexing and extracting results, of the modelling, and of the X-ray 
and NMR investigations appear in the three Commission of EC final reports.16–18

4.3 eXtRACtIon oF CesIUM

Three classes of extractants for cesium exist: dicarbollides, crown ethers, and cal-
ixarenes. Dicarbollides allow coextraction of cesium and strontium (by adding 
polyethylene glycol for the latter) from relatively high acidic liquid wastes  arising 
from reprocessing of spent fuels. However, this lipophilic anion behaves as a cation 
exchanger; thus, its efficiency decreases as the acidity of the liquid wastes increases 
and does not enable cesium or strontium to be extracted from 3 M HNO3 solutions 
arising from PUREX process. Stripping is also a problem requiring strong acid or dis-
placing cations (e.g., guanidinium). Moreover, the selectivity for cesium over sodium 
is not sufficient for the extraction of cesium from solutions containing large amounts 
of sodium, especially with the use of polyethylene glycol for strontium extraction.

Most of the studies carried out on cesium extraction conclude that the most effi-
cient crown ethers for extraction of this cation are benzo-21-crown-7 derivatives. Like 
dicarbollides, these compounds need a synergistic agent or polar diluent  modifier to 
allow cesium to be extracted from very acidic solutions. The resulting selectivity for 
cesium over sodium is low. Only dialkoxy-calix[4]arene-crown-6 and calix[4]arene 
bis(crown-6) compounds allow objectives to be fulfilled: extraction of cesium at low-
level concentration from acidic media.19

4.3.1 Parent CaliXareneS

In 1982, p-tert-butyl-calix[n]arenes were studied by Izatt et al. for their capacity to 
transport cesium from an alkaline medium ([MOH] = 1 M) through bulk liquid mem-
branes made of a mixture of diluents able to dissolve these compounds: methylene 
chloride, carbon tetrachloride, and dichloromethane. Experiments were carried out 
using p-tert-calix[8]arene to measure the rate of cesium transport under conditions 
of varying source pH. The values of the transport rate, small below a pH of 12, rise 
rapidly beyond this value, hence confirming that a proton is removed from the ligand 
in the complexation process. Under such conditions, tetramer,  hexamer, and octamer 
(n = 4, 6, and 8, respectively) display a high selectivity for cesium over the other 
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alkaline cations. Transport rate increases as the size of the calixarene decreases, the 
highest permeability being obtained with the p-tert-butylcalix[4]arene (tBu[C4]).20,21

Up to 2003, the performance of calix[4]arenes (with and without tert-butyl groups 
in the para positions, respectively tBu[C4] and [C4]) and calix[4]arene-crown-6 
derivatives had not been compared under the same conditions (nature of the diluent, 
composition of the aqueous phase, etc.).22

Following the recommendation of Reinhoudt,23 in almost the majority of cases, 
nitrophenyl alkyl ethers were used as diluents for the extraction tests by the Cadarache 
group, because they are able to dissolve calixarenes at relatively high concentration. 
Moreover, the basicity as well the dielectric constant of these diluents improves cat-
ion extraction by better solvation of the associated nitrate anions (Table 4.3).

Tests carried out in an acidic medium (4 M NaNO3, 1 M HNO3) or a neutral 
medium (4 M NaNO3) show that the calix[4]arene-crown-6 ligands (dioctyloxy-
calix[4]arene-2,4-crown-6 MC8, dioctyloxy-calix[4]arene-2,4-benzo crown-6 
MC11, and dioctyloxy-calix[4]arene-2,4-dibenzo crown 6-MC14) in NPHE are 
more effective for cesium and rubidium extraction than C[4] or tBuC[4]. In an alka-
line medium (4 M NaOH), C[4] and tBuC[4] become efficient for cesium removal, 
and in contrast to the three calix[4]arene-crown-6 ligands, the presence of potassium 
in the aqueous solution slightly improves their distribution ratios. The extraction effi-
ciency of cesium from 4 M NaOH and 3.9 M NaOH/0.1 M KOH media, respectively, 
follows the sequences:

 MC8 < C[4] < tBuC[4] < MC11 < MC14

 MC14 < MC8 < MC11 < C[4] < tBuC[4]

The significant selectivity for cesium over rubidium (SCs/Rb = 39), compared with 
that obtained for the calix[4]arene-crown-6 derivatives (8 for MC8 and less than 5 
for MC14), has to be pointed out. Replacement of 0.1 M of sodium hydroxide by 
potassium hydroxide strongly decreases the cesium distribution ratios for calix[4]
arenes-crown-6 (DCs < 1). On the contrary, they are slightly increased for tBuC[4], 
leading to a cesium-over-rubidium selectivity exceeding 150. This selectivity value 

tAbLe 4.3
Physicochemical Characteristics of nitro Phenyl Alkyl ethers

Abbreviation
Alkyl 

Group
Mol. Weight 

(g mol−1)
Density 
(g cm−3)

Dielectric 
Constant 
(debye)

Viscosity 
(centipoise)

surface 
tension 

(dyne cm−1)

NPHE Hexyl 223.3 1.066 25.7 8.9 34.3

NPOE Octyl 251.3 1.036 31.8 13.4 34.3

Source: Workshop on Basic Research Needs for Advanced Nuclear Energy Systems – Report of the 
Basic Energy Sciences Workshop on Basic Research Needs for Advanced Nuclear Energy 
Systems, 2006.
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is quite exceptional for two cations whose physical and chemical properties are so 
close.22

tBuC[4], even at a concentration of 10−3 M, allows cesium at trace level in solu-
tion to be quantitatively extracted from solutions containing sodium hydroxide (15 
M) and also partially extracted (33%) from potassium hydroxide solutions. Under 
these conditions, selectivity for cesium over potassium and selectivity for cesium 
over sodium can be estimated to 7,500 and higher than 100,000, respectively.

1H NMR measurements carried out on the organic phase (chloroform) after stir-
ring with 6 M NaOH confirmed the high affinity and selectivity of these ligands for 
cesium. Upon complexation with C[4] and tBuC[4], the peak attributed to OH groups 
disappears, confirming the previous hypothesis of Izatt of the removal of a proton 
from the ligand.20,21

Parent resorcin[4]arenes also show Cs selectivity in extraction from alkaline 
media (pH 12), for example, into benzene.24 With long alkyl chains appended to the 
bridging carbon atom, separation by flotation is possible.

As a general trend, cation-π interactions with the ligands under study are observed 
to increase in the Li+ -Cs+ series, in other words, they follow the increasing order of 
size and “softness.” This may be primarily a result of the largest cations being able to 
interact with more than one aromatic ring. Apart from the cesium complex structure 
cited above, several other crystal structures, recently reported, illustrate this trend. 
The Na+ and Cs+ complexes of monoanionic C[4] show exo-coordination of the former, 
with only O-bonding and formation of a dimeric species and endo-coordination of the 
latter, with both O- and π-bonding and formation of polymeric assemblies.25

Three complexes of K+ with monoanionic C[4] and tBuC[4] in the cone conforma-
tion have been described with either O- and π-bonding or O-bonding alone,26 whereas 
strong π-bonding of K+ has been evidenced in the tetrametallic complex of four-fold 
deprotonated tBuC[4].27 The comparison of K+, Rb+, and Cs+ complexes of monoan-
ionic C[4] and tBuC[4] is particularly interesting, as Cs+ is always complexed in an 
endo fashion, whereas Rb+ and K+ can be either exo- or endo-coordinated.28

Such a difference in complexing behavior is likely the origin of the Cs+ /Rb+, K+ 
selectivity observed. It has been noted that, in simple aryloxide systems, the behavior 
of Rb+ is more similar to that of Cs+ than to that of K+.29 However, it may be ten-
tatively advanced that the high Cs+ /Rb+ selectivity observed is related to differing 
endo/exo preferences resulting from slightly different size, “softness,” or solvation.

The cation-π interactions were evidenced by Prodi, who studied the photophysical 
properties of calix[4]arene-crown and their complexes with alkali metal ions. The 
presence of these cation ions usually caused weak effects on the absorption spectra, 
but sometimes caused marked changes in the intensity and wavelength maxima of 
the fluorescence bands of the calixarenes. The fluorescence quantum yields of com-
plexes with alkali metal follows a precise trend for both MC46 and MC7, decreasing 
from potassium to cesium. These changes were explained by cation-π interactions 
between the metal ion and the two aromatic rings pointing toward it.30

From a practical point of view, these calixarenes could be used to remove cesium 
from very alkaline liquid waste containing significant amounts of potassium, the 
selectivity for cesium over potassium being the most important for a synthetic 
ligand.
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4.3.2 CaliXarene mono Crown

4.3.2.1 Complexation extraction Results
Ungaro, having observed that the 1,3-dimethoxy-p-tert-butylcalix[4]arene-crown-6 
MC1 had a slight binding preference for cesium, first synthesized 1,3-dimethoxycalix[4]
arene-crown-6 MC2 having six oxygen atoms in the polyether ring linking two phe-
nolic groups. This compound, mainly in the cone conformation, undergoes a rear-
rangement into the 1,3-alternate conformation when it is put in the presence of cesium. 
These observations led Ungaro to prepare ligands having this conformation, di-n-
propoxy MC6, di-iso-propoxy MC7, and di-n-octyloxy MC8 calix[4]arenes-crown-6 
ethers, because substituents bulkier than ethyl block the interconversion between con-
formational isomers in dialkoxycalix[4]arene.

The first studies performed at Strasbourg University by the picrate extraction 
method developed by Pedersen reveals a high preference of calix-crowns fixed in the 
1,3-alternate conformation for cesium. In contrast to its conformational isomer, di-
isopropoxy-calix[4]arene-crown-6 in the cone conformation does not extract cesium 
(Table 4.4).

There is full agreement between the extraction and the complexation data, in that 
among the conformationally mobile 1,3-dimethoxy compounds, the crown-5 exhib-
its selectivity for potassium,31 the crown-7 is completely unselective and quite inef-
ficient, whereas MC2 and MC1 show selectivity for cesium. Interestingly, all ligands 
in the 1,3-alternate conformation display significant enhancement in the binding of 

tAbLe 4.4
extraction Percentages (%E) of Alkali Picrates from Water into 
Dichloromethane

Ligand Li+ na+ k+ Rb+ Cs+ 

MC3 2 1.6 10 8.9 2.8

MC4 0.4 0.67 1.0 2.3 6.3

MC1 1.4 1.6 2.2 3.1 19.0

MC5 0.5 0.21 0.4 0.4 0.5

MC6 2.5 2.6 13.8 41.7 63.5

MC7 3.0 2.4 15.8 43.8 64.5

MC8 2.1 2.2 13.4 40 63.9

MC12 1.6 2.3 11.0 31.9 41.1

MC14 1.2 2.0 13.3 42.6 54.4

MC15 0.2 0.7 3.4 2.8 2.7

MC7 cone conformation ≤0.2 ≤0.2 ≤0.2 ≤0.2 ≤0.2

Source: From J.-F. Dozol, EUR-OP Reference: CG-NA-17615-EN-C (EUR-17615), European 
Commission, Nuclear Science and Technology, Luxembourg, 1997. With permission. From A. 
Casnati, et al., J. Am. Chem. Soc., 117, 2767–2777, 1995. With permission.

Note: CL = Cpic = 2.5 × 10−4 M; volume aqueous/organic phase = 1, T = 20°C.
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cesium and no affinity for small cations such as lithium and sodium. Therefore, their 
cesium over sodium selectivity is excellent (Table 4.5).

Measurements performed by Hill in the Cadarache group on simulated radioac-
tive waste confirmed the expectations from basic studies. Preorganized ligands (fixed 
in the 1,3-alternate conformation) display much higher efficiency and selectivity 
than the conformationally mobile methoxy substituent (Table 4.6). In comparison to 
most efficient crown ethers for extraction of cesium (tert-butylbenzo-21-crown-7 and 
decylbenzo-21-crown-7), calixarenes are, by far, more efficient and more  selective. 
Extraction of cesium by crown ethers and calixarenes from solutions simulating radi-
oactive waste (4 M NaNO3, 1 M HNO3, or 3 M HNO3) proves the exceptional effi-
ciency and selectivity of calixarenes-crown-6 in the 1,3-alternate conformation.32

Although the interpretation of the thermodynamic results obtained at Strasbourg 
University is rather complex due to the concomitant operation of several effects, 
some interesting features emerge from the data (Tables 4.7 and 4.8). The high effi-
ciency of the calix[4]crown-6 in the complexation of cesium is controlled by the 
enthalpy term, which is one of the highest values found for a synthetic ligand toward 
cesium in methanol. This value is not counterbalanced by the entropy term, which 
is less negative than with other cyclic ligands such as the crown ether 18-crown-6 
(18C6).33

The slightly less negative value found for the entropy term can be explained by 
the preorganization of the ligand in the 1,3-alternate conformation, where only a 
small part of the crown ether moiety is rather flexible. This flexibility is lost with the 
large cesium cation, which fits very well into the cavity created by the polyether ring 
and the aromatic nuclei.34

4.3.2.2 Modeling of Complexation and extraction
The major aim of these studies, performed by the group of Wipff at the University 
of Strasbourg, was to understand and predict the binding of alkali ions by calix[4]
arene-crown-6 as a function of the conformation of the ligands, the solvent, and the 

tAbLe 4.5
Complexation Data (Log β) of some Calix[4]arene-crown-6 and  
Alkali Cations

Ligand Li+ na+ k+ Rb+ Cs+ 

MC7 ≤1 ≤1 4.5 5.93 6.1

MC6 ≤1 ≤1 4.3 5.96 6.4

MC4 ≤1 ≤1 2.13 3.18 4.2

MC1 ≤1 ≤1 2.54 3.5 4.6

Source: J.-F. Dozol, EUR-OP Reference: CG-NA-17615-EN-C (EUR-17615), European 
Commission, Nuclear Science and Technology, Luxembourg, 1997. With permission. 
From A. Casnati, et al., J. Am. Chem. Soc., 117, 2767–2777, 1995. With permission.

Note: Complexation in MeOH at 25°C, I = 0.01 M (Et4NCl or Et4NClO4).
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environmental effects. Two aspects of ion-binding selectivity were considered, the 
complexation in a pure homogeneous solution and the extraction from an aqueous to 
an organic phase.35,36

The ligands initially considered are the conformationally mobile dimethoxy-calix[4]
arene-crown-6 and its counterpart bearing a tert-butyl moiety wide-rim. Each has be 
considered in three conformations: cone, partial cone, and 1,3 alternate in the free state 
and then complexed by Na, K, Rb, and Cs. The conclusions are summarized below.

tAbLe 4.6
extraction of Cesium and sodium Cs/na selectivity and Competitive 
extraction of Cesium in the Presence of an excess of sodium

Compound Dna
a DCs

a DCs/Dna
a DCs

b

21-Crown-7 ethers

n-Decylbenzo-21C7 1.2 × 10−3 0.3 250 0.12

tert-Butylbenzo-21C7 1.2 × 10−3 0.3 250 0.12

Di(alkoxy)calix[4]arenes crown-n
MC4 3 × 10−3 4 × 10−2 13 0.034

MC2 4 × 10−3 4.2 >4,200 5.2

MC6 2 × 10−3 19.5 >19,500 12

MC7 <10−3 28.5 >28,500 18

MC8 <10−3 33 >33,000 25

MC12 <10−3 34 >34,000 45

MC14 <10−3 31 >31,000 56

MC15 <10−3 0.017 17 0.036

MC5 4 × 10−3 7 × 10−3 1.7 0.003

Calix[4]arenes bis(crown-n)
BC1 2 × 10−3 0.4 400 0,03

BC2 1.3 × 10−2 19.5 1,500 10

BC3 <10−3 0.3 >300 0.2

BC4 <10−3 2 × 10−2 >20 <10−3

BC5 1.7 × 10−3 32.5 19,000 20

BC8 <10−3 23 >23,000 32

BC10 <10−3 29.5 >29,000 32

BC11 <10−3 7 × 10−2 >70 0.39

thiacalix[4]arenes bis(crown-n)
Thiacalix[4]arene-bis (crown-5) 2.5 × 10−2 <10−3 25

Thiacalix [4]arene-bis (crown-6) 1.5 <10−3 1,500

Note: Organic phase: 10−2 extractant agent in 1,2-nitrophenylhexylether.
a Aqueous feed solution: 5 × 10−4 M MNO3, 1 M HNO3.
b Aqueous feed solution: 1 M HNO3, 4 M NaNO3, 10−6 M CsNO3.
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4.3.2.2.1 Gas Phase
For the three conformers, the binding sequence is Na > K > Rb > Cs. This is supported 
by energy component analysis on the trajectories, as well as by Free energy perturba-
tion (FEP) calculations. Intrinsically, Cs+ has the weakest interactions with both hosts. 
The largest contribution of the cation/host interaction energy comes from the ether ring 
rather than from the aromatic moieties. Each complex displays a clear conformational 
preference. Sodium is most stable in the cone conformation, whereas cesium is most 
stable in the 1,3-alternate conformation.

4.3.2.2.2 Water Solution
The binding selectivity ∆Gc depends on the conformation of the host and differs 
from the selectivity calculated in the gas phase. The selectivity ∆G3–∆G4 results 
from the difference in the free energies for the complexed ions ∆G4 and for the free 

tAbLe 4.7
thermodynamic Parameters of the Complexation of Alkali Cations in 
Methanol at 25°C
Ligands Calix[4]arene-diisopropoxy-crown-6 18-crown-6
Cations K Rb Cs Cs

log K (kJ mol−1) 4.5 5.93 6.1 4.8

-∆Gc (kJ mol−1) 25.6 33.8 35 27.4

-∆Hc (kJ mol−1) 18.1 40 50.2 47.2

T ∆Sc (kJ mol−1) 7.5 −6 −15 −19.8

∆Sc (J K−1) 25.3 −21 −52

Source: A. Casnati, A. Pochini, R. Ungaro, F. Ugozzoli, F. Arnaud, S. Fanni, M.-J. Schwing, 
R. J. M. Egberink, F. de Jong and D. N. Reinhoudt., J. Am. Chem. Soc., 117, 2767–
2777, 1995. With permission.

tAbLe 4.8
Dimethoxy-p-tert-butylcalix[4]arene-crown-6 in Water

na+ →k+ k+ →Rb+ Rb+ →Cs+ na+ →Cs+ 

∆G3 17.6 5.1 7.7 30.4

Cone ∆G4 21.1 6.6 8.9 36.6

∆G3−∆G4 −3.5 −1.5 −1.2 −6.2

Partial cone ∆G4 18.5 6.7 7.0 32.3

∆G3−∆G4 −0.9 −1.6 −0.7 −1.8

1,3 alternate ∆G4 15.0 3.2 5.9 24.1

∆G3−∆G4 2.6 1.9 1.8 6.3

Note: Differences in free energies and in free energies of binding (kcal mol−1) using M+ Aqvist 
parameters.
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ions in water ∆G3. The thermodynamic cycle method was considered to be as in the 
scheme, where, assuming that the system is reversible, the relative binding selectivity 
is computed by the difference: ∆∆G = ∆G1 − ∆G2 = ∆G3 − ∆G4 

37

 

Calix + M1
+

Calix + M2
+ Calix / M2

+

Calix / M1
+∆G1

∆G2

∆G4
∆G3

However, the ∆G3-∆G4 difference, which measures the binding selectivity, is clearly 
conformation dependent. The cone and the 1,3-alternate conformations prefer sodium 
and cesium, respectively, whereas partial-cone conformation displays practically 
no preference. These results are consistent with the lifetime of inclusion complexes 
of MC2 simulated in water. In the cone conformation, cesium decomplexes, while 
sodium remains deeply encapsulated inside the phenolic oxygens. In the 1,3-alternate 
conformation, reverse results are observed, as sodium decomplexes in bulk water, 
while cesium remains encapsulated inside the polyether bridge. The simulation dem-
onstrated for the first time that the binding selectivity depends on the conformation of 
the host and on differential solvation effects. Although simulations used the methoxy 
derivative, the replacement of methoxy by more bulky alkoxy groups should not alter 
the above conclusions: the alkyl chains remote from the cation-binding area, expected 
to increase the lipophicity of the ligand, have weak effects on its binding ability.

4.3.2.2.3 Chloroform Solution
The Na+, K+, Rb+, and Cs+ complexes were simulated in the cone, partial-cone, and 
1,3-alternate conformations, first without counterion. It was found that the small-
est Na+ lies in a very deep position, surrounded by phenoxy-oxygens, not involving 
crown ether oxygens. As M+ gets bigger, it moves “up” to the crown. Picrate as the 
counterion remains an intimate pair with the complexed M+. The structure of the 
Na+ complex is different, compared with the host-M+ complex, because the picrate 
counterion pulls Na+ more “exo” to the crown region. On the contrary, for Cs+, the 
structures with and without picrate are very close, which demonstrates the good fit 
between Cs+ and the 1,3-alternate host.

4.3.2.2.4  Extraction of Alkali Cations from Pure Water to  
Pure Chloroform

Combining the simulations in water and those in pure chloroform, the extraction 
selectivity was modeled by the following thermodynamic cycle. The assumption is 
made that the concentrations of the free ions in the organic phase and of the free or 
complexed ligand in water is negligible.35,38 The extraction is defined as:

 ∆Gextr = ∆G1 − ∆G2 = ∆Gaq − ∆Gorg (4.1)

It was calculated that the 1,3-alternate form of calix[4]arene-crown-6 will selec-
tively extract, with or without picrate counterion, Cs+ over Na+. However, it was 
shown that the counterion reduces somewhat the preference for Cs+.
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The Cadarache group39 focused its modeling contribution on di(isopropoxy)-
calix[4]arene-crown-6. It was deduced from these simulations that the 1,3-alternate 
conformation is much more preorganized than the cone conformation to bind a large 
cation in water and in vacuo. It can be explained by the fact that the isopropoxy groups, 
which are near to the crown basis, can prevent the complexation of small cations by 
shielding the complexation site constituted by the four phenoxy oxygen atoms.

4.3.2.2.5  Simulation In Vacuo with and without Counterion Nitrate
All the simulations of the Cadarache group were performed with the 1,3-alternate 
conformation. For K+, Rb+, and Cs+, without the anion, the cation is almost at equi-
distance from the six oxygen atoms of the crown. The presence of the nitrate lightly 
draws the cation to the upper part of the crown, farther from the mean plane defined 
by the six oxygen atoms of the crown, but there is no major structural modification in 
the complexes. On the contrary, the Na+ cation, which is deep inside the calixarene 
cavity, goes immediately to the upper part of the crown with the counterion, for any 
initial location of the nitrate. These structural observations are in good agreement 
with those previously made by the team of the University of Strasbourg with the MC2 
and the picrate counterion.

The energetic features were modified by the presence of the counterion. The energy 
of interaction between the cation and the nitrate is much higher (about 50 kcal/mol) 
than the energy of interaction between the cation and the calix-crown, this last value 
being considerably lowered (from 9 to 14 kcal/mole) with respect to its value without 
the anion. The presence of the anion weakened the interactions between the cation 
and the calix-crown and favored the affinity of the ligand for sodium, lowering the 
calculated selectivity cesium over sodium. The preponderance of the interactions 
between the sodium and its counterion, from both a structural and energetic point of 
view, underlines the lack of affinity of the calix-crown for such a small cation.

4.3.3 biS(Crown)CaliX[4]areneS

4.3.3.1 extraction Results
Simultaneously with the synthesis of di(alkoxy) calix[4]arene-monocrown-6, Asfari 
et al. synthesized a new class of calixarenes, calix[4]arenes-bis(crown). As the 
di-alkoxy-calix[4]arene-monocrown-6, blocked in 1,3-alternate conformation by 
linking opposite phenolic oxygens by two polyethylene glycol chains, calix[4]arenes-
bis(crown-6) containing six oxygen atoms are the most efficient for binding cesium. 
Calix[4]arenes-bis(crown-n) bearing five (BC1) or seven oxygen atoms (BC3) are not 
effective for cesium extraction and display a poor selectivity for cesium over sodium, 
comparable with selectivity found for 21-crown-7 ethers (Table 4.6).34,40,41

4.3.3.2  stoichiometry of the bis (Crown) Complex 
Cesium/Calixarene

Calix[4]arenes-bis-crown constrained to a 1,3-alternate conformation present two 
binding sites on each crown, which are linked by a π-basic benzene tunnel. In the 
1:1 complexes, the cation switches from one binding site to the other through this 
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tunnel. This symmetrical ditopic arrangement is well adapted for the formation of 
1:1 as well as 1:2 calix:metal complexes. The possibility of di-coordination of Cs 
was characterized by X-ray diffraction and by NMR. When the ratio calix/Cs is 
equal to 1/1.25, a coalescence attributed to a rapid metal-ligand exchange between 
mononuclear and binuclear species is observed by nuclear magnetic resonance 
(NMR). For a calix/Cs ratio equal to 1/2.5, only a triplet in the meso-CH2-groups is 
detected, attributed to a symmetrical binuclear species. Molecular modeling based 
on the structure obtained from X-ray diffraction concludes that, in the water phase, 
by far the most likely species is the mononuclear complex, due to a higher stabil-
ity than the binuclear one and to possible solvation of the second binding site. The 
modeling conclusions obtained in water medium are consistent with those obtained 
by liquid-liquid extraction.41

Electrospray Ionization/Mass Spectrometry (ES/MS), a soft-ionization desorp-
tion technique using polar solvents such as water, methanol, or acetonitrile, was used 
for direct measurement of cations in solution. The first measurements carried out 
with mono or bis(crown-6) calix[4]arenes from an equimolar cation-extractant solu-
tion confirm that the calixarenes mono(crown-6) extract only one cesium cation. On 
the contrary, in the same conditions, bis(crown-6) calix[4]arenes can extract two 
cesium cations for a ratio Cs/BC6 equal to 2.5. The binuclear complex (composed of 
two cesium cations) is the major species. Cesium/sodium selectivity measurements 
implementing various mono or bis(crown-6) calix[4]arenes were in agreement with 
liquid/liquid results.42

Thuéry reported the crystal structure of the complexes of sodium and of potas-
sium with calix[4]arenes-bis(crown-6). One sodium ion and one water molecule 
are included in each crown cavity of the calixarene. The sodium ion is only bonded 
to three oxygen atoms of the crown, two from the nitrate ions and one from the 
water molecule. On the contrary, potassium is bound to the six oxygen atoms of 
the crown and to two oxygen atoms of the nitrate ions. The similarity between the 
potassium and the cesium suggests a lack of specificity of calixarene toward one 
or other of these two cations. However, the ligand/potassium complementarity 
is less  satisfying than in the case of cesium (the distances between potassium 
ion and the oxygen atoms of the crown are not optimal), and the interactions 
between the cation and the electrons of the benzene rings are less important with 
potassium.43

A molecular dynamics (MD) study in vacuo and in water phase was undertaken on 
benzo and cyclohexano 21-crown-7 ether derivatives, the best fitted crown ether for 
complexation of cesium. In the gas phase, the crown ethers are highly flexible what-
ever the number and the position of benzo or cyclohexano groups. Notable differ-
ences in the hydrophobicity and complex stability appear in simulation in an explicit 
aqueous phase. Benzo derivatives are well preorganized in water for complexation, 
but the cation is not sufficiently shielded from the water phase. The conclusions are 
the same for the cyclohexano derivative. On the contrary, di- and tricyclohexano 
derivatives possessing a larger and more flexible crown, display a lack of preorgani-
zation to host alkali cations. Calixarene-crown-6 compounds are much better preor-
ganized, the crown fits perfectly to cesium, and the rigid calixarene cavity hinders 
the binding of sodium cations.44
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4.3.4  CaliXareneS bearing aromatiC grouPS in tHe Crown  
etHer looP

4.3.4.1 Complexation and extraction Results
MD simulations performed on calix[4]arene-monocrown-6 and on calix[4]arene-
bis-crown-6 and their alkali complexes, suggested that incorporation of aromatic 
groups in the crown ether loop was a possible way to enhance cation binding and 
cesium over sodium selectivity.45

Results obtained with di-octyloxy-calix[4]arene-dibenzocrown-6 (MC14), di-
isopropoxy-di(tert-butyl-benzo)crown-6 (MC15), and di-isopropoxy-calix[4]arene-
octylbenzocrown-6 (MC13) synthesized by Casnati, confirmed the results of MD 
simulations. The comparison of the results obtained with MC13 with MC12 shows 
that the substitution of the crown part with one tert-octylbenzo group leads to a small 
decrease in extraction with all the cations of the series (Table 4.9). The substitution 
of the crown by two benzo groups does not significantly change the extraction level 
of the smallest cations. Cesium is less extracted by calix[4]arene-di-n-dioctyloxy-
dibenzo-crown-6 than its counterpart without benzo groups. The further substitution 
of the two benzo units by tert-butyl groups prevents any extraction or complexation 
because of steric hindrance of the bulky tert-butyl groups. Benzo groups do seem 
to improve Cs/Na selectivity. In order to examine the origin of the stabilization of 
alkali complexes of MC14, thermodynamic parameters of complexation have been 
determined (Table 4.10). The trends are the same as those previously determined 
for the MC7 (Table 4.7) studied in methanol, that is, an enthalpic stabilization, an 
increase in enthalpy change from potassium to cesium, concomitant with a decrease 
in entropy change. This can be explained by a size complementarity between the 
crown and cesium, resulting in loss of freedom, and by desolvation of the cations. 
The exceptional selectivity for cesium over sodium higher than 30,000, displayed 
by calixarenes diluted in NPHE, is corroborated by the competitive extraction of 
cesium solutions containing large amounts of sodium (1 M HNO3, 4 M NaNO3). 

tAbLe 4.9
Dialkoxy Calix[4]arene substituted benzocrown-6: extraction Percentages 
(%E) of Alkali Picrates from Water into Dichloromethane

Ligand Li+ na+ k+ Rb+ Cs+ 

MC7 3.4 2.4 15.8 43.8 64.5

MC8 2.1 2.2 13.4 40.0 63.9

MC14 1.2 2.0 13.3 42.6 54.4

MC15 0.2 0.7 3.4 2.8 2.7

MC12 1.6 2.3 11.0 31.9 41.1

Source: A. Casnati, F. Sansone, J.-F. Dozol, H. Rouquette, F. Arnaud-Neu, D. Byrne, S. Fuangswasdi, 
M.-J. Schwing-Weill and R. Ungaro., J. Incl. Phenom. Macrocyclic Chem., 41, 193–200, 2001. 
With permission.

Note: CL = Cpic = 2.5 × 10−4 M; volume aqueous/organic phase = 1, T = 20°C.
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Very high distribution ratios are obtained with ligands including one and two benzo 
units in the polyethylene chain, DCs = 45 and DCs = 56, respectively. This enhance-
ment of distribution ratios is explained by a lesser extraction of sodium, linked to a 
better complementarity of these ligands with cesium (Table 4.6).46

One goal of the project was the removal of cesium from highly acidic solutions of 
fission products arising from the PUREX process (3 M HNO3). Cesium distribution 
ratios, much higher than those of two dibenzo 21-crown-7 ethers, strongly increase 
with the increasing concentration of nitric acid, to a value ranging between 2 and 3 
M. The presence of benzene units on the crown bridge reduces the nitric acid extrac-
tion, strongly enhances that of cesium, and shifts the maximum of cesium extraction 
toward higher acidity (DCs = 200 for 3–4 M HNO3 in NPHE). The EC goal is reached 
with these compounds, especially those including benzo and naphtho units in the 
crown (Figure 4.2).47

For the calix[4]arene-bis(crown-6), the trends are the same on adding a benzo 
(BC5) or a naphtho group (BC10) in improving the extraction efficiency and the 
selectivity for cesium over sodium. However, the distribution ratios, although higher 
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FIGURe 4.2 Distribution ratios of cesium at trace level as a function of HNO3 concentra-
tion. Organic phase: calixarene 10−2 M in NPHE.

tAbLe 4.10
thermodynamic Functions of the Complexation of Alkali Cations by 
Dioctyloxycalix[4]arene-dibenzocrown-6 MC14 in Acetonitrile at 25°C

thermodynamic Functions k+ Rb+ Cs+ 

Log β 5.47 5.7 5.7

−∆G (kJ mol−1) 31.2 32.5 32.5

−∆H (kJ mol−1) 17.4 29 42

T ∆S (kJ mol−1) 13.8 4 −10

∆S (J K−1 kJ mol−1) 46 13 −34
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when benzo groups are added to the crown, are lower than those obtained with their 
mono-crown-6 counterparts.40,48

Results obtained by ES/MS confirm that the stability of calixarene/cation com-
plexes depends upon the medium. The calixarene in solution presents a strong affin-
ity for cesium, whereas in the gas phase, it displays a stronger affinity for sodium. 
Moreover, the stability of calixarene/Na+ complexation in a solvent phase is increased 
by the presence of water in the dilution system (up to 40% in acetonitrile), whereas 
other alkali complexes are destabilized by the presence of water. Finally, affinity 
for sodium, which is weak in the solution for calixarenes bearing benzo moieties, 
considerably increases in the gas phase. These results confirm the interpretation of 
the MD simulations in an aqueous phase, which lead the authors to conclude that 
cesium-over-sodium selectivity is governed by the hydration of the sodium cation in 
the complex, and by the higher hydrophobicity of the complexation site leading to an 
enhancement of selectivity for cesium over sodium.49

Replacement of sp3 carbons by sp2 carbons in the crown chain leads to a  flattening 
of these chains. This change causes a higher binding of cesium and a lower binding 
of sodium, which was confirmed when unsymmetrical 1,3-alternate calix[4]arene-
bis(crown-6) containing one crown-6 loop and a 1,2-arylene modified crown-6 was 
shown by NMR to complex cesium picrate in the 1,2-arylene crown-6 chain and 
the sodium in the crown-6 chain.50 Studies of the complexing properties of BC9 
(in which the three central ethylene links have been replaced by three fused 1,2-
phenylenes) with sodium or cesium picrates shows an improvement of cesium com-
plexation in comparison to the previously studied bis-crown-6 calixarenes and, on 
the contrary, no detectable sodium binding.51

Kim et al. confirmed the results previously described by Reinhoudt et al., which 
showed that monocrown-5 and biscrown-5 calix[4]arenes are efficient extractants for 
potassium.52–54

Kim et al. also studied diisopropoxy-calix[4]arene-crown-6 (MC7), diisopropoxy-
calix[4]arenes-crown-7 (MC16), and several dibenzo derivatives including 6, 7, or 8 
oxygen atoms in the crown, all these calixarenes displaying the 1,3-alternate confor-
mation, dipropoxy-calix[4]arene (dibenzocrown-6) (MC17), dipropoxy-calix[4]arene 
(dibenzocrown-7) (MC18), dioctyloxy-calix[4]arenes (dibenzocrown-7) (MC19), 
dipropoxy-calix[4]arene (dibenzocrown-8) (MC20), dipropoxy-calix[4]arene (diben-
zocrown-7) (MC21), and dioctyloxy-calix[4]arene (dibenzocrown-7) (MC22), the 
two latter including two butyl groups attached to the crown. NMR studies concluded 
that the upper four oxygen atoms in the crown ether play a very important role in 
metal complexation. On the contrary, the lower two oxygen atoms (phenolic hydroxy 
groups) play a minor role. Performance of these eight compounds was compared by 
transporting metal ions through a bulk liquid membrane (Table 4.11). The most effi-
cient carriers are dipropoxy-calix[4]arene (dibenzocrown-6) (MC5) and, to a lesser 
extent, dipropoxy-calix[4]arenes crown-6 (MC6). Increasing the size of the crown 
results in a decrease by about 10-fold of the transport rate of cesium. It has to be 
pointed out that there is no more selectivity between the alkali cations for the dibenzo 
crown-8 derivative; all the cations are poorly extracted. The authors explain the better 
affinity of (MC17) in comparison to (MC7) by the flattening of the crown, induced 
by introduction of two benzo groups in this crown. The two butyl groups attached to 
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the crown ether (MC21) and (MC22), slightly tilted inside the cavity of the crown, 
hindering the introduction of cations in the crown (confirmation by examination of 
Corey–Pauling–Koltun space-filling models).55,56 These transport measurements 
were confirmed by transport of alkali metals through polymeric membranes.57

4.3.4.2 MD Computation
Four calixarenes were studied by MD: MC7, BC2, BC5, and BC3. The aim of these 
simulations was to correlate the extracting behavior and the cesium over sodium selec-
tivity to molecular properties, considering that a good extractant is first of all a good 
complexant and lipophilic enough to stay in the organic phase. For these simulations 
in water, considering that ion pairs are separated, the counterion was not taken into 
account. MD computations show that, for BC5, the distances between the cation and 
the six oxygen atoms of the complexing crown are almost the same d(Cs+ −Oc) = 3.31 Å.  
They are a little larger and more heterogeneous for BC2. On the contrary, the comple-
mentarity between cesium and the oxygen donors of the crown is not satisfactory 
for BC3. By visualizing the MD trajectory, the evolution of the complexes and their 
interactions with water molecules can be observed. From the beginning of the simula-
tion, one water molecule, located out of the ligand, is coordinated to the cesium for 
the calix[4]arenes crown-6; on the contrary, BC3 is coordinated to several water mol-
ecules that, after 75 ps of MD, provoke the decomplexation of cesium. The situation 
is very different for sodium complexes. In BC2/sodium complexes, a water molecule 
enters the complexing crown during the first picosecond of MD and stays in this 
stable position, completing the coordination sites of the cation. This introduction of 
water in the crown is not observed during the first 100 ps with BC5 and the BC3, due 
to the best shielding effect of surrounding water by the crown. The complexing crown 
of BC3 completely folded over sodium, preventing the solvation; on the other hand, 

tAbLe 4.11
single-Ion transport Values of Alkali Metal Ions through a bulk Liquid 
Membrane

Flux/10−8 mol s−1 m−2

Ligands Li+ na+ k+ Rb+ Cs+ 

MC6 0.00 1.42 1.90 20.75 78.23

MC16 0.00 1.22 1.45 4.55 8.35

MC17 0.00 0.00 2.84 44.95 130.59

MC18 0.00 1.92 1.28 4.35 11.87

MC19 0.00 1.07 2.12 2.21 5.42

MC21 0.00 1.51 0.77 1.03 2.90

MC22 0.00 0.87 0.64 1.00 1.90

MC20 0.00 0.87 2.17 1.69 1.03

Note: Transport conditions: source phase, MNO3 = 0.1 M; membrane-phase carrier 10−3 M in 
CH2Cl2; receiving phase, deionized water.
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the other crown loop, free of cation, is well solvated with water. MC7 has the same 
behavior as BC2 with a best structural complementarity, similar to that of BC5.58

MD simulations were performed on the alkali cations to evaluate the host-guest 
complementarity in particular. A criterion of this complementarity is the ability of 
the extractant to provide a coordination environment similar to that of the hydra-
tion shell of the cation. Part of this environment (number of donor atoms and their 
statistical distance to the cation) can be evaluated by the summation of the radial 
distribution functions (rdfs) of the oxygen atom donor sites rdfOc, collected during 
MD simulations and their comparison with the rdf of the water oxygen atoms rdfOw, 
around the “free” cation under similar simulation conditions. The MD simulations 
were performed with several calix[4]arene-biscrowns: calix[4]arene-bis(crown-5) 
BC1, calix[4]arene-bis(crown-6) BC2, calix[4]arene-bis(crown-7) BC3, calix[4]
arene-bis(dibenzo-crown-6) BC8, calix[4]arene-bis(tribenzo-crown-6) BC9, calix[4]
arene-bis(naphtho-crown-6) BC10. From the simulations in vacuum in the absence 
of counterion, BC10, BC8, and BC9 display an excellent complementarity for Cs+. 
BC2 is slightly too large, and BC1, too small, is better fitted for rubidium or potas-
sium. Simulations in the vacuum with sodium nitrate give rise to a different location 
of the sodium cation, whatever the calixarene. This cation is shifted to the upper part 
of the crown, interacting with the nitrate anion and four oxygen atoms of the crown. 
This location leaves enough room for a water molecule in the crown. Previously, it 
was shown that the sodium binding was favored by one water molecule. The decrease 
of affinity toward sodium when benzo or naphtho moieties are present in the crown 
must be related to this hydrophobic unfavorable environment more than to a worse 
calixarene/sodium complementarity.

In water, the introduction of a counteranion (NO3
−) induces a stronger electrostatic 

interaction, which tends to draw the cations out of the mean plane of the crown ether 
loop. Simulations with cesium nitrate and the various calix[4]arene-biscrowns show 
that the best fit is obtained with BC8 and BC9.59

A MD simulation on the extraction of Cs+ by MC4 compared two diluents, CHCl3 
and the ionic liquid (IL) BMI + Tf2N−. With CHCl3, the complex formation is limited 
to the interface, while the IL allows reaction in the vicinity of the interface, involving 
mixed solvation. In CHCl3, the ligand and its Cs+ complex are amphiphilic and prefer 
the interface, whereas in the IL, the complex is less surface active than the free ligand. 
The latter explains the better extraction of Cs+ into the bulk organic phase by hydropho-
bic ILs. However, in the IL/water biphasic system, equilibrium is reached more slowly 
due to the lower diffusion coefficients and distribution of water into the IL phase.60

4.3.5 diHydroCaliX[4]arene

Sachleben et al. observed that for bis(alkoxy)calix[4]arene monocrown ethers, reduc-
ing the size of the alkoxy substituent from octyl to allyl increased the cesium extrac-
tion by 10%–30% and the cesium-to-potassium selectivity by 20%–40%, with little 
impact on cesium over sodium selectivity. A standard modeling approach was used to 
analyze the complementarity of the calix-crown cavity toward potassium and cesium. 
MM3 optimizations were performed by modifying the K+ and Cs+ complexes, replac-
ing the 1,3-dioxybenzene-substituent with tert-butoxy, methoxy, or hydrogen groups. 
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A measure of complementarity, ∆Ucomp, was obtained as the difference between the 
steric energy of the ligand in its bound form and the steric energy of the ligand in 
its binding conformation. In addition to the ligand strain ∆Ucomp, summing each 
[M+]-calixarene interaction energy provides a measure of the strength of the π-cation 
interactions Eπ. Using the sum of ∆Ucomp and Eπ as gauge, authors observed that com-
plementarity for both cations is best when the substituents are hydrogen and decrease 
in the order hydrogen > methoxy > tert-butoxy. Hydrogen substitution permits the 
cavity to open, thereby allowing the two arene donor groups to approach their pre-
ferred orientation with respect to the cation. Remarkably, the structure predicted for 
Cs/3c by molecular modeling is very similar to that found in the crystal structure.

Changing the calixarene from dioctyloxycalix[4]arenes MC8, MC11, and MC14 
to the dihydro analogs MC30, MC31, and MC33, respectively, the extraction strength 
for cesium expressed in terms of distribution ratios DCs, decreases by roughly an 
order of magnitude. However, a much larger decrease is observed for the extraction of 
other alkali cations, corresponding to an increase of the selectivity (Table 4.12). These 
studies prove that enhanced selectivity for cesium over other alkali cations can be 
obtained by appropriate modifications of some portions of calix[4]arene crown-6.61,62

4.3.6 enlarged CaliX[4]arene Crown-6

4.3.6.1 Calix[4]arene Propylene-crown-6
From the observation that ring-enlarged crown ethers, (3m + n)-crown-m, usually 
show decreased cation-binding ability in comparison to the corresponding  symmetric 

tAbLe 4.12
Distribution Ratios for Alkali Metal nitrates from Water to  
1,2-Dichloroethane and the Corresponding selectivities

Ligands DCs DRb Dk Dna DLi

SCs/Rb SCs/k SCs/na SCs/Li

MC30 0.403 <0.0070 <9.6 × 10−5 2.17 × 10−5 1.90 × 10−5

>58 >4200 >23,000 >32,000

MC31 0.383 <0.0070 <9.6 × 10−5 <2.5 × 10−6 <5.8 × 10−7

>54 >4000 >150,000 >660,000

MC33 0.116 <0.0070 <9.6 × 10−5 <2.5 × 10−6 <5.8 × 10−7

>17 >1200 >47,000 >200,000

MC8 3.65 0.180 0.0152 22.0 × 10−5 2.98 × 10−5

20 240 17,000 120,000

MC11 4.04 0.214 0.0141 3.9 × 10−5 0.99 × 10−5

19 290 100,000 >450,000

MC14 1.61 0.178 0.0125 <2.5 × 10−6 0.97 × 10−5

9.0 130 >640,000 170,000

Note: CL = Cpic = 2.5 × 10−4 M; volume aqueous/organic phase = 1, T = 25°C.
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crown ethers, but sometimes enhance selectivity, Casnati et al. proposed to improve 
the selectivity for cesium over potassium of these compounds by enlarging the crown 
of calix[4]arene crown-6 by the introduction of a propylene unit in place of the cen-
tral ethylene unit. The authors modeled the structure of the complexes of “enlarged 
calix[4]arene crown-6” with potassium and cesium in the gas phase. The main con-
clusions of the modeling are the following. The calix[4]arene basket undergoes a 
significant conformational reorganization upon complexation, the opposite phenolic 
units are forced to rotate toward the exterior of the macrocycle to favor the binding 
of the metal ion, and the rotations increase as the size of the cation increases. The 
analysis of the interatomic M+-O distances shows that the K+ ion is tetra-coordinated 
(the K+ -O bond distances range from 2.64 to 2.89 Å) in contrast with cesium, which 
is hexa-coordinated (the Cs+ -O bond distances range from 3.00 to 3.43 Å). It is, how-
ever, surprising that a small shortening of the Cs+ -O distance is observed in spite of 
an enlargement of the size of the crown. Therefore, these data, which show a relevant 
difference in the coordination numbers of the two cations, suggesting an improved 
selectivity for cesium over potassium, prompted the authors to synthesize two 
calix[4]arene-propylene-crown-6 compounds. The binding properties of the two new 
ligands, MC23 and MC24, with propylene units were determined by Cram’s method 
and compared to those of their counterparts with ethylene units. A strong decrease in 
cation-binding properties of propylene calix[4]arene crown-6 is observed. This effect 
is more significant for larger cations and with the dibenzo-crown-6 derivative. This 
discrepancy is ascribed to the fact that effects due to solvation and interaction with 
the counterion are not taken into account in the modeling.63

4.3.6.2 thiacalix[4]arene
Another way to act on the selectivity of calix[4]arene-crown is to modify the size 
of the cavity of calixarene by replacing methylene by sulfur bridges. Crystal struc-
tures and extraction data obtained with the thiacalix[4]arene-bis(crown-5) and the 
thiacalix[4]arene-bis(crown-6) lead to the conclusion that these compounds are less 
interesting than calix[4]arene-crown-6 for the extraction of alkali cations (Table 4.6). 
In agreement with crystal structures, MD simulations showed that the thiacalix[4]
arene cavity size was approximately 0.05 nm larger than that of calix[4]arene. MD 
simulations show that the cations are located close to the thiacalix[4]arene  cavity 
with the possibility of migration through the latter and that the crown does not 
correctly fulfill its role of ligand.64 Complexation studies confirm these extraction 
results: the replacement of the bridging CH2 groups of calix[4]arene-bis(crown-n) by 
sulfur atoms of thiacalix[4]arene-bis(crown-n) leads to a strong decrease in complex-
ation levels of alkali metal ions, but does not affect the selectivity within the series of 
crown ethers. No clear-cut conclusions about the possible interactions between these 
cations and the sulfur atoms can be drawn.65

In conclusion, calix[4]arene-bis(crown-6) and dialkoxy calix[4]arene crown-6, 
and especially their dibenzo derivatives, which display an important hydrophobic-
ity, seem best suited for the extraction of cesium from very acidic media or media 
containing large amounts of sodium. In 2006, Mohapatra confirmed the high effi-
ciency and selectivity of BC5 and BC10 for the extraction of cesium from simulated 
acidic high-activity level waste. The Cs distribution ratio follows the trend of diluent 
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dielectric constant. The selectivity factor over the other studied fission products 
and over U(VI) exceeds 200 (except I2). The Cs distribution ratio remains nearly 
constant up to equimolar amounts of Cs and extractant in aqueous and organic 
phases, respectively.66 Their selectivity for cesium over potassium being relatively 
low, dihydrocalix[4]arenes would appear to be good candidates for the extraction of 
cesium containing large amounts of potassium.

4.3.7 Proton-Ionizable CaliX[4]arene

Incorporating a proton-ionizable group into a macrocyclic ligand has a very impor-
tant effect upon the efficiency with which a metal ion can be extracted into an 
organic medium. Transfer of hydrophilic anions, such as nitrate, from the aqueous 
phase into an organic phase to provide an electroneutral extraction complex with a 
 macrocycle-complexed metal ion is energetically unfavorable, and markedly dimin-
ishes the extraction efficiency. With a proton-ionizable group in the ligand, ionization 
provides the requisite anion for formation of an electroneutral extraction complex 
without transfer of an aqueous-phase anion.

For the first time, Talanov synthesized two 1,3-alternate calix[4]arene-bis(crown-6) 
compounds with a proton-ionizable group (carboxylic BC17 or the more acidic 
N-(trifluoromethylsulfonyl)-carboxamide) BC18 located in front of one crown ether 
cavity (in para position to the phenolic hydroxy groups). Competitive extraction of 
alkali cations from aqueous nitrate solution (0.1 mM in each cation, pH 6) into 0.10 
mM solutions of the ligand in chloroform showed no extraction for calix[4]arene 
crown-6 without an ionizable group. On the contrary, BC17 extracted only cesium 
(17.7%), and BC18 extracted both rubidium (17.0%) and cesium (56.5%).67

Moyer hypothesized that the incorporation of amine functionality into the calix-
crown could improve the efficiency of release of cesium from the calix-crown upon 
protonation. Neutral calix-crowns extract Cs+ by coextraction of an aqueous-matrix 
anion, such as nitrate. If the organic phase is then contacted with an acidic aque-
ous phase, the amine functionalities will become protonated, possibly destabilizing 
cesium complexation by charge-charge repulsion. Three classes of amine-derivatized 
calix-crowns were prepared to evaluate the relationship between the proximity of the 
amine groups to the cesium-binding cavity and the destabilizing effect on cesium 
binding. The first had the amine attached to the phenyl group of the benzocrown unit 
MC34 and BC19, the second was particular to mono crown calixarenes, in which the 
alkoxy group is a short alkyl chain with an amine terminus (MC35), and the last had 
the amine attached to one of the phenyl rings of the calixarene “upper rim” (BC20).

The calix[4]arene mono crowns MC34 and MC35 and calix[4]arene bis crowns 
BC19 and BC20 were compared to BC6 and MC8. The organic phase in each case 
consisted of a calix-crown at 2.5 mM in nitrobenzene, and extractions were carried 
out from alkaline and acidic nitrate aqueous solutions. A 100-fold decrease in cesium 
extraction strength is observed upon acidification of the aqueous phase. Under alka-
line conditions, except for the bisamino-propoxy calix[4]crown, MC35, the  presence 
of the amino group does not change DCs significantly. Extraction under acidic condi-
tions decreases significantly relative to the nonaminated control compounds for all 
amino-substituted compounds, and most significantly for amino methyl  calix-crown 
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BC20. Stripping under acidic conditions gives approximately the same value of 
DCs as extraction under nitric acid conditions, confirming that back-extraction is 
enhanced. A combination of high extraction ability under basic conditions and high 
stripping efficiency under acidic conditions make compound BC20 an attractive 
extractant candidate. For BC7, at low concentrations of cesium, the stoichiometry of 
the calix:cesium complex is 1:1. A further loading of BC7 can be achieved to give a 
calix:cesium ratio of 1:2, in agreement with the number of crown rings available to 
complex cesium. In contrast, the stoichiometry between BC20 and cesium remained 
unchanged, suggesting that one of the two crown cavities of this molecule is unsuit-
able for binding cesium, evidence that the nonfunctionalized crown ring contains the 
cesium. The implication is thus that positioning the methylamino group on one of 
the phenyl groups on the calixarene “belt” destabilizes cesium binding, although the 
amino group itself is ordinarily capable of acting as an electron-pair donor.68–71

The goal of further work was to evaluate the role of the amino group of amino 
methyl calix[4]arene-[bis-4-(2-ethylhexyl)benzo-crown-6] (BC20) in the extraction 
of cesium from acidic and basic mixtures of sodium nitrate and other concentrated 
salts. The extraction of cesium from nitrate media was measured as a function of 
extractant concentration, nitrate concentration, cesium concentration, and pH over the 
range 1–13. Rather than the nitrobenzene diluent used in previous studies, an alcohol-
modified alkane was employed. The initial studies showed a moderate decrease in the 
extraction of cesium in acidic media, which indicated the binding of cesium by the 
calixarene-crown was weakened by the protonation of the amine group. The results 
also indicated that a 1:1:1 Cs-ligand-nitrate complex is formed in the organic phase. 
The formation constants of the complexes formed in the organic phase computed 
from empirical data showed that the attachment of the amine group to the calixarene-
crown molecule reduced the binding stability for the cesium ion upon contact with 
an acidic solution. The small magnitude of the charge-charge repulsion effect likely 
implies that the cesium binding in BC20 occurs in the cavity opposite that of the pen-
dent amino group, such that the positive charges are not in close proximity.72

A series of calix[4]arene-bis(crown-6) ligands BC21, BC22, and BC23 and three 
series of calix[4]arene-monocrown-6 ligands (MC36-MC41), (MC42-MC43), and 
(MC44-MC45) have been synthesized.70 The lipophilic calix[4]arene-bis(crown-6) 
extractant series BC21, BC22, and BC23 has the same general structure as nonion-
izable BC6 with the exception that the lipophilic groups are 2-ethylhexyl instead 
of tert-octyl and the presence over the face of one crown ring of a proton- ionizable 
group. In addition to a carboxylic acid group, the ionizable groups include two 
N-(X) sulfonyl carboxamide groups in which the acidity of the function is “tuned” 
by varying the electron withdrawing ability of X. The change from X = CH3 to CF3 
is expected to increase the ligand acidity by about three pKa units. Since calix[4]
arene-biscrown-6 extractants have two crown units, there is a possibility that in addi-
tion to the complexation of cesium ion by one crown unit, the second crown unit 
could complex cesium, thereby escaping the switching mechanism. Additionally, 
the possibility of sodium or potassium ion binding by the second crown unit could 
reduce the cesium extraction selectivity. To eliminate these unwanted effects, the 
lipophilic calix[4]arene-monocrown-6 series (MC36-MC41) was prepared. To allow 
the effect of varying the proton-ionizable group’s acidity to be assessed, ligands with 
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six different acidic functions located over the crown cavity were synthesized. These 
include a carboxylic acid group, four N-(X) sulfonyl carboxamide groups in which 
the acidity can be “tuned” by variation of X, and a very weakly acidic fluorinated 
alcohol group. For comparison of the proton-ionizable ligands with an analogous 
nonionizable extractant (MC36-MC41) with R = H was also prepared.

For evaluation of the influence of proton-ionizable group positioning relative to 
the crown cavity, extractant series (MC42, MC43) and (MC44, MC45) were realized. 
In (MC42, MC43), the proton-ionizable group is located directly over the crown 
cavity. In (MC44, MC45), the proton-ionizable group points away from the crown 
 cavity. For extractant series (MC42, MC43) and (MC44, MC45), the proton- ionizable 
groups are of the N-(X) sulfonyl carboxamide variety with X = CH3 and CF3 to pro-
vide for a substantial acidity variation. For this comparison, the 2-ethylhexyl groups 
were not needed, as the n-octyl chains confer sufficient solubility.

The proton-ionizable families (BC21–BC23) and (MC36–MC41) are not only 
strong extractants for cesium under alkaline conditions, but they also possess a strik-
ing switching-off effect under acidic conditions; DCs swings as much as six orders 
of magnitude between alkaline and acidic conditions. Under alkaline conditions, 
the value of DCs increases to an expected plateau (except for R = CHCF3OH, whose 
presumed plateau occurs at unreachable alkalinity), where the ionizable protons 
are presumed to be quantitatively exchanged for sodium ions. At the plateau, the 
effective extraction reaction is thus expected to be an exchange of sodium for more 
strongly favored cesium, a pH-independent process. A constant plateau value of 
approximately 200 is reached for all N-sulfonylcarboxamide compounds. It may be 
seen that the pH effect is governed by the nature of the ionizable group. Among the 
N-sulfonylcarboxamides tested, the strength of extraction at a given pH value below 
the range of plateau values follows the order: X = trifluoromethyl > p-nitrophenyl 
> methyl ~ phenyl. Results for the mono crowns in chloroform were similar to the 
results of bis-crowns in toluene, though the magnitude of change in DCs values with 
pH swing was not as large. Bis-crowns exhibited less change in DCs, as the curves 
tend to level off at a higher value of DCs in the low-pH region, undoubtedly owing to 
the fact that the second crown ring is capable of extracting cesium nitrate unencum-
bered by the presence of the ionizable group. The authors make the important con-
clusion that the pH-switching effect is enhanced by a blocking effect of the ionizable 
group upon cesium binding. That is, the neutral ionizable group must make cesium 
binding unfavorable by steric or hydrogen-bonding interactions.71

4.3.8 PHotoSenSitive CaliXareneS

Often, decomplexation of cations from extractants is difficult when strong binding 
ligands are used. As shown in this review, the binding ability and selectivity of most 
macrocyclic compounds are mainly governed by the size and shape of the cavity.34

Many systems are described in which changing the cavity shape by allosteric effects 
allows the cation binding ability and the selectivity of the receptor to be modified and 
controlled. For instance a photo-responsive cis/trans isomerizable azobenzene unit 
has been introduced in macrocyclic structures in order to change the receptors cavity 
shape, leading to a photo-control of ion extraction.

59696.indb   223 7/14/09   9:33:27 PM



224 Ion Exchange and Solvent Extraction: A Series of Advances

Several calix[4]arenes, including a photo-isomerizable azobenzene unit in the 
ether bridge, were synthesized. Two are in the cone conformation with six and eight 
oxygen atoms in the ether part of the bridge, respectively, and two others with four and 
six oxygen atoms, respectively, in which the presence of two glycolic chains requires 
the calixarenes to be in the 1,3-alternate conformation. X-ray structures show that the 
geometry of calix[4]arenes including azo groups in the crown can be tuned by modi-
fying either the bridge length or the conformation of calixarene. However, none of 
these compounds can be considered as preorganized for cation complexation, because 
the oxygen-atom lone pairs are not all directed toward the cavity center.73 Calix[4]
arene-bis-crowns, including a photo-isomerizable azobenzene unit and six and eight 
oxygen atoms respectively in each ether bridge, were synthesized. The authors have 
shown that the cis/trans composition of the various compounds is dependent on the 
length of the glycolic chain capping the calixarene unit.73

Among these calixarenes, 1,3-calix[4]azobenzene crown-6 was more extensively 
studied. This compound is a mixture of cis and trans forms; the latter is the major form, 
being the more thermodynamically stable. The presence of alkali cations influences 
the photostationary state of the photosensitive ligand if the cations are complexed by 
one of the two isomers. By observing the reversibility of the  photoisomerization, it 
is possible to determine the stability of complexes formed with the two isomers. The 
percentage of the cis isomer increases in the following order: Na+ < K+ < Rb+ < Cs+. 
The cations Na+ and K+ only slightly increase the percentage of the cis isomer under 
photostationary state, which suggests that these cations are moderately complexed 
by the cis form. On the contrary, the presence of Rb+ or Cs+ sharply increases the cis 
percent. The observed distribution ratios of Na+, Rb+, and Cs+ show that rubidium 
and cesium are better extracted by cis isomer.74,75

4.3.9 ion-seleCtive eleCtrodeS (iSe)

Calix[4]arene-crown-6 derivatives MC7, MC8, and MC10 in the 1,3-alternate con-
formation, incorporated in poly(vinylchloride) membranes of CHEMFETs, exhibit 
high Cs+ selectivity and Nernstian behavior. The selectivity Cs+ over Na+, given by
log .KCs,Na

pot = 3 3, is slightly better than that observed for bis(18-crown-6) derivatives,
log .KCs,Na

pot = 3 0. The CHEMFETs display a sub-Nernstian response in the presence 
of K+ and NH4

+ behavior, which can be explained, respectively, by the small differ-
ence between the stability constants of the Cs+ and K+ complexes and by the high 
ratio of NH4

+ in favor of the membrane phase.76

MC2 and the three different conformers of the 1,3-diiso-propoxycalix[4]arene-
crown-6 (cone, partial cone, 1,3-alternate (MC7)) were used in ion-selective elec-
trodes (ISE) with two solvents (dibutyl sebamate and o-nitrophenyl octyl ether 
(NPOE)). As expected, the lowest detection limit was obtained for membranes con-
taining the 1,3-diisopropoxy derivative in the 1,3-alternate conformation. To corre-
late the analytical results with the structural properties of the ligand and with the 
nature of the polymeric membrane, a multifactor ANalysis Of VAriance between 
groups (ANOVA) was carried out on selectivities toward monovalent and divalent 
ions. As for the alkali metal ions, a highly significant negative correlation (p < 0.01) 
between the logKCs,M

pot  values and the ionic radius was found; for the smaller ions H+, 
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Li+, and Na+, the four ionophores showed higher differences in selectivity than for 
the larger ions K+ and Rb+ as well as for alkaline earth metal ions. Better results than 
those previously reported with other ligands in terms of detection limits (5 × 10−7) 
and logKCs,M

pot  (4.46) were found for the 1,3-diisopropoxycalix[4]arene-crown-6 in the 
1,3-alternate conformation.77

Four calix[4]arene dibenzocrown ether compounds MC17, MC18, MC20, and 
MC21 have been evaluated as cesium-selective ligands in solvent polymeric mem-
brane electrodes. For an ISE based on MC17, potentiometric selectivities of ISEs 
based on MC17, MC18, MC20, and MC21 for cesium over other alkali metal cations, 
ammonium, and alkaline earth metal cations have been determined. For MC17-ISE, 
a remarkably high selectivity for cesium over sodium is observed, the selectivity 
coefficient logKCs,M

pot  being ca. 5. As the size of the crown ether ring is enlarged from 
crown-6 (MC17) to crown-8 (MC21), the selectivity cesium over other alkali metal 
cations, such as sodium and potassium, is reduced successively.57

4.3.10 membraneS baSed on CaliXarene Crown-6

4.3.10.1  transport of Cesium by Means of supported Liquid  
Membranes (sLM)

Supported liquid membranes (SLM) consist of two aqueous phases separated by 
an organic phase. The aqueous phase, called the feed phase, contains the cations 
to be extracted by means of the membrane organic phase. These cations are then 
carried to the other aqueous phase, called the stripping phase. The organic phase, 
constituted by an extractant dissolved in diluent, impregnates a microporous sup-
port placed between the aqueous phases. The mass of organic phase is very low 
(1.5 mg cm−2) for a CELGARD 2500 membrane (25 μm thickness, 45% porosity). 
As in the University of Twente, experiments in Cadarache were carried out with the 
device developed by Stolwijk and implementing nitrophenyl hexyl ether (NPHE) 
or NPOE. These diluents were used because they lead to a stable membrane due to 
their very low solubility in water. Moreover, the basicity as well as the polarity of 
these diluents improves cation extraction by a better solvation of nitrate anions. The 
driving force of the process is due to the difference of the nitrate concentration in 
the feed phase 4 M (NaNO3, 1 M HNO3, or 3 M HNO3) and in the receiving phase 
(deionized water).

Reusch and Cussler have shown that common ion pumping can be used to trans-
port a salt against its concentration gradient.78 When a secondary salt with the same 
anion and a low extraction constant is present in large excess, the anion gradient acts 
as a “pump” for the primary salt. Calixarenes displaying high affinity for cesium and 
showing no affinity for sodium are ideal for the transport of cesium from solutions 
containing sodium nitrate in large amounts (Table 4.13).

Stolwijk has reported a mathematical model that describes the initial flux as a 
function of the diffusion constant of the complex (DM), the product (Kex) of the asso-
ciation constant of the complex in the membrane and the partition ratio of the salt, 
the concentration of salt (a) in the aqueous phase and of the carrier (L0) in the mem-
brane phase, and the thickness of the membrane (d):
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To verify that carriers were not leaching from the membrane, cesium fluxes were 
measured for 24 h with diisopropoxy calix[4]arene crown-6 and di-NPOE calix[4]
arene crown-6 (for this calixarene, the alkoxy group is replaced by a NPOE moiety) 
as carriers, after which both the source phase and the receiving phase were replaced. 
The cesium flux remained constant even after three replacements; thus it, was con-
cluded that the carriers are not leaching from the membrane (Table 4.13).79

According to the Danesi model, the flux of cations through the membrane is equal 
to:
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where DCs is the distribution ratio of the permeating cation, da is the thickness of the 
aqueous diffusion boundary layer, do is the thickness of the membrane, and Da and 
Do are, respectively, the diffusion coefficient of cation in the aqueous and organic 
phases, and C is the concentration of transported cation. From this relation, the per-
meability PCs can be deduced:
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Moreover, the permeability can be deduced from transport experiments by plot-
ting −log C/C0 versus time:

 − =log Cs
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 (4.5)

tAbLe 4.13
Percentage of transported Cations across the 
Membrane after 24 Hours
Ligands %Cs+ %na+ 

MC6 97.9 0.23

MC8 99.5 0.20

MC10 98.1 0.25

Note: Carrier concentration: 0.05 M, source phase: 10−3 M CsNO3, 
4 M NaNO3, 1 M HNO3.
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Here, C0 and C denote the initial concentration of cation and that of cation at time t, 
S is the membrane surface, and V is the volume of the feed solution.

Under certain conditions where da/Da is negligible in front of do/Do, PCs is pro-
portional to DCs:

 P
D D

do
Cs

Cs o=  (4.6)

The flux of cations is governed by the following two relations. At high cesium 
concentrations (C > E/D) (where E denotes the concentration of carrier in the 
membrane),

 J
E D
do

= o  (4.7)

while at lower cesium concentrations:

 J P C
D C D

do

= ⋅ = Cs o  (4.8)

Using the Danesi model of mass transfer, the Cadarache group was able to evalu-
ate the permeabilities PCs (cm h−1) of cesium cation through SLMs implementing 
 different calixarenes crown-n (10−2 M) from acidic solutions containing large amounts 
of sodium nitrate to deionized water. As expected, the highest transport rates were 
obtained with dibenzo derivatives mono and bis (crown-6), which both display the 
highest hydrophobicity and cesium over sodium selectivity (Table 4.14).10,33,80

Repeated transport experiments, where both the aqueous feed and stripping solu-
tions are renewed every day while the membrane remains the same as in the first run, 
were carried out. The decrease of the permeability PCs is explained by the partition-
ing of the carrier between the membrane and the aqueous solutions. Hill described 
the permeability decrease by the following relation:80

 log log ( )logP P i
R

K
i

Cs Cs
p

= − − +






1 1 1  (4.9)

Here, Pi
Cs  and PCs

1  are the cesium permeability in the ith transport experiment and in 
the first run, respectively, and R = (Vfeed + Vstrip)/VSLM, Vfeed, Vstrip, and VSLM are the vol-
umes of feed and stripping aqueous phases and the volume of organic phase in the 
membrane, respectively. Kp is the apparent partition constant of the carrier between 
the SLM and both aqueous and stripping solutions. Values of this apparent partition 
constant can be deduced via linear regression of log PCs versus (i–1). They are equal 
to 128,100, 29,100, 106,700, and 295,000, respectively, for decyl-benzo-21-crown-7, 
calix[4]arene-bis(crown-6), calix[4]arene-bis(benzo-crown-6), and calix[4]arene-
bis(naphtho-crown-6). Calix[4]arene-bis(crown-6) rapidly leaked off the membrane 
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because of its low apparent partition constant, leading to membrane instability in 
less than 20 runs. Better stability and efficiency were observed with the more lipo-
philic benzo and naphtho derivatives, which present higher preorganization and 
hydrophobicity. Comparable behavior was achieved with the lipophilic dioctyloxy 
calix[4]arene-crown-6.

Small-angle neutron-scattering (SANS) experiments were performed on micel-
lar solutions of cesium dodecylsulfate (1% w/w) in the presence of MC8 at different 
concentrations (0%, 3%, and 5%). An increase of calixarene concentration results 
in growth in size of micelles and in a strong decrease of micellar ionization fac-
tor α = Z/N. These results confirm that dioctyl calix[4]arene(crown-6) is adsorbed 
at the micellar interface and entraps the cesium counterions, implying an efficient 
screening of the surfactant’s negative charge and explaining the efficient ion trans-
port across liquid membranes.81

tAbLe 4.14
Permeability of Cesium through supported 
Liquid Membranes

Compounds PCs

21-Crown-7 ethers
n-Decylbenzo-21C 7 0.09

tert-Butylbenzo-21C 7 0.09

di-Alkoxy calix[4]arenes crown-n
MC4 0.034

MC2 0.4

MC6 1.6

MC7 1.3

MC8 1.9

MC12 2.1

MC14 4.3

MC5 0.05

Calix[4]arenes bis (crown-n)
BC1 0.09

BC2 1.3

BC3 0.04

BC4 0.003

BC5 2.8

BC8 4.3

BC10 2.7

BC11 0.1

Note: Organic solution: Carrier 10−2 M in nitrophenyl hexyl 
ether. Aqueous feed solution: 4 M NaNO, 1 M HNO3. 
Aqueous receiving solution: deionized water.
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4.3.10.2 solid Membrane
In spite of satisfactory results in terms of durability, the main drawback to the practical 
application of SLMs is the observed decrease of permeability due to the progressive 
leaching of extractant during the successive runs. A way to overcome this drawback 
is to use a dense membrane containing the ligand chemically grafted on an insoluble 
matrix. Then, ions will be transported through the membrane by a facilitated dif-
fusion process owing to the large solubility increase into the matrix related to the 
extractive strength of immobilized macrocycles. A new unsymmetrical calix[4]arene 
bis(crown-6) derivative was prepared for the purpose of attaching it to a silica net-
work by a sol-gel process. Comparison of performances of SLM and solid  membranes 
shows a sharp decrease of the selectivity for cesium over sodium attributable to the 
deformation of the complexing crown ring due to the constraint induced by the link-
ing to silica network of the other crown of calix[4]arene bis(crown-6). Moreover, the 
diffusion and decomplexation steps are hindered by the parasitic transfer of nitrate 
anions, which induces a strong decrease of the transport driving force.82,83

4.3.11 eXtraCtion CHromatograPHy

Comparison of solvent extraction and extraction chromatography by BC5 and BC6 
showed surprising differences: a high uptake of Cs by impregnated resin occurs 
over a broad range of 0.01–1 M HNO3, while a sharp maximum in solvent extrac-
tion occurs at 3 M HNO3. The equilibrium is rapidly reached and the calixarene is 
not washed out from the column. The loading capacity of 0.7 mg Cs/mL resin may 
improve upon optimization. Interference by K+ is noticeable at higher levels.84

4.3.12 fluoreSCent CaliXareneS

Although fluorescent calixarenes would be an appropriate section herein, especially 
as regards nuclear applications, the reader is referred to the recent and exhaustive 
review “Calixarene-derived Fluorescent Probes.”85

4.3.13  teStS of CaliXareneS Crown-6 on aCtual  
radioaCtive waSte

Distribution ratios and transport were carried out on real HAW arising from dis-
solution of a mixed oxide of uranium and plutonium (MOX) fuel (burnup 34,650 
MW d/tU), where uranium and plutonium have been previously extracted by TBP.86 
The experiments were performed in the CARMEN hot cell of CEA Fontenay aux 
Roses with two dialkoxy-calix[4]arene-crown-6 derivatives (diisopropoxy and dini-
trophenyl-octyloxy). High cesium distribution ratios were obtained (higher than 50) 
by contacting the HAW solution with diisopropoxy calix[4]arene-crown-6 (0.1 M 
in NPHE). Moreover, the high selectivity observed with the simulated waste was 
confirmed for most of the elements and radionuclides (actinides or fission products: 
Eu, Sb, Ce, Mo, Zr, and Nd). The residual concentration or activity of elements, 
other than cesium, was less than 1% in the stripping solution, except for iron (2%) 
and ruthenium (8%); the extraction of these two cations, probably under a complexed 
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form, can be due to an interaction with NPHE. With MC7 and MC10, respectively, 
77.5% and 86.3% of the cesium were transported from HAW to demineralized water 
in 9 hours. Only molybdenum and zirconium were detected in the stripping phase 
at very low level with the diisopropoxy calix[4]arene-crown-6 used as a carrier at a 
concentration 0.1 M in NPOE.

4.3.14 CoeXtraCtion of CeSium and teCHnetium

Extraction of tetrahedral pertechnetate anion from aqueous solutions using several 
crown ethers is well known. The coextraction of cesium (or strontium) and techne-
tium from nuclear waste by calix[4]arene-crown-6 has been reported from alkaline 
media. Although technetium in its common pertechnetate form does not complex 
directly with crown ethers, pertechnetate extraction may be facilitated by crown 
ethers as the coanion of sodium (for alkaline nitrate waste). Pertechnetate at trace 
levels in the waste may be more than a 1000-fold more extractable than the smaller 
nitrate anion in ion-pair extraction processes.87

Recovery of technetium, present as pertechnetate in aqueous acidic solution, is 
of utmost importance because of its long half-life of 2.13 × 105 years and its relative 
mobility in the environment. The close relation between TcO4

− and the isoelectronic 
perrhenate ReO4

− makes the latter a widely used model for artificially produced tech-
netium, which only possesses radioactive isotopes.

Calixarene crown-6 compounds, which are neutral extractants like crown ethers, 
are able to coextract technetium with cesium. Tests carried out with several calix-
arene-crown ethers (MC7, MC8, MC14, BC2, BC5, BC8, and BC10) show that the 
extraction of technetium, present in the aqueous phase at a concentration 10−5 M, 
is enhanced as the cesium concentration in the aqueous phase increases from 10−5 
to 10−2 M. As expected, an increase of nitrate concentration prevents pertechnetate 
extraction in competition with nitrate anion. The extraction of technetium is only 
appreciable when the nitric acid does not exceed 1 M. Distribution ratios DCs (close 
to 8) are comparable for the various calixarenes. However, a decrease of extraction 
is observed for naphtho derivatives.88,89

Crystal structures of calix[4]arene-bis(crown-6) BC2 show that the perrhenate ion, 
present in excess in solution, has completely replaced the nitrate ion. The ReO4

− ion 
presents the same variety of coordination modes as NO3

− with a greater tendency to be 
noncoordinating. The origin of the dissociation is likely to be found in the low charge 
density, the high coordination number provided by the ligand, and in steric effects (the 
geometry of the ligand does not permit a close approach of the anion). The constancy 
of the binding strength and the lesser extraction of pertechnetate (or perrhenate) can 
be explained by the fact that those anions, which can be more distant from the calix-
arene than nitrate ions, are likely to be less sensitive to the presence of aromatic units 
on the crown, except for the bulky and very lipophilic naphtho units.90

4.3.15 beHavior of CaliXareneS under irradiation

The use of calix[4]arene crown-6 compounds for the extraction of cesium from 
HAW necessitates the study of their behavior under irradiation. Calixarenes diluted 
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in nitrophenyl alkyl ethers were irradiated in the presence of HNO3 (3 M) with a 60Co 
source for 1500 hours, providing a dose of 3 MGy, equivalent to 10 years operation in 
a reprocessing plant. The behavior of calix[4]arene bis(crown-6) having undergone 
irradiation in the presence or in the absence of 3 M HNO3 was examined by ES/MS. 
During irradiation of this calixarene diluted in NPOE, very few degradation prod-
ucts are formed, and the few are attributed to crown fragmentation products. On the 
contrary, the calixarene irradiated in the presence of nitric acid undergoes nitration, 
which leads to the formation of mono and dinitro products. These nitro groups are 
likely located at the para position of the phenoxy group.91

4.3.15.1 Identification of nitro Derivatives
Nitro derivatives of bis-crown calix[4]arenes were prepared by reacting the latter 
with conc. HNO3 at 0°C for 2.5 hours in a 1:2 mixture of 100% CH3CO2H/CH2Cl2. 
After evaporation of the solvents, the residue was separated by chromatography. All 
the products were identified by NMR, FAB mass spectrometry, and microanaly-
sis. Whereas the structures of the mono nitro derivative (BC12), trinitro derivative 
(BC15), and tetranitro derivative (BC16) are easily assigned because the positions 
of the nitro groups are obvious, the authors were unable to choose between the two 
possible isomeric structures of the dinitro derivative, BC13 or BC14.92

The structure of the tetranitro derivative was confirmed by X-ray diffraction; in 
the solid state, this compound does not possess any symmetry element. The con-
formation of the calixarene structure is less symmetrical than for calix[4]arene(bis 
crown-6). The nitro groups appear to strongly modify the usual conformation of this 
calixarene, and a decrease in the preorganization toward cesium complexation can 
be expected.

Complexation measurements of the four nitro calixarenes with cesium picrates 
were carried out by means of NMR. Only the mononitro ligand displayed 100% 
complexation, while very low complexation ability was observed for the dinitro 
derivative (8%) and trinitro derivative (2%), and no complexation was observed for 
the tetranitro derivative. The decrease of complexation ability with the increasing 
number of nitro groups may arise from either a steric effect similar to that of tert-
butyl groups preventing the cesium entering the crown ether or a deactivation of the 
oxygen donor atoms, as already observed in the case of benzocrown ethers substi-
tuted with electron-withdrawing nitro groups. The small difference in the shifts of 
the singlets for p-NO2-ArH between the free mononitro derivative and the complex 
of this compound with cesium picrate seems to indicate that the cesium is not located 
close to these protons, but rather in the opposite crown cavity.92

Nitration of di-iso-propoxy calix[4]arene-crown-6 MC7 under different conditions 
(HNO3/H2SO4, HNO3/CH3COOH, HNO3/CF3COOH) and different  temperatures 
allowed the four nitro derivatives to be synthesized. NMR studies have suggested that 
nitration occurs mainly in the para position relative to the isopropoxy group, rather 
than in the para position relative to phenoxy. Distribution ratios were determined 
for several nitro derivatives of BC2 and MC7 (Table 4.15). The steric hindrance of 
the nitro moieties, which makes access of the cation to the complexation site dif-
ficult, is particularly evidenced by very low cesium distribution ratios for tetranitro 
calix[4]arene bis(crown-6) and dinitro di-iso-propoxy calix[4]arene crown-6. These 
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low values confirm that the nitration occurs mainly in the para position relative to 
the di-iso-propoxy position. In the para position to the phenoxy group, the decrease 
of distribution ratios should be less marked.93

Preparation of the different nitro derivatives of dialkoxy calix[4]arene crown-6, 
isolation, and identification of pure isomers of these derivatives should be very use-
ful in subsequent identification of isomers arising from irradiation of calixarenes. 
For instance, the two isomers of the mononitro derivative (NO2 para to alkoxy chain 
or para to phenoxy) were characterized. From the three possible isomers of the dini-
tro derivative, two were isolated and obtained in pure form, thus enabling interpre-
tation of their NMR spectra. The structure of the trinitro derivative was clarified; 
as expected, two nitro moieties are in the para position relative to the two alkoxy 
chains; the third one is para to phenoxy.94

The radiolytic degradation of MC8 in aliphatic or aromatic solvent in contact with 
3 M nitric acid, was studied by high-performance liquid chromatography directly 
coupled to electro-spray ionization mass spectrometry (LC/ESI-MS). More than 50 
distinct degradation products were observed, and about 30 of these were identified. 
These compounds can be assigned to three categories, namely, products of reactions 
involving radical cleavage, or the addition of oxidation reactions or of aromatic sub-
stitution reactions. The major product, corresponding to substitution by a NO2 group, 
was quantified by external standard calibration using a purified synthetic sample. 
Despite the observation of all these degradation compounds, MC8 appears to be 
remarkably stable under these drastic conditions. Combining hydrolysis (3 M HNO3) 
and an extreme exposure to radiolysis (106 Gy), the total loss of MC8 reaches 33.5%, 
representing all the degradation compounds; of this total, nearly 20% is contributed 
by the various nitro compounds.95

tAbLe 4.15
extraction of Cesium and sodium—Cs/na selectivity—Competitive 
extraction of Cesium in the Presence of an excess of sodium by 
nitro Derivatives of Calix[4]arene-diisopropoxy-crown-6 and 
Calix[4]arene-bis-crown-6

Ligands 22naa 137Csa 137Csb

MC7 <10−3 28.5 18.5

MC25 <10−3 1.05 0.65

MC26 <10−3 0.04 0.03

BC2 <10−3 19.5 10

BC12 <10−3 8.5 6

BC16 <10−3 6 10−3 <10−3

Note: Organic phase: 10−2 extractant agent in 1,2-nitrophenylhexylether.
a Aqueous feed solution: 5 × 10−4 M MNO3, 1 M HNO3.
b Aqueous feed solution: 1 M HNO3, 4 M NaNO3, 10−6 M CsNO3.
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4.3.15.2 MD Computation
MD simulations both in the gas phase, taking into account the influence of the nitrate 
counterion, and in explicit the water phase were performed on the Cs+ and Na+ com-
plexes of the mononitrate derivative. From the simulations in the gas phase, it is 
concluded that the preferred crown loop for binding would depend on the proximity 
of the nitrate counterion. In a nondissociating medium, the cation should be located 
in the crown opposite to the nitro group; however, the binuclear complex is stable 
and should be observed in the presence of an excess of cesium. The presence of the 
nitro group is not expected to significantly modify the selectivity of the extractant, 
although liquid/liquid results show a weaker affinity for cesium (Table 4.15). The 
steric hindrance must be the origin of this decrease of affinity due to a more diffi-
cult access to the complexation site, as shown by results on the tetranitro derivative, 
which has no extraction properties for alkali cations.91 This hindrance must be both 
to nitrate ion-pairing and to Cs binding alone, as the tests showing weakened extract-
ants were done in a dissociating diluent (NPHE), as shown in Table 4.15.

4.3.16  CHoiCe of a PHaSe modifier for CaliXarene Crown-6 
diluted in aliPHatiC HydroCarbon diluentS

The appearance of a third phase, incompatible with the process of liquid-liquid extrac-
tion, requires the use of a phase modifier to eliminate or to restrict this phenomenon 
by increasing the solubility of extractant in the organic phase. This modifier can also 
enhance the extraction ability of the extractant. Often, this phase modifier is imple-
mented without explanations; on the contrary, the group of Oak Ridge undertook a 
thorough study, which will be described in the following paragraphs.

The strength of cesium extraction afforded by a lipophilic calix[4]arene-crown-6 
ether extractant can be enhanced by the addition of alcohol-solvating components or 
“modifiers” to the solvent. The group of Oak Ridge discovered that alcohol modifiers 
of the type shown in Table 4.16 were especially effective with regard to enhancing 
cesium extraction strength by BC6 in aliphatic hydrocarbon diluents.96 Cesium extrac-
tion strength was enhanced when the -R group contained electronegative elements 
such as fluorine. Modifier 1-(1,1,2,2-tetrafluoroethoxy)-3-(4-tert-octylphenoxy)-2-
propanol (1) was found to possess insufficient long-term stability to alkaline condi-
tions; the stability issue could be resolved with -CH2OCH2CF2CF2H (2).

To investigate the effect of alcohol hydrogen-bond donor (HBD) strength in a sys-
tematic way, a series of modifiers possessing a common 4-tert-octylphenoxy ethanol 
core element were prepared, in which the properties of the substituent attached to 
the alcohol carbon atom were varied. These modifiers were evaluated with respect 
to both the cesium extraction strength they afforded when used in combination with 
BC6 and the HBD strength of the solvent as assessed using the solvatochromic 
parameter ET

N.
The ET

N  values obtained at 25°C for solvents comprised of BC6 (0.005 M), modi-
fiers 1–5, and 4-tert-octylphenol (0.25 M) in 1,2-dichloromethane (1,2-DCE) show 
a good correlation with DCs values (Table 4.16). Both the DCs and ET

N  values for 1–5 
increase as the expected acidity of the alcohol increases, based on increasing the 
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number and proximity of the fluorine atoms to the hydroxyl group. Bringing the 
1,1,2,2-tetrafluoroethyl moiety closer to the alcohol group results in further increases 
in both DCs and ET

N , and simply attaching a trifluoromethyl group directly to the 
alcohol carbon atom results in a dramatic increase in both DCs and ET

N . The strongest 
extraction is afforded by the strongest acid, 4-tert-octylphenol, which also gives the 
highest ET

N  value.
Some of the modifiers in this study (1–5) were also evaluated in the isoparaffinic 

diluent Isopar L for cesium extraction performance from a Savannah River waste 
simulant. The effect the modifiers have on the cesium distribution ratio in aliphatic 
diluents is more pronounced than it is in polar diluents, such as 1,2-DCE, previ-
ously used. The cesium distribution results are shown in Table 4.17 alongside those 
obtained from 1 M NaNO3 in 1,2-DCE.

The observed trend in DCs obtained from the alkaline waste simulant by solvents 
using Isopar L diluent is the same as that observed from 1 M sodium nitrate using 
1,2-DCE diluent. However, the differences between the stronger fluorinated modifi-
ers and the weaker nonfluorinated modifiers are much more pronounced. This could 
be due to the fact that the stronger modifiers may be sufficiently acidic to be partly 
deprotonated when contacted with the alkaline simulant. The alkoxide form of the 
alcohol would serve as the counteranion to the extracted cesium, eliminating the 
need for an anion from the aqueous phase (e.g., nitrate) to be coextracted, and, in 
turn, making it energetically easier to transfer the cesium cation to the solvent phase, 
hence increasing the cesium distribution ratio.

The cesium distribution ratio afforded by alcohol modifiers, such as 1, dissolved 
in hydrocarbon diluents, such as Isopar L or dodecane, increased dramatically as the 
concentration of the modifier increased from below 0.10 M to 1 M, then leveled off. 

tAbLe 4.16
Cesium Distribution Ratios and Corresponding EN

T  Values for 
solutions of bobCalixC6 at 0.005 M in 1,2-DCe, as a Function of 
Modifier at 0.25 M

Modifiera DCs EN
T

None 1.20 ± 0.06 0.336 ± 0.006

R = −CH2OCH(CH3)2 1.16 ± 0.06 0.387 ± 0.006

R = −CH2OCH2CH3 1.23 ± 0.06 0.411 ± 0.004

R = −CH2OCH2CF3 1.72 ± 0.09 0.476 ± 0.005

R = −CH2OCH2CF2CF2H 2.11 ± 0.10 0.490 ± 0.012

R = −CH2OCF2CF2H 2.72 ± 0.14 0.520 ± 0.005

R = −CF3 5.28 ± 0.26 0.609 ± 0.008

4-tert-Octylphenol 13.3 ± 0.7 0.649 ± 0.023

Note: Aqueous phase: 1 M NaNO3, 1.0 mM CsNO3, and 137CsNO3 at trace level. O/A = 
1, T = 25°C.

a The R groups are appended to the cone unit.
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This general phenomenon was observed when extracting cesium from neutral sodium 
nitrate as well as from alkaline solutions. In 1,2-DCE, however, the increase in DCs 
is less pronounced (possibly due to 1,2-DCE’s higher polarity, which affords moder-
ate DCs at low modifier concentrations). Nevertheless, both DCs and ET

N increase as 
a function of the concentration of the alcohol modifier 1, as shown in Table 4.18. 

tAbLe 4.17
Cesium Distribution Ratios for (a) extraction of Cs from 1 M nano3 
Using solutions of bC6 (0.005 M) and Modifier (0.25 M) in 1,2-DCe, 
and (b) extraction of Cs from an Alkaline Waste simulant Using 
solutions of bC6 (0.010 M) and Modifier (0.20 M) in Isopar L

Modifiera DCs in DCe (±5%) DCs in Isopar L (±5%)

None 1.20 ± 0.06 Not measured

(5) R = −CH2OCH(CH3)2 1.16 ± 0.06 7.08 10−2

(4) R = −CH2OCH2CH3 1.23 ± 0.06 9.10 10−2

(3) R = −CH2OCH2CF3 1.72 ± 0.09 2.82

(2) R = −CH2OCH2CF2CF2H 2.11 ± 0.10 6.35

(1) R = −CH2OCF2CF2H 2.72 ± 0.14 11.18

R = −CF3 5.28 ± 0.26 Not measured

4-Tert-octylphenol 13.3 ± 0.7 Not measured

Note: Aqueous phase: 1 M NaNO3, 1.0 mM CsNO3, and 137CsNO3 at trace level. O/A = 1, 
T = 25°C.

a The R groups are appended to the 1-position of 2-(p-tert-octylphenoxy) ethanol.

tAbLe 4.18
Cesium Distribution Ratios and Corresponding EN

T  Values for 1,2-
DCe solutions of bC6 at 0.005 M as a Function of Modifier (1) 
Concentration

Modifiera DCs EN
T 

None 1.20 ± 0.06 0.336 ± 0.006

0.030 1.33 ± 0.07 0.412 ± 0.004

0.100 1.77 ± 0.09 0.471 ± 0.009

0.250 2.72 ± 0.14 0.520 ± 0.005

0.500 4.03 ± 0.20 0.557 ± 0.021

1.00 6.64 ± 0.33 0.590 ± 0.005

Note: Aqueous phase: 1 M NaNO3, 1.0 mM CsNO3, and 137CsNO3 at trace level. O/A = 1, 
T = 25°C.
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As the concentration of the modifier is increased, the net polarity of the solvent and 
accordingly both the cesium distribution ratio and the magnitude of the hypsochro-
mic shift of the dye increases. The relationship between DCs and ET

N as a function of 
modifier 1 concentration is nonlinear.

In conclusion, cesium extraction strength for the set of alcohol modifiers examined 
in this study correlates well with the solvatochromic parameter ET

N, strengthening the 
hypothesis that extraction effectiveness is strongly linked to the HBD ability of the 
modifier. The presence of electron-withdrawing substituents attached to the alcohol 
carbon atom increase the HBD strength of the alcohol, and the  electron-withdrawing 
power of the substituent increases as the number of electronegative fluorine atoms 
proximal to the hydroxyl group increases. The relationship between the modifier 
HBD strength and cesium extraction efficiency suggests that solvation of the BC6-Cs 
anion complex may be occurring via hydrogen-bonding interactions. In a recent 
paper, Sieffert confirmed this hypothesis by a MD study.97

Much stronger extraction may be obtained through the dual-host concept, in 
which the binding of the cation and anion by separate receptors compensates their 
unfavorable partitioning. In addition to stronger extraction, mixing two receptors 
offers great flexibility in the choice of receptors and in the separate control of cation 
and anion selectivity.

The addition of sulfonamide H-bond donors to the calix[4]arene-bis (benzo 
crown-6) enhances cesium extraction into 1,2-dichloroethane.98,99 Enhancement 
with the simple monosulfonamide MSA was weak, while the two potentially biden-
tate disulfonamides, DSA1 and DSA2, yielded significantly stronger extraction. The 
two extractants acting together yield a stronger extraction than the sum of the two 
extractants acting independently (synergistic effect); thus, there must exist a new 
reaction involving the two extractants (cation receptor B and anion receptor R):

 Cs Cs(aq) (aq) (org) (org) (org) (o
+ − ++ + + +X B R B RX rrg)

−  (4.10)

The 1:1 binding of cesium having been previously established, it was expected 
that the low organic-phase concentrations would disfavor ion pairing. The following 
equation quantifies the enhanced extraction in terms of the added Gibbs energy term 
for anion binding.

 ∆ ∆ ∆ ∆ ∆G G M G M G X Gex p bind p bind
0 0 0 0 0= + + ++ + −( ) ( ) ( ) (( )X −  (4.11)

Here ∆Gp
0 and ∆Gbind

0  denote, respectively, the Gibbs energy for the partioning 
step and the Gibbs energy for the binding step of cation M+ and anion X−.

The synergistic enhancement upon adding an anion receptor to a given cation 
receptor may be predicted from the anion-binding constant obtained under suitably 
analogous conditions. Based on 1:1 binding of the extracted ions according to Equation 
4.10, an equation has been derived for conversion of the corresponding homogeneous 
anion-binding constants Dcpx to synergistic factors (SF) under the assumption that the 
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anion host effects negligible extraction by itself. Other key assumptions included low 
loading of the two hosts and negligible ion pairing. The relationship is:
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The SF is given as SF = DCs syn/DCs B, the ratio of DCs obtained under synergis-
tic conditions versus DCs obtained for the calix-crown alone. The variable Φ is the 
organic-to-aqueous phase volume ratio. The absence of an anion receptor is indi-
cated by subscript R = 0, and the subscripts init, aq, and org refer to initial, aqueous, 
and organic.

A comparison of predicted and experimental SF for the experiment with calix- 
crown and sulfonamides shows partial agreement; an adequate agreement was 
obtained for values of SF up to 33. The sulfonamide receptors did nothing to perturb 
the Hofmeister bias except to attenuate it. They acted rather like HBD solvating 
agents than anion receptors, which tends to agree with structural results that show 
that the disulfonamides are not preorganized. To reverse the Hofmeister bias, the 
thermochemical analysis requires that the anion binding more than compensates for 
the unfavorable anion partitioning, and to escape completely from any Hofmeister 
bias, highly complementary and net strong interactions with selected anions must 
take place.

Pedersen and Frensdorff studied the binding and extraction of the cation by crown 
ethers, which require coextraction of an anion. Without the presence of an anion 
host, solvation directs selectivity, giving rise to Hofmeister bias selectivity favoring 
low anion charge density. Anions initially in aqueous solution must be dehydrated 
(at least partially) and are then resolvated in the solvent phase. Empirically, the HBD 
ability of the solvent medium is the single most important determinant of the solva-
tion of small, inorganic anions.100

The stoichiometry of complexes involved in the extraction of CsNO3 by BC6 was 
fairly straightforward for the metal, anion, and calixarene; such was not the case for 
the alcohol-based modifiers.99,101 Three different alcohols, 1, octylphenoxy ethanol, 
and n-octanol were investigated in these studies. Modifier concentrations below 0.03 
M were not run because of the insolubility of BC6. The addition of moderate concen-
trations of the modifiers increases extraction, and the order of modifier strength goes 
in the same order as expected HBD acidity: 1 > octylphenoxy ethanol > n-ethanol. By 
a mass-action analysis of extraction data, it was deduced that the formation of 1:1:1:n 
metal:anion:calixarene:modifier complex species occurs, together with aggregates of 
the modifier and the latter with the calixarene. Results of equilibrium modeling, con-
sistent with aggregation of the alcohol molecules with each other and with the cal-
ixarene-cesium nitrate complexes are supported by electrospray mass spectrometry 
and by X-ray crystallography showing, respectively, that the alcohol:anion adducts 
contain several alcohol molecules and that hexameric aggregates are present in the 
solid state for a derivative of one of the alcohol modifiers used for solvent extraction. 
In conclusion, the authors can model all the data for each modifier, including all 
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concentrations, assuming the formation of 1:1:1:n metal:anion:calixar-ene:modifier, 
along with the aggregation of the modifier, and the aggregation of the latter with the 
calixarene.

4.3.17 ProCeSS for eXtraCtion of CeSium

4.3.17.1  Process for extraction of Cesium from Acidic High-Activity  
Level Waste

In the previous studies, calixarenes were not directly usable in a liquid-liquid extrac-
tion process, because used in a diluent (nitro phenyl hexyl ether), the hydrodynamic 
properties were incompatible with such a process. The system has been modified in 
order to satisfy the following criteria: density, viscosity, kinetics, and absence of a 
third phase.102

Two systems based on crown-calixarenes, able to be used in liquid-liquid extrac-
tion process were chosen. Both systems use a modifier in the organic phase to avoid 
the occurrence of a third phase in the TPH (diluent used at the reprocessing plant of 
la Hague for the PUREX process) and ensure a sufficient cesium extraction.

System 1 is based on MC8 (0.065 M) but needs the addition of TBP (1.5 M) in the 
organic phase and the introduction of oxalic acid in the liquid waste to prevent the 
extraction of zirconium by TBP. It has been pointed out that the addition of oxalic 
acid is necessary for the PALADIN process, previously implemented for the extrac-
tion of minor actinides. The addition of TBP which extracts several cations, leads to 
a lesser selectivity of the solvent.

System 2 is based on 1,3-(2,4-di-ethyl-heptyloxy)-2,4-calix[4]arene-crown-6 
(MC9) (0.1 M), more difficult to synthesize, but the monoamide (methyloctyl-1,2-
dimethylbutanamide) (1 M) used as a phase modifier does not alter the selectivity of 
the organic phase.

4.3.17.2  Flowsheets, experiments Realized with simulated  
and Actual Waste

After acquisition of experimental data, flowsheet calculations were carried out. 
A theoretical recovery of cesium was fixed at 99.99%. Hydraulic tests and chemi-
cal transfer tests were first carried out with centrifugal contactors, then with pulsed 
columns, first on simulated effluents and then on actual effluents.

In the tests carried out in centrifugal extractors, the extraction and recovery of 
cesium higher than 99.99% were obtained on simulated effluents, with a very good 
coherence between calculated flowsheets and experimental results.102 Tests confirmed 
the feasibility of the implementation of the “cesium process” in pulsed columns, the 
latter representing the most adapted contactors for the industrial implementation to 
overcome the drawback due to the presence of solid matter in waste to be treated.

For cesium extraction, “Couette” columns have been used. The operations in such 
a contactor can be easily extrapolated to a pulsed column, and the quantity of imple-
mented solvent is less important. The hydrodynamic behavior is satisfactory for the 
two calixarene systems studied in spite of a more “emulsion-prone” behavior with 
system 2. The selectivity obtained compared to other elements is excellent.
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A complete flowsheet relative to each system was tested on a real effluent (DIAMEX 
raffinate with oxalic acid due to the lower selectivity of system 1 in the ATALANTE 
facility (CEA-Valrhô) with centrifugal contactors. An example of a flowsheet is given 
in the case of system 2 (relating to MC8 with TBP modifier) (Figure 4.3). The two 
selected systems (MC8/TBP, MC9/monoamide) display  comparable performances 
in terms of efficiency. The extraction percentage obtained for cesium is 99.9%, the 
discharged solvent contains less than 0.01% cesium. A hydrodynamic behavior more 
favorable in some cases for system 1 (MC8/TBP) and a higher selectivity for system 
2 (MC9/monoamide) are observed. The scientific feasibility of a cesium-selective 
extraction by calixarenes was thus demonstrated on an actual effluent.103

When the hot tests on genuine waste were undertaken, MC14 were synthesized in 
insufficient quantity to prepare for these tests or to be used. The dibenzo-calixarenes, 
such as MC14, have several advantages, as they are the best fitted to host cesium, 
and, in addition, they allow a lower extraction of the nitric acid in competition with 
cesium. Moreover, they are more lipophilic and could be more soluble in diluents 
such as TPH. In spite of the fact that alkyl substitution on the benzo group provokes 
nitration of the benzo groups, their solubility in these diluents can be increased by 
using long-chain alkyl benzo. Following the studies carried out in Oak Ridge (see 
above), it would be interesting to associate these calixarenes with modifiers such as 
alcohols or phenols, compounds that do not lead to a decrease of the selectivity of 
calix-crown-6 compounds. Unfortunately, as the project was postponed, these tests 
have never been realized.

Zhang proposed the chromatographic partitioning of cesium from HNO3 (4 M) 
to implement the calixarene MC9 with TBP immobilized on a macroporous silica-
based polymeric composite.104 The authors do not explain the choice of the calix-
arene MC9, more difficult to synthesize than classical dipropoxy or octyloxy calix[4]

Calix octyl 0.062 M/
TBP 1.5 M/TPH

40 mL/h

Extraction Scrub Stripping

Cs/HNO3 Strip feed
HNO3 0.05 M

40 mL/h

Scrub feed

H.A Feed

66 mL/h

F.P. without Cs/
HNO3

HNO3 4 M

HNO34 M
Oxalic acid 0.2 M
F.P.

4  mL/h

FIGURe 4.3 Flowsheet of cesium process for extraction of cesium from acidic high-activity 
level waste with MC8 (0.062 M) diluted in the mixture TBP (1.5 M)/TPH.
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arenes, which were chosen by Simon for their higher solubility in aliphatic diluent. 
Satisfactory results in terms of adsorption of rubidium and cesium and elution by 
water were obtained.

4.3.17.3  Process for extraction of Cesium from Alkaline 
High-Activity Level Waste

For the removal of cesium from high-level radioactive waste (HLW) stored in the 
underground tanks at the U.S. Department of Energy’s (DOE) SRS, the Oak Ridge 
group initially proposed a solvent based on the calix[4]arene-bis-(tert-octylbenzo-
crown-6) (BC6) and the phase modifier 1-(1,1,2,2-tetrafluoroethoxy)-3-(4-tert-
octylphenoxy)-2-propanol (Cs-3) in the isoparaffinic diluent Isopar L.105,106 The 
function of the phase modifier is to improve the overall solvation of BC6 and its 
ion-pair complexes, thereby increasing BOBCalixC6 solubility, increasing cesium 
extraction strength, and helping prevent third-phase formation. The insufficient 
alkaline stability of (Cs-3) phase modifier possessing the -CF2CF2H moiety, which 
reacts with itself following long-term exposure to warm alkali metals, led Bonnesen 
to prepare a series of phase modifiers possessing the -OCH2CF2CF2H moiety. Of 
the four modifiers examined (containing the alkyl groups tert-octyl, tert-butyl, tert-
amyl, or sec-butyl), the modifiers possessing the sec-butyl group (Cs-7SBT and 
the more purified analog Cs-7SB), were found to possess the best overall balance 
of properties with respect to cesium distribution and phase-coalescence behavior, 
resistance to solid hydrate formation, and cleanup following degradation (ability to 
wash out the phenol degradation product). The solvent composed of calix[4]arene-
bis(tert-octylbenzo-crown-6) (BC6) (0.01 M), 1-(2,2,3,3-tetrafluoropropoxy)-3-(4-
sec-butylphenoxy)-2-propanol (Cs-7SBT) at 0.50 M, and tri-n-octylamine (TOA) at 
0.001 M, in Isopar L was retained as the prototype (though not the final) solvent of 
the Caustic Side Solvent-Extraction (CSSX) process.

The CSSX process flowsheet for the decontamination of high-level waste was 
demonstrated in a 33-stage, 2-cm contactor apparatus at the Savannah River National 
Laboratory (formerly the Savannah River Technology Center).107 Simulated SRS 
average waste, simulated Tank 37H/44F composite waste, and actual Tank 37H/44F 
composite high-level waste were processed in three tests lasting 6, 12, and 48 hours, 
respectively.

The results of testing demonstrate that the process is capable of reducing the 137Cs 
activity in high-level waste to below the Saltstone process requirement of 45 nCi/g. 
For Tank 37H/44F composite waste, the Saltstone requirement implies a decontam-
ination factor (DF) of 13,000. During the actual-waste processing test, 106 L of 
Tank 37H/44F composite waste were processed, and the composite decontaminated 
 raffinate met the Saltstone requirement. Instantaneous DFs as high as 2 million were 
achieved during stable hydraulic conditions. The DF values achieved the test objec-
tive for waste decontamination and demonstrated that minor chemical components 
present in actual tank waste do not adversely affect process performance.107

The results indicate that the process is robust and can tolerate and recover from 
disruptions in operation. In addition, hydraulic stage efficiencies in the extraction 
and strip sections were greater than the 80% design requirement. Test results showed 
that the loaded solvent could be stripped of cesium and recycled to the process with 
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an average solvent DF of 154,000 over the course of the entire 48-hour test. As 
expected, it was further demonstrated that heating of the strip section to greater 
than 30°C increases stripping performance markedly. A steady-state CF of 14.4 was 
achieved for Tank 37H/44F high-level waste. Uncertainties in the process flow mea-
surements prevented achievement of the target CF of 15. Adjustment of the process 
flow in the latter hours of the high-level waste test allowed the CF to approach 15 to 
within 5% without exceeding the maximum throughput of the contactors.

Several specific studies for the development of CSSX process were carried out 
by the Oak Ridge team to correct some minor defects observed during tests or to 
improve the reliability of the process.108

The solvent was loaded with 137Cs and subsamples were stored on a shaker table 
while in contact with the extract, scrub, or strip aqueous phases. Evidence of solvent 
degradation was evaluated for exposure times of 83 days; this resulted in estimated 
solvent doses of 1.24 Mrad, equivalent to the dose expected to be received during 
16.5 years of operation at the SRS plant.

Distribution of cesium in the batch tests remained constant within experimental 
error; in addition, no third-phase formation was observed. The solvent concentrations 
of calix[4]arene-bis-(tert-octylbenzo-crown-6) and 1-(2,2,3,3-tetrafluoroproproxy)-
3-(4-sec-butylphenoxy)-2-propanol remained constant within experimental error. 
Solvent degradation with irradiation was evidenced by a decrease TOA concentra-
tion decrease and an degradation product (4-sec-butylphenol) increase in the solvent 
phase. No decline in extraction or scrubbing performance of the irradiated solvents 
was observed. The stripping performance of the solvent was seriously impaired with 
irradiation; however, a mild caustic wash and replenishment of the TOA concentra-
tion restored the ability to strip the irradiated solvent.

Although solvent samples have been observed for approximately one year with-
out any solids formation, work was completed to define a new solvent composition 
that was thermodynamically stable with respect to solids formation and to expand 
the operating temperature with respect to third-phase formation.109 Chemical and 
physical data as a function of solvent component concentrations were collected. 
The data included BC6 solubility; cesium distribution ratio under extraction, 
scrub, and strip conditions; flowsheet robustness; temperature range of third-
phase formation; dispersion numbers for the solvent against waste simulant, scrub 
and strip acids, and sodium hydroxide wash solutions; solvent density; viscosity; 
and surface and interfacial tension. These data were mapped against a set of pre-
defined performance criteria. The composition of 0.007 M BC6, 0.75 M 1-(2,2,3,3-
tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2-propanol, and 0.003 M TOA in the 
diluent Isopar L provided the best match between the measured properties and the 
performance criteria.

Experiments suggested a potential cesium-stripping problem in the CSSX pro-
cess due to the presence of nitrite in the waste stimulant. The true reason for the 
cesium-stripping problem was, in fact, the presence of surfactant (sodium mono- and 
dimethyl naphthalene sulfonate) that can partition into the organic phase on extrac-
tion and then retain cesium upon stripping. To overcome this drawback, the authors 
proposed a caustic wash with a moderate concentration of sodium hydroxide suffi-
cient to remove enough of these lipophilic anions to rejuvenate the solvent, therefore, 
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preventing any build-up. In addition, the authors studied the risk of forming nitrated 
organics that can build up in the solvent during operation of the CSSX process when 
the solvent is exposed to acidic nitrate solutions. They concluded that this risk was 
negligible.110,111

The developed cesium and potassium extraction model, based on extraction data 
obtained from simple aqueous media, was tested to ensure the validity of the pre-
diction for the cesium extraction from actual waste.112 The predicted values agreed 
with the measured values for the simulants; predicted values also agreed, with 
some exceptions, with measured values for the tank wastes. Discrepancies were 
attributed, in part, to the uncertainty in the cation/anion balance in the actual-waste 
 composition, but likely more so to the uncertainty of the potassium concentration 
in the waste, given the demonstrated large competing effect of this metal on cesium 
extraction. It was demonstrated that the upper limit for the potassium concentration 
in the feed should not exceed 0.05 M, in order to maintain suitable cesium distribu-
tion ratios.

In October 2001, the USDOE announced its decision to implement the CSSX pro-
cess, developed at Oak Ridge National Laboratory, for removing the radioactive fis-
sion product 137Cs from high-level waste. Approximately 34 million gallons of waste 
left over from nuclear weapons production are stored in tanks at the SRS. Over 31 
million gallons of that waste is solid or dissolved salts in which 137Cs is the primary 
radioactive contaminant, comprising more than 98% of the total radioactivity in the 
salt. To remove cesium, the Modular Caustic-side Solvent-Extraction Unit (MCU) 
has been built at the SRS. Operations of this pilot-scale unit began in May 2008, and 
the separated 137Cs stream, concentrated approximately 14-fold, is being vitrified. 
A larger facility, the Salt Waste Processing Facility, with 3–6 times the throughput 
of the MCU is in construction.

In the CSSX process, the solvent is contacted with the cesium-rich aqueous 
waste solution in an extraction stage to remove the cesium. Following separation 
of the aqueous and organic phases, the aqueous waste solution exits the MCU as 
a cesium-depleted effluent stream to be made into a grout. The solvent goes to a 
scrub stage where it is contacted with 0.05 M nitric acid solution to remove sodium, 
potassium, and other soluble salts, including any trace levels of aluminum, iron, or 
calcium. Neutralization of any hydroxide carryover from the waste also occurs in 
the scrub stage. The metals’ removal and hydroxide neutralization are essential for 
a robust stripping-stage operation. The scrubbed cesium-laden solvent proceeds to 
a stripping stage, where it is contacted with 0.001 M nitric acid solution to remove 
the cesium. The nitric acid solution leaves the MCU as a cesium-rich effluent to be 
incorporated into glass. The solvent from the stripping stage moves to a wash stage, 
where it is contacted with 0.01 M sodium hydroxide solution to remove residual 
impurities and any solvent-degradation products before recycling to the extraction 
stage (Figure 4.4). The MCU will inevitably have variations in process parameters, 
which will impact the process performance by changing the final cesium concentra-
tion. This study  evaluated the impact of parameter changes on process performance 
using a Spreadsheet Algorithm for Stagewise Solvent-Extraction (SASSE) model to 
help define acceptable ranges for the MCU process parameters. The SASSE model 
(developed at Argonne National Laboratory) outputs indicate that broad changes in 
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the MCU process parameters for the extraction, scrub, and strip stages will not result 
in the final 137Cs concentration exceeding the process target.113

4.3.18 ProCeSS for CoeXtraCtion of CeSium and Strontium

Extraction of strontium from acidic medium or from acidic medium containing large 
amounts of sodium nitrate by dicyclohexano-18-crown-6 derivatives and, particu-
larly, its lipophilic analog with a t-butyl group appended to each cyclohexane rings 
DtBuC18C6, was extensively studied by Horwitz (SREX process).114–116

Laboratory experimentation having indicated that the SREX process was  effective 
for partitioning 90Sr from acidic radioactive waste solutions located at INL, these 
laboratory results were used to develop a flowsheet for countercurrent testing of the 
SREX process with dissolved pilot plant calcine.117 Testing was performed using 24 
stages of 2-cm diameter centrifugal contactors. Dissolved calcine spiked with 85Sr 
was used as feed solution for the testing. The flowsheet tested consisted of an extrac-
tion section employing DtBuC18C6 (0.15 M) and TBP (1.5 M) in Isopar L, a 1.0 M 
NaNO3 scrub section to remove extracted potassium from the SREX solvent, a 0.01 
M HNO3 strip section for the removal of strontium from the SREX solvent, a Na2CO3 
(0.01 M) wash section to remove degradation products from the solvent, and a rinse 
section HNO3 (0.1 M). The described flowsheet successfully extracted 85Sr from the 
dissolved pilot plant calcine with a removal efficiency of 99.6%. Distribution ratios 
for 85Sr ranged from 3.6 to 4.5 in the extraction section. With these distribution ratios, 

Wash feed
0.001 M NaOH
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waste feed
Flow = 6.34 gal/min

Scrub feed
0.05 M HNO3
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0.001 M HNO3
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FIGURe 4.4 CSSX flowsheet for extraction of cesium from alkaline high-activity level 
waste.
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a removal efficiency of approximately >99.99% was expected. It was determined that 
the lower-than-expected removal efficiency can be attributed to a stage efficiency of 
only 60% in the extraction section.

For the first time, to simultaneously extract cesium and strontium, Gerow pro-
posed the coextraction of cesium and strontium by mixing two crown ethers, 
bis-(4,4’(5’)-[1-hydroxy-2-ethylhexyl]-benzo)-18C6 (DHEHB18C6) and bis-(4,4’(5’)-
[1-hydroxyheptyl]-cyclohexano)-18C6 (DHHC18C6), specific extractants of cesium 
and strontium, respectively.118–120 These crown ethers were dissolved in a mixture of 
nonylnaphthalene-sulfonic acid and TBP in kerosene. The crown compounds were 
found not to be sufficiently strong complexing agents to extract these metals from a 
nitric aqueous phase. However, the use of large organic soluble anions, which also 
functioned as liquid ion exchangers, made it possible to extract cesium from 3 M 
HNO3. The use of 0.02 M DHHC18C6 diluted in the mixture 0.076 M (5 vol %) dido-
decylnaphthalene sulfonic acid (DNS)-27 vol % TBP-68 vol % kerosene gave the 
most favorable results for cesium extraction. A relatively low distribution ratio of 2.0 
was obtained for the cesium extraction from 3 M HNO3. Strontium is not extracted 
significantly at this acid concentration, while in the low acidity region, strontium is 
extracted by a liquid ion-exchange mechanism, and the addition of a crown ether 
does not significantly improve the distribution ratios.

Dozol proposed the removal of these nuclides from acidic waste containing 
large amounts of sodium by implementing an SLM containing both tBuB21C7 and 
DC18C6. The removal of cesium was incomplete due particularly to an insufficient 
selectivity cesium over sodium of tBuB21C7.121–124

Riddle mixed DtBuC18C6 with the calixarene-crown-6 used at Oak Ridge. The 
combination of DtBuC18C6, BC6, and Cs-7SB modifier in Isopar L proved to be 
an effective mixed solvent for the extraction of cesium and strontium from acidic 
nitrate media.125 The synergistic properties for the extraction of strontium with this 
new mixed solvent show that not only can it be used for simultaneous extractions, but 
also for strontium removal alone. The combination of DtBuC18C6, BC6, and Cs-7SB 
modifier in Isopar L shows synergistic extraction of strontium while maintaining 
high cesium extraction. This synergy is due to the Cs-7SB modifier, whereas there 
is a slight antagonistic effect between the crown ether and calixarene-crown. The 
distribution ratios of both cations are temperature dependent:

 DSr = 8.8, DCs = 7.7 at 20°C, DSr = 25.0 and DCs = 32.7 at 25°C

This process, allowing coextraction of strontium and cesium, has been named the 
Fission Product Extraction process (FPEX).

Delmau proposed the combined extraction of cesium and strontium from caustic 
wastes by adding a crown ether and a carboxylic acid to the CSSX solvent.126 The 
classical DtBuC18C6 and one carboxylic acid were combined with the components 
of the CSSX solvent optimized for the extraction of cesium, allowing for the simul-
taneous extraction of cesium and strontium from alkaline nitrate media simulating 
alkaline high-level wastes present at the SRS. The promising results of these batch 
tests showed that the system could reasonably be tested on actual waste.
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4.4  eXtRACtIon oF FIssIon PRoDUCts otHeR  
tHAn CesIUM

4.4.1 eXtraCtion of Strontium and barium

Previously, we saw that the extractants used for the extraction of strontium were 
DC18C6 derivatives or dicarbollide derivatives. Strontium can be effectively extracted 
with a synergistic mixture of dicarbollide and polyethylene glycols or crown ethers. 
A drawback of this process is the use of high-polarity diluents, such as nitrobenzene 
or chlorinated compounds, in order to solubilize the mixture of the extractants.127

Within the framework of the project granted by the EC, extractants of strontium 
based on calixarenes were synthesized in the hope of finding more efficient com-
pounds in terms of effectiveness and selectivity than those previously quoted. In 
particular, these compounds, because of their poor selectivity for strontium over 
sodium, do not allow strontium to be extracted from liquid waste containing large 
amounts of sodium.16,17

4.4.1.1  p-t-butyl calix[n]arene (di-N-alkyl)amide and Calix[n]arene  
(di-N-alkyl)amide

Several classes of synthesized calixarenes bearing several moieties (ether, ester, and 
amide derivatives), were tested for the extraction of strontium picrates (from aque-
ous solutions into dichloromethane).128 Only a few of them show appreciable extrac-
tion levels. The p-t-butyl calix[6]arene hexa(di-N-ethyl)amide (CA4) shows a very 
high extraction level of alkaline earth cations with respect to alkali metal cations. 
Moreover, dealkylation of the calix[6]arene hexa(di-N-ethyl)amide (CA5) decreases 
the extraction of both sodium and strontium. As this decrease is much more impor-
tant for sodium than for strontium, the Sr/Na selectivity, which increases from 3.12 
to 9.4, is better than that achieved for DC18 derivative under the same conditions 
(8.7). These results were confirmed by extraction of strontium (5 × 10−4 M) from 1 
M HNO3 solutions, where it was found that p-t-butyl calix[4]arene tetra(di-N-ethyl)
amide (CA2) (10−2 M in NPOE) extracts only sodium (DNa = 12.3, DSr < 0.001).

Increasing the size of calixarenes favors the extraction of strontium and leads to a 
decrease of sodium extraction. For p-t-butyl calix[5]arene penta(di-N-pentyl)amide 
(CA3) (10−2 M in NPOE), DNa = 0.79, DSr = 1.5. For p-t-butyl calix[6]arene hexa 
(di-N-ethyl)amide (CA4) (5 × 10−3 M in NPOE), DNa = 0.05, DSr = 3.8. Under the same 
conditions (HNO3 1 M), this compound displays higher selectivity than DC18C6.

Extraction data for alkali and alkaline earth cations showed that the replacement 
of two distal tertiary amides of the p-tert-butyl calix[4]arene tetra(di-N-ethyl)amide 
(CA2) by secondary or primary amides (CA1) leads to a sharp decrease of the extrac-
tion of these cations.

Quantum mechanis (QM) calculations showed that the interaction energy between 
strontium and amide carbonyl groups increased in the expected sequence: primary 
< secondary < tertiary amides, but could not explain the difference of complexation 
between (CA1) and (CA2), in particular in chloroform.129 Another hypothesis based 
on the loss of internal H-bonds with the NH2 protons was also rejected. MD simu-
lations of Sr(Pic)2 complexes of (CA1) and (CA2) for 1 ns at the water/chloroform 
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interface showed that (CA1) is much more surface active and attracted by water than 
(CA2). Complexes of the latter are lipophilic enough to be extracted to the organic 
phase, while those of (CA1) remain trapped at the interface. This behavior casts 
doubts on the interpretation of extraction experiments that use only traces of extract-
ants and ions. It is important to perform extraction at different ligand concentrations, 
when the solubility of the latter allows it. Another consequence is that the extraction 
should be facilitated by surface-active species (for instance, lipophilic anions such as 
dicarbollides, picrates, fatty acids, or neutral surfactants).17

The X-ray structure of the L·Sr(Picrate)2 (L = p-tert-butyl-calix[4]arene-
tetra(diethylamide)) is reported, as well as MD simulations on the L · M2+ complexes 
in vacuo, in water, and in acetonitrile solutions for alkaline earth cations with a 
comparison of “converging” and “diverging” conformers.130 In the simulated and 
solid-state structures of the L · M2+ complex, the ligand wraps around the complexed 
cations M2+ (more than it does with alkaline cations), which are completely encapsu-
lated within the polar pseudo-cavity of L, without coordination to its counterion in 
the crystal or to solvent molecules in solution. In contrast to alkali cation complexes, 
which display conformational flexibility in solution, computations show that the alka-
line earth cation complexes are of the converging type in water and in acetonitrile. 
Subtle structural changes from Mg2+ to Ba2+ are observed in the gas phase and in 
solution. Based on FBP calculations, a binding sequence of alkaline earth cations 
was determined; Mg2+ displays the weakest affinity for L, while Ca2+ and Sr2+ are the 
most stable complexes, which is in agreement with the experiment.

In mixtures with the hydrophobic dicarbollide anion, the extraction of Ca, Sr, and 
Ba by calixarenes with oxygen donor atoms improves, allowing the separation from 
alkali ions.131 The competition by alkali ions is lower than in crown ether extraction 
systems. Separation factors S with CA2 in nitrobenzene are log S = 7 (Ca), 5.5 (Sr), 
and 5.4 (Ba).

4.4.1.2 p-Alkoxy calix[6]arene hexa(di-n-ethyl)amide
With the exception of magnesium, which is poorly extracted by all ligands, the 
p-alkoxy calix[6]arene hexa(di-N-ethyl)amide (CA8, CA10, CA12, and CA15) and 
calix[8]arene octa(di-N-ethyl)amide (CA9, CA11, CA13, CA14, and CA16) display a 
marked preference in the extraction of alkaline earth metals over sodium. The selec-
tivity for strontium over sodium increases according to the sequence:

 CA5 < CA6 < CA12 < CA7 < CA13 < CA9

It has been pointed out that the octamers CA9 (SSr/Na = 51.3) and CA13 (SSr/Na = 42) 
are much more selective than the crown ether DC18C6 (SSr/Na = 16.4) (Table 4.19).132 
These results were confirmed for extraction of strontium from acidic medium. For 
all the calixarenes tested except CA8, the distribution ratios are higher than those 
obtained with DC18C6.133 The selectivity SSr/Na is very high thanks to a negligible 
sodium extraction.

Within the hexamers studied, (CA12) is the most efficient for strontium extraction, 
while (CA8) and (CA15) bearing bulkier groups on the upper rim display lower dis-
tribution ratios. In general, octamers show higher distribution ratios and selectivity 
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than their hexamer counterparts. The order of efficiency and selectivity is the fol-
lowing (Table 4.20):

 CA13 < CA7 < CA9 < CA16 < CA14

To increase competition with large amounts of sodium, the concentration of 
NaNO3 was raised to 4 M, while that of nitric acid was kept at 1 M; the  radionuclides 
were present in solution at trace levels. In these conditions, all tested calixarenes 
still extract strontium. The order of efficiency (CA7 < CA12 < CA13 < CA16 < CA9) 
confirms the higher efficiency of octamers compared with hexamers and p-alkoxy 
compared with p-H or p-tert-butyl derivatives. A plot of the distribution ratio of 
strontium versus the nitric acid concentration in the aqueous phase gives evidence 
for the much better extracting ability of CA16 in comparison to that of crown ether; 
distribution ratios of CA16 (at a concentration 10−2 M in NPHE) reach 30 in the range 
of nitric acid concentration 2–4 M, while the distribution ratios of DC18C6 at a con-
centration 10-fold higher (10−1 M in NPHE) do not exceed 1 (Figure 4.5).

The X-ray crystal structures show an important difference between the hexamers 
and octamers. Hexamer CA4 forms a 1:1 complex with strontium, while the octam-
ers form 2:1 complexes. In the hexamer, strontium is completely encapsulated in 
the polar region of the ligand and is coordinated only through oxygen donor atoms 
of the calixarene, while in the octamers CA6 and CA13 there is room also for one 
chloride and two acetic moieties to coordinate strontium. The structure of the stron-
tium complex of CA13 shows that the p-alkoxy groups, which could participate in 
complexation, are inoperative. None of the oxygen atoms of the methoxy groups are 
coordinated to the strontium cations; however, the alkoxy groups play a role. Their 
electron- donating effect enhances the donor properties of the phenolic oxygen atoms 

tAbLe 4.19
Distribution Ratios for sodium and Alkaline earth Picrates from Water into 
Dichloromethane

Ligands na+ Mg2+ Ca2+ sr2+ ba2+ 

CA4 0.37 0.10 5.33 5.17 5.90

CA6 0.17 0.04 1.33 3.06 10.90

CA5 0.05 0.03 0.35 0.82 1.38

CA7 0.05 0.03 0.37 1.61 4.10

CA8 0.15 0.04 0.81 1.54 1.79

CA9 0.09 0.03 1.09 4.62 13.29

CA12 0.03 0.04 0.25 0.98 1.27

CA13 0.04  < 0.01 0.29 1.81 5.17

CA14 0.37 0.14 1.69 3.26 5.71

CA15 0.21 0.16 1.62 2.58 3.02

CA16 0.17  < 0.01 1.70 4.03 16.24

Note: CL = Cpic = 2.5 × 10−4 M; volume aqueous/organic phase = 1, T = 20°C.
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bearing the amide groups, which explains the remarkable efficiency of the octam-
ers. Formation of dinuclear species with octamers was confirmed by ESI mass spec-
trometry and by competitive spectrophotometry with 1-(2-pyridylazo)-2-naphthol 
(PAN).

With the aim of studying the origin of strontium over sodium selectivity observed 
for calixarenes bearing amide groups, Parma University determined the crystal 
structures of strontium complexes with CA4, CA6, and CA8.134 The hexameric CA4 
consists of one Sr2+ cation coordinated by the ligand. On the contrary, octameric 
CA6 and CA8 crystallized as dinuclear strontium complexes (Sr:L = 2:1), although 
equimolar amounts of strontium salt and ligand were used. This indicates a strong 
tendency of the first strontium ion to preorganize the chelating groups to host the 
second cation. In spite of unfavorable Coulomb interactions between two cations, this 
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FIGURe 4.5 Strontium distribution ratios of DC18C6 (1) (10−1 M in NPHE) and CA16 (2) 
(10−2 M in NPHE) as a function of the nitric acid concentration.

tAbLe 4.20
Distribution Ratios for sodium and strontium and selectivity sr/na in nPHe

Ligands

5 10−4 M M(no3)n/1 M H(no3) 4 M nano3/1 M H(no3)

22na 85sr Dsr/Dna
85sr

CA6 − − − 0.4

CA7 0.006 8.3 >8,300 1.3

CA8 <0.001 0.13 >130 0.5

CA9 <0.001 20 >20,000 5

CA12 <0.001 2.9 >2,900 1.8

CA13 <0.001 6.5 >6,500 2.2

CA14 <0.001 30 >30,000 0.34

CA15 <0.001 0.80 >800 1.09

CA16 <0.001 24 >24,000 3.8

DC18C6 0.006 0.28 >47 −

Note: (CL = 10−2 M).
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2:1 (metal to ligand) stoichiometry was evidenced by NMR and mass spectrometry 
for calix[8]arenes.

The higher Sr2+ /Na+ selectivity shown by calix[8]arene derivatives compared 
to those of tetramers and hexamers is mainly linked to the low binding ability of 
the larger calixarene ligands toward the sodium cation. Each polar niche for cation 
coordination in the calix[8]arenes is too large and cannot result in all the oxygen 
atoms being at 2.45–2.53 Å from the metal cation, as required for coordination of 
Na+ to calix[4]arene tetraamide, whereas those of the calix[4/6]arenes can achieve 
the fine-tuning of the Na-O distances needed for strong bonding of the sodium 
cation.134

4.4.1.3 the behavior of Ionizable, Crowned Calixarenes
Tu et al. synthesized p-tert-calix[4]arene-1,2-crown-n (n = 4, 5, and 6), where a 
crown-n polyether unit links alternate aromatic rings of the calix[4]arene; oxyacetic 
acid MCI6, MCI11, and MCI16 or N-(X)sulfonyl oxyacetamide groups (X = methyl 
(MCI7, MCI12, and MCI17), phenyl (MCI8, MCI13, and MC18), 4-nitrophenyl (MCI9, 
MCI14, and MCI19), and trifluoromethyl (MCI10, MCI15, and MCI20)) are attached 
to the remaining lower-rim positions, with variation of proton-ionizable groups, “tun-
able” ligand acidity was obtained. Extraction tests of alkaline earth metal cations 
from aqueous solutions (10.0 mM in each) by ligands (1.0 mM) in chloroform were 
carried out. MCI6, MCI11, and MCI16 in the cone conformation exhibits high selec-
tivity for Ba2+ in competitive extraction of alkaline earth metal cations, the Ba2+ /Sr2+ 
selectivity exceeds 100. The extraction selectivity order (Ba2+ > Sr2 > Ca2+ > Mg2+ ) is 
the same whatever the size of the crown. For the three dicarboxilic acid ligands, only 
MCI6 exhibits appreciable extraction selectivity. For the calix-crown N-(X)sulfonyl 
oxyacetamide, all show extraction selectivity. However, the selectivity is considerably 
greater with MCI7 than with MCI12, and MCI17. Thus, expansion of the polyether 
ring size to better accommodate within the cavity does not lead to improved extrac-
tion selectivity.135–139

Zhou et al. studied the extraction of alkaline earth metal cations with p-tert-
calix[4]arene-1,2-crown-5 under different conformations. The pH for half loading, 
pH0.5, is a qualitative measure of ligand acidity. The pH0.5 values for a given confor-
mation decrease as the electron-withdrawing ability of X increases. Moreover, the 
ligand acidity increases uniformly as the conformation is varied in the order: 1,3-
alternate < partial-cone < cone. This order is related to the proximity of the ionized 
groups to the complexed cations.140

When these crowned, ionizable calixarenes contain no t-Bu groups in the 4-po-
sition (MCI1, MCI2, MCI3, MCI4, and MCI5), the increased molecular flexibil-
ity causes the extraction to shift to higher pH (cone conformer), the selectivity for 
Ba2+ to disappear (partial cone conformer) or to be less pronounced (1,3-alternate 
conformer).141

4.4.1.4 Parent Calixarenes
In a test at “Mayak” nuclear fuel reprocessing plant in Russia, alkaline high- active 
waste was subjected to extraction by a mixture of parent t-butyl calix[6]arene, 
2-{[bis(2-hydroxyethyl)amino]methyl}-4-alkylphenol, and a solubilizer in dodecane. 
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More than 99% of the Sr and Cs together with 90% of gross alpha-activity could 
be extracted in the presence of 8 M Na+ and subsequently re-extracted into acidic 
media.142

4.4.2 eXtraCtion of teCHnetium witHout CeSium CoeXtraCtion

The extraction of Tc(VII) into 1,2-dichloroethane by two neutral p-t-butyl calix[4]
arenes with four -CH2C(O)OC2H5 or -CH2C(O)CH3 substituents at the phenolic oxy-
gen atoms was investigated. Their difference is discussed in terms of the carbonyl 
group basicity, allowing stronger interaction of the keto group with Lewis acids. 
The distribution ratio increases significantly at higher NaOH concentration due to 
ion-pairing with extracted Na+ (the ester slowly hydrolyzes under such condition). 
The presence of 1 M NaNO3 reduces the distribution ratios. The extracted  complex 
has a stoichiometry of 1:1 as seen from slope analysis. Thiacalix[4]arene in the 
cone conformation bearing ester groups is a more effective extractant from acidic 
solutions.143,144

Tc(VII) can be extracted by pyridinium-appended calixarenes as an ion pair.145 
Maximum extractability is observed at a range where the nitrogen becomes proto-
nated, for example, from 0.1 to 0.2 M HNO3. An exception is 2PyOC4, where DTc 
increases steadily from 4 M to 0.03 M HNO3. The distribution ratios decrease with 
the acidity of the aqueous phase: competition by nitrate extraction was identified as 
the cause. A high percentage of Tc (90%) is extracted by 2PyOC6 in CHCl3 at NO3

−/
TcO4

− = 500 (15% at a ratio NO3
−/TcO4

− of 60,000). In agreement with the Hofmeister 
order, extraction from HCl is better by approximately one order of magnitude. 
Protonation of TcO4

− was concluded not to be relevant under the investigated condi-
tions (Figure 4.6). The extraction power of 2PyOCn (n = 4, 6, 8) is nearly identical, 
except in the weakly acidic range. This confirms conclusions on partially substituted 
calixarene pyridinium derivatives: not all py groups participate in binding. The posi-
tion of the nitrogen atom in the py group is more important for the rigid calix[4]
arene; for  example, 2PyOC4 is more effective than 4PyOC4, especially in weakly 
acidic media, but 2PyOC6 and 3PyOC6 behave nearly identically. Comparison with 
amine-type commercial extractants Aliquat 336 and protonated tridodecylamine 
showed a macrocyclic enhancement effect for the calixarenes. Quaternization of the 
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FIGURe 4.6 Technetium distribution ratios as a function of the nitric acid concentration.
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pyridinum nitrogen atoms allows good extraction from diluted acid. For example, 
log DTc = 1 for 2 mM 4PyOC4Q in CHCl3, and stripping can be achieved with 
strongly acidic solutions.

4.5 eXtRACtIon oF ACtInIDes

Three European projects have been devoted to the extraction of the long-lived ele-
ments and in particular of actinides.16–18 Initially, the goal of the project was to decat-
egorize the effluents by eliminating cesium, strontium, and actinides with a mixture 
of extractants. Then, a much more ambitious project was launched consisting in sepa-
rating selectively the actinides from other elements including lanthanides, contained 
in high-activity liquid waste arising from the PUREX process, in only one step, 
stimulating the search for extractants based on the calixarenes bearing one or several 
ligands. For more information on the separation of actinides from lanthanides, it is 
recommended to refer to Chapter 3 of this book, dedicated to this subject.

Organophosphorus extractants have an exceptional ability to extract hard cat-
ions, particularly actinides and lanthanides, but monodentate organophosphorus 
ligands, even the most powerful ones such as alkylphosphine oxides (the most used 
is trioctyl phosphine oxide (TOPO)), only extract actinides(IV) and (VI) and to a 
lesser extent (V) from low acidity media. Due to their relatively low charge densi-
ties, actinides(III) and lanthanides usually show a weak complexing ability with 
most chelating agents in nitric acid solution. Some bidentate neutral ligands have 
been developed as useful extractants for actinides, for example, dihexyl-N,N- diet
hylcarbamoylmethylphosphonate (DHDECMP). Horwitz et al. synthesized and 
studied several carbamoyl methylphosphine oxide derivatives.146–151 In carbamoyl-
methylphosphine oxides (CMPOs), the C = O and P = O groups act as the ligating 
functions, and compounds bearing numerous residues at the nitrogen (R1, R2) and 
phosphorus (R3, R4) atoms in various combinations have been tested. Among them, 
diphenyl-N,N-diisobutyl carbamoyl methyl phosphine oxide (DΦCMPO) and finally 
octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (OΦCMPO) were 
chosen to remove actinides, whatever their oxidation states, from acidic medium 
activity waste (TRUEX Process).

These compounds, tested in NPHE at Cadarache, were used as reference com-
pounds for the extraction of actinides by functionalized calixarenes (see below). The 
distribution ratios for neptunium mainly at the oxidation state (V), plutonium at the 
oxidation state (IV), and americium (III) are shown in Table 4.21 for OΦCMPO. They 
were also used as references for the americium over europium selectivity (Table 4.22).  

tAbLe 4.21
Distribution Ratios for np, Pu, and Am From Aqueous solutions 4 M 
nano3, 1 M Hno3 into a nPHe solution of oΦD(ib) CMPo (10−2 M)

oΦCMPo 237np 239Pu 241Am

0.85 22 1.2
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In the Strasbourg laboratory, which cannot handle radioactive substances, trivalent 
and tetravalent transuranic elements were simulated by lanthanides (generally euro-
pium) and thorium, respectively.

4.5.1  SeleCtive eXtraCtion of aCtinideS by CaliXareneS bearing  
PHoSPHine oXide moietieS

4.5.1.1  extraction by Phosphine oxide (Grafted on the narrow-Rim of)  
Calix[n]arenes

Extraction of thorium nitrate and europium nitrate (10−4 M) from 1 M HNO3 into 
dichloromethane was carried out for 19 calixarenes totally or partially substituted on 
the lower rim by phosphine oxide moieties (CPo1-CPo17-CPo19-CPo20) and for one 
calixarene substituted by phosphinate (CPo18) (see Section 4.7).128,152–154

As expected, tetravalent thorium is better extracted than trivalent europium. All 
 calixarenes are stronger extractants than TOPO or OΦCMPO. The dealkylated 
series is  better than the alkylated one. For the dealkylated series and alkylated series, 
the sequence of increasing efficiency toward two cations is tetramer < octamer < 
hexamer.

The replacement of the phenyl groups on the phosphine oxide moieties by n-butyl 
groups leads to a complete loss of extraction. Increasing the length of the chain link-
ing the calixarene to the phosphine oxide moieties leads to a decrease of  extracting 
ability of both tetramer and hexamer (Table 4.23). The selectively substituted 

tAbLe 4.22
Distribution Ratios for Ce, eu, Am, and Cm From Hno3 Aqueous solutions 
at Different Concentrations into a nPHe solution of toPo, DHDeCMP, 
oΦD(ib) CMPo, and DΦD(ib) CMPo (0.25 M)

Ligands

Hno3 Concentration

0.01 0.1 1 1.5 2 3 4

TOPO (0.25 M) Eu – – 2.95 0.11 – 0.28  < 0.01

Am – – 1.6 0.07 – 0.17 0.01

DHDECMP (0.25 M) Ce 0 0.02 1.8 3.9 6.1 8.3 9.7

Eu 0.01 0.01 0.8 1.75 2.75 4.7 4.9

Am 0 0.02 1.45 3.3 3.7 7.2 7.7

Cm 0.01 0.02 0.97 1.95 3.05 5.0 5.45

OΦCMPO (0.25 M) Ce 1.55 21.5 14 12.5 13 12.5 11.5

Eu 1.15 15.7 105 105 125 90 75

Am 2.5 32 200 160 195 150 105

Cm 1.7 26 90 95 50 50 70

DiΦCMPO (0.25 M) Eu – – 12 19.5 – 19 20

Am – – 26 40 – 36 27

59696.indb   252 7/14/09   9:33:41 PM



Extraction of Radioactive Elements by Calixarenes 253

calixarenes are less efficient than the fully substituted ones. The more efficient com-
pounds are CPo16 > CPo17 > CPo14 > CPo19.

Extraction of neptunium, plutonium, and americium from simulated radioactive  
liquid waste was carried out in particular with tert-butyl and dealkylated tetramers, 
hexamers, and octamers of calixarene [ethoxy(diphenylphosphine oxide)]. Among 
these six calixarenes, the highest distribution ratios were obtained with the deal-
kylated calix[8]arene. Using a different sample of the dealkylated hexamer, the 
Strasbourg group concluded that this compound is the most efficient. This discrep-
ancy can be explained by the presence of impurities, detected by NMR, which were 
probably responsible for the poor performances of the dealkylated hexamer tested 
at Cadarache.

tAbLe 4.23
Percentage of extraction (E%) of europium and thorium nitrates from 1 M 
Hno3 into Dichloromethane Containing the Ligand at Various 
Concentrations

Ligands

[th(IV)] [eu(III)]

10−4 M 5 10−4 M 10−3 M 5 10−3 M 10−2 M 2.5 10−2 M 2.5 10−2 M

TOPO 0 0 0 1.4 10.2 64.2 0a

OΦCMPO 0 0 0 1.6 12.2 70.4 0b

CPo1 0 5.6 26.8 96.1 100 100 0

CPo2 0

CPo3 2.6 46.9 79.8 100 100 100 24.6

CPo4 0 23.6 62.5 98.8 100 100 20.8

CPo5 0

CPo6 55 29.6

CPo7 9.4 79.4 94.8 100 100 100 94.3

CPo8 0 0 0 30.6 60.1 88.4 0

CPo9 0

CPo10 5.1 62.6 87.9 100 100 100 92.0

CPo11 0 1.9 4.6 28.4 50.0 76.5

CPo12 20 45

CPo13 0

CPo14 0 0 1.1 10.3 24.0 54.5

CPo15 0 6

CPo16 0 1.1 3.6 38.8 68.2 91.4

CPo17 0 0 0 17.0 46.9 85.9

CPo18 60

CPo19 15

CPo20 0

a %E = 18 (CL = 0.25 M).
b %E = 69.5 (CL = 0.25 M).
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254 Ion Exchange and Solvent Extraction: A Series of Advances

The analysis of the extraction by CPo21 data reveals a 1:1 metal ion-to-ligand ratio 
for europium and thorium. The selectivity factors indicate a good selectivity toward 
these two cations with respect to Mn2+, Pb2+, Cd2+, Fe2+, Ni2+, and Co2+, among which 
only cadmium is a weakly radioactive fission product.155 A synergistic extraction of 
almost three orders of magnitude was evidenced for the extraction of La3+, Nd3+, 
Eu3+, Ho3+, Lu3+ with 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone and CPo21; how-
ever, it does not improve the separation factors between lanthanides.156

4.5.2  SeleCtive eXtraCtion of aCtinideS by ComPoundS bearing  
CmPo moietieS

4.5.2.1  extraction by Wide-Rim CMPo Calix[4]arenes  
and oligomers

Horwitz et al. showed that the trivalent americium is coordinated to three CMPO 
molecules and three nitrate anions in an overall neutral complex, another molecule 
of nitric acid being hydrogen bound to each of the carbamoyl oxygen atoms.157,158 
Several molecules of CMPO are included in complexes formed with other cations 
such as plutonium.

From this observation, it is interesting to construct molecules in which several 
CMPO ligands are combined in a suitable mutual arrangement. These new ligands, 
as expected, show in general not only improved extraction properties on the basis of 
the chelate effect (favorable entropic factors), but also higher extraction selectivity 
due to differences in the stoichiometry of the complexes and in the steric require-
ments. Calixarenes offer an ideal platform for the arrangement of various ligating 
functions either at the wide or the narrow rim, which allows an independent control 
of factors such as solubility in organic diluents or insolubility in aqueous phases by 
the introduction of appropriate hydrophobic residues. Several calixarenes bearing 
CMPO moieties on the wide rim and their linear counterparts were synthesized by 
Böhmer et al.16,17,159

4.5.2.1.1 Extraction by CMPO Linear Oligomers
With the aim of getting a better understanding of the structural requirements for 
effective complexation, two series of linear oligomers (propoxy and pentoxy groups) 
were prepared up to the pentamer.17 For the pentoxy series (O51 n = 0, O52 n = 1, O53 
n = 2, O54 n = 3, O55 n = 4), complexation constants with europium have been deter-
mined out in methanol in comparison to CPw3 (Table 4.24) (see Section 4.7).

All compounds form 1:1 and 1:2 species as the calixarenes. Monomer O51 forms 
more stable complexes than OΦCMPO. A slight increase in the stability of the 1:1 
complexes is observed when a supplementary unit is added to the ligand (from O52 
to O55). For 1:2 complexes, a large stabilization is noticed on going from O51 to O52 
and O53, but not for O54 or O55. These results are consistent with the assumption that 
only one arm of each ligand may be involved in the complexation.

All the products were soluble in NPHE only at a very low concentration (≤10−3 M). 
At this concentration, O51 is not very effective for actinide removal, whereas O52 
shows a relatively high efficiency toward plutonium (Table 4.25). Adding a new CMPO 
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256 Ion Exchange and Solvent Extraction: A Series of Advances

group (O53) does not improve the extracting ability toward plutonium, but enhances 
strongly that of americium, which needs three CMPO molecules to be extracted.

4.5.2.1.2 Extraction by Wide-Rim CMPO Calixarenes
Complexation studies of some lanthanides and thorium in methanol have been 
undertaken in order to better understand the solution behavior of OΦCMPO and 
CPw3.160 The stability of the complexes increases along the lanthanides series as a 
consequence of the increase in the charge density of the cations due to the lanthanide 
contraction (Table 4.25).

The complexes with the two rigid derivatives CPw3 and CPw2 have similar 
stabilities (log β11 = 6.2), whereas the stability of the flexible tetramethoxy deriva-
tive CPw1 is much lower (log β11 = 4.4). The stability increases with the number 
of propoxy groups (from CPw14 to CPw16), that is, when the molecule becomes 
increasingly rigid.

Extraction of thorium and europium by these same compounds shows an increase 
from O51 to O55 (Table 4.26). Thorium is equally extracted by the linear tetramer 
and pentamer, whereas europium is even better extracted by linear tetramer than by 
the linear pentamer. Most of the CMPO calixarenes extract europium better than 
TOPO and OΦCMPO. All these extractants are stronger extractants of thorium than 
europium, because similar efficiencies require ligand concentrations of 10−3 M for 

tAbLe 4.25
Distribution Ratios for eu, np, Pu, and Am from Aqueous solutions 4 M 
nano3, 1 M Hno3 into a nPHe solution of Linear oligomers or Calixarenes 
bearing the CMPo Moieties on the Wide Rim (10−3 M)

CLigand
152eu 237np 239Pu 241Am

OΦCMPO 10−2 M 0.85 22 1.2

O51 10−3 M  <0.001 0.5 0.3 <0.001

O52 10−3 M 1.2 0.9 23 1.8

O53 10−3 M 13 2 20 17

CPw3 10−3 M  >100 2  >100  >100

CPw4 10−3 M  >100 2 20 45

CPw5 10−3 M  >100 2 90 >100

CPw6 10−3 M − 4 >100 >100

CPw7 10−3 M >100 2 80 >100

CPw8 10−4 M 1.1 27 27

CPw9 10−4 M 1.5a 24a 21a

CPw10 10−3 M >100 12 >100 61

CPw11 10−3 M  >100 2  >100 >100

CPw12 10−3 M  >100 3  >100 >100

CPw13 10−3 M  >100 3  >100 >100

a Precipitation of a part of actinides.
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europium and only 10−4 M for thorium. An increase of the alkyl chain length from 
C10 to C18 does not cause any regular change in the extraction efficiency. The cyclic 
pentamer extracts thorium slightly less than its tetramer counterpart. The mixed 
derivatives (CPw14–CPw16), which correspond to the progressive replacement of 
four CH3 groups at the narrow rim of CPw1 by bulkier C3H7 groups, show slightly 
but still significantly higher extraction values for thorium than their counterparts 
bearing four identical groups.

For all the calix[4]arenes, whatever the length of the linear alkyl branched to the 
narrow rim, the solubility in NPHE remained very low (~10−3 M) and even lower 
than 10−3 M for the longest alkyl chains (C16 CPw8, C18 CPw9) (Table 4.25).159 It 
was surprising that compared to the high lipophilicity introduced by such radicals, 
interactions with NPHE arose more with phenyl-phenyl interactions than with alkyl 
chains Van der Waals interactions. All the calixarenes prepared in Mainz exhibit 
high extracting power toward actinides whatever their valencies. When the solubility 

tAbLe 4.26
Percentage of extraction (%) of europium and thorium nitrates from 1 M 
Hno3 into Dichloromethane at 20°C

Ligands

eu3+ th4+ 

CL = 10−3 M CL = 10−2 M CL = 10−4 M CL = 10−3 M

OΦCMPO 69.5 12.2

TOPO 18 10.2

O51 – 6 – 4

O52 – 18.3 – 22

O53 15 94 – 4.3

O54 43.4 100 15.2 –

O55 17 – 21.7 –

CPw1 35 60

CPw2 64 61.8

CPw3 58 61

CPw4 24 26

CPw5 68 53

CPw6 68 63

CPw7 72 54

CPw8 69.5 51.5

CPw9 59 50

CPw10 – 46

CPw11 20 32

CPw12 40 39

CPw13 49 43

CPw14 45 69

CPw15 48 66

CPw16 60 66
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of the compounds is equal to 10−3 M, the distribution ratios for americium and pluto-
nium exceed 100. In comparison, OΦCMPO used at a concentration ten-fold higher 
(10−2 M) displayed lower distribution ratios (DPu = 22, DAm = 1.2). Calixarenes bear-
ing C12H25 alkoxy chains CPw6 and the three calixarenes bearing mixed alkoxy 
groups were the most powerful extractants of actinides, particularly of plutonium 
and americium. Calix[5]arene CPw10, with five functionalized groups and a larger 
cavity, is as efficient as the calix[4]arene for the extraction of plutonium. A decrease 
of DAm and, in contrast, a sharp increase of DNp is observed. It can be explained by a 
lesser fitting of the calixarene cavity for trivalent americium and by a better adjust-
ment of the cavity to linear NpO2

+.
Böhmer et al. synthesized the counterpart of CPw3 CPw19, where phenyl groups 

linked to phosphorus were replaced by hexyl residues, which was compared with 
OΦCMPO for the extraction of nine lanthanides (La, Pm, Sm, Eu, Gd, Tb, Ho, Er, 
and Yb) and two minor actinides (Am and Cm) from an aqueous phase containing 4 
M NaNO3 and 10−2 M HNO3. While distribution ratios are comparable for all cations 
with OΦCMPO, a marked decrease of the distribution ratios along the lanthanide 
series is observed, from 140 for lanthanum to 0.19 for ytterbium, corresponding to a 
separation factor of about 700. The observed selectivity nearly disappears for CPw19. 
These results are in agreement with those obtained for two CMPO  molecules, where 
a relatively low selectivity is observed (DLa/DLu ~ 10) for DΦCMPO derivative, 
whereas no discrimination is obtained with DBCMPO derivative. The experiment 
was repeated using 3 M nitric acid; the separation factor DAm/DEu is slightly higher 
(10.2) than in the presence of sodium nitrate (7.5) (Figure 4.7).161–163

It is interesting to compare the extraction of different lanthanides from acidic 
medium (1.5 M HNO3) by OΦCMPO at a concentration 0.25 M, 250 times higher than 
that of CPw3 or that of tetramer O54, the acyclic analogue of CPw3. For the lightest 
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FIGURe 4.7 Extraction of lanthanides, americium, and curium by (1a) OΦCMPO (0.2 M) 
and (1b) CPw3 (10−3 M) in chloroform. Aqueous phase: 4 M NaNO3 and 10−2 M HNO3.
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lanthanides, distribution ratios for OΦCMPO (0.25 M) and CPw3 (1 M) are compa-
rable. As the atomic number increases, a very strong decrease of lanthanide extrac-
tion is observed for CPw3. On the contrary, for OΦCMPO and O54, this decrease 
is much less pronounced; for the latter, distribution ratios for the first lanthanides 
are much lower and almost unvarying along the lanthanide series (Table 4.27). With 
classical extractants like di(2-ethylhexyl) phosphoric acid (HDEHP), distribution 
ratios increase as the atomic number of lanthanides increases. This is explained by 
the higher charge density due to the ionic radius contraction of the lanthanides. For 
CPw3, and more generally for calixarenes bearing CMPO groups, the reverse trend 
is observed due to a good adjustment between the size of the lightest lanthanide cat-
ions and that of the cavity formed by the four CMPO moieties. This unexpected 
discrimination led us to use these calixarenes, initially synthesized for the extraction 
of actinides whatever their valencies, for a possible way to separate the latter from 
lanthanides. Tests carried out at several acidities showed the same trend. That is, 
only the lightest lanthanides were significantly extracted by CMPO calixarenes.17 
One has to point out the peculiar behavior of cerium, which displays low distribution 
ratios in comparison to lanthanum or neodymium. This difference of behavior can be 
explained by a partial or total oxidation of this cation to the IV oxidation state. The 
ionic radius of cerium(IV) being lower than that of cerium(III), the tetravalent ion is 
less fitted to the cavity formed by the CMPO groups than the trivalent cerium.

Böhmer et al. synthesized phosphinate (CPw20), phosphonate (CPw21), and phos-
phoric acid (CPw22) derivatives. The most basic phosphine oxide functions in CPw19 
lead to a maximum of extraction for a nitric concentration of 1 M. With the phos-
phonate derivative CPw20, which is the strongest extractant, a maximum is reached 
for a higher acidity (3 M). This compound is relatively efficient at low acidity (10−2 
M) and for acidity higher than 1.5 M. Calixarene CPw22 bearing  phosphoric acid 
moieties displays low distribution whatever the acidity. Comparison of CPw19 and 
CPw3 confirms the importance of phenyl groups, essential for obtaining a selectiv-
ity along the lanthanide series and for a better americium over europium selectivity. 

tAbLe 4.27
Distribution Ratios for Lanthanides and Actinides from 
Aqueous solutions 1.5 M Hno3 into a nPHe solution of 
oΦCMPo (0.25 M), o54, and CPw3 (10−3 M)

oΦCMPo o54 CPw3

La 62 3.4 280

Ce 12.4 5.4 23

Nd 115 5.9 220

Sm 130 7.8 77

Eu 105 7.2 36

Am 160 6.6  > 300

Cm 95 8.3 120

Pu 85 10 5.1
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It has been pointed out that CPw20, possessing only a phenyl group and an ethoxy 
group linked to the phosphorus atom, displays relatively high extraction ability and 
separation factor SAm/Eu (Table 4.28).17

All the complexes metal:wide-rim CMPO calix[4]arene studied by crystallo-
graphic analysis have the 2:1 M:calix stoichiometry. Cations are complexed by two 
bidentate CMPO, which keep them apart from the cavity of the calix[4]arene. Thus, 
these complexes are not real inclusion complexes (Figure 4.8).

Phenyl groups and the alkyl chains (C3) are not represented

P1
Lo P2

LoA P1A

P2A

FIGURe 4.8 X-ray structure of lanthanide calixarene complex ((La(NO3)3)2 (CPw2).

tAbLe 4.28
Distribution Ratios for eu and Am from Aqueous solutions of Hno3 at 
Different Concentrations into a nPHe solution of CPw19–CPw22 
Calixarenes

Ligands

Hno3 concentration (M)

10−2 10−1 1 1.5 2 3 4

CPw19 Eu 0.11 0.19 0.40 0.31 0.24 0.19 0.18

Am 0.16 0.37 0.67 0.51 0.37 0.28 0.29

CPw20 Eu 0.02 0.06 1.8 3.7 – 6.1 3.9

Am 0.07 0.45 12 14.5 – 41 21

CPw21 Eu  < 0.01  < 0.01 0.02 0.02 0.02 0.05 0.07

Am –a

CPw22 Eu 0.85 0.15 0.22 0.72 0.64 0.69 0.60

Am 1.0 0.16 0.32 1.2 1.1 1.2 1

a Not measured.
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There was evidence for two subgroups among the lanthanides, for which the 
 coordination number of the metal is 10 (from La to Eu) and 9 (From Eu to Lu). 
Europium, which presents the two coordination numbers, 9 in the complexes of 2:1 
stoichiometry and 9 and 10 in a complex of 5:2 stoichiometry, ensures the transition 
between the two subgroups. Lutetium, the smallest of lanthanide cations, presents 
also two coordination numbers, 8 and 9. This change of coordination number is the 
consequence of the decrease of the ionic radius along the series of lanthanides. The 
conformation of the calix[4]arene is identical for the various complexes. Moreover, 
the conformation of a complex of CMPO calixarene is close to that of a complex 
of O52, with a small deformation close to the skeleton. The dimer seems to be the 
smallest entity representative of the behavior of a CMPO calixarene. No structural 
explanation for the selectivity of the CMPO calixarene can be found. Moreover, 
CPw19 forms with europium nitrate a complex in any point similar to that obtained 
with CPw2. The complexes formed with the calixarene CMPO are not inclusion 
complexes. The selectivity of these compounds does not find an obvious struc-
tural explanation. However, the conjunction of two effects, the chelating effect and 
the macrocyclic effect, could be the cause of it. The fact that the two CMPOs are 
linked implies that only two partners instead of three intervene in the reaction of 
the  formation of a 1:2 M:CMPO complex (the chelating effect). The macrocylic 
effect is related to the position of the CMPO and their oxygen atoms in a confined 
space. Lanthanides are thus better extracted by calixarene CPw3 than by its linear 
tetramer analogue O54 and, in contrast to O54 discrimination between lanthanides, 
is clearly marked for CPw3. The resultant of these two effects can be described as 
“preorganization.”164

Complexation studies were carried out by electrospray ionization mass spectrom-
etry (ESI-MS) with three lanthanides (La, Eu, and Yr) at a concentration of 10−4 M, 
while the ratio of concentration of CPw2 versus calixarene (r = [calix]org/[Ln]aq) was 
 varied between 0.1 and 10.165 The behavior of the three lanthanides is the same: the 
1:1 Ln:calix-CMPO complex is always predominant in the range of concentration 
studied; the 2:1 Ln:calix-CMPO appears in the case of metal excess with a maxi-
mum for r = 0.5, while the percent of 1:2 Ln:calix-CMPO increases as the concentra-
tion of ligand increases, but does not exceed 10% for r = 10. These studies show that 
two factors play a key role in the selectivity of CMPO derivatives, firstly the presence 
of phenyl groups on the phosphorus atom, which confers the selectivity to CMPO 
ligands, secondly the calixarene structure, which amplifies this selectivity due to its 
preorganization. Indeed the noncyclic derivative (O52), in spite of the presence of 
phenyl units, does not display noticeable selectivity.

As the extraction of actinides, which are hard cations, requires very powerful 
extractants, so in some cases back-extraction can be incomplete and can be enhanced 
by adding soluble complexing agents like methylene diphosphonic acid (MDPA) to the 
stripping solution. Horwitz et al. proposed to implement thermodynamically unstable 
complexing agents that are diphosphonic acids and diphosphonic acid derivatives like 
1-hydroxyethylidenediphosphonic acid (HEDPA) capable of complexing with metal 
ions, especially metal ions in the II, III, IV, V, and VI oxidation states, to form sta-
ble, water-soluble metal ion complexes.166 Subsequently, the complexing agents can 
be decomposed, under mild conditions, into inorganic compounds that degrade the 
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complex and release the metal ion. These compounds were used to facilitate the strip-
ping of actinides and avoid their hydrolysis in pure water.167

Calixarenes display strong transport abilities in spite of their low concentration 
(10−3 M in NPHE) in SLMs. High permeabilities were obtained for americium and 
plutonium and to a lesser extent for neptunium. Implemented at a concentration 
10-fold higher, OΦCMPO displays comparable values only for plutonium. With the 
most efficient calixarene (CPw13), 92% of the plutonium in the feed was transported 
after 2 h and 99.75% after 6 h.

Solutions arising from the PUREX process contain many fission products and, 
in particular, some fission products and corrosion products that can be extracted 
by OΦCMPO or DMDBTDMA used in the DIAMEX process (cf Chapter 3 on 
the Ln/An separation). In particular, with the latter, zirconium(IV) nitrate is better 
extracted than either the lanthanides or actinides, but its extraction may be reduced 
to acceptable levels by complexing it with oxalic acid or ketomalonic acid. Extraction 
of molybdenum may be suppressed by complexation with hydrogen peroxide. Iron, 
which is almost always present from corrosion of process equipment, also has a high 
affinity for DMDBTDMA, but Fe(III) is extracted slowly, and it may be possible 
to use this property to separate it from the actinides and lanthanides. In contrast to 
OΦCMPO, which displays high distribution ratios for cations such as Zr, Nb, Mo, 
and Pd, CPw3 shows a significant affinity only for palladium (Table 4.29). It has to 
be pointed out that this coextraction of palladium can be interesting from the per-
spective of the recovery of palladium. Similarly, under the same conditions (contact 
time of six days), corrosion products are 10-fold less extracted by CPw3 (DFe = 0.4, 
DCo = 0.01) than by OΦCMPO (DFe = 3.3, DCo = 0.11).168

Cavitands, prepared by the Twente group, differ from the wide-rim CMPO cal-
ixarene not only by the basic scaffold, but also by the distance to the rim and in the 
amido function (tertiary amide versus secondary amide). In comparison to CMPO 
calixarenes, compounds Cv1 and Cv2 did not lead to improvements in terms of 
extracting ability or selectivity.17,169

4.5.2.1.3 Extraction by Wide-rim N-methylated CMPO Calixarenes
Two calix[4]arene tetraethers (pentoxy CPw17 and tetradecyloxy CPw18) bearing 
four -N(Me)-CO-CH2-P(O)Ph2 residues on their wide-rim were synthesized for the 
first time.170 Their ability to extract lanthanides and actinides from an acidic aqueous 

tAbLe 4.29
Distribution Ratios for several Fission Products [M] = 10−4 from Aqueous 
solutions (3 M Hno3) into nPHe by CMPo (0.25 M) and CPw3 (10−3 M)

Ligands Zr nb Mo Ru Rh Pd

OΦCMPO 15 21 14 0.07 0.001 2.4

CPw3 0.05 0.09 0.09 0.01 0.004 1.9

Note: Contact time between aqueous phase and organic phase was 3 days.
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phase to organic phases (CH2Cl2, and NPHE) was studied. The most striking is the 
100-fold decrease of europium distribution ratios displayed by CPw17, which dif-
fers from CPw3 only by the replacement of H by CH3 unit on the nitrogen atom of 
amide. However, CPw17, in comparison to the corresponding -NH- analogs, is a less 
efficient extractant; the selectivity for the light over the heavy lanthanides is less pro-
nounced, but CPw17 displays a higher Am/Eu selectivity than CPw3 (Table 4.30).  
Moreover, CPw17 is more resistant to nitric acid and to irradiation. While for CPw17 
the europium distribution ratios remain practically unchanged after 22 days of 
contact of this compound with 3 M nitric acid, they decrease strongly for CPw3 
after 10 days. Complexation measurements of La and Eu in methanol showed that 
CPw17 formed a 1:1 M:L complex in contrast to CPw3, for which a 2:1 complex was 
detected. However, the small differences in the stability constants do not explain the 
better extracting ability of CPw3 (see Section 4.7).

The crystallographic structure of CPw17 obtained at the University of Liège 
shows that the four methyl groups do not prevent this ligand from adopting the 
most preferred conformation of the calix[4]arenes. An open geometry, in which two 
 phenyl rings in the macrocyclic unit are pointing outward while the two other rings 
are parallel and oriented vertically, is indeed adopted by CPw17. The relatively low 
extracting ability of this macrocycle is thus not due to steric effects.

Desreux et al. studied the stoichiometry and the dynamic behavior of Gd3+ com-
plexes by the dispersion of the nuclear magnetic relaxation dispersion (NMRD).170 
Formation of the complex is accompanied by the removal of solvent molecules from 
the first coordination sphere of the paramagnetic sphere, which induces changes in 
the solution relaxation time T1. The relaxation rate 1/T1 decreases as the relaxation 
of the solvent nuclei becomes slower, because it takes place in the bulk of the solu-
tion rather than close to unpaired electronic spins. Ligands CPw3 and CPw17 form 
aggregates at a large ligand/Gd(III) concentration ratio. The formation of oligomers 
is evidenced in NMRD titration curves by an increase of the relaxation rates between 
1 and 20 MHz brought about by a lengthening of the rotational correlation times. 
Although calixarene CPw17 is barely different from CPw3, it forms larger aggre-
gates with Gd(III) (Figure 4.9).

The rotational correlation times of the largest aggregates of Gd(CPw3) and 
Gd(CPw17) are 649 and 1360 ps, respectively, and their radii are 1.2 and 1.6 nm. The 
opposite was expected, because the methylation of the amide functions precludes 

tAbLe 4.30
Distribution Ratios for the extraction of several Lanthanides and Americium 
from Aqueous solutions (3–4 M Hno3) into nPHe by CPw3 and CPw17 
Calixarenes

Ligands La Ce nd sm eu Am

CPw17/3 M HNO3 2.1 1.8 0.72 0.21 0.14 0.87

CPw17/4 M HNO3 6.3 5.6 2.4 0.74 0.41 2.95

CPw3/3 M HNO3 145 – 135 60 45 156
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the formation of hydrogen bonds. Calixarene CPw17 is also a much poorer extract-
ant than its nonmethylated counterpart, and this difference could be related to their 
aggregation state. The assumption of the formation of oligomeric structures of CPw3 
due to its relative flexibility is confirmed by a crystallographic analysis of the dimeric 
structure Eu5(CPw3)2(NO3)15 2H2O in which one of the cations is coordinated to two 
CMPO arms belonging to different calixarene units.164

Oligomeric assemblies were also found by light diffusion scattering, although their 
small size is just at the limit of the possibilities of this technique. It is  noteworthy that 
oligomerization is the first step in the formation of a third phase, a major problem in 
solvent-extraction processes. Aggregation phenomena, which are also supported by 
dynamic light-scattering measurements, probably play a role in the extraction, but 
certainly other factors have to be taken into account.18

4.5.2.1.4 Extraction by Rigidified Wide-rim CMPO Calixarenes
Conformationally rigidified tetra-CMPO derivatives have been prepared from calix[4]
arene bis(crown ether) in which adjacent oxygen atoms are bridged at the narrow rim 
by two short diethylene glycol links, and in which the wide rim bears different resi-
dues: diphenylphosphine oxide (CPr1), dihexylphosphine oxide (CPr2), phosphinate 
(CPr3), and phosphonate (CPr4).171 The rigidified bis(crown ether) ligand CPr1 is a 
more effective extractant than its pentylether counterpart. CPr1 requires only one-
tenth of the concentration (CL = 10−4 M) to obtain the same distribution ratios as 
CPw3, while OΦCMPO needs a 2000-fold higher concentration to obtain the same 
distribution ratios. CPr3, more efficient than CPr4, which displays distribution ratio 
values comparable to those of the not-rigidified CPw3-bearing CMPO groups, is an 
especially interesting compound, as the highest extraction is achieved for americium 
(Figure 4.10). Tests performed at different cation concentrations show the influence 
of nitric acid. At a concentration of 10−5 M for each lanthanide, the distribution ratios 
are relatively independent of nitric acid concentration, contrary to what is observed 
at a concentration ten-fold lower, where the distribution ratios sharply decrease as 
the nitric acid concentration increases. The enhancement of distribution ratios can be 
explained by a better preorganization of the ligating functions owing to the rigidity, 
which on the other hand, did not appreciably change the selectivity for americium 
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FIGURe 4.9 Relaxation titration curves (left) and NMRD dispersion curves (right) of 
 ligands CPw3 (®†  ) and CPw17 (§) in anhydrous acetonitrile.
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and light lanthanides over heavy ones observed for pentylether CMPO calixarenes. 
NMR relaxivity titration curves and nuclear magnetic relaxation dispersion (NMRD) 
profiles showed that large oligomers were formed (see Section 4.7).

4.5.2.1.5  Extraction by Sulfur Derivatives of Wide-rim  
CMPO Calixarenes

To try to improve the discrimination between trivalent actinides (Am and Cm), 
Böhmer synthesized the counterpart of CPw3 by replacing amidic oxygen atom and 
the oxygen atom of the phosphine oxide by sulfur atoms. As expected, hard lan-
thanide and actinide cations were much less extracted by the sulfur counterpart; 
to improve the extraction, TOPO was added to the organic phase, increasing the 
extracting ability of the mixture, but without improving the selectivity for actinides 
over lanthanides.168

4.5.2.1.6  Extraction by CMPO or Diphosphine Wide-rim Calixarenes
Atamas et al. synthesized calixarenes in which the phosphorus atoms of four CMPO 
or diphosphine residues are linked to the wide rim of these calixarenes via a CH2 
spacer.172 When compared with CPw2, the calixarenes CPw30 and CPo22 extract 
Yb more efficiently, in contrast with La and Eu, which are less effectively extracted; 
the selectivity along the lanthanide series is less marked. Complexation measure-
ments were carried out in methanol in the presence of NaNO3 (5 10−2 M); the La and 
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FIGURe 4.10 Distribution ratios of lanthanides (10−6 M) for CPr1 as a function of HNO3 
concentration (0.01 M, 0.1 M, 1 M, 1.5 M, 2 M, 3 M, and 4 M).

59696.indb   265 7/14/09   9:33:47 PM



266 Ion Exchange and Solvent Extraction: A Series of Advances

Eu complexes are significantly less stable than those measured with CPw2. Contrary 
to the latter, which additionally forms strong 2:1 M:calix complexes, the CPw29 and 
CPo22 form only 1:1 complexes, which hints at the involvement of the four ligating 
arms in their complexes. Comparison of CPw29 and CPo22 versus CPw2 (extraction 
from acidic solutions by calixarenes diluted in NTFB) shows that the latter is by far 
the most efficient and the most selective calixarene; the selectivity factors SAm/Eu for 
CPw2 and CPw29 are 22 and 2, respectively.

4.5.2.2 extraction by narrow-rim CMPo Calixarenes
Functional groups attached to the wide rim of calix[4]arene fixed in the cone con-
formation are divergently oriented. This situation may change, if such groups are 
attached to the narrow rim, thus, primarily having a more convergent orientation. 
As the extraction ability (and even the selectivity) of calixarene-based ionophores is 
significantly dependent on the p-substituents, t-butyl substituted compounds (CPn1-
CPn4), t-octyl derivatives (CPn5-CPn6), and the unsubstituted derivatives (CPn7-
CPn9) were synthesized by the Mainz group173 (see Section 4.7).

The binding of some lanthanide cations with OΦCMPO, CPw2, CPw3, CPw17, 
and CPn3 has been investigated using two experimental methods: UV absorption 
spectrophotometry (in the presence of nitrate or chloride anions) and ESI-MS. In 
the case of OΦCMPO, UV spectrophotometric measurements in methanol show the 
formation of ML, ML2, and ML3 species with LaCl3. The same stoichiometries are 
also observed in this solvent by ESI-MS, which provides additional information. For 
La(NO3)3, mainly singly charged species are observed (coordination of two NO3

−), 
while for LaCl3, mainly doubly charged complexes are detected (coordination of one 
Cl−). With the calix[4]arene-bearing CMPO moieties, the same stoichiometries have 
been established by ESI-MS and UV spectrophotometry for the complexation of 
La(NO3)3: ML and M2L with CPw2 and CPw3, and ML with CPw17 and CPn3. The 
most stable 1:1 complexes are those formed with the wide-rim derivatives in chloride 
medium. Their stability decreases remarkably in the series in contrast to the stability 
of the complexes with OΦCMPO, which increases with the electronic density of the 
cations (Table 4.31).174

All the compounds synthesized are highly efficient for Th4+ extraction even more 
than their wide-rim counterparts. The lanthanides are extracted to a much lesser 
extent. The highest extraction is obtained for La3+ with the derivatives CPn3 and 
CPn6 having a spacer of four CH2 groups. For all cations, the extraction depends 
upon the length of the alkyl chain linking the functional groups to the phenolic 
oxygen of the calixarene. Butyl chains seem the optimum in terms of efficiency. For 
each ligand, the extraction level is close for La3+ and Eu3+ and then decreases for 
Yb3+. The extraction level, comparable for t-butyl and octyl, is higher than for their 
p-H counterparts (Table 4.32).

The grafting of CMPO moieties on the narrow rim affords a strong decrease of 
extracting ability toward lanthanides, trivalent actinides, and tetravalent plutonium 
from acidic solutions. The distribution ratios for the different calixarenes in NPHE 
are low, except for CPn3 for which the number of carbon atoms in the spacer is four, 
but even for this compound, the distribution ratios are lower than those obtained with 
their wide-rim counterparts (Figure 4.11).
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FIGURe 4.11 Distribution ratios of lanthanides (10−5 M), Am, and Cm (trace level) from 3 
M HNO3 solutions into NPHE with CPn1, CPn2, CPn3, and CPn4.

tAbLe 4.32
Percentage extraction, %E, and, in brackets, Distribution Ratios, D, for 
Lanthanides and thorium nitrates by narrow-Rim Calixarenes CMPo from 
1 M Hno3 into Dichloromethane: t = 20°C, CM = 10−4 M

Ligands R

La3+ eu3+ Yb3+ th4+ 

CL = 10−3 M CL = 10−3 M CL = 10−3 M CL = 10−4 M

CPn1 t-Butyl 2 19 16 2.6 76

CPn2 3 13 12.5  <2 83

CPn3 4 70 68 37 96

CPn4 5 30 19 6 86

CPn5 Octyl 3 11 10  <2 80.6

CPn6 4 71 70 22 95

CPn7 H 2 9 5  <2 70

CPn8 3 9 7.3  <2 75.3

CPn9 4 52.5 54 15.1 90.2

CPn10 t-Butyl 3/5 33.3 34 17 87

CPn11 4/5 47 54 28 91

CPn12 3/4 69 72 23 77
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CPn1, CPn2, and CPn4 display a low intralanthanide selectivity or a low affinity for 
actinides in comparison to lanthanides. However, the distribution ratios of lanthanides 
decrease with increasing atomic number for ligand CPn1, as observed for macrocyclic 
compounds. On the contrary, compounds possessing a longer spacer, CPn2 and CPn4, 
behave like classical extractants, that is, their extracting ability increases with the increas-
ing charge density of lanthanide cations. More peculiar is the behavior of CPn3, for which 
an extraction maximum is observed for neodymium, samarium, and europium; then the 
distribution ratios sharply decrease for the heaviest lanthanides (Figure 4.12). The com-
parison of the three calixarenes with the same spacer (butyl chain) shows that the sub-
stitution of the aromatic H by butyl or octyl appreciably increases the distribution ratios 
and the selectivity. The selectivity of europium over other lanthanides is pronounced for 
the octyl derivative CPn6. One has to point out that high americium distribution ratios are 
obtained for the t-butyl derivative CPn3 (Figure 4.13).

In order to see if it was possible to tune the efficiency and possibly the  selectivity 
of this series of compounds, mixed derivatives bearing two different chain lengths 
have been studied: CPn10 (n = 3, 5), CPn11 (n = 4, 5), and CPn12 (n = 3, 4). Extraction 
data obtained with CPn12 are similar or slightly lower than with the homo derivative 
(n = 4), but much higher than with the derivative (n = 3). CPn10 and CPn11 display 
extraction percentages intermediate between those of the corresponding symmetri-
cal derivatives (Table 4.32) (see Section 4.7).

Complexation in methanol in the presence of chloride anions has been followed for 
two “symmetrical” ligands, CPn8 (n = 3) and CPn9 (n = 4), and for the mixed CPn10 
and CPn12. Only 1:1 complexes form with the four ligands. With the  “symmetrical” 
ones, the stability sequence is La3+ > Eu3+ ~Yb3+. With the mixed ligand CPn12, the 
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FIGURe 4.12 Distribution ratios of lanthanides (10−5 M), Pu, Am, and Cm (trace level) 
from 3 M HNO3 solutions into NPHE with CPn3, CPn6, and CPn9.
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stability decreases along the series, whereas CPn10 is almost nonselective. NMR 
spectroscopy was applied at the University of Liège for unraveling the solution 
structures and the dynamic properties of calixarene lanthanide complexes. Both the 
induced paramagnetic dipolar shifts and the solvent relaxation times (NMRD) were 
used in these studies, the former to establish solution structures and the latter to 
study aggregation states. It was confirmed that complexed calixarenes substituted on 
the narrow rim remain monomeric in solution, while their analogues substituted on 
the wide rim form polymers with metal ions. This can be explained by the fact that 
the latter maintain the CMPO ligands and the complexed cations outside the cavity 
of the calix[4]arene.175

This difference of behavior of calixarenes bearing CMPO residues either on the 
wide rim or on the narrow rim was confirmed by extraction of europium (from nitric 
acid solutions by CPw2 and CPn2 diluted in chloroform) by implementing ESI-MS 
for the two calixarenes. Complexes with 1:1 and 1:2 Eu:calix-CMPO stoichiometry 
were evidenced. The major species for CPw2 is the 1:2 complex, while for CPn2 the 
predominant complex is the 1:1 complex.165

It was shown that narrow-rim CMPO derivatives form stronger 1:1 lanthanide 
complexes than their wide-rim counterparts. However, lanthanide extraction results 
display a stronger extracting ability. This discrepancy can be explained by the fact 
that, contrary to the wide-rim CMPO calixarenes that form polymeric species, a part 
of less lipophilic monomeric narrow-rim CMPO calixarene piles up at the interface 
instead of being extracted, as predicted by Wipff for the extraction of strontium 
by mixed amide calixarenes (see Section 4.4.1.1). This assumption is all the more 

D

60

50

40

30

20

10

0

La
Ce

Nd  Eu
Dy

Ho
Yb

Lu
0.01

1

2

FIGURe 4.13 Distribution ratios of lanthanides (10−5 M) for CPn3 as a function of HNO3 
concentration (0.01 M, 0.1 M, 1 M, 1.5 M, 2 M, and 3 M).

59696.indb   270 7/14/09   9:33:50 PM



Extraction of Radioactive Elements by Calixarenes 271

probable, as the ligand concentration is weak (10−3 M). The higher distribution ratios 
observed for wide-rim CMPO calixarenes seem to have for origin the faculty to form 
polymers. This seems particularly obvious in the case of rigid calixarenes such as 
CPr1.

The presence of both CMPO and amide residues on the narrow rim of the cal-
ixarene does not lead to an enhancement of Am/Eu selectivity (about 2) (CPn13, 
CPn14, CPn15) like that observed for their counterparts with amide groups grafted 
on the wide rim (CPw25, CPw26, and CPw27).

4.5.2.3 Adamantyl Calix[n]arene-CMPo
Starting from p-adamantylcalix[4]-[6]arenes functionalized with carboxylic acid 
or ester groups at the adamantane nuclei, eight p-adamantylcalix[4]arene deriva-
tives bearing four CMPO-like functions [(CH2)nNHC(O)CH2P(O)Ph2] at the wide 
(CAd1, CAd2, CAd3, n = 0, 1, 2) or narrow (CAd5, CAd6, CAd7, CAd8, CAd9, and 
CAd10, n = 2–4) rims were synthesized for the first time as well as the hexamer 
bearing six CMPO groups at the wide-rim of CAd4.176 They were studied as extrac-
tants for a series of f-block elements, including radioactive 152Eu(III), 241Am(III), 
233U(VI), and 239Pu(IV). For comparative purposes, N-(1-adamantyl)CAd11, N-(1-
adamantylmethyl)CAd12, and DΦCMPO were used as reference compounds (see 
Section 4.7). Adamantylated calixarenes have been chosen as molecular platforms 
for several reasons:

These compounds can be easily obtained on a multigram scale from •	 p-H-
calix[4,6]arenes and 3-R-1-hydroxyadamantanes (R = H, alkyl, aryl, or 
other functional groups).
The main drawback of calixarene CMPO is their low solubility in most •	
diluents; the presence of the bulky and lipophilic adamantane nuclei should 
improve it.
The adamantyl unit provides several positions for the introduction of addi-•	
tional substituents, which opens the road for the further development of this 
type of ligand (possible fine-tuning of selectivity, creation of new binding 
sites at the wide rim, etc.).

To enhance the effectiveness of extraction, m-nitro-trifluoromethylbenzene 
(NTFB) was used as a more polar solvent. The Am and Eu extraction in NTFB 
and dichloromethane as receiving phases were compared. Under these conditions, 
the extraction ability is about ten times higher in NTBF than in dichloromethane. 
Studies of the extraction of americium(III) and europium(III) from 3 M HNO3 solu-
tions to organic phases (dichloromethane, NTFB) show (Table 4.33):

A relatively good solubility in dichloromethane, as the concentration of •	
CAd1 and CAd2 in this diluent reached 2 × 10−2 M.
As for wide-rim CMPO calixarenes, the extraction ability for all the ada-•	
mantyl-calixarene ligands is much better than for their monomeric analogues 
(CAd11, CAd12) and DiΦCMPO.
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The extraction percentage increases strongly with increasing length of the •	
spacer for all types of ligands, and best extraction results were found for 
CAd2 and CAd7; the separation factor SAm/Eu did not exceed 2, which is 
close to the narrow rim CMPO calixarenes.
Variation of the spacer length between CMPO groups attached to the 1,3- •	
and 2,4-positions of the calixarene platform did not lead to appreciable 
improvements, in terms of extraction or selectivity.

As on the wide-rim CMPO compounds, the plots of log DAm versus log CL for 
several compounds suggests that the extracted complexes are a 1:2 cation/ligand 
species. For all the ligands tested, americium is extracted slightly more efficiently 
than europium, though the ratio SAm/Eu does not exceed 2. Apparently, this is con-
nected with the weaker preorganization of adamantyl-calixarenes as well as CMPO-
calixarenes on the narrow rim in comparison with CMPO-calixarenes on the wide 
rim. Preorganization of the ligating functions on a suitable platform (e.g., a calix-
arene) still remains the determining factor in increasing the extraction of americium 
and europium in comparison with simple ligands.

All calixarenes bearing CMPO residues on the wide rim display a higher affinity 
for thorium. The hexamer CAd4 is the most effective for thorium, while lanthanides 
are better extracted by CAd2. Without spacers (CAd1), the ligating CMPO functions 

tAbLe 4.33
Distribution Ratios for Am and eu from Aqueous solutions (3 M Hno3) into 
Dichloromethane for Adamantyl-Calixarenes at Various Ligand 
Concentrations

Ligands D

[CL] mM

0.25 0.5 1.0 2.0 3.0 4.0 5.0 10 20

CAd1 DAm 0.27 1.0 2.1

DEu 0.19 0.62 1.7

CAd2 DAm 0.29 0.60 1.9 6.6 17 17 32 240 920

DEu 0.19 0.44 1.2 4.1 9.0 14 26 125 570

CAd3 DAm 0.11 0.39 0.66 1.08 5.2 10.5

DEu 0.08 0.25 0.47 1.03 2.6 6.1

CAd4 DAm 0.15 0.33 0.86 3.3

DEu 0.12 0.24 0.61 2.3

CAd5 DAm 0.58 1.4 2.4 8.8 22

DEu 0.49 1.1 2.8 7.0 16

CAd6 DAm 0.06 0.11 0.27 0.71 1.2

DEu 0.04 0.08 0.25 0.48 0.8

CAd7 DAm 0.11 0.22 0.44 1.1 1.6

DEu 0.08 0.14 0.38 0.64 1.0

CAd8 DAm 0.32 0.70 1.2 4.9 14

DEu 0.19 0.45 1.8 3.0 9.2
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seem “shielded” by the adamantane groups, while the C2 spacers (CAd4) are too 
long, leading to a loss of preorganization of the CMPO groups. There is no important 
difference for the lanthanide extraction by tetrameric (CAd1-CAd3) or hexameric 
ligands (CAd4). Enlargement of the calixarene size mainly leads to a better extrac-
tion of tetravalent thorium. No notable selectivity was found; the separation factors 
DAm/DEu are in the range of 0.8–1.9 for all the adamantyl-calixarene compounds. 
Plots of log D versus log CL are linear with slopes ranging between 1.5 and 1.9. The 
extraction seems to occur with the formation of at least ML and ML2 complexes with 
close stabilities.

The wide-rim CMPO calix[4]arenes are the most efficient compounds for the 
extraction of trivalent actinides and lanthanides. They are also the compounds that 
display the highest selectivity along the lanthanide series, provided that phosphorus 
atoms are linked to phenyl groups. They also display a higher selectivity than the 
calixarene-bearing diphosphine oxide, where the phosphorus atom is linked to phe-
nyl units CPo21.176–178

4.5.2.4  extraction by CMPo-Calixarenes Possessing More than  
Four CMPo Units

4.5.2.4.1 Extraction by Octa-CMPO-Calixarenes
Mainz University workers attached eight CMPO groups to a calix[4]arene skeleton 
fixed in the 1,3-alternate (CPwn1) and the 1,2-alternate (CPwn2) conformations, 
respectively. Four of these groups are directly bound to the wide rim and four via a 
C3-spacer to the narrow rim. Surprisingly, (CPwn2) shows an interesting selectivity 
within the lanthanide series. The distribution ratios for La3+, Eu3+, and Yb3+ nitrates 
from 1 M HNO3 into dichloromethane are 1.56, 0.75, and 0.25, respectively (see 
Section 4.7).18

4.5.2.4.2 Extraction by CMPO-Calix[6,8]arenes
The Parma group synthesized a series of calix[6,8]arenes bearing CMPO units. In 
all of them, the CMPO units are linked to the lower rim of the calixarene mostly via 
C3 spacers. CP61, CP62, and CP63 are hexamers, CP81 and CP82 are octamers, while 
CP61 and CP82 bear tert-butyl and benzyloxy units, respectively, at the upper rim. 
This affects both the conformational properties of the macrocycle and the electron-
donating character of the phenolic oxygen atoms at the lower rim. CP62 has a longer 
spacer (C4) between the calix and the CMPO unit. CP61, having bulky groups both 
at the upper (tert-butyl) and at the lower rim (CMPO) on a medium-sized calixarene 
skeleton (hexamer) is conformationally restricted in solution and is present as a mix-
ture of conformers179 (see Section 4.7).

Since in the case of p-H calixarenes, a precipitate occurred at the water/organic 
interphase, extraction tests were carried at a concentration of 10−4 M for these com-
pounds. The presence of tert-butyl or benzyloxy at the wide rim helps to solubi-
lize the complexes. The distribution ratios are compared to wide-rim CPw3 and 
narrow-rim CPn3 (Table 4.34).179 For all CMPO-calix[6,8]arenes, distribution ratios 
of the two cations studied (Eu and Am) increase with increasing HNO3 concentra-
tion, in agreement with what is observed with tetramers bearing CMPO residues 
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on the narrow rim, while tetramers bearing CMPO residues on the wide rim usu-
ally display a maximum at a nitric acid concentration of 2 M. The efficiency and 
selectivity obtained with hexamers seem close to the wide-rim CMPO tetramers. 
Functionalized calix[8]arene had a poor solubility and a third phase appeared dur-
ing extraction experiments. Among functionalized calix[6]arene, CP61 (narrow-rim 
hexa CMPO calixarene) seems to be the most promising, with very high distribution 
ratios, especially at high acidities, and also an interesting Am over Eu selectivity.

In collaboration with the Mainz group, Parma University workers synthesized 
CMPO-calix[6]arenes CP64 and CP65, bearing three CMPO binding sites onto the 
narrow and wide rim, respectively. CP65 and to a lesser extent CP64 display relatively 
low distribution ratios and a selectivity SAm/Eu lesser than 2.5.18

4.5.2.4.3 Dendritic Octa-CMPO-Calix[4]arenes
First studies on dendrimeric polyamines from the second (D2) to the fifth generation 
(D5) leading to molecules carrying 8, 16, 32, and 64 CMPO-functions were carried 
out; D2 and D4 are shown as an example (see Section 4.7). These compounds, though 
soluble in chloroform or NPHE, are probably too soluble in the aqueous phases 
(eventually due to protonation under acidic conditions) for a liquid-liquid extraction 

tAbLe 4.34
Distribution Ratios and selectivity SAm/eu for Am and eu From Aqueous 
solutions into a nPHe solution of CMPo-calix[6,8]Arenes (10−3 M)

Ligands

[L] (M) [Hno3] (M)

0.001 0.01 0.1 1 2 3 4

CP61 10−3 DEu 0.29 0.56 5.1 26.4 27.7 35.5 26.6

DAm 0.44 0.82 11.1  >100  >100  >100  >100

SAm/Eu 1.5 1.5 2.2  >3  >3  >3  >3

CP62 10−3 DEu 1.6 0.6 1.2 5.9 −a −a −a

DAm 2.8 0.9 2.1 20.6 −a −a −a

SAm/Eu 1.7 1.5 1.7 3.5 −a − −

CP63 10−3 DEu 0.47 0.25 0.56 3.0 nd nd 10.6

DAm 0.85 0.34 0.95 4.5 nd nd 20.7

SAm/Eu 1.8 1.4 1.7 1.5 – – 1.9

CP81 10−3 DEu −b 7.8 9.2 21.9 nd nd nd

DAm −b 14.6 18.3 32.8 nd nd nd

SAm/Eu − 1.9 2.0 1.5 – – –

CP82 10−3 DEu 3.8 5.6 4.2 10.7 12.5 14.7 32

DAm 3.8 7.1 12.6 12.6 18.0  > 100 −b

SAm/Eu 1 1.3 3.0 1.2 1.4  > 6

Note: nd: not determined; nr: not reported.
a Important precipitation at the interphase.
b Content of the aqueous layer too low to allow a precise determination of D.
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procedure. Consequently, Dozol made profit of their relative solubility in water to 
use these compounds as complexing agents and to separate the complexes formed in 
water by filtration.

For complexation experiments, a known mass of dendrimer was dissolved in the 
aqueous phase containing actinides (dissolution was accelerated by ultrasonication), 
and the solution was filtered. The filtrate was recovered and contacted with a new 
known mass of dendrimer and filtered again. These operations were repeated three 
or four times.

Distribution ratios (Kd) were determined from the following relation:

 K
C C

C
V

md
in fin

in ext

= −([ ] [ ] )
[ ]

where:
Cin = Initial concentration (or activity) of nuclides
Cfin = Initial concentration (or activity) of nuclides
V = Volume of aqueous phase
mext = Mass of dendrimer

As expected, the distribution ratios Kd are constant, even though the concentration 
of dendrimer changes. Kd is also independent of the size of the filters. It is likely 
that the polymer is adsorbed on the organic filters. This hypothesis is confirmed by 
using different “generation” dendrimers and hence of compounds of different size. 
Distribution ratios were shown to be independent of the dendrimer size and also of 
the cation concentration (Table 4.35).

The selectivity factor is not sufficient to allow actinides to be separated from lan-
thanides. However, this process, easy to implement, can be used to remove actinides 
at low concentration from acidic waste containing even large amounts of sodium.180

tAbLe 4.35
Distribution Ratios Kd Am and Kd eu and selectivity SAm/eu for Dendrimer of 
Different Generations—Filtration 0.2 μm

Dendrimer

Aqueous Phase: Hno3 3 M + Dendrimer

Conc (M) 1st Filtration 2nd Filtration 3rd Filtration

D2 10−4 Kd Eu 1,170 1,200 970

D3 10−5 Kd Eu 1,090 1,380

Kd Am 2,820 4,240

SAm/Eu 2.59 3.07

D4 10−5 Kd Eu 1,510 9,20 2,600

Kd Am 3,370 2,120 4,860

SAm/Eu 2.23 2.31 1.87

D5 5 10−6 Kd Eu 1,070 2,280 1,790

Kd Am 1,070 2,280 1,790

SAm/Eu 3.08 2.09 2.83

59696.indb   275 7/14/09   9:33:51 PM



276 Ion Exchange and Solvent Extraction: A Series of Advances

4.5.2.4.4 Dendritic Calixarenes
Following the idea that a high local concentration of CMPO functions would be benefi-
cial, dendritic polyamines of the poly(propylene imine) (PPI) and of the polyamidoamine 
(PAMAM) type were attached to calix[4]arenes leading to four compounds in the cone 
conformation with eight CMPO functions attached to the narrow rim with C3 spacer 
(CD1) or C4 spacer (CD2) or to the wide-rim (CD3 and CD4) these dendritic calixarenes 
were prepared by Maniz group.181 The extraction ability is low in comparison to wide- or 
narrow-rim tetra-CMPOs for all the compounds whether the CMPO residues are located 
on the wide or the narrow rims. Solubility problems were encountered with some com-
pounds, which could probably be solved by the introduction of more lipophilic residues. 
However, the extraction results show that simple accumulation of CMPO groups is not 
sufficient to improve the extracting ability and the selectivity of extractants. Contrary to 
what is observed for tetramers bearing CMPO residues on the wide rim, NMR relax-
ation studies show that probably CD3 forms exclusively a monomeric 2:1 metal/ligand 
complex in which the two cations are totally encapsulated by the CMPO and amino 
coordinating groups and are essentially unsolvated (see Section 4.7).

4.5.2.4.5 Magnetic Particles Bearing CMPO Calix[4]arenes
Nuñez et al. proposed the use of magnetic fluidized-bed separation technology and 
the development of magnetically assisted chemical separation (MACS) systems for 
nuclear-waste remediation.182,183 These combine the selectivity of a solvent exchange 
ligand system with improved separation, resulting in a system that can be used at 
low concentrations. The magnetic particles can then be stripped, to enable re-use, 
or vitrified. Adsorption of CMPO to magnetic acrylamide particles enhances the 
extraction of americium and plutonium through a synergistic relationship between 
the extractant and magnetic particle.

A magnetic particle-based process that applies calix[4]arene-bearing CMPO on 
the wide rim and covalently attached by spacer (C3, C5, and C10) on the narrow rim 
with particle surface was developed.184,185 Efficient extraction of americium, euro-
pium, and cerium from simulated acidic nuclear waste has been achieved due to 
the use of highly porous magnetic silica particles, which allow a higher density of 
CMPO-calix[4]arenes to be implemented. The C3–C5 spacer leads to more effective 
extraction of europium and americium than the highly flexible C10 spacer; however, 
a higher selectivity SAm/Eu is observed for the longer spacers (from 1.28 for the C3 
spacer to 2.3–2.4 for the longer C5 and C10 spacers). The possibility of recycling the 
magnetic particles was demonstrated by back-extraction of europium from the par-
ticle surface. The complexation capacity of the particles did not change within four 
complexation back-extraction cycles.

4.5.3 CaliXarene PiColinamide

Picolinamides are possible binding groups able to achieve the actinide/lanthanide 
separation. The Parma group has undertaken a study aimed at introducing picolin-
amide groups on both rims of calix[n]arenes. The picolinamide-binding group was 
introduced at the narrow rim of calix[4]arenes (CPi2, CPi3, and CPi3), of calix[6]
arenes (CPi6, CPi7, and CPi8), or of calix[8]arenes (CP9 and CP10) also using 
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different spacers such as propyl or butyl chains. In order to study the effect of softer 
binding groups on the extraction properties of these derivatives, the thiopicolinamide 
CPi5 was prepared from CPi4. Compounds with picolinamide linked to the wide rim 
directly (CPi11) or through a methyl spacer (CPi12) were also synthesized. Monomer 
N-butylpicolinamide (CPi1) was used as a model compound186 (see Section 4.7).

To increase the distribution ratios, a solution of lithium nitrate 1 M was used. This 
salt, which has a common anion with europium and americium to be extracted but a 
cation which is usually negligibly extracted by other calixarenes, should increase the 
distribution ratios according to the relation DM = Kex[L]m[NO3−]n. It seems that these 
calixarenes, as several nitrogen ligands do, present a certain affinity for this lithium 
cation. The lipophilic dicarbollide anion (BrCosan), which is known to facilitate 
cation extraction, was implemented and led to a strong increase of the extraction of 
cations from 10−3 M HNO3 solutions. Under these conditions, only thiopicolinamide 
was not able to significantly extract trivalent actinides.187

Dynamics studies were carried out on the effect of CCD− (chlorinated cobalt-di-
carbollide) anions on the Eu3+ lanthanide cation extraction by a calix[4]arene-CMPO 
ligand L, focusing on the water-“oil” interface, where oil is modeled by chloroform.188 
The free L ligand and its EuL3+ complex are found to adsorb and to concentrate at the 
interface, but they are too hydrophilic to be extracted. The addition of CCD− anions 
under dilute conditions (either covalently linked to L or as separated CCD− H3O+ ions) 
also leads to the same conclusions. However, at high concentrations, CCD− anions 
saturate the interface and promote the extraction of EuL3+ to the oil phase. Moreover, 
for the uncomplexed Eu(CCD)3 salt, accumulation of CCD− anions at the interface 
creates a negative charge, which attracts the hydrated Eu3+ ions, therefore facilitating 
their complexation by interfacial ligands. MD studies on the extraction of M3+ ions 
(M = f-element) by CMPO-type CPw5, mixed with partly chlorinated cosan, and by 
an analogue ligand with C10H20-cosan arms gave insight into the synergistic extrac-
tion mechanism and the importance of interfacial phenomena,189 for example:

 1. The calixarene-M3+ complex is formed at the interface and remains there 
due to its surface activity; neutralization by cosan anions removes the 
amphiphilic character and allows diffusion into the bulk organic phase

 2. The cosan anion itself is surface-active (though not amphiphilic),  saturating 
the interface at higher concentration, thus promoting the removal of the 
complex from the interface

 3. The interfacial cosan anion creates a negative surface charge, attracting 
Ln3+ to the interface, thus promoting the kinetics of the complexation

CPi6 displays a slightly higher americium-over-europium selectivity than the 
monomer CPi1. Most of the ligands, in the presence of dicarbollide, display distribu-
tion ratios higher than 100, and the americium-over-europium selectivity exceeds 10 
for four ligands (CPi3, CPi4, CPi7, and CPi11). The size of the calixarene ring does 
not play an important role in the extracting ability of americium, octamers being 
slightly more efficient to extract americium than hexamers and tetramers. Increasing 
 acidity leads to a protonation of the basic pyridine nitrogen atoms, which prevents 
the extraction of trivalent cations (Table 4.36).190
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Extraction of Radioactive Elements by Calixarenes 279

Under the same conditions, in contrast to what is observed for calix[4]arene-
bearing CMPO moieties, with CPi12, distribution ratios of lanthanides increase 
from the lightest lanthanide, lanthanum, to europium. Americium can be easily 
separated from the lightest lanthanides (separation factor DAm/La > 20, DAm/Ce = 15, 
DAm/Nd = 10, DAm/Sm = 7.5, DAm/Eu = 6), which are the most abundant lanthanides 
in fission-product solution. Cavitands bearing picolinamide (Cv5) or thiopicolin-
amide (Cv6) residues seems much less selective than their calixarene counterparts, 
giving SAm/Eu < 2.18

4.5.4  eXtraCtion by CmPo CaliXareneS witH miXed funCtionalitieS

4.5.4.1  extraction by Wide-Rim Calixarenes bearing one to  
three CMPo Residues

Böhmer et al. synthesized calix[4]arenes fixed in the cone conformation and sub-
stituted at their wide rim by one to three CMPO residues and hydrogen atoms in 
the remaining positions: CPw23 (with one CMPO unit), CPw24 (with two CMPO 
units in opposite positions), and CPw25 (with three CMPO units).191 These calix-
arenes were tested with their counterpart bearing four CMPO groups (CPw3) and 
the linear trimer for the extraction of La, Eu, and Th from 1 M HNO3 in dichlo-
romethane and for Sm, Eu, Gd, Er, Pm, and Am from solutions containing 10−2 M 
HNO3, 4 M NaNO3. CPw3 is much more efficient than the four other calixarenes 
even the calixarene bearing three CMPO residues CPw25. It definitively reveals 
that all four CMPO groups are required to obtain excellent extraction ability. In 
spite of the fact that the fixed cone conformation of the calixarene orients the 
CMPO ligands in one direction, inducing a better preorganization, CPw25 is less 
effective than the linear trimer. This phenomenon can be explained by an easier 
formation of a 2:1 M:calix complex in the case of the trimer (Table 4.37) (see 
Section 4.7).

4.5.4.2  extraction by Wide-Rim Calixarenes bearing Malonamide or  
Carboxylate Residues

Böhmer et al. also synthesized calixarenes bearing one or more CMPO moi-
eties and another functionality (malonamide or carboxylate). These calixarenes 
display lower extracting ability than CPw3, and contrary to expectations, these 
functions do not lead to a new order of selectivity. Calix[4]arenes bearing one 
or two adjacent malonic acid groups (NH-C(O)-CH2-COOH) adjacent to CMPO 
functions at the wide rim were unstable and decomposed during the complex-
ation studies.

4.5.4.3  extraction by Wide-Rim Calixarenes bearing Amide Residues
Quite unexpectedly, the tris-CMPO monoacetamide CPw26, the bis-CMPO 
diamides CPw27 and CPw28 and, to a lesser extent, the monoamine CPw25 show 
much better Am/Eu selectivity than the corresponding tetrakis-CMPO  derivatives. 
The mono- and tris-CMPO derivatives CPw23 and CPw24 were  synthesized in 
order to gain a deeper insight into the structural requirements for an efficient 
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calixarene-based CMPO-extractant. As expected, reducing the number of CMPO 
units results in a decrease of europium extraction; especially when only one CMPO 
unit is grafted to the calixarene CPw23. This decrease of extracting ability is 
accompanied by an unexpected increase of americium selectivity over europium 
DAm/Eu, which is higher than 8 for calixarenes when one or two CMPO units are 
replaced by amide moieties (CPw26, CPw27, and CPw28) (Table 4.38). It is com-
monly accepted that the use of donor atoms softer than oxygen, especially N and 
S, can afford a higher selectivity for similarly sized actinides over lanthanides. 
However, these softer donor atoms often give rise to less stable complexes. In order 
to find a good compromise between efficiency and selectivity, the possibility to 
introduce both soft and hard donor atoms on the calixarene scaffold was explored. 
Therefore, calix[4]arenes were synthesized having both hard groups (CMPO) and 

tAbLe 4.37
Distribution Ratiosa and selectivity of Am and eu from Hno3 solutions by 
several Calixarenes into a nPHe solution of CPw23–CPw29 (10−3 M)

Hno3 Concentration

0.01 M 1 M 2 M 3 M 4 M

CPw23 DEu 4 10−3 12 10−4 13 10−3

DAm 5 10−3 15 10−4 13 10−4

SAm/Eu 1.2 1.5

CPw24 DEu 0.1 0.24 0.56 0.65 0.77

DAm 0.15 1.25 2.15 3.2 2.1

SAm/Eu 1.5 5.2 3.9 5 2.8

CPw25 DEu  <10−3 0.05 0.19 1.2 0.46

DAm 0.0016 0.27 0.72 4.65 1.05

SAm/Eu 2.2 5.4 3.8 3.8 2.3

CPw26 DEu 0.018 2.15 7.7

DAm 0.06 19 90

SAm/Eu 3.4 8.6 12

CPw27 DEu 0.47 1 0.45 1.2

DAm 0.65 8.1 2.4 7.1

SAm/Eu 1.4 8.1 5.4 5.9

CPw28 DEu  <5 10−3 0.66 0.56 0.55

DAm 4 10−2 6.3 1.45 5.2

SAm/Eu  > 8 9.5 2.6 9.4 0.36

CPw29 DEu 0.03 0.14 0.24 0.29 0.7

DAm  <0.01 0.5 0.8 0.8 1.9

SAm/Eu – 3.3 3.3 2.7 0.7

CPw29 BrCosan 
(3 ×10−3 M)

DEu 7.6 3.3 0.7 0.7 1.0

DAm  <0.01 8.8 1.0 1.2 1.5

SAm/Eu 5.4 2.7 1.6 1.7 0.36
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softer picolinamide-binding groups. CPw29, which bears three CMPO and one 
picolinamide groups at the wide rim of pentoxy-calix[4]arene, displays lower DEu 
and DAm than its analogue bearing four CMPO moieties CPw3, without improv-
ing the selectivity SAm/Eu. It seems that the arm bearing the picolinamide residue 
hinders the extraction of cations without enhancing the discrimination between 
actinides and lanthanides18 (see Section 4.7).

Parma University workers also synthesized CPn16 bearing three CMPO and one 
picolinamide residue at the narrow rim of p-tert-butylcalix[4]arene. They also syn-
thesized CPn17 and CPn18, bearing two CMPO and two thiopicolinamide residues 
linked to the phenolic oxygen atom by spacers of different length. As for their wide-
rim counterpart, the picolinamide groups do not modify the selectivity of these com-
pounds (Table 4.39).

In order to find compounds able to perform an efficient lanthanide/actinide sepa-
ration, the Twente group prepared two cavitands (Cv1 and Cv2) functionalized with 
CMPO groups and two cavitands (Cv3 and Cv4) with carbamoylmethylphosphonate 
(CMP) groups192,193 (see Section 4.7). Distribution ratios displayed by CMPO cav-
itands are much lower than those found for the calixarene counterpart. This impor-
tant decrease of extracting ability of cavitand is probably due to the presence of a 
carbon atom between the benzene unit and the nitrogen atom, causing N-protonation 
below pH 2. Furthermore, the Am/Eu selectivity is less than that of CMPO-calix[4]

tAbLe 4.38
selectivity Americium over Lanthanides from Aqueous solutions 3M Hno3 
into a nPHe solution of CPw23–CPw28 (10−3 M)

CPw24 DLa DCe DNd DSm DEu DAm

4.3 4.0 1.85 0.88 0.60 2.30

DAm/La DAm/Ce DAm/Nd DAm/Sm DAm/Eu DAm/Am

0.53 0.57 1.23 2.59 3.84 1

CPw25 DLa DCe DNd DSm DEu DAm

0.67 0.64 0.32 0.18 0.12 0.43

DAm/La DAm/Ce DAm/Nd DAm/Sm DAm/Eu DAm /Am

0.65 0.68 1.35 2.35 3.7 1

CPw26 DLa DCe DNd DSm DEu DAm

97 79 28 7.5 3.7 36

DAm/La DAm/Ce DAm/Nd DAm/Sm DAm/Eu DAm /Am

0.37 0.45 1.27 4.77 9.8 1

CPw27 (10−3 M) DLa DCe DNd DSm DEu DAm

10.5 9.05 3.45 1.14 0.69 4.15

DAm/La DAm/Ce DAm/Nd DAm/Sm DAm/Eu DAm /Am

0.39 0.46 1.19 3.60 5.98 1

CPw28 (10−3 M) DLa DCe DNd DSm DEu DAm

16.5 14.1 5.3 1.6 0.83 6.55

DAm/La DAm/Ce DAm/Nd DAm/Sm DAm/Eu DAm /Am

0.40 0.47 1.24 4.14 7.94 1
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arene, but higher than that observed for OΦCMPO, particularly for Cv2. It has to be 
pointed out that, in contrast to CMPO calixarenes, selectivity between lanthanides 
is not marked.

Important works were devoted to the synthesis of calixarenes bearing differ-
ent groups (malonamide, glycolamide, pyrazolone, thiopyrazolone, terpyridine, 
TTFA). Unfortunately, none of these compounds displayed a sufficient extracting 
ability.

4.5.4.4 Dicarbollide (Cosan) and Calixarenes
In certain cases, cosan derivatives were used to improve the distribution ratios. In 
particular, it was interesting to know if linking a calixarene and cosan could lead 
to a synergistic effect in comparison to a mixture of these compounds. For the first 
time, very sophisticated synthesis led to mixed compounds with cosan linked to the 
wide rim or narrow rim of calixarenes or cavitands, Cos1 and Cos2, precursors of 
new extractants.18

tAbLe 4.39
Distribution Ratiosa and selectivity for the extraction of Am and eu from 
Aqueous solutions [Hno3] into a nPHe solution of Picolinamide CMPo 
Calixarenes (10−3 M)

Ligands

Hno3 Concentration

10−3 M 10−2 M 10−1 M 1 M 2 M 3 M 4 M

CPw29 DEu 0.03 0.03  <0.01 0.14 0.24 0.29 0.36

DAm 0.03  <0.01 0.2 0.5 0.8 0.8 0.7

SAm/Eu 1.1 – – 3.3 3.3 2.7 1.9

CPw29 BrCosan 
3 × 10−3 M

DEu 42.3 7.6 11.1 3.3 0.7 0.7 0.7

DAm 0.03  <0.01 7.2 8.8 1.0 1.2 1.0

SAm/Eu 1.3 5.4 0.6 2.7 1.6 1.7 1.5

CPn16 DEu 0.49 0.18 0.35 2.5 2.3 2.9 3.7

DAm 0.77 0.3 0.97 6.9 4.9 5.3 5.9

SAm/Eu 1.6 1.7 2.8 2.8 2.1 1.9 1.6

CPn17 DEu  <0.01 0.85 0.44 0.58 0.39

DAm  <0.01 1.52 1.02 1.4 0.8

SAm/Eu – 1.8 2.3 2.4 2.1

CPn18 DEu 0.1

DAm 0.2

SAm/Eu 2.2

CPn18 BrCosan 
3 × 10−3 M

DEu 7.8

DAm 12.5

SAm/Eu 1.6
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Mixtures between cosan and neutral thiacalixarene CAc9 (cone conformer) are 
also characterized by a strong synergistic effect in the extraction of Eu3+, DEu increas-
ing from below detection limits to log D = 1.9 (0.3 M HNO3, 0.05 M of each synergist 
in chlorobenzene).194 The effect of the anion on selectivity over alkali ions and on DEu 
is most pronounced at ratios CAc9:cosan 1:1 and 0.6:0.4, respectively. Various com-
plexes are extracted, depending on the phase compositions, with CAc9 Eu(cosan)3 
existing at high metal loading. The rates of forward and backward phase transfer can 
be accelerated by pre-equilibrating the mixture in the absence of metal ions.

The combination of cosan and CMPO groups on the calix[4]arene skeleton turned 
out to produce a strong intramolecular allosteric effect.195 For example, the extract-
ability of Am(III) and Ln(III) increases in the order Cos3, CPn1 < Cos6 mixed with 
Cos7 < Cos5 (1,3-alternate) < Cos4 (cone). With 1 mM Cos4 in 1,2-dichloroethane, 
log D > 2 from 1 M HNO3. The synergistic enhancement factor for Cos6 + Cos7, 1 
mM each, equals 10,000 at pH 1. The efficiency of Cos5 is also surprising, taking 
into account the charge separation, but the flexible spacers may contribute to it. The 
diluent promotes extraction in the order of nitrobenzene < dichloroethane < octan-
2-one:TPH (1:1 mixture).

The ligands Cos8–Cos13 show strongly enhanced extraction abilities for trivalent 
actinides and lanthanides in comparison to the previously reported simple covalent 
combination of one Cosan− with one CMPO group or to various synergistic mixtures 
of calixarenes substituted exclusively with two Cosan− or two CMPO moieties. These 
compounds are the first examples of molecules bearing combinations of hydrophobic 
anionic groups, Cosan− and chelating functions for trivalent lanthanides and actinides 
CMPO in a geometrically predefined manner. The combination of the two groups 
on a calix[4]arene platform affords extractants with strongly increased extraction 
efficiency for europium and americium from acidic aqueous phases. However, as 
expected from the behavior of Cosan, distribution ratios decrease strongly as the 
HNO3 concentration increases.196 Distribution ratios of more than 100 for a 10−5 M 
extractant concentration are obtained with Cos10. They are unprecedented and sub-
stantially higher than those reported previously for the covalent combination of one 
Cosan(−) with one CMPO group.187

Comparison of derivatives in the cone and 1,3-alternate conformations 
shows that the four groups must be attached to the same side of the molecule. 
Modification of the spacer length for the CMPO groups (with constant spacer 
of the Cosan groups) shows that the distances from the platform must be simi-
lar to allow a cooperative action. A similar cooperative effect is observed when 
the same concentration of CMPO/Cosan groups is offered by a 1:1 mixture of 
the tetra-substituted calix[4]arenes Cos3 and CPn4. Complexation studies with 
Cos10 for La3+, Eu3+, and Yb3+ in methanol carried out by UV spectrophotometry 
and microcalorimetry revealed the formation of ML and ML2 complexes.196 This 
formation of ML2 complexes is quite unusual for narrow-rim CMPO calixarenes. 
The log β values of the complexes of La3+, Eu3+, and Yb3+ with Cos10 range 
from 9.6 to 11.7 and from 7.2 to 7.5 with Cos7 corresponding to a low selectiv-
ity between lanthanides. Similarly, the discrimination between europium and 
americium is not marked.
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4.5.5 eXtraCtion of uranium (uranoPHileS)

U(VI) was found to be well complexed and extracted by proton-ionizable calix[n]
arenes (n = 5, 6) bearing carbonyl groups. This is ascribed to their oxygen donor 
atoms achieving a planar arrangement, thus matching the free UO2

2+ coordination 
sites. For example, 2 mM CAc1 in o-dichlorobenzene extracts U(VI) quantitatively 
at pH 8 with pH0.5 = 3.5 (2.6 mmol L in CHCl3, 2.6 mmol UO2

2+) and a stoichiometry 
at maximum loading of the fully deprotonated form being [CAc16− · (UO2

2+)3].197 The 
interference of Ni(II) and Zn(II) if present in 10-fold excess can be eliminated by use 
of the hydroxamate CAc2; pH0.5 = 3.8. This ligand can also effectively compete with 
carbonate in five-fold excess in  complexing U(VI) at pH 10.198

However, the excess of ionizable groups constitutes a drawback of these ligands, 
because they are able to interact with interfering ions, thus reducing the selectiv-
ity. With CAc3 as alternative, only monovalent ions such as K+ are coextracted 
as [CAc33− · UO2

2+ · K+] with pH0.5 = 4.2.199 The U(VI) distribution ratio as a func-
tion of pH is very similar between CAc3 and CAc4.200 The extraction constant for  
[CAc42− · UO2

2+] is 7.1 × 10−5 (M) at I = 0.04 (NaNO3). Calix[6]arene via p-sulfona-
mide tethered to polymer is an efficient adsorbant for U(VI) due to the acidity of the 
phenolic -OH groups.201

4.5.6 tHe CoeXtraCtion of ligHt alkali and f-element ionS

In the course of Ln(III) extraction experiments, a new extraction mechanism was 
discovered: the uptake of two different metal cations by calix[4]arene CAc5 in the 
cone conformation. This positive allostericity renders the calix[4]arene more selec-
tive in mutual Ln(III) extraction than the analogous calix[6]arene CAc1 at a similar 
level of extraction power.202,203 A similar effect was observed for Am3+ in the extrac-
tion by CAc5 (+Na+) and by CAc8 (+K+).204

The same effect is observed with CAc7 and partially -COOH derivatized calix[4]
arenes in the extraction of Ln(III) (and other ions). It was explained by structural 
changes to the molecule, being rigidified by Na+ bound to ethereal oxygen atoms, 
preorganizing the COOH groups for chelating Ln3+.205–207 It can be applied to mem-
brane transport, where the transport rate is enhanced by a factor of 100.208,209

4.5.7  am(iii) SeParation by CaliX[6]areneS bearing miXed  
funCtional grouPS

Intended as charge-matching extractants for Ln(III), CAc11 and CAc12 turned out to 
preferentially extract Am(III) from acidic media.210,211 The effect was also observed 
with the half-open cavity CAc10, though at lower D-values ascribed to partial ion 
hydration. It was not observed with CAc1 or CAc6, bearing an excess of strongly 
electrostatically interacting groups, nor with calix[4]arenes bearing monodentate 
groups on short spacers. It is interpreted in terms of cation-π interactions of relativ-
istically expanded d, f-orbitals when An(III) is located in proximity to the calixarene 
π-system. However, crystal-structural evidence could not yet be provided (Table 4.40). 
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The structural feature was later applied to alpha-halogenated calixarenes, allowing 
extraction from more acidic media.212

4.6 ConCLUsIons

In the early 1990s, there existed several classes of extractants for actinides (CMPO), 
for cesium and more generally alkali cations, and for strontium and alkaline earth 
cations (crown ethers and cosan). The combination of these extractants and the graft-
ing of these functions on calixarene platforms have led to new classes of extremely 
efficient and selective extractants, in particular calixarene-crown, which are presently 
applied in the United States to treat the huge amounts of waste at the SRS. Calixarenes/
CMPO, crown ethers/cosan, CMPO/cosan, and more recently calixarenes/CMPO/
cosan are promising compounds. It is desirable that these studies, conducted at the 
international level, continue in particular to obtain a better understanding of the com-
plex mechanisms of extraction of these compounds.127,187

This review has shown that calixarenes, with functional groups at the upper or 
lower rim, provide more or less rigid preorganized cavities, which can be tuned to 
incorporate a metal cation, with a good degree of selectivity. This selectivity can 
be enhanced in some cases by mixing ligating functions on the same molecular 
platform. Aggregation phenomena also play a role in the extraction of cations by 
calixarenes; in particular the higher distribution ratios observed for wide-rim CMPO 
in comparison to narrow-rim CMPO calixarenes seem to have for origin the faculty 
for wide-rim CMPO to form self-assembled polymers.

The main drawback of CMPO calixarenes is their low solubility in most of the 
diluents. Their concentration in the organic phase is not sufficient to allow  lanthanides 
and actinides to be coextracted from HAW. Adamantyl groups improve the solubility 
of CMPO calixarenes. It would be interesting to continue to study these compounds 
and possibly to seek other ways to achieve a sufficient solubility (e.g., 0.1 M) of these 
calixarenes.

tAbLe 4.40
Values of Log(Kex/dm3 mol−1) for the extraction from Water to Chloroform 
According to: M3+ + H6L   MH3L + 3H+ (I) or M3+ + 2H3L   ML · H3L + 
3H+ (II) pH 2.6–3.2, 1 kbq/mL 241Am or 0.1 mM of each Ln3+

Ligands Ama ndb nda eub erb eqn.

CAc6 4.14 4.14 −4.53 −4.60 −4.63 (I)

CAc10 nd −5.48 nd 5.47 −6.10 (II)

CAc11 −2.92 −4.12 −4.11 −4.29 −4.87 (II)

CAc12 −2.52 −4.31 −4.55 −4.56 −5.24 (II)

a Single element extraction.
b Competitive extraction of six lanthanides.
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bis(crown)Calix[4]arenes

O
O

O O

X1

X2

Y1
Y2

X1 X2 Y1 Y2 Crowns

BC1 -H -H -H -H O O O

BC2 -H -H -H -H O O O O

BC3 -H -H -H -H O O O O O

BC4 -H -H -H -H O O O O

BC5 -H -H -H -H
O O O O

BC6 -H -H -H -H

O O O O

BC7 -H -H -H -H

O O O O

BC8 -H -H -H -H
O O O O

BC9 -H -H -H -H
O O O O

BC10 -H -H -H -H

O O O O
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292 Ion Exchange and Solvent Extraction: A Series of Advances

bis(crown)Calix[4]arenes (Continued)

X1 X2 Y1 Y2 Crowns

BC11 -H -H -H -H

O O O O

BC12 -NO2 -H -H -H O O O O

BC13 -NO2 -NO2 -H -H O O O O

BC14 -NO2 -H -NO2 -H O O O O

BC15 -NO2 -NO2 -NO2 -H O O O O

BC16 -NO2 -NO2 -NO2 -NO2 O O O O

BC17 -COOH -H -H -H O O O O

BC18 -C(O)NHSO2CF3 -H -H -H O O O O

BC19 -H -H -H -H

O O O O

NH2

BC20 -CH2NH2 -H -H -H

O O O O

BC21 -COOH -H -H -H

O O O O

BC22 C(O)NHSO2CH3 -H -H -H

O O O O

BC23 C(O)NHSO2CF3 -H -H -H

O O O O
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Extraction of Radioactive Elements by Calixarenes 293

Ionizable 1,2 Crown Calix[4]arenes

X
X

XX

O O

O O

n

O

O
R

O
R

O

n X R

MCI1 1 H OH

MCI2 1 H NHSO2CH3

MCI3 1 H NHSO2C6H5

MCI4 1 H NHSO2C6H4-4-NO2

MCI5 1 H NHSO2CF3

MCI6 1 t-Butyl OH

MCI7 1 t-Butyl NHSO2CH3

MCI8 1 t-Butyl NHSO2C6H5

MCI9 1 t-Butyl NHSO2C6H4-4-NO2

MCI10 1 t-Butyl NHSO2CF3

MCI11 2 t-Butyl OH

MCI12 2 t-Butyl NHSO2CH3

MCI13 2 t-Butyl NHSO2C6H5

MCI14 2 t-Butyl NHSO2C6H4-4-NO2

MCI15 2 t-Butyl NHSO2CF3

MCI16 3 t-Butyl OH

MCI17 3 t-Butyl NHSO2CH3

MCI18 3 t-Butyl NHSO2C6H5

MCI19 3 t-Butyl NHSO2C6H4-4-NO2

MCI20 3 t-Butyl NHSO2CF3

Amide Calixarenes

R

O

O

N

R

O

O

NH2

2

  

R

O

O

N

n

 CA1       CA2-CA16

n R R’

p-tert-butyl calix[4]arene tetra(di-N-ethyl)amide CA2 4 t-Butyl C2H5NH2

p-tert-butyl calix[5]arene penta(di-N-pentyl)amide CA3 5 t-Butyl C5H11NH2
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294 Ion Exchange and Solvent Extraction: A Series of Advances

Amide Calixarenes (Continued)

n R R′

p-tert-butyl calix[6]arene hexa(di-N-ethyl)amide CA4 6 t-Butyl C2H5NH2

Calix[6]arene hexa(di-N-ethyl)amide CA5 6 -H C2H5NH2

p-tert-butyl calix[8]arene octa(di-N-ethyl)amide CA6 8 t-Butyl C2H5NH2

Calix[8]arene octa(di-N-ethyl)amide CA7 8 -H C2H5NH2

Hexa(benzyloxy)calix[6]arene hexa(di-N-ethyl)amide CA8 6 -OCH2C6H5 C2H5NH2

Octa(benzyloxy)calix[8]arene hexa(di-N-ethyl)amide CA9 8 -OCH2C6H5 C2H5NH2

Hexa(hydroxy)calix[6]arene hexa(di-N-ethyl)amide CA10 6 -OH C2H5NH2

Octa(hydroxy)calix[8]arene hexa(di-N-ethyl)amide CA11 8 -OH C2H5NH2

Hexa(methoxy)calix[6]arene hexa(di-N-ethyl)amide CA12 6 -OCH3 C2H5NH2

Octa(methoxy)calix[8]arene hexa(di-N-ethyl)amide CA13 8 -OCH3 C2H5NH2

Octa(pentyloxy)calix[8]arene hexa(di-N-ethyl)amide CA14 8 -O(CH2)4CH3 C2H5NH2

Hexa(octyloxy)calix[6]arene hexa(di-N-ethyl)amide CA15 6 -O(CH2)7CH3 C2H5NH2

Octa(octyloxy)calix[8]arene hexa(di-N-ethyl)amide CA16 8 -O(CH2)7CH3 C2H5NH2

Pyridinium Calixarenes

O
R

n

Ligands n R

2PyOC4 4

N

2PyOC6 6

N

4PyOC4 4
N

4PyOC4Q 4
N

CH3

+ NO3
–
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Phosphine oxide Calixarenes

O

n

(CH2)m

P O

X X

Y

Ligands m n X Y

CPo1 2 4 C6H5 t-C4H9

CPo2 2 4 n-C4H9 t-C4H9

CPo3 2 4 C6H5 H

CPo4 2 6 C6H5 t-C4H9

CPo5 2 6 n-C4H9 t-C4H9

CPo6 2 6 C6H5 C12H25

CPo7 2 6 C6H5 H

CPo8 2 8 C6H5 t-C4H9

CPo9 2 8 n-C4H9 t-C4H9

CPo10 2 8 C6H5 H

CPo11 4 4 C6H5 t-C4H9

CPo12 4 6 C6H5 t-C4H9

CPo21 1 6 C6H5 t-C4H9

O

4

O
P

Ph

P
O

Ph
11

Ph

Cpo22
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O
O

O O

R R

Ligands R

CPo13 (CH2)4PO(Ph)2

CPo14 (CH2)4PO(Ph)2

P

O

OO

O

P

Ph

O

P

O

PhPh

Cpo15

X

O
O

O
O

O
O

X

XX

O O
YY

n

Ligands N X Y

CPo16 0 (CH2)2PO(Ph)2 t-C4H9

CPo17 1 (CH2)2PO(Ph)2 H

CPo18 0 (CH2)2OPO(Ph)2 t-C4H9

OR2OR1
3

Ligands R1 R2

CPo19 (CH2)4PO(Ph)2 CH3

CPo20 (CH2)2PO(Ph)2 CH3
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Wide-rim CMPo Calixarenes

N

O

Y1 – Y4

4

C

P

O

O

X1 X2

R

Ligands n R X1 X2 Y1 Y2 Y3 Y4

CPw1 4 H C6H5 C6H5 CH3

CPw2 4 H C6H5 C6H5 C3H5

CPw3 4 H C6H5 C6H5 C5H11

CPw4 4 H C6H5 C6H5 CH2CH(C2H5)
(C4H9)

CPw5 4 H C6H5 C6H5 C10H21

CPw6 4 H C6H5 C6H5 C12H25

CPw7 4 H C6H5 C6H5 C14H29

CPw8 4 H C6H5 C6H5 C16H33

CPw9 4 H C6H5 C6H5 C18H37

CPw10 5 H C6H5 C6H5 C14H29

CPw11 4 H C6H5 C6H5 CH3 CH2CH(C2H5)
(C4H9)

CH3 CH2CH(C2H5)
(C4H9)

CPw12 4 H C6H5 C6H5 CH3 C10H21 CH3 C10H21

CPw13 4 H C6H5 C6H5 CH3 C18H37 CH3 C18H37

CPw14 4 H C6H5 C6H5 CH3 CH3 CH3 C5H11

CPw15 4 H C6H5 C6H5 CH3 CH3 C5H11 C5H11

CPw16 4 H C6H5 C6H5 CH3 C5H11 C5H11 C5H11

CPw17 4 CH3 C6H5 C6H5 C5H11

CPw18 4 CH3 C6H5 C6H5 C14H29

CPw19 4 H C6H13 C6H13 C5H11

CPw20 4 H C6H5 O C2H5 C5H11

CPw21 4 H O C2H5 O C2H5 C3H7

CPw22 4 H C6H5 OH C5H11
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CPw23 CPw24 CPw25

O

C5H11

O

C5H11

3 NH

O

PO

Ph Ph

NH

O

C5H11

O

PO

Ph Ph

O

C5H11

3 NH

O

C5H11

O

PO

Ph Ph

O

C5H11

NH2
3

CPw26 CPw27 CPw28

NH

O

C5H11

O

PO

Ph
Ph

O

C5H11

NH
O

CH3

3 NH

O

C5H11

O

PO

Ph Ph

O

C5H11

NH
O

CH3

2 2
NH

O

C5H11

O

PO

Ph Ph

O

C5H11

NH
O

C2H5

2 2

CPw29 CPw30

O

NH

C5H11

3

O

NH

C5H11

P O

Ph Ph

C

N

OO C

O

4

O

P

Ph

Bu
N O

Bu 10

Calixarenes

OR1

R2

Ligands R1 R2

CPh21 n-C3H7 O(CH2)2PO(Ph)2

CPh22 n-C3H7 (CH2)PO(Ph)2

CPh23 n-C3H7 (CH2)PO(OEt)2

CPh24 C2H4OC2H5 PO(Ph)2

CPh25 C2H4OC2H5 PO(OEt)2
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Rigidified CMPo Calixarenes

OO

O

n

HN HN

OO

P O

X1 X2

P O

X1 X2

Ligands X1 X2

CPr1 C6H5 C6H5

CPr2 C6H13 C6H13

CPr3 C6H5 OC2H5

CPr4 OC2H5 OC2H5

narrow-rim CMPo Calixarenes

R R

OO 2

(CH2)m (CH2)n

O

HN

OP

Ph

Ph

O

HN

Ph P O

Ph

Ligands m n R
CPn1 2 2 t-Butyl

CPn2 3 3 t-Butyl

CPn3 4 4 t-Butyl

CPn4 5 5 t-Butyl

CPn5 3 3 C8H17

CPn6 4 4 C8H17

CPn7 2 2 H

CPn8 3 3 H

CPn9 4 4 H

CPn10 3 5 t-Butyl

CPn11 4 5 t-Butyl

CPn12 3 4 t-Butyl
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300 Ion Exchange and Solvent Extraction: A Series of Advances

R
O

HN

Ph Ph

P O

O

HN

2t-But-Bu

(CH2)n(CH2)m

OO

O

1t-Bu t-Bu3

HN

P

Ph

O

O

Ph

O

HN

O

N

P

O

HN

(CH2)m (CH2)n

OO

2
t-But-Bu

O

Ph
Ph

HN

O

S

Ligands m n R CPn16 Ligands m n

CPn13 3 4 C4H9 CPn17 4 4

CPn14 4 3 CH3 CPn18 4 3

CPn15 4 4 CH3

Adamantyl CMPo Calixarenes

Ph

OPPh

O

HN

n
O

R

(CH2)m
O

4

(CH2)n

HN
O

P OPH

Ph

2
OO

(CH2)n (CH2)n
HNHN

O

OP

Ph

Ph

O

OP

Ph

Ph

Ph Ph

OP

O

HN

(CH2)n

Ligands n m R Ligands n Ligands n Ligands n

CAd1 4 0 n-Bu CAd5 2 CAd8 2 CAd11 0

CAd2 4 1 n-Bu CAd6 3 CAd9 3 CAd12 1

CAd3 4 2 n-Pr CAd7 4 CAd10 4

CAd4 6 2 Me
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Calixarenes Functionalized on the Wide Rim and narrow 
Rim

O

OO

O

NH

C O

O

Ph Ph

NH

C

P

P
O

O

Ph Ph

NH

C

P

O

O
Ph

Ph

NH

C

P

O

O

Ph
Ph

NH

C

P

O

O

Ph Ph

NH

C

P

O

O

Ph Ph

NH
C

P

O

O

Ph
Ph

NH

C

P

O

O
PhPh

OO

O O

NH

C

P

O

O

PhPh

NH

C

P

O

O

PhPh

NH

C

P

O

O
Ph

Ph

NH

C

P

O

O

Ph Ph

NH

C

P

O

O

PhPh

NH

C

P

O

O

Ph Ph

NH

C

P

O

O

Ph Ph

NH

C

P

O

O

PhPh

CPwn1 CPwn2

Dendrimers

N

N

N

NN

N
H
N

NHHN

HN NH

N
H

N
H

H
N

O

OO

O

O

OO

O

P

PP

P

P

PP

P

O

PH

PH

O

PHHP

O

PHHPO

HP

HP

O

HP

HP

O

HP PH

O

HP PH O

PH

PH

D2

59696.indb   301 7/14/09   9:34:39 PM



302 Ion Exchange and Solvent Extraction: A Series of Advances

N

NH

HN

O

O

P

P

OHP

PHO
HP

HP

N

N

N
N
H

HN

O

O

P

P

O

HP

PH

O

HP

HP

N

HN

O

P
HP

O

HP

N

N

HNH
N

O

O

P

P

O

PH
HP

OHP

HP

N

HN
NH

O

O

P
P

O
PH HP

O

PHPH

N

N

N
N
H

HN

O

O

P

P

O

PH

HP

O

PH

PH

N

NH

H
N

O

O P

P

O

PH

PH

O

PH

PH

N

N

NH

H
N

O

O

P

P

O

PH

PH

O

PH

PH

N

NH HN

O

O

PP
OHPPHO

PH
PH

N

N

N

NH

HN

O

O

P

P

O

HP

PH

O

HP

HP

N

HN

HN

O

OP

P

O

HP

HP

O

HP

HP

N

N

HN

N
H

O

O

P

P

O

PH

HP

OHP

HP

N

NH

NH

O O

O
P

P

O

PH

PH

O

PH

PH

N N

N

NH

H
N

O

P

P

O

HP

PH

O

PH

PH

N

NH HN
O O

PP
OHPPHO

PH

PH

N

N

NH

HN

O

O

P

P

O

HP

PH

O

PH

HP

N

N

HN

O

P
HP

O

HP

D4

59696.indb   302 7/14/09   9:34:40 PM



Extraction of Radioactive Elements by Calixarenes 303
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Alcohols

O OH

R

1 R = -OCF2CF2H
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The most fundamental and lasting objective of synthesis is not production of 
new  compounds but production of properties

George S. Hammond
Norris Award Lecture, 1968

5.1 IntRoDUCtIon

The development of new reagents for selective binding and separation of metal ions 
in solutions represents a real challenge because of the complexities of intra- and inter-
molecular interactions associated with metal ion (M)-ligand (L) binding in the liquid 
phase.1 In solution, the stability of complexes depends on the number and type of 
the coordination centers of L, its topology and flexibility/rigidity and solvent effects. 
In some cases, complexation is accompanied by proton dissociation or association, as 
well as by the formation of contact- or solvent-separated ion pairs with a counterion. 
Compared with complexation in homogeneous solutions, extraction processes are more 
complex because they involve various chemical and physical interactions of molecular 
species (extractant, coextractant, and counterions) situated in two immiscible liquid 
phases.2 Even in the simplest case, an extraction process involves the formation of a 
metal-ligand complex in one of the phases or at the liquid-liquid  interface, followed 
by its diffusion into the organic phase. The formation of more complex species like 
inverse micelles, vesicles, etc., also affects extraction equilibria.

At least three theoretical approaches can be used for computer-aided designs of new 
metal binders: quantum mechanics, force-field molecular modeling, and chemoin-
formatics. These approaches are complementary; a decision to apply a particular 
one depends on the target problem. Quantum mechanics and force-field molecular 
modeling are suitable tools to study coordination patterns of metal/ligand com-
plexes, conformational transformations of ligands upon complexation, and explicit 
solvation effects. However, they are mostly useful for interpreting known phenom-
ena, not to predict directly the thermodynamic or kinetic parameters of metal com-
plexation or extraction. Quantum mechanics calculations are still time consuming 
to treat explicitly solvent effects and complex aggregates formed in liquid phase(s). 
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Due to simplified representations of intra- and intermolecular interactions, force-
field molecular mechanics and dynamics simulations3 can be performed on large 
systems of up to 4,000–5,000 solvent molecules, several ligand molecules, metal 
cations, and counterions.4 However, the force-field approaches suffer from numer-
ous methodological problems related to the construction of empirical atom-atom 
potentials and the assessment of entropy terms. Therefore, quantum mechanics and 
force-field molecular modeling give microscopic insight into metal complexation or 
extraction phenomena, but still fail to assess quantitatively the metal-binding affin-
ity of ligands with reasonable accuracy. Unlike these approaches, chemoinformatic 
methods provide a direct link between molecular structure and any property, and, 
therefore, they could become a realistic solution for computer-aided designs of new 
complexants or extractants.

Chemoinformatics is a relatively new field dealing with the combination of 
chemical information resources to transform data into information and information 
into knowledge.5 Its three main applications are: (i) management (storage, organi-
zation, and search) of chemical data; (ii) development of predictive qualitative or 
quantitative models linking molecular structure and related properties; and (iii) 
 computer-aided designs of new compounds possessing the desired properties. The 
first one is related to the development of chemical databases, and substructural and 
similarity search techniques, whereas the others concern establishing and utilizing 
qualitative Structure-activity relationships (SAR) and Quantitative structure-activity 
(or property) relationships (QSAR/QSPR). All these applications are closely related: 
SAR and QSPR models can be derived only from analyses of available experimental 
data. Thus, chemoinformatics applies an inductive learning approach (development 
of models from the data), which contrasts with quantum mechanics applying mostly 
deductive inference (application of fundamental theory to particular systems). Unlike 
molecular models used in quantum mechanics (ensembles of nuclei and electrons) or 
in force-field molecular modeling (ensembles of atoms and bonds), chemoinformat-
ics describes a molecule by means of some characteristics (molecular descriptors) 
related to its structure and somehow related to modeled properties. Selected descrip-
tors define a chemical space in which each molecule is represented as a vector.

Chemoinformatic approaches open new opportunities for computer-aided devel-
opments of new, efficient metal binders. Generally, the strategy of an in-silico design 
involves three main steps: (i) acquisition, storage, and organization of experimen-
tal data; (ii) development and validation of SAR or QSAR/QSPR; and (iii) apply-
ing those models to screen large datasets of real or virtual chemical structures. To 
develop robust models, one should select a pertinent set of descriptors, choose an 
appropriate machine-learning method(s), and choose a reasonable procedure of vali-
dation of these models.5 Traditionally, QSAR is used in the modeling of biological, 
pharmaco-kinetic, and pharmaco-dynamical properties, whereas QSPR corresponds 
to models for any other chemical or physical properties.

A QSAR/QSPR model can be defined as a mathematical relationship, Y = f(X), 
between any physical, chemical, or biological property (Y) of a molecule and its 
chemical structure.6 The main problems here are to define a functional dependence 
( f), to select a set of pertinent molecular descriptors (X), and to establish a protocol 
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for obtaining and validating the model. A predictive QSPR model linking  stability 
constant values with the structure of ligand L, on the one hand, has to involve 
descriptors accounting for the structural diversity and topology of L as well as dif-
ferent binding mechanisms, and, on the other hand, it should be based on a reason-
able mathematical approach that accounts for possible nonadditive effects.

The first empirical correlations (1950s–1980s) between complexation or extrac-
tion constants and some physicochemical parameters of ligands and metals were 
developed for a small series of ligands belonging to one chemical class; see previous 
reviews1,7–12 and references therein. One of these correlations—linear free energy 
relationships (LFER)—uses as descriptors experimental stability constants obtained 
in similar complexation reactions with a reference species (a proton, another metal, 
or another ligand). These correlations are always limited by the availability of related 
experimental data. Another popular type of correlation—“parametric equations”—
concerns equations of the additive-multiplicative type (Drago, Edwards, Pearson, 
Misono, and Hancock), Hammet-like relationships, or more complicated (Brown–
Sylva–Ellis) relationships. These were obtained using the experimental data for some 
model reactions and, therefore, are also limited by available experimental data. The 
predictive performance of these correlations is rather uncertain, because they were 
observed for limited sets of molecules and, as a rule, were not properly validated (see 
Section 2.3). However, they give a certain idea about the trends of complex stabilities 
as a function of some molecular characteristics and, therefore, could be considered 
as predecessors of QSPR technologies.

Following the evolution of structure-property methods in the drug design area 
at the beginning of the 1990s, various types of descriptors (topological, electronic, 
physicochemical, and fragment, issued from molecular mechanics calculations, etc.), 
were used in metal complexation and extraction. The linear regression approach was 
used in most cases; only one work involving the artificial neural network (ANN) 
method has been published (see Section 4.2). Unlike simple correlations, some of 
these studies involved validation of the models on independent test set(s). The  datasets 
used for the training were large enough (up to 100 ligands) and more structurally 
diverse than those used in the “era of correlations.” The application of those models 
for predictions was still very restricted because of the limited number of chemical 
classes used for the training and an insufficiently robust validation procedure.

In recent years, QSPR modeling of metal complexation and extraction has 
attained a higher level because of the application of various types of descriptors 
and machine-learning approaches, proper validation procedures, new modeling 
strategies (divide and conquer13 models’ applicability domain (AD),13 and others). 
Predictive models were successfully developed on large (several hundred), structur-
ally diverse sets of ligands. Successful computer-aided designs of new metal binders 
have been performed.14,15

Formally, complexation stability constants in water (log K) and extraction con-
stants (log Kex) can be related via partitioning coefficients of the free ligand and its 
complex between the aqueous and organic phases.16 However, the latter are rarely 
available, and therefore the relationships between log K and log Kex are not widely 
used. Nevertheless, in many cases, the binding ability of ligands to metal in compl-
exation and extraction processes follows the same trend. In this respect, information 
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about metal binding in a homogeneous solution is useful to interpret the processes 
taking place in systems involving two immiscible liquids. On the other hand, the 
quantitative assessment of thermodynamic parameters of complexation and extrac-
tion is more difficult, and, therefore, QSPR modeling should be performed individu-
ally for each of them.

The goal of this work is to provide an overview of QSPR studies in metal com-
plexation and extraction and to discuss under which conditions QSPR modeling 
may become a valuable tool for computer-aided design of new metal binders. Early 
empirical correlations will be analyzed here only for comparison with “regular” 
QSPRs.

This paper is organized according to the following. In the first two sections, we 
briefly describe the methods of obtaining and validating of predictive structure-
property models and give some information about existing databases on metal com-
plexation and extraction. The main section is devoted to the analysis of empirical 
correlations and QSPR models developed for metal complexation and extraction. 
Finally, two examples of computer-aided (in silico) designs of new extractants are 
reported.

5.2  GeneRAL InFoRMAtIon AboUt QsPR MoDeLInG

To build a QSPR model, one should carefully select available experimental data, 
and choose the initial pool descriptors (from which the program selects the most 
appropriate ones) as well as a mathematical approach linking those descriptors with 
a given property. Then, a suitable strategy of model validation should be applied in 
order to obtain a quantitative assessment of the quality of predictions. Finally, some 
rules should be established in order to prevent the application of the models to com-
pounds too different from those used for obtaining the models.

5.2.1  deSCriPtorS

Nowadays, more than 4000 types of descriptors are known.17 There exist different 
ways to classify them. With respect to the type of molecular representation used 
for their calculations—chemical formula, molecular graph, or spatial positions of 
atoms—one speaks about 1D, 2D, and 3D descriptors, respectively. Descriptors can 
be global (describing the molecule as a whole) and local (only selected parts are con-
sidered). One could distinguish information-based descriptors, which tend to code 
the information stored in molecular structures, and knowledge-based (or semiempir-
ical) descriptors issued from the consideration of the mechanism of action. Most of 
those descriptors can be obtained with the DRAGON, CODESSA PRO, and ISIDA 
programs.

DRAGON18 is a well-known commercial software for the calculation of more 
than 3,000 descriptors. Formally, they are divided into 22 “blocks”: constitutional 
descriptors, topological descriptors, walk and path counts, connectivity indices, 
information indices, 2D autocorrelations, edge adjacency indices, Randic molecular 
profiles, GETAWAY descriptors, topological charge indices, eigenvalue-based indi-
ces, charge descriptors, and some others. CODESSA PRO,19 a commercial program 
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for QSAR/QSPR analysis, calculates constitutional, topological,  geometrical, 
 electrostatic, molecular surface, quantum-chemical, Molecular Orbitals related, 
and thermodynamic descriptors.

The ISIDA package20 for computer-aided designs of new compounds generates 
several types of fragment descriptors. The latter represent selected substructures 
(fragments) of molecular graphs and their occurrences in molecules; they constitute 
one of the most important types of molecular descriptors. Their main advantage is 
related to the simplicity of their calculation, storage, and interpretation (see review 
articles21–24). Substructural fragments are information-based descriptors. Due to 
their versatility, they could be efficiently used to create a chemical space that sepa-
rates active and nonactive compounds. ISIDA20 generates two classes of substruc-
tural molecular fragment (SMF) descriptors: “sequences” and “augmented atoms.” 
The sequences may contain connected atoms and bonds, atoms only, or bonds only. 
For each type of sequence, the minimal (nmin ≥ 2) and maximal (nmax ≤ 15) number 
of constituent atoms is defined. An “augmented atom” represents a particular atom 
with its environment including either neighboring atoms and bonds, or atoms only, 
or bonds only. Linear QSPR models involving fragment descriptors can be easily 
interpreted, taking into account the values and signs of fragment contributions. 
For example, stability constants (log K) of potassium complexes with phosphoryl-
containing podands in mixed THF-CHCl3 solvent are calculated using 14 fragment 
descriptors,25 some of which bring high positive (O-C-C-O, C-P = O) or negative 
(C-C-C, P-C-C-P) contributions into log K, whereas others (C-Car- Car- Car and some 
others) are less important (Figure 5.1).
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FIGURe 5.1 QSPR modeling of the stability constant log K of potassium complexes K+ with 
phosphoryl-containing podands in THF-CHCl3 (4:1 v/v) at 298 K:25 fragment contributions 
(ai) in the linear model log K = ao + ΣaiNi, where Ni is an occurrence of the ith fragment.
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5.2.2  maCHine-Learning metHodS

Generally, tens of different machine-learning techniques are used in QSAR/QSPR 
studies. In this chapter, we describe only those that have been recently applied in 
studies of solvent extraction and complexation of metals.

5.2.2.1  Multiple Linear Regression (MLR)
The multiple linear regression (MLR) method was historically the first and, until now, 
the most popular method used for building QSPR models. In MLR, a property is rep-
resented as a weighted linear combination of descriptor values: Y = ATX, where Y is a 
column vector of property to be predicted, X is a matrix of descriptor values, and A 
is a column vector of adjustable coefficients calculated as A = (XTX)−1XTY. The latter 
equation can be applied only if the matrix XTX can be inverted, which requires linear 
independence of the descriptors (“multicollinearity problem”). If this is not the case, 
special techniques (e.g., singular value decomposition (SVD)26) should be applied.

5.2.2.2 Artificial neural networks
An artificial neural network is a mathematical model that mimics biological neural net-
works. In this model, simple nodes (“neurons”) are connected together to form a network 
of nodes (“neural network”). The neurons may receive signals from their neighbors and 
form the signals toward some other neighbors. Thus, an artificial neural network repre-
sents an adaptive system that fits its parameters looking for rather complex mathemati-
cal relationships between “input” neurons (descriptors) and “output” neurons (modeled 
activity). In most cases, a three-layer architecture (input layer–hidden layer–output layer) 
is used for QSAR/QSPR studies. In particular, in the metal complexation and extrac-
tion area, Radial Basis Function Neural Network (RBFNN)27 and Associative Neural 
Network (ASNN)28,29 approaches have been used. The RBFNN approach approximates 
modelled properties by a linear combination of Gaussians. The ASNN approach28,29 
represents a combination of an ensemble of feed-forward neural networks and k-nearest 
neighbors (kNN) calculations in the space of ensemble residuals.

5.2.2.3  support Vector Regression (sVR)
Support Vector Machine (SVM) is a classification and regression method developed by 
Vapnik.30 In support vector regression (SVR), the input variables are first mapped into 
a higher dimensional feature space by the use of a kernel function, and then a linear 
model is constructed in this feature space. The kernel functions often used in SVM 
include linear, polynomial, radial basis function (RBF), and sigmoid function. The gen-
eralization performance of SVM depends on the selection of several internal param-
eters of the algorithm (C and ε), the type of kernel, and the parameters of the kernel.31

5.2.2.4  k-nearest neighbors
In the kNN method, the property Y of the target compound is calculated as an aver-
age (or weighted average) of that for its kNN in the space of descriptors selected for 
the model. Different metrics (Euclidian distances, Tanimoto similarity coefficients, 
etc.), can be used to identify the neighbors. Their number k is optimized using a 
cross-validation procedure for the training set.
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5.2.3  SeleCtion and validation of modelS

The most frequently used procedure of QSPR modeling involves a split of the initial 
dataset into two subsets: training and test sets. The models are built on the training 
set followed by “prediction” calculations for the test set. Some recommendations 
for selecting the compounds for the test set are given in numerous publications (see 
Refs. 32 and 33 and references therein). According to most of them, the following 
rules should be respected: (i) experimental methods for property determination in the 
training and test sets should be similar; (ii) the property values of the compounds in 
the test set should not exceed the property value in the training set by more than 10% 
and (iii) the distribution; of property values for the training and test sets should be 
similar to respect uniform sampling of the data. In fact, the validation of the model 
on only one test set does not guarantee its robustness because of possible bias of the 
training and test sets. In order to avoid any uncertainties related to the selection of 
a particular test set, a more severe n-fold cross-validation (n-fold CV) technique is 
recommended. In this procedure, the entire dataset is divided in n nonoverlapping 
pairs of training and test sets. Each training set covers (n–1)/n of the dataset, while 
the related test set covers the remaining 1/n. Thus, predictions could be made for all 
molecules of the initial dataset, as each of them belongs to one of the test sets.

Several statistical parameters are used to assess the quality of fitting of models 
at the training stage: squared correlation coefficient (R2), standard deviation (s, only 
for the linear models), root-mean square error (RMSE), and Fischer criterion. The 
robustness of models can be estimated using a leave-one-out (LOO) cross-validation 
technique, in which the models are built on the subset of (N–1) compounds, where 
N is a size of the training set, followed by predictions for one remaining compound. 
Then, this procedure is repeated N times to “predict” all compounds in the training 
set, which allows one to calculate the squared LOO correlation coefficient (Q2) and 
related s or RMSE (LOO) values. It should be noted that the LOO technique does not 
represent a real test of prediction ability of the models, because the descriptor selec-
tion is usually done before for the whole training set containing all N compounds. 
The real assessment of the quality of predictions can be done only by applying the 
model on the external test set(s). In this case, a coefficient of determination (R2

abs = 
1–Σ(Yexp–Ypred)2/Σ(Yexp– < Y > exp)2) and related RMSE (RMSEabs = (Σ(Yexp–Ypred)2/N)1/2) 
are calculated using predicted (Ypred) and experimental (Yexp) property values. They 
characterize the ability of the model to reproduce quantitatively the experimental 
data. Typically, RMSE values increase in the order RMSE (fitting) < RMSE (LOO) < 
RMSE (n-fold CV), as demonstrated in Figure 5.2. The reason is obvious: to calcu-
late the RMSE (fitting), the program applies a QSPR model on the compounds used 
for the development of that model, whereas in other procedures the program at the 
model-building stage only partially (in LOO) or never (in n-fold CV) uses the infor-
mation about compounds to be predicted.

Generally, a QSPR program generates many models, one or several of which are 
to be selected according to the above-mentioned statistical parameters obtained for 
the training stage. Instead of selecting only one model, some programs apply an 
Ensemble Modeling approach, which allows one to combine the information issuing 
from several individual models. For example, at the training stage, the ISIDA program 
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selects M “best” models for which Q2 ≥ Q2
lim, where Q2

lim is a user-defined thresh-
old. Thus, for each compound from the test set, the program applies a Consensus 
Model representing an arithmetic mean of predictions made with these M models; 
those leading to outlying values can be excluded according to Grubbs’s statistics.34,35 
According to observations in Refs. 36–38, a consensus model smoothes the inaccura-
cies of individual models, thus, improving the quality of property predictions.

When applying a model, the program should check its AD, which measures the 
similarity between a test-set compound and the compounds from the training set. If 
the given test compound is identified as being outside AD, the predictions are not 
reliable. Several methods to establish AD have been reviewed by Tetko et al.39

5.3  DAtAbAses on MetAL CoMPLeXAtIon AnD eXtRACtIon

5.3.1  ComPleXation databaSeS

The main source of experimental data on complexation of metals in aqueous and 
nonaqueous solutions is the IUPAC Stability Constants Database (SC-DB) found at 
http://www.acadsoft.co.uk/. The SC-Database is a compilation of literature data; it 
contains all significant stability constants and associated thermodynamic data pub-
lished from 1887 to the present day, including all stability constants included in the 
book volumes published by the Chemical Society of London (now the Royal Society 
of Chemistry) and by IUPAC. The SC-Database is maintained by L.D. Pettit in coop-
eration with K.J. Powell and kept up-to-date through regular upgrades. The Version 
4.66 has about 109,750 records for 9,426 ligands from about 22,900 references. The 
database uses EdChemS sketcher of 2D structures20,40 with an implemented (sub)
structural search option. There is a possibility to estimate a variation of stability con-
stants as a function of temperature (T) and ionic strength (I) using van’t Hoff and the 
Davies equations, respectively. The latter is extremely important for preparation of 
the data for structure-property modeling, because, ideally, stability constants should 
be measured under the same experimental conditions (T and I).

The NIST Critically Selected Stability Constants of Metal Complexes (NIST 
Standard Reference Database 46, http://www.nist.gov/srd/nist46.htm) provides 
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FIGURe 5.2 Modeling of stability constant (log K) of the (Sr2 + )L complexes of organic ligands 
(L) in water using the MLR approach. The three plots show the linear correlation “calculated 
versus experimental log K” obtained for the entire set of 130 ligands at the fitting stage (a), in 
leave-one-out cross-validation procedure (b), and in external five-fold cross-validation (c).
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coverage of thermodynamic parameters for complexation in aqueous solutions with 
protons and various metal ions. Version 8.0 contains more than 50,000 equilibrium 
constants involving more than 6,200 ligands, as well as some data on the heats 
and entropies of reactions and entropies. Although presentation of 2D molecular 
structures of ligands are given, the structural (substructural) search option is not 
available.

The Joint Expert Speciation System (JESS), (http://jess.murdoch.edu.au/jess/ 
jess_home.htm) contains 180,000 equilibrium constants for 72,000 reactions as well 
as 26,000 enthalpy values collected from 11,500 literature sources.

The THECOMAC database contains the stability constant, enthalpy, and entropy 
values for the complexations of the alkaline and alkaline earth metal cations with 
cyclic polyethers in water and organic solvents, and includes more than 3,500 records. 
Each record contains 22 textual and digital fields and 2D chemical structures of 
ligands. The database includes thermodynamic values for 330 cyclic polyethers con-
taining oxygen coordination centers only.41

5.3.2  eXtraCtion databaSeS

The number of publications on solvent extraction is smaller than that for complex-
ation reactions, but still it is rather large. Thus, a bibliographic search performed 
with SciFinder Scholar using “SOLVENT,” “EXTRACTION,” and “METAL” as 
keywords, resulted in about 13,000 references, some of them concerning several 
individual extraction systems. This information could probably be enriched by 
numerous publications in the Russian, Japanese, and Chinese scientific literature, 
which is not covered by “western” bibliographic databases (see Refs. 42–47). Much 
information is still buried in reports at various nuclear-energy research institutions. 
According to our estimates, about 25,000 papers on extraction chemistry (includ-
ing Russian, Japanese, and Chinese bibliographic sources, industrial reports, etc.), 
reviewing 60,000–70,000 extraction systems have been published since 1970. Given 
also that there are many publications in which extraction information is reported 
but was not the main focus of the work, it is clear that a huge volume of data is very 
diversely spread and requires extreme diligence for its proper collation.

The first database project, SEPSYS,48,49 was initiated in 1983 by W.J. McDowell. 
This is a bibliographic database containing about 4,500 records; its development 
has been stopped. Nevertheless, it was significant in providing an early means to 
precisely identify the literature dealing with the separation of a target species from 
a matrix of competing species, a capability that “standard” bibliographic databases 
cannot provide.

An INTERNET compatible database for solvent extraction of metal ions 
(SEDATA), developed by H. Watarai et al., contains about 9,600 equilibrium con-
stants, including distribution constants, extraction constants, and adduct formation 
constants, for more than 1,400 ligands and 82 metal ions.50 Raw data points of 
extraction curves are also incorporated to be reconstructed as a figure. However, 
SEDATA contains no fields for 2D chemical structures of extractants and allows one 
to perform a search using only eight fields (classification, metal, valence, reagent, 
solvent, title of the paper, author, and year).
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Solvent eXtraction Database (SXD) software has been developed by A. Varnek 
et al.51 Each record of SXD corresponds to one extraction equilibrium and contains 
90 fields to store bibliographic information, system descriptions, chemical struc-
tures of extractants, and thermodynamic and kinetic data in textual, numerical, 
and graphical forms. A search can be performed by any field including 2D struc-
ture. SXD tools allow the user to compare plots from different records and to select 
a subset of data according to user-defined constraints (identical metal, content of 
aqueous or organic phases, etc.). This database, containing about 3,500 records, is 
available on the INTERNET (http://infochim.u-strasbg.fr/sxd).

As the thermodynamic parameters of complexation or extraction depend on many 
different factors (ligand, metal, solvent, counterion, pH, ionic strength, temperature, 
etc.), the descriptors used should describe all of them. However, in most of the cases, 
the models are developed on subsets of data measured for one particular metal in 
similar conditions. This allows one to simplify the modeling task and to link the prop-
erty with only one factor—chemical structure of ligands. For many different metal 
ions  suitable sized subsets of stability constants of their complexes with organic 
ligands in the given solvent, could be selected from a database or collected from the 
literature. As stability constants depend on ionic strength (I) and temperature (T), 
their original values should be recalculated for selected “standard” values of I and 
T. For the given equilibrium, a database may contain several experimental estima-
tions of stability constants, and the choice of data for the modeling represents a real 
challenge (see critical surveys and evaluations of stability constants by the IUPAC 
Commission on Equilibrium Data52–57). For solvent extraction, very few datasets of 
reasonable size, that is, containing more than 20 data points measured exactly at the 
same conditions, are available. In this respect, the complexation databases provide 
more data for the modeling than the extraction databases.

5.4  QUAntItAtIVe ReLAtIonsHIPs betWeen stRUCtURe  
AnD MetAL-bInDInG AFFInItY

In this section, two types of structure–metal binding ability relationships will be 
described. The first one concerns empirical linear correlations between equilibrium 
constants of complexation or extraction and some descriptors. In most cases, these 
correlations are obtained for relatively small datasets (less than 20 molecules) with-
out any validation. We do not intend to analyze them in detail; only their general 
characteristics will be reported. The second type of relationships were obtained in 
“regular” QSPR studies involving the selection of pertinent descriptors from their 
large initial pools, and the stage of the models, validation on external test set(s).

5.4.1  emPiriCal CorrelationS in metal ComPleXation and eXtraCtion

5.4.1.1  Complexation
Empirical approaches to predict the stability constants of metal complexes in solu-
tion (mostly in water) are discussed in the book by Kumok11 and in reviews by 
Hancock and Martell,9 Dimmock et al.,7 Hancock,8 and Hay.10 Generally, two types 
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of correlations are used: LFER and parametric equations. LFERs represent linear 
correlations between the log Ki of one group of reactions with the log Kj for a second 
group of reactions. They could be applied to assess the log K only for the ligands (met-
als) involved in correlations (missed values), whereas the parametric equations could 
be formally applied for any ligand (metal).

Several types of LFER have been observed for metal-ligand complexes.

 1. For the series of ligands Li, correlations between stabilities of the com-
plexes of metal M1 and that for reference cation (proton or metal M2)

 log ( ) ( )K a K L bi iML p a= ⋅ +  (5.1)

 log M L M LK a K bi i( ) log ( )1 2= ⋅ +  (5.2)

 2. For the series of metals Mi, correlation between stabilities of the complexes 
of ligand L1 and that for reference ligand L2

 log M L M LK a K bi i( ) log ( )1 2= ⋅ +  (5.3)

 3. Correlations between stability constants log K(ML) of the complexes of 
multidentate ligands and a sum of log K(MLi) of monodentate “ligands” 
obtained by splitting L into constituent fragments Li. Thus, Hancock8 
suggested an additive scheme, linking the stability constants of metal 
complexes of aminocarboxylates with the stabilities of related NH3 and 
CH3COO– complexes. Harris58 extended this approach for more structur-
ally diverse ligands containing amine, pyridyl, carboxylate, imidazolo, and 
thioether groups, forming five- or six-membered chelate rings.

Several types of parametric equations are known. Thus, stabilities log K(MiL) of 
the complexes of a series of metals Mi with one ligand L correlate with the physical 
properties of the metal ion. A variety of functional dependencies have been observed 
with metal properties that include the charge, ionic radius, electronegativity, and ion-
ization potential.10 More complex equations (like Brown–Sylva–Ellis equations59) 
represent log K(ML) values as a function of metal and ligand parameters. Some 
equations (e.g., Misono60 or Edwards61 equations) are based on the Hard-Soft Acid-
Base approach. Thus, the Edwards61 equation,

 log M L M L( ( ) / ( ))K K E Hn
1 2 = +α β  (5.4)

accounts for the softness (α and En) and hardness (β and H) parameters for the metal 
and ligand, respectively. Hancock et al.9 have suggested a more extended equation,

 log ML A B A B A BK E E C C D D( ) = + −  (5.5)

which takes into account not only the electrostatic (E) and covalent (C) contributions 
of acid A and base B in metal-ligand bonding, but also their steric hindrance (D).
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An interesting way to take into account all coordinating centers has been sug-
gested by Schneider et al.,62 who used the electron-donor parameters (EDi) for the 
donor atoms of macrocyclic ligands to correlate with the free energy of complexation 
(∆G) of crown ethers and cryptands with alkali cations and with ammonium cation 
in methanol, water, or chloroform. The ED parameters for the functional groups 
have been calculated from the experimental free energies of 1:1 H-bond complexes.63 
Several reasonable linear correlations ∆ ΣG a b i= + ED  (where i counts all electron-
donor groups of the molecule) have been obtained only for subsets of ligands with a 
particular size of the macrocycle, but not for the whole set.

It should be noted that the above-mentioned LFER and parametric equations 
have been derived for a relatively small series of ligands and metals. Therefore, their 
application for prediction is limited to the class of metals or ligands used for fitting 
the empirical parameters of those equations. Nevertheless, they have contributed 
to the fundamental understanding of complexation phenomena, especially for the 
classes of ligands and metals studied.

The growing size of the complexation databases opens an opportunity to use 
empirical equations for predicting of the stability of metal complexes of a wide 
spectrum of ligands. Recently, a series of linear correlations has been developed 
for stability constants log K for the 1:1 complexes of 13 lanthanide cations M3+ 
with organic ligands in water. The set of experimental data retrieved from IUPAC 
SC-DB contained the stability constants for the 2,854 complexes of lanthanides 

with 450 ligands, including 50 macrocyclic (crown ethers and cryptands) ligands 
(Figure 5.7). Equation 5.2 has been applied to establish all possible linear cor-
relations between the stability constants of two different lanthanide ions. It has 
been found that standard deviations (s) of those correlations vary as a function 
of the difference of ionic radii of the two metals (Figure 5.3). This allows one to 
assess log K with well-defined accuracy. Thus, from Figure 5.3 it follows that the 
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0.6

0.8

1.0

s 

Yb

Tm

Tb

Sm
Pr

Nd

Ho

Gd

Eu

Er
Dy 

Ce

0.03 0.06 0.09 0.12 0.15
∆r(M3+)

FIGURe 5.3 The 1:1 complexation of lanthanide ions (M3 + ) with organic ligands in water: 
standard deviation (s) of Equation 5.2 as a function of the difference between ionic radii r (for 
CN = 6) of the M3 + /Lu3 + pairs of lanthanides.
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assessment of log K for the Lu complexes is the most accurate (s = 0.2) if one uses 
the correlation for Yb. However, if the data for a given ligand for the Yb-series 
are not available, one should use the correlations with other metals, starting with 
those corresponding to smaller values of s. Nevertheless, this approach is limited 
by the ligands involved in the correlations; the number of missed values is rather 
large. Thus, for the case of lanthanides, the number of all metal/ligand combina-
tions (13 × 450 = 5,850) is large compared to the number of experimental log K 
values (2,854) in the dataset.

5.4.1.2  extraction
Most empirical correlations for the solvent extraction of metals have been reviewed 
by Rozen and Krupnov.12 Due to the problem of availability of consistent datasets, 
most of them were developed for a small series of 3–20 data points for monoden-
tate ligands. Some of these equations are similar to those obtained for the metal 
complexation. For instance, Rozen et al.64 have observed correlations between log 
Kex and pKa (Equation 5.1) for the series of extractants for uranyl ion-bearing P = O, 
C = O, As = O, and N = O electron donor groups. Correlations between Kex and group 
electronegativities or Taft parameters of substituents of the P = O group have  been 
found for the extraction of actinides by some neutral phosphoryl-containing lig-
ands.12 However, the validity of this approach is limited because of the nonaddi-
tive effects of the substituents, as has been shown for the extraction of uranyl by a 
series of substituted ketones Alk2CO, AlkC(O)NAlk′2, and (NAlk′2)2CO. Therefore, 
Rozen65 and Varnek66 suggested the use of descriptors’ characteristics derived for 
the whole molecule, such as atomic charges,12,67 energies of 1s-orbitals of oxygen 
atoms,12 electrostatic potential distributions,66,67 chemical softness, and donor-accep-
tor interaction energies.68 Rozen et al.12 also suggested the correlation of log Kex with 
interaction energies of the extractant with the model compound (H + , Li + ) calculated 
by quantum-mechanics methods.

The influence of steric effects on the thermodynamic parameters of extraction has 
been discussed in numerous publications (see the review in Ref. 12 and references 
therein). For a small series of selected extractants, a decrease of log Kex as a function 
of the length of alkyl substituents has been discovered.69,70 However, in other cases, 
this dependence passes through a maximum or is not regular at all.71 The point is that 
the increase in the volume and branching of the substituents leads to some changes of 
molecular properties: decrease of solubility in the aqueous phase, increase of steric 
hindrance upon the complexation, decrease of the extractant’s aggregation, etc.12 
Some of these factors strengthen extraction, but others weaken it.

5.4.2  QSPr modeling of different ClaSSeS of ComPleXantS 
and eXtraCtantS

Publications on QSPR modeling of metal complexation and extraction reviewed here 
are listed in Table 5.1. Some details of these studies are given below.
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5.4.2.1  Complexation
Raevsky et al.72 used molecular fragments as well as topological and physico-
chemical (log P, molecular refraction) descriptors to build QSPR models for sta-
bility constants and ∆H of complexation of 56 ligands with Ca2 + in water. The 
main idea was to split the initial dataset into clusters and to build the models 
on those clusters. Each test compound should first be attributed to “its” cluster, 
followed by applying the models developed for that cluster. Two different clus-
tering techniques were used to obtain two to four clusters from the training set 
of 49 compounds. Validation calculations performed for log K on the remaining 
seven compounds led to relatively poor correlations between the predicted and 
experimental data. Thus, using the reported data,72 we obtained a determination 
coefficient R2

abs = 0.4.
The article by Shi et al.73 was devoted to the modeling of stability constants of the 

1:1 complexes in five different systems: (a) 314 metal ion-macrocycle-solvent (includ-
ing three mixed solvents) combinations; (b) 88 ammonium ion-crown ether-solvent 
(including one mixed solvent) combinations; (c) 24 reactions of H + with crown ether 
in water, (d) 26 reactions of Na+ with spherands in CDCl3; (e) 78 reactions of ammo-
nium with spherands in CDCl3 combinations; and (f) 73 reactions of organic ligands 
with combinations of neutral guests in different solvents (including one mixed sol-
vent). The main idea of this work was to build models on the descriptors associated 
with the mechanism of complexation. Thus, the free energy of complexation was 
considered as a sum of two terms corresponding, respectively, to the host-guest inter-
actions in the gas phase and solvation of the formed complex. Molecular structures 
of free ligands and their complexes were modeled using the AMBER or MMP2 force 
fields. Molecular dynamics simulations were used to obtain the lowest energy con-
formers, followed by an energy minimization procedure to calculate their energies. 
Solvation processes were considered in the framework of continuum solvation mod-
els involving the energy of formation of the cavity in the solvent and solute-solvent 
interactions. Thus, the force-field energy components (bond stretch, angle bending, 
torsional van der Waals, electrostatic, and hydrogen-bonding energy) for the lowest 
energy conformers, internal strain energy, and its components were calculated as 
the difference of energies of complexed and free ligands, and Mulliken–Jaffe elec-
tronegativities were used as descriptors of the gas-phase free-energy term, whereas 
the surface tension of the solvents, charges, and ionic radii of metal cations, dipole 
moments of the solvent and ligand molecules, as well as the effective radii of ligands 
(found in force-field calculations) were used to describe the solvation term. The lin-
ear regression models were built on a training set containing 80% of the complex-
ation reactions from the initial dataset, followed by their validation on the test set 
containing the remaining 20% of reactions. A forward stepwise variables selection 
procedure was used to select the most pertinent variables leading to the models con-
taining from 6 to 12 descriptors. Generally, these models displayed reasonable pre-
diction ability, although for some systems the number of outliers moved up to 25% 
of the test-set reactions.

The neural network approach has been successfully used by Gakh et al.74 to model 
the stability constants of Na + , K + , and Cs + complexes with some unsubstituted 
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regular crown ethers and their benzo and dibenzo derivates in methanol. A three-
layer architecture, input layer–hidden layer–output layer, was used. The number of 
aromatic rings, the size of the macrocycle, and the number of oxygen atoms were 
used as input vectors in the training sets containing 14–16 ligands. The average error 
was about 0.3 log K units for the validation sets containing four to five molecules. 
Models developed from this have been used to predict the binding properties of some 
hypothetical crown ethers. Thus, the calculated values of log K as a function of the 
number of (-CH2CH2O-) and (-CH2CH2O- + -C6H4O-) units have been plotted. The 
observed trend corresponds well with available experimental data and molecular 
mechanics calculations.

Toropov et al.76,79 developed QSPR models for the complexes of nine alkaline-
earth and transition metals with some amino acids, phosphate derivatives of 
adenosine, and heterocyclic compounds based on topological indices. Although 
the numbers of examples in the datasets were big enough, 11076 and 150,79 they 
involved only a few different ligands (17 and 25 molecules, respectively). The vali-
dation calculations were performed on the test sets containing the same ligands 
as in the training sets, which could explain the well observed performance of the 
predictions.76,79

Multiple regression analysis and neural networks were applied by Qi et al.78 to 
build models for stability constants of Gd3 + with cyclic and acyclic aminocarbox-
ylates and aza-crowns (Figure 5.4). The best MLR model obtained on the whole 
set of 28 ligands involved three quantum-chemical and two topological descrip-
tors. Then, those five descriptors were used to train a backpropagation neural 
network on the training set of 20 ligands. Validation calculations performed on 
the test set of eight ligands confirmed the reasonable prediction performance of 
the model.

Svetlitski et al.80 have developed QSPR models for the stability constants of the 1:1 
complexes between 63 organic ligands (Figure 5.5) and 14 lanthanides. The ligand 
dataset included mostly aminocarboxylates and aza-crowns. Calculations were per-
formed using the CODESSA PRO program, which generates up to 900 theoretical 
descriptors and applies a variable selection procedure to build linear regressions. Two 
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FIGURe 5.4 Gd3 +  binders. (From Qi, Y.-H.; Zhang, Q.-Y.; Xu, L. J. Chem. Inf. Comput. Sci. 
42 (6), 1471–1475, 2002. With permission.)
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types of models were developed: “one metal and various ligands” (I) and “one ligand 
and various metals” (II). All 14 models I involved four theoretical descriptors of 
different types: topological indices (e.g., average information content); geometrical 
parameters (shadow plane YZ); constitutional descriptors (number of double bonds, 
relative number of N atoms); electronic properties (energies of LUMO and HOMO); 
hydrogen-bonding descriptors (H-donor FCPSA); partial surface area descriptors 
(square root of charged surface area for atom C, etc.); and binding interactions (maxi-
mal Coulombic interactions for bonds C–C and C–H, etc.). Each model was built on 
a particular combination of those descriptors, which always varies from one model 
to another one. Each of the 63 models II (one per ligand) was built on two or three 
descriptors selected by the program from the initial pool of 23 physical properties 
of lanthanides (ionization potentials, atomic radius, density, melting point, etc.). All 
these models are different with respect to the types of descriptors involved. A rea-
sonable quality of linear correlations has been achieved: 47 of the 63 models II for 
ligands R2 > 0.90, and only six had R2 < 0.80, whereas for all 14 models I for metals  
resulted in R2 > 0.84. However, these models were not validated on the independent 
test sets. The authors80 tried to assess “missed” log K values for some unknown com-
plexes involving the 63 ligands studied, using both models I and II. However, the 
relatively small correlation coefficient R2 = 0.588 observed for the linear correla-
tion log K (models I) versus log K (models II) revealed a weak convergence of these 
approaches.

Multilinear regression analysis using SMF descriptors has been applied to model 
stability constants of the 1:1 complexes of alkali and alkaline-earth cations. Thus, 
QSPR models have been obtained for the sets of 69 (Na + ), 123 (K + ), and 31 (Cs + ) 
complexes of crown ethers; 13 (K+) complexes of ethylene glycols and glymes 
(Figure 5.6a) in methanol;25,75,77 complexes of Sr2+ with a diverse set of 130 organic 
ligands (Figure 5.6b) in water;38 and complexes of K+ with 76 phosphoryl-containing 
podands (Figure 5.6c) in the mixed solvent THF:CHCl3 (4:1 v/v).25,75 The RMSE 
of predictions varied from 0.3 (for alkali cations) to 0.9 log K units (for Sr2 + ). The 
models for strontium complexation have been used for screening of a combinato-
rial library of virtual ligands generated with ISIDA. Some hypothetical efficient 
Sr2 + binders were suggested.38

The efficiency of several popular machine-learning methods ANN, SVM, kNN, 
Maximal Margin Linear Programming, RBFNN, and MLR, to build predictive 
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Technol. 41 (1), 197–216, 2006. With permission.)
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QSPR models for stability constants (log K) for the 1:1 (M:L) and log β2 for the 
1:2 complexes of metal cations Ag + and Eu3 + were compared by Tetko et al.36 
The calculations were performed on diverse sets of organic molecules, including 
161 (Ag + ) and 241 (Eu3 + ) ligands for log K and 112 (Ag + ) and 81 (Eu3 + ) ligands 
for log β2 (Figure 5.7) in water at 298 K and ionic strength 0.1 M. The meth-
ods were tested on three types of descriptors: molecular descriptors including 
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E-state indices, counts of atoms determined for E-state atom types, and fragment 
(SMF) descriptors. Individual structure-complexation property models obtained 
with nonlinear methods demonstrated a significantly better performance than the 
models built using MLR. However, the consensus models calculated by averag-
ing several MLR models display a prediction performance as good as the most 
efficient nonlinear techniques. The use of SMF descriptors and E-state counts 
provided similar results, whereas E-state indices led to less significant models. 
For the best models, the RMSE of the log K predictions is 1.3–1.6 for Ag + and 
1.5–1.8 for Eu3 + .

The accuracy of log K predictions for the complexation of lanthanide cations M3+ 
in water at 298 K and ionic strength 0.1 M as a function of the metal and machine-
learning method has been assessed.13 The 5-fold validation calculations were 
performed on diverse sets of organic ligands containing from 157 (Tm3 + ) to 308 
(Gd3 + ) compounds. It has been shown that for a given metal, a difference between 
RMSEabs values obtained with different methods doesn’t exceed 0.2–0.5 log K units 
(Figure 5.8). The overall accuracy of predictions is 2–2.5 log K units obtained for 
the range of variations of log K from 0.2 to 26. It should be noted that the RMSEabs 
for consensus models obtained at the fitting stage is rather small (RMSEabs @ 1 log K 
unit). This value corresponds to the correlation between log K and selected descrip-
tors and estimates the quality of the fitting procedure rather than the real predictive 
performance of the model (RMSEabs @ 2–2.5).

An attempt to build QSPR models for large structurally diverse sets of crown 
ethers and to extract the information hidden in the experimental data about the mac-
rocyclic effect (ME) was made by Varnek and Solov’ev et al.25,77 using an ensem-
ble modeling approach and SMF descriptors. The calculations were performed on 
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MLR
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Lu

0.0 0.5 1.0 1.5 2.0 2.5
RMSEabs

FIGURe 5.8 QSPR modeling of log K of Ce3+ (large size), Eu3 + , Tb3 + (middle size), and 
Lu3 + (small size) cations with organic ligands in water using linear (MLR, DC-MLR) and non-
linear (ASNN and SVM) machine-learning techniques.13 Root-mean square error (RMSE) of 
predictions was obtained with the Five-fold cross-validation procedure. A consensus model 
was calculated for each compound as an arithmetic average of predictions obtained with all  
of the above-mentioned methods.
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experimental stability constants for Na + , K + , and Cs + complexes in methanol, from 
which 10%–15% of the compounds were assigned to the test sets. The studied lig-
ands included “regular” crown ethers with different cavity sizes (-CH2-CH2-O-)n 
(n = 4–12); their benzo, dibenzo, cyclohexyl, dicyclohexyl, and neutral lariat deriva-
tives; and several “nonregular” crown ethers (Figure 5.6a). The main goal of this 
work was to estimate a ME87 representing a difference between the stability con-
stants of the complexes of a crown ether and its acyclic analog. In such a way, the 
ME has been estimated in the literature only for a few crown ethers; no conclusions 
concerning the ME for most substituted crown ethers were drawn because of a lack 
of experimental data for the corresponding acyclic ligands. The consensus model 
with reasonable statistical parameters (Q2 > 0.8, R2 (test) > 0.9, s (test) < 0.2) was 
obtained for the multilinear regression log K = ao + ΣaiNi + MEj, where ai are frag-
ment contributions, Ni is the number fragments of i type, and MEj is a descriptor 
accounting for the ME for a macrocyclic scaffold of j type. Thus, structure-property 
modeling led to a quantitative assessment of the ME for a diverse set of crown ethers 
(Figure 5.9), without any information on the stability constants for the correspond-
ing acyclic analogs. Moreover, the latter could be directly predicted with reasonable 
accuracy (Figure 5.10) from the above equation, putting ME = 0. So, QSPR models 
developed for one class of metal binders were successfully used to predict the prop-
erties of another class.

5.4.2.2  extraction
There are very few publications devoted to regular QSPR studies in solvent 
extractions.

Rabbe et al.81 have built QSPR models on a dataset of 19 alkyl- and phenyl-substi-
tuted monoamides R1C(O)NR2R3 (R1 = H, Alk, R2, R3 = Alk, Ar). A linear correlation 
between uranyl distribution ratio (log D) values and two descriptors, one of which 

30c10

24c8

21c7

18c6

15c5

0.0 0.2 0.4 0.6
δ

0.8 1.0 1.2

Cs+
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Na+

FIGURe 5.9 The macrocyclic effect contribution of stabilities of complexes (d = ME/log 
K) for different macrocyclic scaffolds for the Na+ (■), K+ (■), and Cs+ (■) crown ether com-
plexes, respectively.77,25 Error bars show variation of d for a given type of ligand.
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was derived from quantum mechanics calculations (the sum of point charges at C, N, 
O, and Cα atoms) and another one (association energy) from molecular mechanics 
calculations, has been established. Validation of the model developed was performed 
on three test compounds whose binding affinities varied in a very narrow range, log 
D = 0.62–0.71.

For three dialkyl-hydrogen phosphate ligands, Comba et al.84 have derived a rela-
tionship linking the differences between the complexation strain energies of the lan-
thanide cation M and La3 + with their extraction constants Kex: ∆UM – ∆ULa = αlog(Kex,M/
Kex,La). For a given M, its complexation strain energy was calculated with the MOMEC 
force field88 as a difference of strain energy of the 1:1 ligand/M complex and that of 
free ligand plus an unbound M complex with nine water molecules. Later on, this 
approach was validated by Yoshizuka et al.,86 who found the same relationship as in 
Ref. 84 for small dataset, including four dialkyl-hydrogen phosphate ligands and two 
calixarene acetic acid derivatives. It should be noted that Hay et al., for the complex-
ation of 18-crown-6 and its nine derivatives with K+ in methanol (log K)89 as well as 
for a synergistic adduct formation constant for Sr2 + and Ba2 + extraction by dialkylphos-
phoric acids and different stereoisomers of dicyclohexyl-18-crown-6 (log Ks),90,91 found 
a linear correlation between macrocyclic ligand strain energies and log K and log Ks, 
respectively.

A number of publications by Varnek and Solov’ev, et al.14,15,25,51,75,83 were 
devoted to QSPR modeling based on the SMF descriptors implemented in TRAIL 
and then in ISIDA programs. First, these descriptors were used to model extrac-
tion constants for the uranyl cation extracted by 12 diphosphoryl-containing 
ligands (R2P(O)CH2P(O)R2, R = Ph, 3-XC6H4, 4-XC6H4, X = Me, Cl, Br) from 
water to chloroform.75 As the total number of molecules was not large enough, 
the authors were unable to select molecules for the validation set. The modeling 
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FIGURe 5.10 Assessment of stability constant (log K) values of the complexes of crown 
ethers and their acyclic analogs with K + in methanol.25, 77  Linear correlations between pre-
dicted and experimental log K values for the test set (a) of crown ethers and for the set of 
acyclic ligands (b) in Figure 5.6a. As QSPR models were built on the training set contain-
ing exclusively crown ethers, it is not surprising that predictions for the test set (a) are more 
reliable.
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of distribution ratios (log D) of Hg, Pt, or In extracted by phosphoryl-containing 
podands (Figure 5.6c) has been reported.51 The models were built on the train-
ing sets of 22 compounds following their validation on the test sets of three 
compounds.

QSPR modeling of the separation factor (SF) (the ratio DAm/DEu of the dis-
tribution ratios for Am3+ and Eu3+) for a set of 47 polyazaheterocyclic ligands 
(Figure 5.11) was the subject of two publications. First, Drew et al.82 obtained 
linear models based on topological descriptors weighted by some atomic proper-
ties (Sanderson electronegativity, polarizibility, etc.). The models were built on a 
subsets including only bidentate or tridentate ligands as well as on a training set 
containing both types and of ligands. Later on, Varnek et al.83 used substructural 
fragment descriptors and both linear (MLR) and nonlinear (neural networks, sup-
port vector machine) methods implemented in the ISIDA program to build models 
on two different training sets. All models developed82,83 showed good performance 
in the predictive calculations on a selected test set of 10 compounds. However, 
a real challenge for those models has become a prediction of the SF for a new 
polyazaheterocyclic ligand (structure a, R1 = t-Bu, R = H in Figure 5.11) synthesized 
at the University of Reading in the framework of the EUROPART project and tested 
experimentally at CEA Marcoule when the modeling work had been finished. The 
calculations show that only models based on ISIDA fragment descriptors lead to 
reasonable estimations of log SF = 1.07–1.46 compared to the experiment (log SF 
= 1.0), whereas the models from Ref. 82 lead to a broad range of predicted log SF = 
0.75–5.13 for this compound.

5.4.3  Software for tHe PrediCtion of Stability ConStantS

Information about three programs able to predict the stability constants of metal 
complexes has been reported in the literature.

The LOGKEST program by Hancock8 assesses the stability constants of the 1:1 
complexes of 75 metal ions in aqueous solutions with several types of organic ligands. 
LOGKEST makes calculations in three stages: (i) for monodentate ligands, Equation 
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FIGURe 5.11 Polyazaheterocyclic ligands for Am and Eu separation.82,83
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5.5 is used to predict log K; (ii) for n-dentate polyamines forming with metal five-
membered chelate rings, log K is proportional to the stability constant (log βn) of 1:n 
(M:L) complex with NH3:log K(polyamine) = 1.152 log βn + (n–1)log 55.5; and (iii) for 
more complex systems, some empirical corrections related to chelate ring size, bulk 
alkyl substituents, groups bearing neutral oxygen donors, and macrocyclic rings are 
made.

The “Stability Constant Estimator” by Hay et al.10 for 1:1 complexes in water applies 
empirical correlations 1–3, equations by Hancock8 and by  Brown–Sylva–Ellis59 as 
well as correlations with some physical properties of metals. This program includes 
88 ligands and 74 metal ions. The correlations were trained on 1,431 stability 
constants.

The COmplexation of METals (COMET) program13 applies MLR, ASNN, and 
SVM models developed by the ISIDA package.20 Formally, these models could be 
applied for any query ligand. However, a given model is not applied if the query 
 ligand is too different from the compounds used for the development of the models 
and, therefore, is considered to be outside of the model’s AD. The program outputs 
results of predictions obtained with both the individual and consensus models. The 
current version of COMET performs calculations for stability of the 1:1 complexes 
of alkaline-earth and lanthanides cations in water at 298 K and ionic strength 0.1 
M. The models were trained on 3,340 complexation reactions involving more than 
600 ligands. The models for the 1:1 and 1:2 M:L complexes for other metals in water 
and in some nonaqueous solvents are in preparation. Potentially, QSPR models link-
ing thermodynamics and kinetic characteristics for solvent extraction could also be 
included in COMET.

5.5  IN SILICO DesIGn oF neW eXtRACtAnts

Theoretical (“in silico”) design of compounds possessing the desired properties is 
an ultimate objective of modeling. In chemoinformatics, it involves several stages, 
shown in Figure 5.12. The sets of carefully selected experimental data (1) are used 
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Database
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Synthesis and
experimental tests
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Generation of
Combinatorial libraries

1

QSPR modeling

4

Knowledge base
Virtual screening

FIGURe 5.12 Workflow for in silico design of new metal binders.
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for obtaining and validating QSPR models (2), which are then stored in the knowl-
edge base (3). These models can be applied to virtual screenings (5) of databases 
containing either real or virtual structures. Selected hits can be synthesized and 
experimentally tested (6), in turn providing the database with new information. 
As a rule, a database of virtual structures represents a combinatorial library (4) 
generated by uniting different combinations of selected molecular fragments.14,15 
For example, in ISIDA, combinatorial libraries are generated from the Markush 
structures,15,38,92,93 representing a user-defined molecular scaffold with n substitu-
ents Ri. If the list for each Ri contains ni candidates, the total number of generated 
structures is N ni

n
i= ∏ =1 . Potential substituents Ri could be rationally chosen using 

information about descriptors involved in QSPR models, thus enriching the virtual 
library with potentially active compounds, on the one hand, and decreasing its size, 
on the other hand.14,15

In this section, we demonstrate the performance of this approach to  generate 
“in silico” novel extractants belonging to two families: monoamides14 and 
 phosphoryl-containing podands.15 Most of the calculations were performed with the 
ISIDA program.20 In order to validate the theoretical predictions, a synthesis of sug-
gested molecules and corresponding extraction experiments was performed after the 
calculations had been completed.

5.5.1  monoamideS

Alkyl-substituted monoamides are known as extractants for the uranyl cation and 
they could potentially be considered as alternatives to organophosphorus compounds 
in nuclear fuel reprocessing. In toluene, the uranyl cation forms complexes with two 
monoamide molecules. These relatively simple molecules were selected for compu-
ter-aided design,14 taking into account a lot of synthetic and experimental work that 
must be done to prove the modeling predictions.

Structure-property models were trained on a set of 19 alkyl-substituted monoa-
mides for which the distribution ratio of uranyl nitrate extracted from water to tolu-
ene (D) was reported by Siddall94 and by Rabbe et al.81 In the modeling with the 
ISIDA program, fragment descriptors (atom/bond sequences or augmented atoms) 
were used together with several different machine-learning techniques: MLR, kNN, 
RBFNN, ASNN, and SVM. Some models involving physicochemical descriptors 
were obtained with the CODESSA PRO program. The virtual combinatorial library 
containing about 10,500 alkyl-substituted monoamides was generated with ISIDA 
by systematically attaching different alkyl substituents to the C and N atoms of the 
monoamide scaffold.

A screening of the virtual combinatorial library was performed in several steps. 
As potential extractants must be insoluble in the water phase, the ISIDA-Log S mod-
ule incorporating QSPR models for aqueous solubilities (log S)95 has been used for 
filtering the library. Thus, the compounds for which log S ≤ –3 were considered insol-
uble in water; other compounds were excluded. A subset containing 9,306 potentially 
insoluble molecules has been screened using the “structure-log D” models. The main 
goal of screening was the selection of potentially efficient extractants. However, in 
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order to assess the performance of a theoretical approach to reproduce the whole 
range of log D variations, both strong and weak uranyl binders were selected as hits. 
The screening and hits selection was performed using the ISIDA consensus model 
involving more than 200 individual linear models. More time-consuming calcula-
tions involving the ASNN, RBFNN, SVM, and CODESSA PRO models were applied 
only for those selected hits. The compounds with problematic synthetic feasibilities 
were excluded from the hits list. The remaining compounds were recommended to 
experimentalists.

A distribution of experimental values of log D for the datasets of initial and novel 
compounds is given in Figure 5.13. One can see that the population of efficient 
extractants is much higher among novel compounds than that for previously studied 
molecules. Thus, the number of molecules with log D > 0.9 is four for the initial 
set and nine for the new set of monoamides. One of the novel molecules displays 
a slightly larger affinity for uranyl than previously known extractants. Figure 5.14 
demonstrates a prediction performance of structure-property models for 21 novel 
extractants: a reasonable linear correlation log Dpred versus log Dexp has been observed 
(R2

rel = 0.675, R2
abs = 0.573, RMSEabs = 0.16).

5.5.2  PHoSPHoryl-Containing PodandS

Phosphoryl-containing podands are acyclic molecules with polyether spacer(s) link-
ing two (in monopodands), three (in dipodands and tripodands), or four (in tripo-
dands) terminal phosphine oxide groups (Figure 5.6c). Variations of the lengths of 
the spacers, of the molecular topology, and of the substituents at the phosphorus 
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atoms may lead to  desirable complexation or extraction properties of podands for 
selected metal cations. In particular, these molecules extract the uranyl cation by 
forming 1:1 complexes96 whose structures have not been studied so far. Analysis of 
the data from the SXD51 shows that the set of distribution ratios (log D) for uranyl 
extraction in 1,2-dichloroethane for 32 podands96 is one of the largest available in 
the literature datasets, where extraction properties of the compounds were studied 
strictly under the same conditions.

Two different approaches were used15 for a QSPR modeling of log D: one based on 
classical structural and physicochemical descriptors (implemented in the CODESSA 
PRO program) and another based on fragmental descriptors (implemented in the 
ISIDA program). Three statistically significant models obtained with ISIDA involved 
as descriptors either sequences of atoms and bonds, or atoms with their close envi-
ronment (augmented atoms). The best models from CODESSA PRO included its 
own molecular descriptors as well as fragmental descriptors obtained with ISIDA. 
At the second step, a virtual combinatorial library of 2,024 podands was generated 
for the Markush structure R1R2R3P = O for which a set of “optimal” substituents R1, 
R2, and R3 was prepared using fragment contributions ai calculated by ISIDA for 
the three best models obtained at the training stage. The activity of each compound 
in the combinatorial library was evaluated by an ISIDA consensus model. Eight 
hits were selected among many potential candidates in order to span the range of 
log D variation for experimentally studied molecules. Their extraction ability was 
also assessed using the best models of CODESSA PRO. Then, these eight podands 
were prepared and experimentally studied as uranyl extractants using the same pro-
tocol as for the compounds from the parent set.96 Comparison of experimental log D 
values with those predicted by ISIDA and CODESSA PRO (Figure 5.15) shows that 
both QSPR approaches reasonably estimate log D for seven of the eight compounds 
from the “blind” test set.
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FIGURe 5.14 Experimental versus predicted log D values for 21 designed monoamides.14 

59696.indb   350 7/14/09   9:35:18 PM



Quantitative Structure-Property Relationships 351

–0
.50

0.
51

1.
52

2.
53

3.
5

1
2

3
4

5
6

7
8

Ex
pe

rim
en

t
IS

ID
A

/M
LR

C
O

D
ES

SA
-P

RO
 

C
om

po
un

ds

lo
g 

D

O O

R2

R2

R2 
=

 P
(O

)P
h2

 
(3
)

(4
)

C
H

2P(
O

)P
h2

O
O R3

R3

O

R3

R3 
=

 P
(O

)P
h 2

 
n

n 
=

 3
n 

=
 2

(5
)

(7
)

(6
)

(8
)

O

R3
R34

t-
Bu

R3

O
O

p
-T

ol
2P

Bu
2P

O
O

R1 =
(1
)

(2
)

P(
O
)R

1 3

FI
G

U
R

e 
5.

15
 

E
xp

er
im

en
ta

l a
nd

 p
re

di
ct

ed
 lo

g 
D

 v
al

ue
s 

fo
r 

ei
gh

t d
es

ig
ne

d 
ph

os
ph

or
yl

-c
on

ta
in

in
g 

po
da

nd
s.

13

59696.indb   351 7/14/09   9:35:19 PM



352 Ion Exchange and Solvent Extraction: A Series of Advances

5.6  DIsCUssIon

5.6.1  PrediCt or interPret?

QSPR modeling has two main objectives: to interpret studied phenomena and to 
predict modeled property values (Y) for new compounds. These two goals are 
hardly attainable simultaneously. In fact, a model could be easily interpreted if it 
involves relatively few descriptors and the mathematical dependence between Y and 
the descriptors is reasonably simple. A multilinear regression is a good example: 
descriptors with positive (negative) contributions describe the molecular character-
istics that tend to increase (decrease) Y. In this context, nonlinear neural network 
or support vector machine models could hardly be used for interpretation purposes 
because of the mathematical complexity of these approaches.97 On the other hand, 
the predictive performance of nonlinear models is, as a rule, higher than that of 
individual linear models. If one uses ensemble modeling techniques involving many 
individual linear and nonlinear models, the predictive performance of the approach 
usually improves significantly without any hope of obtaining a reasonable interpre-
tation of the models. Thus, in improving the predictive ability of the models, one 
often deteriorates their interpretability. An interplay between them is always a ques-
tion of trade-off.

5.6.2  wHat deSCriPtorS do we need?

The quality of QSPR models always depends on the molecular descriptors involved. 
The descriptors should be able to discriminate between active and inactive com-
pounds and, desirably, to characterize related chemical, physical, or biological pro-
cesses. In this respect, the success of fragment descriptors to produce predictive 
models on large and diverse datasets is quite understandable: they possess a good 
discriminative power (one can always find the fragments present only in active com-
pounds) and they implicitly contain information about related chemical properties. 
Mixing fragments and physicochemical descriptors improves the performance of 
the models.15 Application of large and informationally rich descriptor pools together 
with pertinent machine-learning methods may allow one to develop models describ-
ing not only restricted series of compounds, but also entire complexation or extrac-
tion systems as a “metal-ligand-medium,” where the latter concerns solvent(s), 
counterion(s), ionic strength, etc.

The parameters derived from force-field molecular mechanics calculations (ligand 
strain energies, cation-ligand interaction energies) represent another type of attrac-
tive descriptors.81,84,89 Their main advantage is a direct link with the 3D structure of 
the complexes and accounting for steric effects and the specificities of metal-ligand 
interactions. On the other hand, strain energies vary from one conformer to another. 
Therefore, for conformationally flexible ligands and their complexes, one should 
identify a reference state (e.g., global energy minimum) for which strain energies are 
calculated; otherwise, the descriptor calculations are ambiguous. This represents a 
clear obstacle for virtual screening because the generation of those descriptors for 
each query compound is a time-consuming task.
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5.6.3  ComPlementarity of QSPr and 3d modeling aPProaCHeS

Combining chemoinformatics and 3D molecular modeling approaches might be very 
useful for the development of new metal binders. Thus, the above-mentioned exis-
tence of linear correlations between the strain energy ∆U of ligands and thermody-
namic parameters of complexation and extraction shows that ∆U represents a useful 
criterion for the selection of new ionophores. This approach has been used in the 
HostDesigner program98–101 dedicated to de novo designs of new metal binders. In 
HostDesigner, the library of tridimensional constituent fragments is used to generate 
a large number of 3D molecular structures followed by selection of the most prom-
ising candidates according to some geometry and energy (∆U) criteria. Using this 
strategy, new efficient ligands for lanthanides extraction102,103 and Cs + /alkali cation 
extraction separations104 have been designed.

5.6.4  new StrategieS in QSPr

Despite the availability of several commercial and academic user-friendly programs 
for structure-property modeling, QSPR studies are still far from routine procedures. 
Depending on the particular dataset used for the training, various strategies (mul-
titask learning, divide and conquer, etc.), should be applied. As soon as the model 
is developed, its AD should be identified. Special attention should be paid to the 
models’ validations. We believe that a “classical” training/test-sets setup is not suf-
ficient because of the ambiguities of the test-set selection. A more rigorous external 
n-fold CV procedure is required to obtain a realistic assessment of the prediction 
performances of models.

5.7  ConCLUsIon

In this work, we have demonstrated that modern QSPR modeling methods are 
becoming an important tool for computer-aided designs of new metal binders. 
Further developments depend not only on new data-mining techniques and descrip-
tors applied, but also on the quality of the experimental data used for the training and 
validation of the models. Thus, both theoretical and experimental chemists should 
make an effort to build a basis for predictive structure-property modeling that will 
accelerate the development of target molecules and materials.
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6.1 IntRoDUCtIon

The disposition of the radioactive waste resulting from spent nuclear-fuel reprocess-
ing is one of the major problems of nuclear technology. Many of these wastes are 
high-level (HLW) and present a potential environmental hazard. Because of the 
expense associated with long-term storage, it is desirable to minimize the volume of 
radioactive waste and store it as material with maximal chemical stability to avoid 
the dissipation of radionuclides in the environment.

Different radionuclides have different chemistry, so it seems reasonable to include 
each nuclide in a specific matrix that is most stable for the desired nuclide. It is pos-
sible to find stable matrices for incorporation of numerous nuclides with similar 
chemical properties. The target elements for such incorporation are the long-lived 
radionuclides (transuranic elements), 90Sr, 137Cs, and Tc. Many extraction processes 
have been proposed for radionuclide removal from radioactive wastes. Typically, 
the goal of the processes is to extract one radionuclide or multiple radionuclides 
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with similar chemical properties.1–3 In contrast to the PUREX process, where 
only uranium and plutonium are the center of attention, extraction of long-lived  
radionuclides has currently become the priority task. The revived interest in fraction-
ating high-level waste is connected mainly with an increase of fuel burn-up and will 
be especially important for mixed oxide (MOX) fuel and fuels for fast reactors.

After a few years of storage, the main radioactive heat emitters in HLW are 90Sr 
and 137Cs. In addition, extremely long-lived actinides—neptunium, plutonium, ameri-
cium, and curium—should be collected for transmutation in the future. Therefore, 
different flowsheets can be proposed for waste processing. It is possible to extract each 
radionuclide in the special extraction (sorption) cycle, for example, uranium and plu-
tonium in the PUREX process, and after that, minor actinides (MAs) by the TRUEX 
process,4 strontium by the SREX process,5,6 and cesium by sorption7 or extraction.8

The flowsheet of the UREX process, developed in the United States, includes the 
following extraction cycles: (1) separation of uranium and technetium, (2) separation 
of plutonium, (3) separation of cesium and strontium, (4) separation of MAs and 
Rare Earth Elements (REE), and (5) group separation of MA from REE metals.9,10 
Flowsheet development in Europe11 includes a modified PUREX process and, after 
that, the DIAMEX process for separation of MAs and lanthanides, the SANEX pro-
cess for separation of MAs from lanthanides, and a special cycle for Am/Cm separa-
tion. Cesium and strontium will be in the raffinate of the DIAMEX process, and this 
raffinate will be vitrified, or cesium can be preliminarily extracted.12

All these stages can be realized, but the total cost of such multicyclic processing 
will be very high. It needs special equipment and buildings for realization of each 
cycle. It should be mentioned also that each cycle has some additional secondary liquid 
wastes that need to be vitrified, leading to additional cost. Therefore, the idea to com-
bine the removal of some radionuclides in one extraction cycle seems to be very prom-
ising. Thus, an alternative to such multicycle schemes may be simultaneous extraction 
of several radionuclides. For example, the process for simultaneous extraction and 
separation of lanthanides and MAs using octyl(phenyl)-N,N-diisobutylcarbamoyl-
methylphosphine oxide (CMPO) (SETFICS process) was tested and shows positive 
results.13–16 All of these nuclides can be extracted and group separation can be done in 
the stripping stages. In this process, two separate processes, classical TRUEX and An/
Ln separation, are united. Such a combination results in a more complex flowsheet, but 
no additional tanks for the intermediate product, An-Ln concentrate, are needed.

There are special extractants to extract each class of radionuclides: crown ethers 
for cesium and strontium; and phosphine oxides, carbamoylmethylphosphine oxides, 
and diamides for actinides, etc. It is unrealistic to have a single extractant that can 
extract all target nuclides with nearly the same effectiveness. So, a promising tech-
nical decision is to mix extractants for different radionuclides and extract them 
simultaneously.

The goal of this work is to discuss the advantages and drawbacks of combined 
extraction of different nuclides by extractant mixtures. It is not a review of synergis-
tic extraction as such, but rather only a technological view on the use of extractant 
mixtures in radiochemistry.

Mixtures of extractants have been used for extraction many times. The use of 
the PUREX extractant tri-n-butyl phosphate (TBP) in paraffinic hydrocarbons as 
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a modified diluent for many other extractants, such as carbamoylmethylphosphine 
oxides, crown ethers, and phosphine oxides, is very popular. The extraction abil-
ity in such systems depends mainly on the concentration of the stronger extractant, 
because target metals (Sr for crowns, lanthanides and Am for phosphine oxides, etc.) 
are practically not extracted by TBP. In other extraction systems, two or more extrac-
tants have been used to extract not one, but multiple, metals simultaneously. In the 
following sections, there is an attempt to classify extraction systems by the extract-
ants employed. The most popular is the mixing in one solvent of neutral and acidic 
compounds. It is known that crown ethers extract rare earths and actinides much 
better in a mixture with different compounds, from carboxylic acids to chlorinated 
cobalt dicarbollide (CCD).

6.2  eXtRACtIon oF nUCLIDes bY MIXtURe oF 
ACIDs AnD neUtRAL CoMPoUnDs

6.2.1 CCd and additiveS

CCD and its brominated analog (Br-COSAN) are very widely studied as potential 
components of extraction mixtures for radionuclide separation. These compounds 
were proposed for extraction more than 30 years ago,17 and already in the first pub-
lications, polyethylene glycols (PEGs) were used for simultaneous extraction of 
cesium and strontium. An excellent review of extraction by carborane compounds 
was recently published;18 so, in this paper, mainly works published after 2003 and 
not included in the previous review will be discussed.

It is well known that pure CCD in polar diluents (nitroaromatic) effectively and very 
selectively extracts cesium. The addition of PEGs or crown ethers19 sharply increases 
the extraction ability toward alkaline-earth metals. However, at the same time, the 
addition of PEG or crown ethers suppresses the extraction of cesium. Extraction of 
strontium increases with increasing PEG concentration up to a CCD:PEG mole ratio 
of about 1:1 and also decreases with higher PEG concentration. The behaviors of 
such systems have been discussed in many works and reviewed.18 Therefore, com-
ponent concentrations in the solvent were chosen to obtain acceptable distribution 
ratios. Ideally, distribution ratios for both metals, cesium and strontium, should be 
the same. In practice, it is not easy to achieve, because the feed solution content is 
not the same in all cases, and distribution ratios for Sr and Cs depend on acidity and 
salt concentrations in a different manner. Thus, it is enough to achieve distribution 
ratios of more than 1, better between 3 and 10. Such ratios are optimal to attain full 
extraction of metals in an acceptable number of extraction stages and subsequently 
to attain the full stripping of metals. Extremely high distribution ratios in an extrac-
tion stage create a problem with stripping in many cases.

The search for, and study of, new additives to CCD are going on intensively. In 
the last few years, some new works were published where extraction systems based 
on CCD were studied. Not only works involving classical synergistic additives, such 
as PEG and crown ethers20–22 and bidentate organophosphorus compounds,23–25 were 
studied, but also calixarenes26–28 and phosphorylated PEGs.29 A theoretical investiga-
tion on the interaction of CCD with calixarenes in extraction has been carried out.30 
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As was shown first by Rais and Tachimori,31 a synergistic effect was also observed 
for mixtures of CDD with heterocyclic compounds. This direction was also actively 
investigated in the last years. Mixtures of CCD with N-tridentate heterocyclic 
compounds,32 diamides of dipicolinic acid (DPA),33–35 and calixarenes with heterocy-
clic reaction centers36–38 were studied for extraction. For the most part, extraction of 
MAs and separation of MAs from lanthanides were the center of attention in these 
works. But, it should be mentioned that all solvents with CCD also extract cesium.

A new class of synergistic additives, diamides of DPA, showed very strong 
extraction properties in mixtures with CCD33–35 for the extraction of MAs. By them-
selves, though pure tetraalkyldiamides of DPA are rather weak extractants. These 
compounds have moderate extraction ability for uranium39 and very low extraction 
ability for MAs.33,40 However, the mixture of tetraalkyldiamides of DPA and CCD 
shows a very strong extraction ability for americium and cesium. Symmetrical dial-
kyldiaryldiamides in polar diluents show good extraction of americium in chloro-
form41 and particularly in fluorinated diluents.42,43 A great difference between the 
extraction of americium by tetralkyl and dialkyldiaryldiamides becomes negligible 
for mixtures of diamides with CCD. In both cases, extraction increases consider-
ably, but for tetraalkyldiamides, such an increase is higher. In contrast to organo-
phosphorous compounds, extraction of cesium by a mixture of CCD and diamide 
decreased to a lesser extent. Use of DPA as a component of the UNEX process 
instead of carbamoylmethylphosphine oxide has some technological advantages. 
First of all, the solubility of tetralkyl derivatives of DPA (e.g., tetrabutyl) is higher 
than for carbamoylmethylphosphine oxide. Therefore, maximal saturation of the 
organic phase will also be higher, and it is possible to process solutions with high 
concentration of REEs (and MAs). It is most important for the potential process-
ing of high burn-up fuel waste with a high concentration of fission products. One 
positive feature of DPA is its better extraction of americium compared with euro-
pium. This difference is not as high as for bis(triazinyl)pyridines (separation fac-
tor for Am/Eu is about 5–6), but such separation is in an acidic medium (0.5–1.0 
M nitric acid), and, this separation factor in principle is enough to separate MAs 
from REEs in a multistage extraction cascade. Mixtures of CCD and DPA do 
not extract strontium and other divalent ions. However, a modified UNEX solvent 
(CCD + DPA + PEG) is able to extract all long-lived radionuclides from acidic solu-
tion, including solutions with a high concentration of REEs. In this case, the prob-
lem exists of achieving reasonable distribution ratios for all major metals. As it was 
shown, the most effective coextractant for Sr is PEG-400. But Slovafol-909 is more 
accepted for this solvent, because for a mixture of CCD, Slovafol-909, and DPA, 
distribution ratios for Cs, Sr, and An are more balanced.43 This solvent was tested 
under dynamic conditions with a “warm” solution.44 Modified “diamidic” UNEX 
solvent—0.08 M CCD, 0.05 M tetrabutyldiamide of dipicolinic acid (TBDPA),  
0.8 vol %  Slovafol-909 in meta-nitrobenzotrifluoride (F-3)—was used for the 
extraction of radionuclides from a simulated warm solution. Concentrations of 
metals in the feed solution are shown in Table 6.1.

A standard flowsheet consisting of eight extraction stages, two stages of scrubbing, 
and eight stages of stripping was used. A 0.4 M solution of oxalic acid was used as 
the scrub solution, and 2 M methylaminecarbonate (MAC) with 10 g/L nitrilotriacetic 
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acid (NTA) was used as the strip solution. Dynamic testing with mixer-settlers was 
continued for 48 hours, and the solvent was recycled nine times. Extraction of Am 
was 99.3%; Cs, 99.3%; Sr, 99.5%; and Eu, 95%. Good hydrodynamic properties of the 
solvent was shown, and no radionuclides in the recycled solvent were found.44

Calixarenes, a relatively new class of multidentate extractants, have been very 
widely investigated in the last 10 years. Some of these extractants, those con-
taining CMPO groups, show extremely high extraction ability45 for americium 
and europium. But a great hope for sharply increasing the selectivity of extraction  
and possible Am/Eu separation because of the rigid geometry of such compounds has 
not been realized; selectivity is very close to the selectivity for monodentate analogs. 
Another way to increase the extraction ability of calixarenes involves the use of the 
mixture of calixarenes with CCD26,27 or Br-COSAN.28 Influence on extraction depends 
on the calixarene structure to a great extent. As a rule, if the calixarene as such has 
extraction ability for a metal, the addition of CCD or Br-COSAN may be expected 
to greatly increase the extraction ability. But sometimes such a mixture may extract 
metals that are not extracted separately by the individual mixture components.26 The 
extraction chemistry of such systems is very interesting. It is evident that some supra-
molecular complexes exist in many cases; therefore, in some cases, extraction equi-
librium is achieved slowly, requiring several hours.26,27 Such an effect is not observed 
for CCD-PEG mixtures, where equilibrium is reached in only minutes.Extremely 
high extraction ability together with usually low extraction capacity for metals makes 
extraction systems employing calixarenes most promising for concentration of radio-
nuclides from solution with a low concentration of metals. An interesting extraction 
system was proposed involving the mixture of CCD, substituted PEG (Slovafol-909), 
and the zirconium salt of dibutylphosphoric acid (Zr-DBP).46

Solution of Zr-DBP in TBP-Isopar L was proposed earlier for the processing 
of radioactive wastes.47 The authors state that the advantages of this solvent were 

tAbLe 6.1
the Composition of the Feed solution

element Concentration (mg/L) element Concentration (mg/L)

Al 100 Fe 480

Ba 120 Mo 970

Ca 100 Na 500

Ce 2100 Nd 2100

Co 210 Ni 100

Cr 140 Sr 230

Cs 350 Zr 820

Mn 150 HNO3 2.9 M

Source: Data from Babain, V.A., Smirnov, I.V., Logunov. M.V., Alyapysev, M. Yu., et al., 
Voprosi radiatsionnoy bezopasnosti, 4 (44), 3–12, 2006. With permission.

Note: Radioactive isotope content in feed solution: 1.6 × 107 Bq/L for 241Am, 2.6 × 107 
Bq/L for 137Cs, 1.3 × 107 Bq/L for 154Eu, and 4.5 × 107 Bq/L for 90Sr and 90Y.
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its compatibility with the PUREX extractant and the low price of the extractant.  
The addition of CCD increases the extraction ability for lanthanides and americium. 
The addition of PEG also increases the strontium extraction. Data on the extraction of 
different metals by the proposed solvent are presented in Table 6.2.46 It was supposed 
that the system can be used for HLW partitioning,46 as it recovers all the elements from 
strongly acidic solutions and consists of relatively cheap and available components; 
however, the problem of back-extraction of some elements (e.g., Fe, Zr, and Y) requires 
additional studies. No data about the extraction capacity of this system were presented.

6.2.2 eXtraCtion by Crown etHerS witH different aCidS

The idea to combine the crown ethers with acids to improve the extraction ability was 
studied in 1979.48 In this work, it was shown that both strontium and cesium can be 
extracted from an aqueous HNO3 phase containing the metal nitrates into an organic 
phase containing kerosene or CCl4 as a diluent and complexing agents dissolved in the 
diluent. The most promising results obtained, thus, far have required the use of a mix-
ture of three metal complexing agents: tributyl phosphate, di(2-ethylhexyl) phosphoric 
acid, and 4,4′(5′)-di-tert-butylbenzo-24-crown-8. The highest distribution ratios obtained 
(organic/aqueous) were 1.45 ± 0.05 for Cs +  and 200 for Sr2 + . The development of this 
idea, involving the use of 0.02 M bis-(4,4′(5′)-[α-hydroxyheptyl]benzo)-18-crown-6 in 
0.076 M (5 vol %) didodecylnaphthalene sulfonic acid (DNS)/27 vol % TBP/68 vol % 
kerosene, gave the most favorable results for cesium extraction.49 This system shows good 
hydrodynamic properties, but only cesium is extracted from 3 M nitric acid. Strontium is 
extracted only at low concentration of nitric acid. For both proposed extraction systems, 
stripping of metals is possible only in a narrow range of pH.

tAbLe 6.2
Influence of Hno3 Concentration on the Distribution Ratios for Individual 
elements in extraction with a Mixture of 0.05 M CCD, 0.06 M Zr-DbP 
(Zr:HDbP = 1:9), and slovafol-909 (PeG) in F-3

[Hno3] (M) Ce eu Y Am Cm Cs sr Mo Fe

0.5 3600 4300 >1000 127 132 43 >1000

1 264 384 640 52 66 20.5 600 3.4 12

1.5 54 113 210 25 41 12.9 460 2.2 0.93

2.5 8.1 29 160 5.1 7 4.9 310 1.5 0.54

3.0 7.0 1.0 1.7 0.41

5 0.54 2.7 42 0.25 0.4 1.25 24 1.9 1.4

8 0.11 0.64 16 0.07 0.08 0.64 0.64 3.7 20

10 0.02 0.12 2 0.013 0.015 0.16 0.16 5.5 >50

Source: Data from Shishkin, D.N., Galkin, B. Ya., Fedorov, Yu, S., Zilberman, B. Ya., Shmidt, O.V., 
Radiochemistry, 45 (6), 577–580, 2003. With permission.

Note: The initial aqueous phase contains 0.0007–0.02 M element (Ce in experiments with trace 
amounts of TPE).
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We can see here one of the most complicated problems of extractant mixing: we can-
not predict the character of the change of extraction ability. For different ions, it can 
change in a different manner. Also, when extraction is from an acidic aqueous phase, 
stripping becomes a problem for such systems. It is possible to strip metals from a solu-
tion containing only the crown ether by water. But, for a mixture of crowns with organo-
philic acids, water stripping is not possible; alternatives include only stripping with 
highly concentrated acid, or low-concentrated acid in a narrow pH range, or complexant 
solutions. Thus, we apparently combine not only positive, but also negative features of 
both extractants. Sometimes, though, it is not important. For example, it was shown50,51 
that both cesium and strontium can be extracted effectively from alkaline solutions by 
a mixture of carboxylic acids and 4,4′(5′)-di(tert-butyl)cyclohexano-18-crown-6. This 
process was tested with alkaline nitrate media simulating alkaline HLWs present at 
the U.S. Department of Energy Savannah River Site. For this process, it is possible to 
use relatively weak carboxylic acids, because they are dissociated in the alkaline media 
and increase extraction. On the other hand, stripping can then be done by acid stripping 
agents, and low concentrations of mineral acid are needed to achieve good stripping. It 
was also shown that using stronger acid (e.g., trichloroacetic instead of carboxylic) moves 
the extraction to a lower pH range.52 Data about CCD-crown mixtures also confirm that 
extraction moves to a more acidic range with an increase in acid strength.

The situation with different metals is almost opposite. It was shown that the influ-
ence of dibenzo-24-crown-8, dicyclohexyl-18-crown-6 (DCH18C6), or trioctylphos-
phine oxide on the extraction of europium by dinonylnaphthalenesulfonic acid 
(HDNNS) in benzene from nitrate and perchlorate solutions is negative. That is, an 

antisynergistic or antagonistic effect is observed.53

6.2.3  eXtraCtion by organoPHoSPHoruS aCidS witH  
neutral eXtraCtantS

A mixture of well-known extractants, di-(2-ethylhexyl)phosphoric acid (HDEHP) 
and CMPO, in n-paraffin was used for the study of combined extraction of different 
actinides (americium, plutonium, and uranium) and lanthanides (cerium and euro-
pium) and their separation from fission products (cesium, strontium, ruthenium, and 
zirconium).54 Combined extraction of MAs and lanthanides was studied together with 
group separation of MAs from lanthanides by selective stripping with a solution of 
diethylenetriaminepentaacetic acid (DTPA), formic acid, and hydrazine hydrate. This 
solution strips only MAs, leaving lanthanides in the organic phase. Subsequently, the 
lanthanides are stripped using a mixture of DTPA and sodium carbonate.

Extraction of americium and lanthanides by a mixture of dihexylphosphoric acid 
(HDHP) and N,N′-dimethyl-N,N′-dioctylhexylethoxymalonamide (DMDOHEMA) 
was studied.55 The authors compared extraction of metals by these extractants sep-
arately and by their mixture. An interesting influence on lanthanide extraction is 
shown in Figure 6.1. A synergistic effect is observed for lanthanides from La to Dy, 
but for metals from Ho to Lu, the addition of malonamides results in decreasing 
extraction. No data about metal stripping were presented, but it is evident that in this 
case too, it is not possible to strip metals by water, as for malonamides.
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The solvent comprised of 0.5 M DMDOHEMA and 0.3 M HDEHP in total 
petroleum hydrocarbon (TPH) diluent was used for separation of Am and Cm from 
lanthanides and fission products. A proposed technological flowsheet (PALADIN 
process) was tested in 2000.56 The flowsheet of this process is given in Figure 6.2.

In connection with the PALADIN process, the authors studied the extraction and sep-
aration of target elements—MAs and fission products and Mo, Pd, Zr, and Fe (corrosion 
product). Addition of HDEHP was explained by the necessity to keep the lanthanides in 
the organic phase in the Am stripping process by a solution of 0.5 M N-(2-hydroxyethyl) 
ethylenetrinitrilotriacetic acid (HEDTA) and 0.5 M citric acid at pH 3. A high decon-
tamination factor ( > 800) for Am and Cm separation from lanthanides was achieved. 
However, large volumes of stripping solution for lanthanides (1 M nitric acid) and strip-
ping solution for zirconium and iron (1 M nitric acid and 0.8 M oxalic acid) were used.

Development of a related flowsheet was discussed.57 In the first step (extraction), the 
DIAMEX solvent was used as the organic phase (Figure 6.3). Therefore, only actinides 
and lanthanides were extracted. HDHP was added to the organic phase, saturated by 
metals before stripping. It was possible to separate actinides from lanthanides (as in 
PALADIN or TALSPEAK process) by a strip solution containing polyaminocarboxy-
lic acid in buffer solution. HDHP was removed to the water phase by neutralization, 
whereupon the obtained DIAMEX solvent was used again for extraction, and HDHP 
was regenerated by acidification of the water phase. The advantage of this flowsheet 
is depression of Mo and Zr extraction, but a new secondary waste solution with a high 
concentration of organic salt is obtained. Also, solvents disobeying the CHON (carbon, 
hydrogen, oxygen, nitrogen) criterion were used in these two flowsheets.

1000
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1

0.1
56 58 60 62 64

Z, Atomic number

La Ce Pr Nd Sm Eu Gd Tb
Dy

Ho Er Tm
Yb

Lu
0.3 MHDHP
0.7 MDMDOHEMA
0.3 MHDHP + 0.7 MDMDOHEMA

66 68 70 72

D
Ln

FIGURe 6.1 Distribution ratio of lanthanide ions extracted by 0.3 M HDHP (empty circles), 
0.7 M DMDOHEMA (empty triangles), and the 0.3 M HDHP/0.7 M DMDOHEMA mixture 
(full squares) in n-dodecane from a solution of 1 M HNO3 and 2 M LiNO3 at 238°C. (From 
Gannaz, B., Chiarizia, R., Antonio, M.R., Hill, C., Cote, G., Solvent Extr. Ion Exch. 25 (3), 
313–337, 2007. With permission.)
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6.3  eXtRACtIon oF RADIonUCLIDes bY MIXtURes 
oF DIFFeRent neUtRAL eXtRACtAnts

6.3.1 miXture of different Crown etHerS

Crown ethers were proposed for extraction of cesium using the CSEX process58 
and of strontium by the SREX process5 from acidic solutions. Two diluents 
were used, either 1-octanol or a hydrocarbon mixture with TBP modifier. In 
both cases, very effective extraction of the target components was achieved. 
Therefore, an “advanced integrated system” combining the CSEX and SREX 
processes for the extraction of cesium and strontium was proposed.59 The two 
crown ethers, bis[4,4′(5′)-(2-hydroxyalkyl)benzo]-18-crown-6 and bis[4,4′(5′)-
(tert-butyl)cyclohexano]-18-crown-6), are diluted in the mixture phase con-
taining 1.2 M TBP and 5 vol % lauryl nitrile in the isoparaffinic diluent Isopar 
L. The process enables 99.99% of cesium and strontium to be recovered 
from acidic liquid wastes (3.78 M) containing mainly aluminium (0.486 M),  
calcium (0.778 M), zirconium (0.225 M), and to a lesser extent sodium (0.015 M). 
In this case, no interference of extraction ability and no antisynergistic or antago-
nistic effect are observed. The main reason for lack of such effects may be the 
similarity of extraction mechanisms for extraction of Cs and Sr by different crowns 
and quite likely the lack of significant mutual extractant interaction.

Similar work was done in Russia. Traditionally, heavy, mostly fluorinated, 
diluents were used for extraction. The fluorinated alcohols, mainly 1,1,7-trihydro-
dodecafluoroheptan-1-ol (HCF2CF2CF2CF2CF2CF2CH2OH, THDFH), offer the best 
compromise between viscosity, density, solubility in aqueous solutions, and dissolv-
ing ability; therefore, preference was given to this compound as diluent for alkyl 

Feed
HNO3>3M

HNO3
HEDTA,

oxalic acid

Extraction/scrubbing (idem DIAMEX)

Ln stripping

DMDOHEMA
in TPH

HNO3
Solvent

treatment
DMDOHEMA

DMDOHEMA

HNO3
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Ln + YAm + Cm

Acidic extractant +
DMDOHEMA

TPH

Unextracted FP
(with Mo Zr and Pd)

Polyamino-
carboxylate
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An stripping

Acidic
extractant
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FIGURe 6.3 DIAMEX-SANEX flowsheet with organophosphorus acid regeneration in 
extraction cycle. (From Heres, X., Ameil, E., Martinez, I., Baron, P., Hill, C., Extractant sepa-
ration in Diamex Sanex Process. Presentation on Global’07 conference. With permission.)
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crown ethers showing very good influence on extraction ability for different crown 
ethers,60,61 dibenzocrown ethers,62 phosphorylated crown ethers, and their mixtures 
with alkyl crown ethers.63 For example, dibenzo-18-crown-6 in dodecafluorohep-
tanol effectively extracts cesium and rubidium,62 whereas the extraction ability of 
its solution in a diluent such as chloroform is low. In all cases, solvents containing 
crown ethers in fluorinated alcohol diluent processed a stronger extraction ability 
than obtained with other diluents (e.g., chloroform, octanol, etc.).

In the late 1980s in the USSR, the specialists of “Mayak” PA and the All-Union 
Research Institute of Chemical Technology (VNIICT) developed the extraction tech-
nology on the basis of DCH18C6 adapted to recovery of strontium-90 and tested it on 
real solutions. In the course of pilot-industrial tests, ~110 m3 HLW were reprocessed, 
and ~1.5 × 106 Ci of 90Sr were recovered into concentrate.61 Therefore, extraction of 
both cesium and strontium by a mixture of two crowns seems very attractive. After 
selection and comparison of many crown ethers, dibenzo-21-crown-7 (DB21C7) was 
selected as the cesium extractant.64 Mixture of these two crown ethers shows the best 
results when a mixture of THDFH and synthanol (mixture of PEG ethers of normal 
C12-C14 aliphatic alcohols) was used as the diluent. Data for extraction of Cs and Sr 
for varying crown ether concentrations are shown in Table 6.3.

Barium and lead are also well extracted. A solution of the potassium salt of eth-
ylenediaminetetraacetic acid (EDTA) with pH = 8–9 was proposed to strip the lead 
and regenerate the solvent for further use. The high radiation stability of this solvent 
was also shown. Distribution ratios for extraction of Sr by DCH18C6 in THDFH and 
Cs by DB21C7 in THDFH after irradiation are shown in Table 6.4.

Two dynamic experiments with the extractant mixture of 0.06 M DB21C7 with 
0.08 M DCH18C6 in the mixed diluent THDFH/synthanol (87:13 v:v) were performed. 
The technological flowsheet (see Figure 6.4) includes eight stages of extraction, two 

tAbLe 6.3
extraction of Cesium and strontium from 3 M 
nitric Acid

DCH18C6 and Db21C7 (mol/L) Dsr DCs

0.04 1.65 1.16

0.05 2.3 2.3

0.06 2.99 3.47

0.07 3.66 4.64

0.08 4.33 5.79

0.09 5.0 6.95

0.1 5.67 8.11

Source: Data from Glagolenko, J.V., Logunov, M.V., Mamakin, I.V., 
et al. Extraction of radionuclides by crown  ether- containing 
extractants. Pat WO2006036083 (Publ. 6.4.2006). With 
permission.

Note: Initial aqueous phase: [Sr] = 1 g/L, [Cs] = 1 g/L, [HNO3] = 1 M. 
Organic phase: [DCH18C6] = [DB21C7]; THDFH + synthanol 
(87:13 v:v) as diluent.
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stages of scrubbing with deionized water, eight stages of stripping with deionized 
water, and regeneration of solvent using the potassium salt of EDTA at pH = 8–9.

Simulated solutions of Russian waste and INL (Idaho National Laboratory, USA) 
waste were used as feed solutions. Extraction of cesium was 98.4%, and of strontium, 
98.1%. A problem with low solubility of the crown ethers (<180 mg/L for all type of 
solutions) was shown in the tests. The authors pointed out the main positive features 
of the proposed flowsheet: a salt-free strip product with very low nitric acid concen-
tration (< 0.1 M), possibility to extract both cesium and strontium, and low losses 
of extractants. A last step in the modification of this solvent was the addition of 
polyalkylphosphonitrilic acid to the mixture of crown ethers.65 Positive results were 
obtained for extraction of not only Cs and Sr, but also MAs from simulated HLW.

6.3.2 miXture of CrownS and CaliXareneS

Calix-crowns extract cesium from acidic and alkaline solutions with extremely high 
Cs/Na selectivity.66–71 Because their selectivity is higher, it seems promising to use 
the calix-crown instead of DB21C7 for extraction of cesium in mixtures with the 

tAbLe 6.4
Radiation Influence on extraction

Distribution Ratio

Crown-
ether

extracted 
Metal

before 
Irradiation

After Dose 
100 kGy

% of 
Initial

After Dose 
285 kGy

% of  
Initial

DCH18C6 Sr 3.6 3.4 94.4% 3.0 83.

DB21C7 Cs 2.83 2.83 100% 2.65 93.8

Source: Glagolenko, J.V., Logunov, M.V., Mamakin, I.V. et al. Extraction of radionuclides by crown 
ether-containing extractants. Pat WO2006036083 (Publ. 6.4.2006).

Note: Organic phase: solution of corresponding crown-ether in THDFH.

Solvent
regeneration StrippingExtraction  

Wash solutionStrip solution
Solvent

DCH18C6 + DB21C7
+ heavy diluent 3 M HNO3

HLW

Solvent

Secondary wasteRaffinate Strip product
Cs + Sr

FIGURe 6.4 Test flowsheet for cesium and strontium extraction by crown mixture.
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corresponding crown ether for extraction of strontium. Indeed, such mixture shows 
very promising properties for simultaneous extraction of cesium and strontium.72,73  
The new FPEX process solvent used in this study was a mixture of 0.15 M 
DtBuCH18C6, 0.007 M BOBCalixC6, and 0.75 M Cs-7SB modifier in Isopar L. 
Formulas of these compounds are presented in Figure 6.5.

The influence of the two active components with one another was studied. It 
was shown that increasing the DtBuCH18C6 concentration in the mixture results 
in increasing Sr distribution ratios, but slightly decreasing cesium distribution ratios 
(see Figure 6.6).

O

O

O
O O

O
O

O
OO

O O

O OH

OCH2CF2CF2H

BOBCalixC6

Cs-7SB

O
O

O

O
O

DtBuCH18C6

O

FIGURe 6.5 The structures of the FPEX solvent, consisting of 4,4′,(5′)-di(tert-
butylcyclohexano)-18-crown-6 (DtBuCH18C6), calix[4]arene-bis(tert-octylbenzo-crown-6) 
(BOBCalixC6), and 1-(2,2,3,3-tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2-propanol 
modifier (Cs-7SB).

10
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3
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.2

Cs-137
Sr-85

DtBuCH18C6 (M)

D

FIGURe 6.6 DCs and DSr in 1 M HNO3 versus DtBuCH18C6 concentration in the CSSX 
solvent (0.007 M BOBCalixC6, 0.75 M Cs-7SB modifier, and 0.003 M TOA in Isopar L).  
(From Riddle, C.L., Baker, J.D., Law, J.D., McGrath, C.A., Meikrantz, D.H., Mincher, B.J., 
Peterman, D.R., Todd, T.A., Solvent Extr. Ion Exch. 23 (3), 449–461, 2005. With permission.)
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Very good results for the combined extraction of Cs and Sr from acidic  solution 
were achieved. Increasing the modifier content also increases the distribution ratios. 
However, there are no data about the extraction of other metals by this solvent.  
Neutral crown ethers and calix-crowns extract cesium and strontium by a similar 
mechanism, namely ion-pair extraction. Therefore, a combination of extractants of 
this type are close to additive in terms of the resulting extraction, typically with 
slight if any mutual weakening. The weakening can be explained, at least in part, by 
the additional extraction of nitric acid, because of the increase in the greater total 
concentration of extractants in the organic phase.

6.3.3  miXture of CrownS and neutral organoPHoSPHoruS  
ComPoundS

Phosphine oxides and carbamoylmethylphosphine oxides are very effective extract-
ants for MAs and have been investigated widely. A combination of crown ethers with 
carbamoylmethylphosphine oxide was proposed to obtain combined extraction of 
MAs and strontium from acidic solutions.74,75 Simultaneous extraction of actinides, 
technetium, and strontium was achieved using a mixture of 0.2 M DtBuCH18C6,  
0.2 M CMPO, and 1.2 M diamylamylphosphonate (DAAP) in Isopar L. It was shown that 
all targeted metals—strontium, uranium, americium, and technetium—are extracted by 
this solvent from 1 to 2 M nitric acid. Dynamic testing was performed with a flowsheet 
consisting of six stages of extraction, five stages of scrubbing by two scrub solutions, 
three stages of stripping, five stages of scrubbing after stripping, and finally one stage 
of carbonate washing to remove residual uranium and technetium (Figure 6.7). There 
are two strip products in this flowsheet; one contains Sr with actinides, except uranium, 
and the second contains uranium and technetium. Cesium is not extracted by this sol-
vent and should remain in the raffinate. A new stripping agent, tetrahydrofurantetrac-
arboxylic, acid, was used for this process. There was no explanation reported for the 
many scrubbing stages. Unfortunately, two salt reagents were used, aluminum nitrate 
for scrubbing of the saturated solvent and sodium carbonate for solvent regeneration.

More detailed investigation of this extraction system was reported.75 
Tetrahydrofuran-2,3,4,5-tetracarboxylic acid (THFTCA) properties, such as the 
distribution of THFTCA into the organic phase as a function of its concentration 
and acidity, were studied, and the separation of UO2

2  +  ion from Np(IV), Eu(III), 
Am(III), and Pu(IV) was optimized. This system seems promising to extract main 
radionuclides except cesium.

The mixture of DCH18C6 ether with different alkyl phosphine oxides (POR, 
mixture of isomers C5H11(C7H15-C9H19)2P(O)) was proposed.76 Lanthanides (cerium 
and promethium) and strontium are extracted from 1 M nitric acid with an organic 
phase consisting of 0.1 M DCH18C6 ether and 0.8 M POR in tetrachloroethane. 
Distribution ratios are 6.7 for strontium, 14 for cerium, and 21 for promethium. 
Strontium was stripped by water and REEs by 4 M nitric acid, so separation can 
be done on stripping. However, at nitric acid content in the aqueous phase above 
2 M, only strontium is extracted in the organic phase. In this case, the solvent 
is working as a crown solution, and POR is used as an additional diluent for Sr 
extraction.
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6.4 ConCLUsIon

The data presented show that in many cases the combination of two or three extract-
ants gives very positive results regarding the possibility to simultaneously extract 
different radionuclides. At the same time, the combination of two extractants is the 
combination of not only their advantages but also their drawbacks.

For example, metals may be stripped from neutral-extractant combinations by 
diluted nitric acid or simply by water. Stripping is only possible by high concen-
trations of nitric acid or by complexant solutions after the addition of acidic coex-
tractants (e.g., HDEHP) to such systems. Extraction ability of extractant mixtures 
can change in different ways. Synergistic or antisynergistic (antagonistic) effects 
can be observed for metal extraction. Coextractants play different roles in extrac-
tion mixture. Not only can they change the extraction ability, but they can also 
act as phase modifiers. Sometimes coextractants can increase the solubility of a 
given extractant in the solvent and therefore the extraction capacity. The key ques-
tion of influence of one extractant on the other lies in the extraction mechanism. 
When the extraction mechanism is basically the same (mixture of crowns, crown-
calixarene mixture), results can approach superposition of extractant strengths 
(additive extraction). Mutual influence is not very strong in such cases. More or 
less high synergistic effect can usually be observed with mixtures of extract-
ants with different extraction mechanisms (e.g., mixture of an acid with a neutral 
extractant).

There are many different technological tasks for HLW processing, an important 
one being to extract all the MAs. Cesium and strontium should be in the raffinate 
and converted to glass. Actinides should also be vitrified to a stable form for stor-
age and transmutation in the future. A disadvantage of such a version is the high 
volume of the Cs-Sr vitrified fraction, which includes all stable nonextracted metals. 
Alternatively, preliminary extraction of cesium and strontium would make the next 
process (MAs extraction) easier. In this version, cesium and strontium can be vitri-
fied commonly or separately, but the activity of the resulting solid will be higher 
than in the first process. The raffinate after Cs and Sr extraction can be processed 
to extract actinides or directly converted to a solid form (of course, with lower con-
centration of actinides and higher volume). There are many examples of common 
extraction of cesium and strontium. Interest in such technologies is connected with 
the fact that these radionuclides have the most gamma radioactivity and heat genera-
tion over the first few hundred years of storage. Therefore, their removal makes the 
next processing easier. A known process of cesium and strontium extraction using 
CCD and PEG in meta-nitrobenzotrifluoride has been working on an industrial 
scale for some years at the “Mayak” facility (Ozersk, Russia). By the end of 2001, 
1200 m3 of HLW was treated on the UE-35 installation of the Mayak Production 
Association, and 50 × 106 Ci of Cs and Sr have been recovered.77 The combination 
of both approaches is embodied in the UNEX process,34,35,78 where not only MAs, 
but also cesium and strontium are extracted in one cycle. All tested versions of the 
UNEX process were with simultaneous extraction and simultaneous stripping of 
radionuclides. But there are possibilities to separate different nuclides in a modified 
UNEX process with selective stripping. Such a modified flowsheet would be more 
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complicated, but it is much more compact in comparison with use of several extrac-
tion cycles for separation of  different nuclides separately.

Optimization of the solvent content for extraction of all desired nuclides with very 
similar distribution ratios is also a serious task in the search for optimal mixed sol-
vents. Dependencies of distribution ratios with change of extractant concentrations 
are not predictable as a rule. Thus, only experimental work can give an answer about 
final solvent content.

Currently, the situation seems promising for the study of new solvents for com-
mon radionuclide extraction. However, to date, only empirical investigation has been 
performed. The problem of gaining a quantitative description of coextractant influ-
ence on one another has practically not been investigated. But the attractive target, 
to create a simple and cost-effective flowsheet for HLW processing, is the serious 
reason to continue the efforts in this direction.
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7.1 IntRoDUCtIon

Hydrometallurgy using liquid/liquid extraction is one of the processes chosen 
to extract actinides from high-level radioactive liquid wastes. The “Plutonium-
URanium EXtraction” (PUREX) process, for example, has been used worldwide 
since 1950 to separate U(VI) and Pu(IV) from the spent nuclear fuel dissolution 
liquor (1). Due to the high radiotoxicity of minor actinides, specific extraction sys-
tems are still under investigation (2) to separate additional radionuclides from spent 
nuclear fuel (3). In all liquid/liquid processes, the high loading of the organic sol-
vent with metal salts or acids can sometimes cause a third phase to form. That is, 
the organic phase splits into two phases of different compositions and densities. 
In a centrifuge test, third-phase formation generally involves a very viscous phase 
for which the contactors are not designed to handle. In pulsed columns or Couette-
type separators, a viscous emulsion with a lifetime incompatible with processing 
would occur if a “third phase” arose during operation. This phenomenon is a major 
drawback in terms of industrial process implementation, as it may cause damage in 
the continuous countercurrent extraction process. An even more substantial issue is 
nuclear criticality that may occur when fissile matter becomes locally highly con-
centrated in the third phase.

It is clear that the problem of third-phase formation has been brought about by the 
protocol preference to use alkane diluents, because of their excellent hydraulics, low 
water solubility, high stability, low toxicity, resistance to radiolytic degradation, and 
low density. Given that extractants and often extraction complexes are highly polar, 
it is easy to understand the phase incompatibility. Ultimately, the dichotomy between 
the extraction chemistry we design to occur and the poorly solvating diluent environ-
ment in which it must occur frames how we approach the design of extractants and 
the formulation of solvents. Indeed, this dichotomy lies as the heart of science and 
technology of solvent extraction itself.

Thus, third-phase formation must be avoided in industrial applications of sol-
vent extraction, and so the precise mechanisms responsible for its occurrence must 
be understood. Considerable work has thus been devoted to third-phase forma-
tion in liquid/liquid extraction. Numerous qualitative studies have been carried 
out to identify the experimental factors influencing and leading to third-phase 
formation (4). The aim of research in this field is to progress from localization 
on a phase map to predictive modeling. It has been found empirically, for exam-
ple, that phase separation could be prevented by tuning the lipophilicity of the 
extractant  molecule or by modifying the nature of the diluent (by increasing polar-
ity, decreasing molecular size, or increasing the branching of alkyl chains) (5). 
Although parameter studies allow the formulation to be modified, there is still a 
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need for a predictive model of third-phase formation. As highlighted by Chiarizia 
et al. (6, 7), a comprehensive description is still lacking for both the mechanisms 
of formation and the energetics of the phenomenon at molecular and supramolecu-
lar scale.

Considering an extractant solution as a molecular solution does not explain 
third-phase formation. In line with the pioneering work of Osseo-Asare (8), the 
third phase can be understood by considering the organic phase as a complex 
fluid involving reverse micelles or a microemulsion (9). Reverse micelles consist 
of a water core containing ionic species, such as salt stabilized by an extractant 
layer dispersed in an organic medium. A microemulsion is a thermodynamically 
stable isotropic solution, consisting of water, oil, surfactant, and often a cosur-
factant (10–13). In the history of microemulsion nomenclature, the third-phase 
transition corresponds to a transition between a “Winsor II” and a “Winsor III” 
system. Winsor II is a reverse (i.e., water-in-oil) microemulsion in equilibrium 
with an aqueous phase, and a Winsor III system is a microemulsion (middle 
phase) in equilibrium with both the aqueous and oil phases (14). The third phase 
is thus the middle phase of the Winsor III system. Osseo-Asare reviewed the 
experimental evidence published before 1997 of the existence of reverse micelles 
in tri-n-butyl phosphate (TBP) organic phases. At that time, little was known 
about the size and shape of these reverse micelles. An idea of the size can either 
be obtained directly by light scattering in a dilute system or can be inferred from 
aggregation numbers obtained by various techniques. It was, however, observed 
that under certain conditions the third-phase formation is related to an exten-
sive aggregation of the metal or acid-extractant complexes in the organic phase 
for TBP (8) and other phosphorous-based extractants (8, 15–17). Since 1998, 
progress in understanding third-phase formation has been driven by direct deter-
mination of molecular aggregation obtained via small-angle X-rays and neutron 
scattering (18). Erlinger et al. (19) established for the first time the microstructure 
of the reverse micelles in malonamide organic phases and found evidence that 
short-range attractive interactions between reverse micelles are at the origin of 
the phase separation. This approach was then used to explain third-phase for-
mation in several other organic extractant phases, such as TBP (6, 7, 20–29), 
N,N,N ′,N ′-tetraoctyl-3-oxapentanediamide (TODGA) (30, 31), diphosphonic acid 
(32), octyl(phenyl)-N,N ′-diisobutylcarbamoylmethylphosphine oxide (CMPO) 
(33), malonamide (34–37), etc.

For all the systems studied, it is now acknowledged that the self-assembling prop-
erties of both the extractant and the metal or acid–extractant complexes produce 
polar cores that are unstable due to short-range attractive interactions. The speciation 
of supramolecular structure is thus highly important for further progress toward a 
complete description of liquid/liquid extraction processes (38).

In this review, we summarize recent progress in understanding the aggrega-
tion states of organic extractant phases in relation to third-phase formation. The 
organic extractant phase is described from a colloidal standpoint to interpret 
the phase-separation boundary. The aim is to provide the basis for developing a  
theoretical approach to predict third-phase formation. Finally, the structure of the 
third phase is described.
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The new features are detailed in this review most using diamide as a model sys-
tem and illustrated with published data on other extractant systems. Figure 7.1 sum-
marizes the structure of the different extractants cited in this chapter. The mixture of 
extractants as synergistic systems and extractants, such as the N-polydentate ligands 
BTP (39, 40), BTBP (41, 42), or bis-malonamide (43), will not be treated here. These 
extractants have low solubility in alkane and are generally used in chlorinated sol-
vent or octanol or diamide/alkane solution to enhance their solubility.
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FIGURe 7.1 Formula of the different extractants cited in this review.
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7.2 eXtRACtAnt soLUtIons ARe CoMPLeX FLUIDs

7.2.1 amPHiPHiliC ProPertieS of eXtraCtant

Since the pioneering work by Osseo-Asare (8), it is now well established that 
extractant solutions are complex fluids rather than molecular solutions. As this 
author reviewed, self-association of extractants has been observed using a vari-
ety of techniques such as infrared spectroscopy, nuclear magnetic resonance, light 
scattering, calorimetry, and vapor pressure osmometry (VPO) (8). Extractants 
are amphiphilic due to the conjunction between the polar part of the chelating 
group and the apolar part of the alkyl chains used to increase their solubility in 
an organic diluent. Remarkable interfacial activity is observed at the diluent/
aqueous solution macroscopic interface, indicated classically by a decrease in the 
interfacial tension “γ” as the extractant concentration increases, as shown for a 
malonamide at the dodecane/water interface (Figure 7.2) (37). The smooth break 
observed in the γ-log[extractant] curves at the oil/water interface corresponds to 
the formation of aggregates in the organic phase and can be associated with a 
critical micellar concentration (cmc) as observed with classical surfactants. The 
cmc is ideally the threshold concentration of surfactants at which micellization 
occurs, but for low-surfactant properties, aggregation begins at lower concentra-
tion. Therefore, conversely to what is generally admitted, the cmc is not always 
equal to the concentration of monomers in the solution, which can be determined 
using the closed association model (44). The chemical potential of the pseudo-
phases (micelles and monomers) is imposed by the monomer concentration (45). 
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FIGURe 7.2 Interfacial tension at the n-dodecane/water interface versus DMDBTDMA 
concentrations at 25°C for DMDBTDMA/dodecane equilibrated with an aqueous solu-
tion containing Nd(NO3)3 (0.2 M), LiNO3 (1 M), and HNO3 (0.01 M). A straight line is 
drawn to estimate the CMC, although in an extractant system (with low surfactant proper-
ties), the aggregation is gradual and begins at a concentration lower than the cmc. (From  
L. Martinet, Organisation Supramoléculaire des Phases Organiques de Malonamides du 
Procédé d’ Extraction DIAMEX. PhD thesis. Rapport CEA-R-6105, 2005.)

59696.indb   385 7/14/09   9:35:30 PM



386 Ion Exchange and Solvent Extraction: A Series of Advances

The decrease in interfacial tension is related to the amount of extractant adsorbed 
at the interface through the Gibb’s adsorption equation (46). The molecular areas 
of the extractant at the interface can thus be directly obtained from this equa-
tion. As an example, an area of 104 ± 8 Å2 is obtained for the N,N′-dimethyl dibu-
tyltetradecylmalonamide (DMDBTDMA) at the dodecane/water interface (4, 34).  
For classical surfactants, it should be noted that a nearly constant area per molecule 
with the addition of salt strongly suggests that anions and cations are adsorbed and 
extracted as pairs (47). Thus, the variation of the area per molecule with added salt 
can provide information on the mechanism of extraction.

The cmc values obtained are listed in Table 7.1 for different extractants (malon-
amides, di(2-ethylhexyl)phosphoric acid (HDEHP), and TBP) (37, 48–50) in 
dodecane contacted with an aqueous phase of various ionic strengths. A high cmc  
(> 0.1 M) indicates a weak surfactant, while a low cmc (< 0.1 M) is associated with 
a “good” surfactant. The cmc range is relatively large and is very dependent on the 
nature and concentration of the salt in the aqueous phase, even with opposite trends. 
The interfacial tension measures the amphiphilic properties of the extractant and of 
extractant complexes with water and electrolyte. Most extractant systems investi-
gated to date, by necessity belong to the class of “poor” surfactants, except the ionic 
ones such as carbon acids and primary amines, and like most surfactants in nonpolar 
media (10), they self-aggregate in a progressive stepwise process (10).

tAbLe 7.1
Critical Micellar Concentration (cmc) and Area per Molecule (σ) at the 
Dodecane/Aqueous Phase Interface for Different extractants and salinities

extractant/Diluant Aqueous Phase cmc/ ± 0.05 M σ/ ± 7A2

TBP/C12H26
a H2O 0.28 84

HNO3 2 M 0.36 95

HNO3 4 M 0.45 102

HNO3 10 M 0.57 103

HDEHP/C12H26
b HNO3 10–3 M 0.008 181

HNO3 0.1 M 0.002 184

HNO3 1 M 0.0002 182

DMDBTDMA/C12H26
c HNO3 1 M 0.27 –

HNO3 3 M 0.1 –

HNO3 5 M 0.01 –

a With drop-weight method. Source: S. Nave, C. Mandin, L. Martinet, L. Berthon, F. Testard, C. Madic, 
and T. Zemb, Phys. Chem. Chem. Phys., 6(4):799–808, 2004. With permission.

b With interfacial-tension measurements. Source: G. F. Vandegrift and E. P. Horwitz, J. Inorg. Nucl. 
Chem., 42, 119–125, 1979.

c With pendant-drop method. Source: L. Martinet. Organisation Supramoléculaire des Phases Organiques 
de Malonamides du Procédé d’Extraction DIAMEX. PhD thesis, Thèse de doctorat de l’Université Paris 
XI Orsay. Rapport CEA-R-6105, 2005.
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In highly agitated systems where the diffusion is made insignificant, and in which 
the homogeneous steps are fast, the macroscopic interface between the aqueous and 
organic phase can be the limiting kinetic step of the extraction of the metal salt (51, 52).  
It is, thus, important to understand the behavior of the extractants at the interface 
to have a kinetic as well as a thermodynamic view of liquid/liquid extraction.  
Wipff et al. used molecular dynamics simulations to gain microscopic insights into 
the preferred conformation and distribution of different extractants at the interface. 
They found that the interface could stabilize a high-energy conformer of the malon-
amide favorable to complexation, resulting in a catalysis phenomenon (53). In their 
simulations, the malonamides do not form a regular monolayer, which is otherwise 
more favorable for liquid/liquid extraction, as a thick monolayer could decrease the 
interface crossing of the species. They also came to similar conclusions with other 
extractants: significant adsorption and orientation preferences are demonstrated 
for TBP in agreement with its amphiphilic nature (54). Baaden et al. (55–57) pro-
vided microscopic images of TBP at the water/oil interface, oil being modeled by 
chloroform, with the effect of TBP concentration and acidity of the aqueous phase. 
Dithiophosphonic acids were studied at the interface (58). In all these simulations, 
the aggregation of extractant in the bulk is frequently observed with increasing 
extractant concentrations.

Surface-tension measurements evidence the amphiphilic nature of extractants, but 
do not give any information on the physical size and shape of the aggregates. Number-
averaged aggregation numbers can be determined by VPO (15, 37, 49, 59–61). VPO 
measurement is based on vapor-pressure reduction in solutions described by Raoult’s 
law. It allows the determination of the osmolality of organic extractant phases, that 
is, the concentration of solute particles present in solution, whether they are extract-
ant monomers or micelles. The osmolality is equal to the molarity when only mono-
mers are present in solution. Conversely, if all the extractants participate in micelle 
aggregates, osmolality = molarity/n, where the molarity is the extractant initial con-
centration and n is the aggregation number averaged over all types and sizes present 
in a given phase. Therefore, a plot of osmolality/molarity versus molarity allows the 
determination of n, as shown in Figure 7.3 for a malonamide organic phase. Some 
number-averaged aggregation numbers obtained by VPO for different experimental 
conditions are listed in Table 7.2. Average aggregation numbers are typically at least 
one order of magnitude smaller than the classical values obtained with surfactants. 
Under process conditions, however, namely with a high solute load in the organic 
phase or when approaching the third phase, the aggregation number can increase by 
several orders of magnitude.

Nuclear Magnetic Resonance (NMR) is widely used to obtain structural and 
dynamic information in reverse-micelle systems (62, 63) and has therefore been used 
to elucidate the self-association properties of extractants. When the  extractant gener-
ates a characteristic signal whose position and structure should change during aggre-
gate formation, the aggregation of the extractants can be studied with NMR. Jensen 
et al. (28) obtained the equilibrium constant for oligomer formation for the extraction 
of trivalent lanthanide and actinide cations by purified Cyanex 272, Cyanex 301, and 
Cyanex 302 using the chemical shift of the P-SH or P-OH  proton. Gaonkar et al. 
(64) studied the formation of reverse-micellar aggregates in the extraction system 
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(HDEHP), benzene/CaCl2 (0.05 M) using 1H-NMR. Using NMR, Modolo et al. (65) 
followed the aggregation of bis(chlorophenyl)dithiophosphinic acid (ClPh)2PSSH 
and its effect on extraction. Several examples are described in Osseo-Asare’s review 
for the TBP-diluent system (8). Nigond et al. (66) have shown the self-association of 
DMDBTDMA in benzene and in TPH (aliphatic hydrocarbon) by 1H-NMR using a 
mass-action model. The type of diluent, the diamide concentration, and the acidity 

tAbLe 7.2
number-Averaged Aggregation numbers <n> for Different 
extractant- and Aqueous Phase Conditions obtained by VPo

examples from literature  < n > 
TODGA 0.1 M in heptane contacted with HNO3 2–7a

DMDBTDMA in dodecane (HNO3, Nd(NO3)3, LiNO3) 4–5b

H2DEH(MDP) 0.1 M in toluene contacted with H2O 2c

H2DEH(MDP) 0.1 M in toluene contacted with H2O/Th(IV) >14d

TBP 0.24 M in hexane contacted with H2O 2e

Source:
a T. Yaita, A. W. Herlinger, P. Thiyagarajan, and M. P. Jensen, Solvent Extr. Ion Exch., 

22(4): 553–571, 2004.
b L. Martinet, PhD thesis. Rapport CEA-R-6105, 2005.
c R. Chiarizia, R. E. Barrans, J. R. Ferraro, A. W. Herlinger, and D. R. McAlister, Sep. Sci. 

Technol., 36(5–6): 687–708, 2001.
d A. W. Herlinger, Polyhedron, 16(11): 1843–1854: 1997.
e C. H. Huang and R. G. Bautista, Sep. Sci. Technol., 19(8–9): 515–529, 1984.
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FIGURe 7.3 Osmolality/molarity versus molarity plots for the DMDBTDMA, n-dodecane 
system contacted with water at 60°C. (From L. Martinet, Organisation Supramoléculaire des 
Phases Organiques de Malonamides du Procédé d’ Extraction DIAMEX. PhD thesis. Rapport 
CEA-R-6105, 2005. With permission.)
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influence aggregation. Later, Lefrançois et al. (67) characterized the DMDBTDMA-
dodecane system by 1H-NMR by increasing the solubilized nitric acid. They sus-
pected a change in the shape of DMDBTDMA aggregates, from a reverse micelle-like 
closed structure to an open “bicontinuous” phase related to the third-phase transi-
tion. It is known that microemulsion microstructure can range from simple droplets 
to several classes of connected structures of high conductivity (68). Finally, Dozol 
et al. (69) have used 1H-NMR to measure the self-diffusion coefficients of various 
malonamides in dodecane. They evidenced transitions in aggregation organization 
with increasing extractant concentrations in the diluent.

7.2.2 PHaSe diagram

Third-phase formation occurs with high loading of metal salts or acids in the organic 
phase. There are several ways to represent the third-phase data. To determine the exten-
sion domain of a given phase, it is common to use ternary or binary phase diagrams. 
As there are “N” components, even a phase prism is not sufficient. Projections of phase 
diagrams on a plane, called pseudo-phase diagrams, are used in the literature. A pseu-
do-phase diagram can be drawn by plotting the extractant concentration in the organic 
phase on one axis and the ionic strength in the aqueous phase in equilibrium (metal 
salt or inorganic acid concentration of the aqueous phase in contact) on the other axis 
(Figures 7.4 and 7.5 (a)). This type of representation is common in the colloidal field.

The tendency of a given system to form a third phase can also be illustrated by indi-
cating the maximum solute concentration in the organic phase, or limiting organic 
 concentration (LOC) (Figure 7.5 (b)) (70). However, this representation sometimes does 
not coincide with the formation of a third phase, as in the case of DMDBTDMA in 
dodecane contacted with water. A maximum of solubilization can be measured, but no 
third-phase formation is observed. But, generally with the extraction of salt, the LOC 
corresponds to the limit of third-phase formation. This is the most common representa-
tion of third-phase formation in industry or in the literature for liquid/liquid extraction.

DMDBTDMA

2Φ
2Φ

3Φ3Φ
n-C12

1:1

H2O HNO3

HNO3H2O/n-C12 = 1:1

DMDBTDMA

FIGURe 7.4 Quaternary phase diagram of the water, HNO3/DMDBTDMA, dodecane 
system, and pseudobinary phase diagram DMDBTDMA/HNO3 obtained from a cut in the 
quaternary phase diagram. The binary phase diagram is one possible representation to iden-
tify the extension domain of the third-phase formation. “2Φ” and “3Φ” indicate regions 
of respective two and three phases. (From L. Martinet, Organisation Supramoléculaire des 
Phases Organiques de Malonamides du Procédé d’ Extraction DIAMEX. PhD thesis. Rapport 
CEA-R-6105, 2005. With permission.)
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Experimentally, the third-phase limit is determined by a stepwise increase of sol-
ute in the aqueous phase until phase instability occurs, then the concentration of 
the solute just before the third-phase formation is taken as the two- to three-phase 
sample (third phase or LOC).

Another method for obtaining the extension domain of the organic extractant 
phase before third-phase formation is to prepare a solution under the conditions of 
formation of a third phase, and allow it to equilibrate. Chemical analysis of the third 
phase and the dilute organic phase in equilibrium with the aqueous phase identifies 
tie-lines in the phase diagrams (Figure 7.5) (a tie-line joins the composition of the 
two phases (dilute and concentrated) in equilibrium after the splitting of the organic 
phase into two phases).

From the experimental results shown in Figure 7.5, we can conclude (70) that the 
third-phase formation corresponds to equilibrium between an organic solution with a 
high concentration of extractant (generally above 1 mol/L) and a dilute organic solu-
tion, namely nearly pure solvent. The third phase thus has the same chemical compo-
sition and the same structure—as demonstrated by the typical signatures observed in 
small-angle scattering spectra—as an organic phase with a high extractant concentra-
tion loaded with a solute at concentrations below the LOC.

7.2.3 eXtraCtant aggregateS Can be deSCribed aS StiCky Hard SPHereS

Despite several studies on the self-assembling properties of extractants, few details 
on the structure of the aggregates were available before 1997. Small-angle neutron or 
X-ray scattering (SANS or SAXS, respectively) are powerful tools for characterizing 
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FIGURe 7.5 Two different representations of a binary phase diagram for the DMDBTDMA, 
dodecane system contacted with nitric acid aqueous phase at 25°C. (a) Acid concentration 
in the aqueous phase in equilibrium versus extractant concentration in the organic phase.  
(b) Acid concentration in the organic phase at equilibrium versus extractant concentration in 
the organic phase (LOC representation). The full line is a guide for the eyes. The tie-lines are 
represented on the phase diagrams and are determined through chemical analysis of the third 
phase and the diluted phase after the splitting of the extractant solution (titrations of both 
phases are represented by the empty symbols). The full symbols correspond to the experi-
mental determination of third-phase formation and LOC, respectively. (From F. Testard, P. 
Bauduin, L. Martinet, B. Abécassis, L. Berthon, and C. Madic, Radiochim. Acta, 96: 1–8, 
2008. With permission.)
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the state of aggregation of extractants with or without extracted metal ions in  complex 
form. Generally, the aggregation properties are studied in the region of the biphasic 
domain of the phase diagram where the organic phase is in equilibrium with the 
aqueous phase, approaching the third-phase transition.

The first class of extractants studied by SANS was the alkylphosphoric acid  family 
used in liquid-membrane extraction to transport metal ions from water (71–77). 
Neuman et al. used the NaDEHP-alkane system as a model of an acidic organo-
phosphorus extraction system. These extractants behave as surfactants and form 
reverse microemulsions in alkanes. It was found that, depending on the nature of the 
metal ions Mn +  and, in some cases, on the amount of extracted water, the extract-
ant or the metal salts of HDEHP (NaDEHP or Mn+(DEHP–)n with Mn+ = Ca2+, Co2+, 
Ni2+, Cu2+, Mn2+, Al3+, and Cr3+) either form rod-shaped reverse micelles (sometimes 
giant quasi-one-dimensional reverse micelles) or exist as small reverse aggregates of 
low aggregation numbers with a spherical structure. Using both SANS and NMR, 
Neuman et al. (78–80) proposed the concept of an “open” water channel in contact 
with the nonpolar solvent rather than the “closed” water channel in the polar core 
of the reverse micelles to describe the giant aggregates formed by the nickel salt 
of HDEHP. This is reminiscent of sphere-to-cylinder transitions known with stiff 
surfactants (81). A major problem in terms of industrial process applications with 
these extractant systems is the large increase in viscosity with metal salt loading 
in the organic phase. The higher viscosity is a direct consequence of the elongation 
of the aggregates when cations are extracted. This macroscopic change illustrates 
how the aggregation properties of the extractant and their metal salt complexes can-
not be ignored in the understanding of liquid/liquid extraction.

The bifunctional extractant octyl(phenyl)-N,N′-diisobutylcarbamoylmethylphos-
phine oxide and related compounds (16, 17) were also studied by SANS to elucidate the 
size and shape of the macromolecular aggregates formed during metal salt extraction.

In all these cited studies, the extractant solutions were described only from the 
point of view of the shape of the aggregates without taking into account interactions 
between aggregates. This can lead to large errors in determining the aggregation 
numbers (82). The concentration used for an industrial process is quite high (gener-
ally above 0.5 M), and interactions between aggregates can no longer be ignored.

In 1998, Erlinger et al. (19, 83) were the first to elucidate the structure of malon-
amides in dodecane by considering the interactions between aggregates. They 
showed that a DMDBTDMA (> 0.2 M) dodecane solution contacted with a water 
or a nitric acid solution contains reverse micelles interacting through an attractive 
potential. The aggregation number is between 4 and 10 and the radius of the polar 
core between 0.5 and 1.2 nm. Indeed, the reverse micelles are structurally divided in 
terms of a polar core composed of extracted ion pairs, coextracted water, and polar 
heads of malonamide, which are surrounded by a shell composed of the extrac-
tant hydrocarbon chain, as shown schematically in Figure 7.6 for DMDBTDMA. 
The polar cores of the micelles interact attractively through oil via Van der Waals 
attraction (characterized by the Hamaker constant “A”), while protruding chains of 
the reverse micelles sterically stabilize the aggregates. The sum of these two con-
tributions (attractive and repulsive) gives a resulting interaction as a function of the 
separation distance r between the two aggregates. The Baxter sticky hard-sphere 
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FIGURe 7.6 Schematic view of DMDBTDMA reverse micelle. The polar core is composed 
of extracted ion pairs, coextracted water, and polar heads of malonamide, surrounded by the 
hydrophobic chains of the extractant. (From F. Testard, P. Bauduin, L. Martinet, B. Abécassis, 
L. Berthon, and C. Madic, Radiochim. Acta, 96: 1–8, 2008. With permission.)

U/kT

Rc
Rhs

δ r

FIGURe 7.7 Schematic Baxter (), Van der Waals attraction (---), and steric stabilization (….) 
potential curves describing the interaction between two DMDBTDMA aggregates. Rc is the radius 
of the polar core, Rhs is the hard-sphere radius, and (d-Rhs) represents the distance of the effective 
attractive interaction. (From L. Martinet, Organisation Supramoléculaire des Phases Organiques 
de Malonamides du Procédé d’ Extraction DIAMEX. PhD thesis. Rapport CEA-R-6105, 2005. 
With permission.)
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approximation (84) can be used in a first step to calculate the short-range interac-
tions, as shown in Figure 7.7. The model developed by Baxter is general to any col-
loidal dispersion when the sum of interparticle interactions can be considered as a 
short-range step. Therefore, reverse micelles separated by a distance r interact via a 
square-well attraction effective potential U(r) defined in Equation 7.1.
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 (7.1)

U(r) is approximated by a repulsive hard core together with a rectangular attrac-
tive well of width (d-Rhs) approaching zero and infinite depth, where Rhs is the hard-
sphere radius and d is the attractive distance limit. The attractive step is a combination 
of Van der Waals attraction between the polar cores and steric repulsion. The differ-
ence (d-Rhs) represents the extent of the effective attractive interaction, in which Rhs 
is the “hard sphere” radius of the particles. In the model used for the extractant sys-
tem, the hard sphere of the aggregates is considered to contain the extracted water, 
the extracted ion pair, and the extractant headgroup with the first carbon atoms of the 
extractant alkyl chains. Generally, the Baxter potential is taken for (d-Rhs) of the 
order of 10% of the hard-sphere radius, Rhs. The reciprocal of the parameter τ is 
the “stickiness parameter” expressed in kBT units; τ–1 represents the strength of adhe-
sion, namely, the higher the value of τ–1 becomes, the deeper will be the attractive 
potential well and the stronger the attractive interactions. This sticky hard-sphere 
description reproduces the experimental SAXS and SANS spectra of malonamides 
in dodecane equilibrated with an aqueous phase of different compositions, as shown 
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FIGURe 7.8 X-ray (square) and neutron (circle) scattering data for DMDBTDMA in 
n- dodecane contacted with water. Lines correspond to the simultaneous fit to the experimental 
X-ray and neutron data with the Baxter sticky hard-sphere approach. [DMDBTDMA] = 0.5 M,  
[Monomers] = 0.28 M, aggregation number = 4.4, and U/kBT = –1.7.
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for a given example in Figure 7.8. The composition of the system and the monomeric 
extractant concentration being determined, only two parameters (the aggregation 
number and the stickiness parameter) are needed for this methodology. The intermi-
cellar interaction can also be traduced using the Hamaker constant “A.” Depending 
on the experimental conditions, a value in the range of 2−4 kBT is obtained, in agree-
ment with the values obtained for a polarizable fluid dispersed in oil (85).

This sticky hard-sphere description was then used to analyze extractant solutions 
of TBP (7, 23–25, 27, 86), TODGA (30, 31), and malonamide (19, 34–37, 83). In 
the medium concentration range, the same observations were obtained for all these 
extractant solutions. The aggregation numbers are, in general, small and range from 
4 to 10; the polar core radius is of the order of 1 nm and contains the polar part of 
the extractant with a few water molecules and acid or metal salt. The range of attrac-
tive interactions is comparable whatever the type of extractant used and remains 
below 2.5 kBT. The organic extractant phase can thus be described by a polar core 
interacting through oil via Van der Waals attraction. With this simple description, 
the aggregates formed by extractants and the interactions between aggregates are 
characterized, providing an explanation for the third-phase formation under certain 
experimental conditions as described below.

7.2.4  origin of PHaSe SPlitting eXPlained by tHe 
StiCky Hard-sPHere deSCriPtion

Third-phase formation occurs with high loading of metal salts or acids in the organic 
phase. The general phenomenon of third-phase formation is illustrated in the case 
of DMDBTDMA in Figure 7.9 (b), where increasing the nitric acid concentration in 
the aqueous phase in equilibrium with dodecane containing 0.8 M DMDBTDMA 
induces phase separation. SANS experiments at a given extractant concentration and 
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FIGURe 7.9 (a): SANS spectra of the DMDBTDMA (0.8 M), dodecane solution contacted with 
nitric acid aqueous phases. When the third-phase boundary is approached, characteristic low-q 
increase in SANS is measured. The scattered intensity of D-dodecane is constant and equal to 
9 × 10–3 cm–1. (b): Third-phase boundary experimentally determined as an [extractant] versus 
[HNO3]aq,eq map for DMDBTDMA/dodecane solution. (From F. Testard, P. Bauduin, L. Martinet, 
B. Abécassis, L. Berthon, and C. Madic, Radiochim. Acta, 96: 1–8, 2008. With permission.)
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along a dilution line of solute in the organic phase proved that the change in the 
attractive interactions between aggregates is the key parameter for understanding 
the third-phase formation (83). To illustrate this point, SANS spectra of the organic 
phase of DMDBTDMA (0.8 M) in dodecane equilibrated with aqueous phases of 
different nitric acid concentrations are shown in Figure 7.9 (a). The increase in the 
intensity at low q corresponds to an increase in the attractive interactions between 
swollen reverse micelles. The theoretical scattered intensity obtained with the 
Baxter approximation suggests that by increasing the initial aqueous nitric acid con-
centration [HNO3]ini,aq from 0 to 4 M, the attractive potential goes from −1.8 kBT  
to −2.5 kBT for a typical range in the attractive potentials of 1–2 nm. By increasing 
[HNO3]ini,aq and before the third-phase formation occurs, the small reverse micelles 
are thus subjected to two contrasting mechanisms. The thermal energy kBT keeps the 
micelles dispersed in the solvent, while the energy of intermicellar attraction makes 
the micelles stick together. The organic phase becomes unstable when the energy 
of attraction becomes larger than about twice the thermal energy, leading to phase 
separation between a dilute and a concentrated phase. The Van der Waals attractions 
between the cores of reverse micelles have thus been shown to be the key to under-
standing the onset of the “third phase,” analogous to a “liquid-gas” phase separation 
known in the field of microemulsions.

By increasing the ionic strength, that is, the acid or metallic salt concentration, in 
the aqueous phase, the concentration of the extracted acid or salt in the organic phase 
increases and induces an increase in the attractions between reverse micelles (see 
below). Numerically, all the terms can be evaluated (7, 37, 83). It can then clearly be 
concluded that this effect is the origin of the third-phase formation.

With a similar approach for SANS data of extractant micellar systems, Chiarizia 
et al. reexamined the third-phase formation in a TBP, n-dodecane system loaded 
with HNO3-U(VI) (7, 22, 23), HNO3-Th(IV) (6, 20, 25), HNO3-Zr(IV) (6),  
HNO3-Pu(IV) (87), and different inorganic acids (26, 27, 88). Nave et al. (49) also 
studied the TBP-dodecane system by varying the nitric acid concentration in the 
aqueous phase. The mechanism of third-phase formation in the TBP-alkane solu-
tion is also driven by attractive interactions between reverse micelles and can be 
described by the sticky hard-sphere approach. The liquid-liquid transition driven by 
short-range Van der Waals interactions between polar cores is therefore general.

As described by Tachimori et al. (5), depending on the temperature and aque-
ous acidity, third-phase formation is also observed when TODGA in n-dodecane is 
contacted with a nitric acid solution. The mechanism is similar to the one described 
above as shown by Nave et al. (31) and in agreement with the data of Yaita et al. (61) 
for TODGA, n-octane, and n-heptane solution equilibrated with an aqueous phase 
containing nitric acid. Recently, Jensen et al. (30) have shown that the formation 
of tetrameric reverse micelles in the organic phase is driven by the extraction of 
neodymium salts or high nitric acid content. They explained the unusual behavior 
observed with trivalent lanthanide and actinide cations in TODGA, n-alkane extrac-
tions systems by the preformed tetrameric reverse micelles in solution. This is also 
supported by the fact that TODGA tetrameric species with metal salt are not formed 
in solvents that impede the formation of tetrameric reverse micelles in the absence 
of salt. Finally, the other malonamide/n-alkane systems loaded with metal salt or 
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other inorganic acids can also be described by the sticky hard-sphere approach (34, 
36, 37, 89).

Molecules that self-assemble into reverse micelles with low surfactant  properties are 
generally “efficient” extractants (such as HDEHP, TBP, malonamides, etc.). Their adsorp-
tions at the interface permit the complexation of the aqueous solute and their low sur-
factant properties permits the avoidance of the formation of very stable emulsion. Hence, 
ions are extracted, but typically there is less than one water molecule per ion extracted. 
Exact determination of coextracted water is still important, however, for interpreting the 
conductivity values and for evaluating the polar core volumes. Typical values are found 
for the Hamaker constant, because polar cores are supersaturated salt solution.

This self-organization in reverse micelles interacting through a sticky potential is 
actually general in extractant solutions for extractant concentrations typically between 
0.2 and 1 M, namely for the concentration ranges usually used in industrial processes.

7.2.5 PrediCting tHe PHaSe diagram

7.2.5.1 sticky Hard-sphere Description
Two steps are necessary to avoid third-phase formation in liquid/liquid extrac-
tion: identifying the mechanism of attraction and then determining the quantities 
involved. In the Baxter approximation, when the size of species, concentration, and 
potentials are known, the position of a liquid-liquid phase separation, namely the 
third phase, corresponds to the divergence of the osmotic compressibility. The rea-
son for the success of the Baxter model is that the divergence of compressibility 
location is analytic (90) and gives the limit of the two-phase region (liquid-gas tran-
sition, corresponding in our case to a transition between a concentrated and a dilute 
solution) characterized by a critical point located at Φc = 12% and τ = 0.097 (Φc is 
the volume fraction of the aggregated extractant molecules and τ is a dimensionless 
measure of the temperature). When the Baxter model is used, the parameter τ could 
be a function of temperature, salt concentration, or pH of the solution, as long as its 
variation could affect a phase separation. In the particular case of DMDBTDMA/
dodecane contacted with aqueous solution containing nitric acid (83), the sticki-
ness parameter τ –1 varies linearly with the extracted nitric acid concentration. The 
limit of the phase separation can be related to the extracted nitric acid concentration, 
and, thus, the third-phase limit can be reproduced. The results obtained are given in  
Figure 7.10 for the DMDBTDMA/dodecane system equilibrated with nitric acid 
aqueous phase (83). The position of the third-phase limit can thus be predicted with-
out any parameter from liquid-state theory, once the magnitude of the attractive 
interaction has been determined via scattering experiments. As shown in Figure 7.10, 
this prediction of phase boundary can be used for DMDBTDMA concentrations 
below 0.6 M corresponding to a volume fraction of aggregates below 33%. At higher 
aggregate concentrations, the prediction is below the phase separation observed 
experimentally. This is probably because chains of neighboring aggregates are in 
close contact at high volume fractions, or to the fact that supramolecular organiza-
tion is more complex than spherical aggregates at high volume fractions. The poten-
tial obtained from the sticky hard-sphere approximation is, thus, too simple to obtain 
the full phase diagram. However, within a limited concentration range, it has been 
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demonstrated that it is possible to reproduce the re-entrant, nonmonotonic path of the 
phase limit on the binary pseudo-phase diagram ([DMDBTDMA], [HNO3]).

This approach proves that a phase diagram can be modeled when the solution 
microstructure is known (i.e., aggregation number and micellar aggregate number per 
unit volume) together with an experimental determination of the potential between 
aggregates. If the variation of the potential versus various parameters (metal salt in 
the organic phase) can be obtained experimentally, the limits of the phase separation 
can be reliably correlated with theory.

Despite this important step toward a model of the phase diagram in liquid/liquid 
extraction, no other models using this approach are described in the literature for 
other conditions or other extractant systems. It is likely that a model of third-phase 
formation in liquid/liquid extraction could be obtained by considering the aggregates 
in solution. However, a Baxter approximation would not work if the polar cores of 
the micelles are nonspherical on average or connected. Thus, the determination of 
the phase diagram could be obtained if the large diversity of structure of aggregates 
and a complex potential are considered instead of simply spherical reverse micelle 
with sticky hard-sphere potential. To our knowledge, such an approach was not pre-
sented in the literature until now.

7.2.5.2 Flory–Huggins Description
There are some similarities between third-phase formation in liquid/liquid extrac-
tion and the critical phenomenon of “cloud points” in aqueous solutions of nonionic 
polyethoxylated surfactants (12, 91). When a nonionic micellar solution is heated to 
a certain temperature, it becomes turbid, and by further increasing the temperature, 
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the solution separates into a dilute and a concentrated surfactant phase. Cloud-point 
phenomena have been modeled (92) with the Flory–Huggins theory of polymer solu-
tions. The same approach has been used by Lefrançois et al. (93) to interpret and 
parameterize the third-phase formation in the extraction of HNO3 by a malonamide 
in dodecane. Reverse micelles, instead of polymers in the Flory–Huggins theory, are 
assumed to arrange on a lattice. The interaction parameter χ12 can be estimated from 
the Hildebrand solubility parameters and is equal to χ12 = (V1/RT) (d1 − d2)2, where 
V1 is the molar volume of solvent, and di is the solubility parameter of the solvent  
(1) or the solute (2). The interaction parameter χ12 between aggregates and diluent has 
been shown to be correlated with the nitric acid content in the organic phase. χ12 is 
another way of expressing the penetrating power (94) of the diluent in the apolar chain 
of the extractants. Lefrançois et al. (93) obtained good agreement between the theo-
retical phase-separation curves and the experimental data. By entering the relevant 
molecular parameters (molar volume and solubility) in the model, the authors derived 
the third-phase formation for different diluents: the more penetrating the diluent, the 
higher the ionic strength required to obtain a third phase. As for the model based on 
the Baxter approach, this parameter model can be used if the supramolecular struc-
ture with the interaction potential of the solution is known. To our knowledge, the use 
of phase-separation theory of polymers for reverse aggregates has not been extended 
to other systems, particularly when metal salt or modifiers are added to the system.

7.2.6 effeCt on ConduCtivity

Conductivity measurement is an effective way of following the transitions of the 
supramolecular structures in the organic extractant phase. The conductivity of apo-
lar solvent is typically between 10–10 and 10–16 µS m–1, rising to 1−10 µS m–1 when 
reverse micelles are present in the solvent. Moreover, the conductivity increases with 
the clustering or connection of the reverse micelles. The structure of the organic phase 
can thus be followed by conductivity measurements (68, 95, 96). An increase or a 
decrease in the normalized conductivity along dilution lines in a phase diagram indi-
cates a change in the structure of the solution or a change in the interaction between 
aggregates. Experimentally, for a given extractant concentration, an increase in the 
conductivity is observed when approaching a third phase with increasing amounts of 
extracted salt in the organic phase at a given extractant concentration (83). Using the 
Baxter approximation to describe the structure of the solution allows the observed 
behavior of conductivity to be rationalized. The simplest approach is to consider that 
the conductivity is proportional to the number of first neighbors, λ, of a given reverse 
micelle. This number can be obtained analytically for sticky hard spheres using the 
analytical description of the Baxter model (90). The comparison between the cal-
culated and observed conductivity is shown in Figure 7.11(a) for the DMDBTDMA, 
n-dodecane system contacted with nitric acid phase. As a rough approximation, it 
can be concluded that the conductivity of extractant aggregate solutions is due to ions 
exchanging between polar cores of micelles.

Another example with TBP is shown in Figure 7.11(b), where it is shown that 
the conductivity of TBP-dodecane solution equilibrated with nitric acid aqueous phase 
decreases as the temperature rises. The cmc is known to increase with temperature 
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in that the monomer-micelle equilibrium between pseudophases shifts toward mono-
mers when the temperature increases. This can be interpreted by a transformation of 
reverse-micellar solution into a regular molecular solution by modest heating. This 
was confirmed by the decreasing intensity of the SAXS signal produced by the solu-
tion when the temperature increases (49).

Rao et al. (4) showed that with TBP solutions a higher ionic strength is needed to 
obtain third-phase formation at higher temperatures; that is, the LOC increases with 
the temperature. This means that for a given ionic strength, third-phase formation is 
prevented by a temperature increase. This is in direct relation with the variation of 
the aggregate structure and interactions between aggregates with increasing temper-
ature. The third-phase formation is a direct consequence of the attractive interaction 
between aggregates; thus, any parameters that decrease the strength of the attractive 
interactions or suppress the aggregates will prevent third-phase formation.

Conductivity has been widely used to estimate the degree of ionization of the 
extracted species (8, 97, 98). In relation with the supramolecular organization, conduc-
tivity is also a simple and powerful technique for following the variation in the structure 
of the extractant solutions and thus the formation of a third phase. Measuring the con-
ductivity of the solvent phase, used as “sensor” in chemical engineering, therefore also 
provides efficient and reliable “warning” of the approach of a third-phase transition.

7.3 stAbILItY DoMAIns

7.3.1 influenCe of CHain lengtH

The molecular structures of the diluent and the extractant play a central role in third-
phase formation. The literature describes several examples of the LOC variation due 
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to changing the nature of the diluent or the chain length of the extractant. Rao et 
al. (99, 100) showed the importance of the diluent and extractant chain length on 
third-phase formation in TBP solutions. In their review of third-phase formation with 
neutral organophosphorus extractant, Rao and Kolarik (4) showed that decreasing 
the carbon chain length resulted in an increase in the LOC for the extraction of metal 
salts. They also emphasized that in contrast to the LOC values, the distribution ratios 
of metals forming a third phase are negligibly dependent on the molecular size and 
structure of the aliphatic diluent. Generally, the third-phase formation is obtained 
with aliphatic diluents, whereas no third phase is observed when aromatic diluents are 
used. Recently, Chiarizia et al. (88) showed in a systematic study that in the case of 
TBP phase, the critical concentration of HClO4 decreases appreciably when the length 
of the alkyl chain increases in the diluent molecule. Tachimori et al. (5) determined 
the LOC value in TODGA (0.1 M), n-alkane/HNO3 (1 M), Nd(III) extraction systems, 
showing that LOC decreased from 0.015 M for undecane to 0.014 M for dodecane 
and 0.010 M for tetradecane. Kedari et al. (101) described the effect of the diluent 
on the liquid/liquid extraction of Ir(IV) and HCl using Cyanex 923 (C923). The fol-
lowing order of LOC values were obtained for different diluents in decreasing order: 
 toluene ≈ xylene > cyclohexane > n-octane > n-nonane > kerosene > n-dodecane; no 
third phase was detected when toluene and xylene were used as diluents.

Among these examples, a general trend is always observed: third-phase forma-
tion is favored by larger alkane diluent molecules, the LOC is lower with a linear 
alkane chain diluent than with branched alkanes, and, generally, the third phase is 
prevented when aromatic diluents are used. In the language of surface wetting, short-
chain solvents better wet the protruding chains.

On the other hand, studies of the extractant chain length are less common and 
reveal the opposite trend. Rao et al. (4) reviewed the effect of changing the chain 
length in monofunctional organophosphorus extractants. They proposed that 
increasing the carbon chain length of the alkyl group of trialkyl phosphate leads to 
increased compatibility with the diluent; thus, increasing the LOC. Vidyalakshmi 
et al. (100) studied the influence of the molecular structure of amide extractants on 
third-phase formation in the extraction of uranyl nitrate and nitric acid. In general, 
the LOC values were found to increase when the total number of carbon atoms of 
the amide increased from 14 to 22. Pathak et al. (102) studied organophosphorus 
extractants with sterically hindered alkyl groups. Under similar experimental con-
ditions, the branched-chain extractants do not form a third phase, whereas linear 
alkyl-chain extractants lead to instability. Sazaki et al. (103) have shown that the 
LOC increased with the length of the alkyl chain attached to the N atom of diglycol-
amide extractants. In former studies, Sazaki (104) and Gasparini (105) reported that 
no third-phase formation is observed for a C/O ratio above 17 for monoamine and 
13 for diglycolamide.

Here again, a general trend is observed in all these studies: the organic extractant 
phase is stabilized by a long-chain extractant; this is related to the steric stabilization 
component of the intermicellar potential.

These competing effects of third-phase formation with changing the chain length 
of both diluent and extractant can be understood together using the description of 
reverse micelles interacting through a sticky hard-sphere potential as shown by 
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Berthon et al. (34), who systematically studied third-phase formation during the 
 extraction of nitric acid by a malonamide-alkane system of changing the alkyl chain 
length both of the malonamide extractant (central chain) and of the diluents. They 
found that malonamide reverse micelles exhibit similarities with classical reverse 
micelles of Aerosol-OT (AOT) (bis (ethylhexyl) sodium sulfoccinate) (106). Third-
phase formation is favored by increasing the chain length (C6–C18) of the diluent 
(Figure 7.12), as well as by decreasing the central chain length (from C18 to C14) of the 
malonamide extractant. This behavior is consistent with the general trends observed 
in the published data on other extractant systems as described above. This provides 
quantitative examples of increased steric repulsion obtained by solvent penetration as 
well as by increasing the length of chains protruding from the reverse aggregate.

Conversely, it was shown that the composition of the polar core depends only on 
the polar heads of the malonamide and on the initial salt concentration in the aque-
ous phase in equilibrium. The extraction efficiencies of HNO3 and H2O are indepen-
dent of the diluent and extractant chain lengths (34). Diluent-extractant interactions 
and variations in the amphiphilic balance of the extractant thus do not influence the 
extraction equilibrium of HNO3 and H2O. Here again, this conclusion is consistent 
with published results for other extractant systems.

The sticky hard-sphere approach accounts for these general features and suggests 
that extractant solutions share several properties with classical reverse-micelle solu-
tions of AOT. Third-phase formation is a consequence of the interactions between 
aggregates, resulting from universal Van der Waals attractions and steric stabilization. 
Above a certain attraction limit, a liquid-liquid phase transition is obtained between 
two organic phases containing high and low concentration of the reverse micelles 
(and thus of the extractant). In the concentrated solution, polar cores may connect 
or coalesce. One universal feature of liquid-liquid separation is the existence of a 
critical point when the two liquids in coexistence have the same composition. Using 
longer extractant chains or shorter (or branched) diluent chains increases the steric 
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stabilization and thus, prevents third-phase formation. As in reverse  microemulsions, 
two effects are important: (1) the chain protruding from any aggregate stabilizes 
polar solutes in oils, and (2) short or branched oils (“penetrating chain” (94)) pen-
etrate and swell the outer layer of the reverse micelle with a  consequent stabilization 
effect. Diamide solutions thus behave as AOT reverse microemulsions, and the phase 
stability is governed by the same rules. Leung et al. (107) used a simple model of 
spherical reverse micelles interacting through an attractive potential to obtain gen-
eral data on phase transition in the case of AOT microemulsions. The two important 
classes of phase instability encountered with water-in-oil microemulsions can be 
predicted based on the competition between the interfacial free energy and the free 
energy of interaction:

 (a) Emulsification failure, where the “internal” phase is expelled by the oil 
phase: The microemulsion is in equilibrium with water in excess. The max-
imum droplet radius is limited by the high cost in energy to create more 
interface.

 (b) Liquid/liquid phase separation driven by attractive interactions between 
micelles: The final state after phase separation is a micellar-rich and micel-
lar-poor water-in-oil solution. From a thermodynamic point of view, such 
demixing can be considered as liquid/gas phase demixing.

The most complicated case, which is not predicted by Leung et al. (107), is the 
domain where both instabilities coexist, the so-called Winsor III microemulsion in 
equilibrium with both water and oil in excess.

Leung et al. (107) explained the effect of temperature, salt, oil nature, ionic 
strength, and the addition of alcohol on the phase transition in AOT reverse micelles. 
Depending on the nature of the instability, the parameters have an opposite effect on 
the maximum of water solubilization. In the case of an extractant solution, we are 
dealing with the second class of instability, the liquid/gas transition resulting from an 
increase in the attractive interaction between reverse micelles. We can thus conclude 
that in the extractant case, the maximum solute solubilization (equivalent to a LOC 
in the language of liquid-liquid extraction studies) increases if a parameter variation 
can decrease the attraction between the droplets. This can be obtained by increasing 
the repulsion part of the potential or by increasing the rigidity of the interfacial film. 
Experimentally, phase separation will be prevented by decreasing the chain length 
of the solvent (importance of the “penetration” power of the solvent), or by increas-
ing the chain length of the surfactant, or by adding a cosurfactant with a long alkyl 
chain to increase the rigidity of the interfacial film, as illustrated schematically in 
Figure 7.13.

As noted at the beginning of this section for TBP (4) or TODGA (5), the LOC 
of HNO3 or metal salts is increased by decreasing the diluent chain length, that is 
by increasing the repulsive part of the intermicellar potential. On the other hand, as 
described in the case of malonamide (34) or amide extractant (100), the LOC values 
were found to increase by increasing the total number of carbon atoms in the chain 
length of the extractant. Here again, phase separation is prevented by increasing the 
repulsive contribution to the interaction potential. Finally, the third phase can be 
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prevented by adding a modifier. Dhamodaran et al. (4, 108) observed that an increase 
in the carbon chain length of the alcohol from C4 to C9 led to a monotonous increase 
in LOC in the Th(IV)-TBP system. Regarding the rule of Leung et al. (107), this 
can be explained by an increase in the rigidity of the interfacial film by increasing 
the chain length of the modifier. Another possible explanation is increased steric 
stabilization induced by the short chain alcohol seen as a cosurfactant increasing the 
effective volume V of the apolar chains of an aggregate.

The phase stability of organic extractant phases and classical reverse microemul-
sions are thus governed by the same rule. This general conclusion would not have 
been valid for extractant systems in the case of an emulsification failure mechanism, 
namely rejection of the “internal” phase, but this was not observed in liquid/liquid 
extraction systems when salt is extracted.

7.3.2 influenCe of tHe nature of tHe Polar Core

The presence of reverse micelles in extractant systems was found to be related 
to third-phase formation through an increase in the attraction potential between 
micelles above approximately two times the thermal energy. The effect of different 
cations or anions of the extracted metallic salt or acid on the third-phase formation 
can be explained by this approach.

7.3.2.1 salt extraction and Influence of Polarizability
In contact with water, HNO3 and metal salts such as uranyl nitrate, thorium nitrate, 
or zirconium nitrate, extractants dissolved in the diluent form small reverse micelles. 
Upon extraction of metal salts, the swollen micelles interact through attractive forces 
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between their polar cores. The most direct way to evidence this is to estimate the 
structure factor at zero angles in a scattering experiment. The osmotic compress-
ibility increase is a direct translation of the attractive interparticle potential (109). 
Intermicellar interactions lead to third-phase formation under certain conditions as 
described above. In the presence of reverse micelles, the molecular speciation of spe-
cies remains complex and relatively unknown. Generally, the authors are interested in 
the structure of the organic phases as a function of their compositions rather than as a 
function of the complex stoichiometry. The sticky hard-sphere potential approach can 
be used if the global composition of the polar core of the micelle is considered with a 
spherical shape for the reverse micelle. The limit of the model is obtained if the shape 
of the reverse micelle is strongly modified by the extracted salt, as for example a transi-
tion from sphere to rod.

Chiarizia et al. (7, 22, 23) systematically studied the TBP, n-dodecane/HNO3, 
UO2(NO3)2 solvent-extraction system using SANS. They observed an increase in the 
diameter of the aggregates by increasing the amount of UO2(NO3)2 or HNO3. This 
reflects the swelling of the reverse micelles when solutes are solubilized in the polar 
core of the reverse micelles. At the same time, an increase in the short-range attrac-
tion forces between polar cores of the micelles due to dipole-dipole interactions is 
also observed. As shown in Figure 7.14 (a) (redrawn from Ref. (7)), the attraction 
potential becomes more attractive as the amount of solute increases in the reverse 
micelles, and reaches about –1.8 kBT (which corresponds to an effective Hamaker 
constant of about 4.3 kBT) at the limit of third-phase formation.

Similar results have been obtained for the diamide/dodecane (37, 70) system con-
tacted with an HNO3, or UO2(NO3)2, or Nd(NO3)3 aqueous phase (Figure 7.14 (b)). 
For all the systems, assuming the spherical reverse micelles are interacting through 
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an effective attractive potential, the attraction increases with the amount of extracted 
salt in the polar core of the reverse micelles and again the critical energy of attrac-
tion for the third-phase appearance is around 2.3 kBT, regardless of the extracted 
solute. The major difference between the extracted salts is how rapidly the energy of 
attraction |−U(r)| increases with the quantity of metal nitrate. The increase is greater 
with UO2(NO3)2 than with HNO3, indicating that less uranyl is necessary to obtain 
the third phase. This must be correlated with the higher LOC obtained with HNO3 
than with uranyl nitrate. That is, the addition of a given amount of metal nitrate is 
more efficient for increasing the attraction between micelles if the metal nitrate is 
more polarizable. As the polarizability is much higher for uranyl than for protons, 
we propose here that the more polarizable the core of the micelles is, the higher is 
the attractive interactions between reverse micelles, and the lower the LOC. This is 
consistent with the Hofmeister series classification (47).

There is only one systematic example in the literature of the influence of the 
polarizability of metal cations on the attraction between extractant reverse micelles. 
Chiarizia et al. (6) investigated third-phase formation in the extraction of U(VI), 
Th(IV), and Zr(IV) nitrates from HNO3 solutions by n-alkane solution of TBP. They 
have shown that the attractive interactions (and thus, the occurrence of a third phase) 
for different extracted cations follow their polarizability. A much lower concentra-
tion of Zr(IV) than Th(IV) is required to obtain a phase separation, indicating that 
Zr4 +  is more effective at producing phase splitting than the larger Th4 +  cation. In 
addition, the effect of metal nitrate on third-phase formation is always much more 
important than with nitric acid alone. To illustrate the relation between cation polar-
izability and phase-splitting efficiency, the authors quantified the slope of a plot of 
–U(r) versus total nitrate concentration. This allows comparisons of extraction data 
that are always dependent on the amount of nitric acid in the aqueous solution. As 
shown in Figure 7.15 (reproduced from Ref. (6)), they evidenced a linear correlation 
between the derivative of U(r) and the cation hydration enthalpy (110).
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Three main effects are universal and do not depend on the system studied. The 
favorable effect of a cation on third-phase formation is measured by the slope of the 
energy of attraction between the reverse micelles plotted versus the cation concentra-
tion in the organic phase or the total nitrate concentration for different salt. Whatever 
the nature of the extracted cations, third-phase formation is observed when the energy 
of attraction is near 2kBT. Finally, the tendency toward phase splitting correlates well 
with the hydration enthalpy of the cations.

7.3.2.2 extraction of Inorganic Acids and Polarizability
Inorganic acids are not equal in promoting third-phase formation, as the phenom-
enon is strongly dependent on the nature of the anions. Condamines et al. (111) have 
shown that inorganic acids such as HClO4, H2SO4, H3PO4, and HCl are less extracted 
than HNO3 by dialkylamide diluted in alkane. This is surprising in comparison with 
the classical Hofmeister series (112, 113), HNO3 should not be the best extracted in 
the series given according to Hofmeister. They explained this by the hydrophobicity 
of the amide, which prevents the coextraction of water. Inversions in the Hofmeister 
series are also observed in protein separations and are related to the polarizability of 
the “active” site (114). Nigond et al. (66) have observed that HClO4 is more effective 
than HNO3 in promoting a third phase in the amide-TPH system. For TBP systems, 
Chiarizia et al. concluded that HCl is more effective than HNO3 in forming a third 
phase (26, 27). In similar systems, it has been shown that HClO4 is also more effec-
tive than either HNO3 or HCl in promoting TBP phase splitting (115, 116). Thus, 
contrary to the case of cations, the tendency toward phase splitting seems not to be 
correlated with the hydration enthalpy of the anions (88). Chiarizia et al. (26, 88) 
recently investigated the liquid/liquid extraction of several mineral acids (HNO3, 
HClO4, H2SO4, HCl, and H3PO4) by TBP under identical conditions, to compare 
the efficiency of the acids in promoting third-phase formation with their specific 
properties. They evidenced the important role of coextracted water on the efficiency 
of anions in promoting third-phase formation. In an earlier study, Nave et al. (49) 
described the relation between third-phase formation and polar-core polarizability 
for the extraction of two acids, perchloric acid and nitric acid. In the case of nitric 
or perchloric acid extraction by TBP in n-dodecane, the third phase is obtained at 
lower concentration with the most polarizable anion (perchloric acid). Phase splitting 
is observed near an acidity of 2 M for HClO4 and 15 M for HNO3 for TBP (1.1 M)  
in dodecane (Figure 7.16 (b)). SAXS attributes this difference to the higher effec-
tive attraction interaction between polar cores when perchloric acid is extracted. 
Figure 7.16 (a) compares the SAXS patterns for TBP (1.1 M) solution contacted with 
H2O, 2 M HNO3, and 0.5 M HClO4, respectively. The aggregates formed in the three 
cases have the same shape, as all the three plots merge into the same curve at high q 
values, while the large increase in intensity in the low q range indicates high osmotic 
compressibility and hence strong attractive interparticle interactions for the HClO4 
solution. Reverse micelles containing ClO4

– ions thus have a more polarizable polar 
core, inducing predominant dispersion forces (van der Waals interactions) between 
polar cores, as suggested by Ninham et al. (117) (polarizability of ClO4

– and NO3
– 

are, respectively, 7.47 and 4.13 Å3 (110)).
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Regarding the other acids from Chiarizia’s studies (88), the effectiveness of inor-
ganic acids in promoting third-phase formation is not simply related to the physico-
chemical parameters (e.g., polarizability) of the relevant anions. The acids can be 
ranked by decreasing LOC values as follows: HClO4 > H2SO4 > HCl > H3PO4 > HNO3.  
Regarding the ability of the anions to coextract water, the extraction of HClO4 is 
accompanied by a large amount of water, contrary to the extraction with H3PO4 
or HNO3. The LOC order correlates with the amount of extracted water in the 
organic phase at the concentration point at which phase splitting occurs, as shown in  
Figure 7.17 (redrawn from the data of Ref. (88)). Table 7.4 indicates the LOC val-
ues, the amount of coextracted water, and the polarizability of the different anions. 
Third-phase formation during extraction of inorganic acids by TPB in dodecane 
seems to be primarily due to the ability of the various acids to carry hydration water 
into the organic phase. With regard to the above argument of increasing attractive 
interactions when approaching third-phase formation, the water incorporated in the 
reverse micelles makes the micellar core more polar and hence more unstable in 
terms of phase stability.

Far from third-phase formation, Kanellakopulos et al. (118) showed in an earlier 
study that the extraction behavior of given electrolytes with the same cation is pri-
marily influenced by the solvation properties of the associated anions. They found 
that the electrolyte phase distribution can be explained by single ion solvation, by 
comparing the equilibrium constants for the extraction of acids by undiluted TBP 
with the free energies of transfer for the anions (Table 7.3).

The distribution of acids between water (w) and TBP phase (s) is given by:
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FIGURe 7.16 (a) Small-angle X-ray scattering data for TBP (1.1 M) in n-dodecane con-
tacted with H2O ( ), 2 M HNO3 (•), and 0.5 M HClO4 (▲). Lines represent the fit of the data. 
The wave vector “q” is noted “Q.” (b) Pseudo-phase diagram [extractant] versus [H + ]aq,ini for 
different acid in the aqueous phase (HClO4 or HNO3). (From S. Nave, C. Mandin, L. Martinet, 
L. Berthon, F. Testard, C. Madic, and T. Zemb, Phys. Chem. Chem. Phys., 6(4): 799–808, 
2004. With permission.)
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and their equilibrium constants by:

 K A s

w w
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[ ]

[ ] .[ ]
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+ −

HX
H X

 (7.3)

The different solvation properties of the anions are directly influencing the extrac-
tion behavior of their acids (Equations 7.4 and 7.5).

 (H ) (X ) (HX) (H ) (X )+ − + −+ +w w

K

s

Ka

s s

s

   (7.4)

HClO4

H2SO4

HCl
HNO3

0.70.60.50.40.30.20.10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Acideorg,LOC (M)

[H
2O

] or
g,

LO
C

 (M
)

FIGURe 7.17 Water organic-phase concentration versus acid organic concentration at the 
LOC conditions for TBP/n-octane system equilibrated with different acidic aqueous phases. 
(Redrawn from R. Chiarizia and A. Briand, Solvent Extr. Ion Exch., 25: 351–371, 2007.)

tAbLe 7.3
Phase Distribution Constants K for the extraction of Acids 
by tbP (Undiluted) at Dilute Concentration and Free 
energies of transfer for the Anions

electrolyte Log K ∆WsG° (kJ/mol) for Anions

HC1O4 1.86 ± 0.07 +24.9 ± 0.7

HNO3 0.74 ± 0.06 38.2 ± 1.2

HC1 –1.12 ± 0.07 48 ± 0.9

Source: B. Kanellakopulos, V. Neck, and J. I. Kim, Radiochim. Acta, 48(3–4): 
159–163, 1989.
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where sKa is the association constant in the TBP phase.
The order found for the equilibrium constant (HClO4 > HNO3 > HCl) shows that 

the lower the free energy of transfer is, the higher is the equilibrium constant.
From these results on third-phase formation and measurement of extraction con-

stants, it turns out that two important features must be taken into account for the 
formulation of a liquid/liquid extraction system: how easily the salt is transferred 
from water to the organic extractant phase, and the stability of the organic extractant 
phase obtained by increasing the amount of extracted salt. These points can be in 
contradiction. For example, HClO4 is better extracted than HNO3, but the resulting 
organic phase is less stable with HClO4 than with HNO3. In applications, and for 
extraction plant design, a compromise between the efficiency of extraction (i.e., high 
extraction constant values) and the stability of the extractant phase must be found to 
optimize the liquid/liquid extraction processes.

7.4 stAbILItY oF MICeLLes AnD sHAPe tRAnsItIons

In the preceding sections, we focused on a description of the organic extractant 
phases when the microstructure can be assumed to comprise spherical reverse 
micelles interacting through an attractive potential. While spherical reverse micelles 
have been evidenced for TBP, diamide, and TODGA organic solutions, the polymor-
phism of the aggregates can be more complex when other extractants are used or 
when the extractant concentrations exceed 1 M. A trivial and direct observation of 
shape transition is when the conductivity of the organic phase increases by more than 
one order of magnitude. NaDEHP in heptane, a model of an acidic organophospho-
rus extraction system (48, 59), forms giant rod-like reverse micelles whenever metal 

tAbLe 7.4
Values of LoC, [tbP]/[Acid], and [H2o]/[Acid] in third Phase for the extraction 
of Different Inorganic salt by tbP (0.73 M) in n-Dodecane at 23 ± 0.5°C

electrolyte LoC
[tbP]/[Acid] in 

third Phase
[H2o]/[Acid] 
in third Phase

∆G°hyd (kJ/mol) 
of the Anions

Polarizabilities of 
the Anions (A3)

HClO4 0.116 2.5 4.1 –214 7.47

H2SO4 0.236 1.2 1.6 –335 5.47

HCl 0.308 0.88 2.2 –347 3.42

H3PO4 0.604 0.62 0.4 –473 5.79

HNO3 0.804 – – –306 4.13

Note: ∆G°hyd: absolute free energy change for transfer of ion from gas phase to infinite diluted solu-
tion, polarizabilities obtained from molar refractivity.

Source: Data are from R. Chiarizia and A. Briand, Solvent Extr. Ion Exch., 25: 351–371, 2007. With 
permission.
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salt is extracted. Large aggregates have also been evidenced by VPO measurement 
(35, 37). Large aggregation numbers are incompatible with a spherical shape due to 
surface and volume constraints (68). Some authors reported that third-phase forma-
tion is preceded by a large increase in the size of the aggregates or by polymerization 
of the metal-extractant complexes in some organic phases, as for example reported 
by Thiyagrajan et al. (16, 17, 74) with octyl(phenyl)-N,N′-diisobutylcarbamoyl-
methylphosphine oxide (CMPO) extractant.

Assuming that different polymorphisms can be found in the extractant systems, 
a better understanding also comes from other phase-separation mechanisms studied 
in classical amphiphilic systems such as soaps and lipids. The first, largely described 
here, is the phase separation resulting from increased attractive interactions. The 
second occurs when a sphere-to-rod transition is observed for the shape of the aggre-
gates. The attraction between cylinders is higher than between spheres when attrac-
tion is dominated by van der Walls (VdW) forces between polar cores (119). For 
micellar solutions (reverse or not), the liquid-liquid phase transition cannot be unam-
biguously attributed to either shape or attractive interactions only, as it appears that 
these two effects coexist in nonionic surfactants solutions (91, 120–123).

Another mechanism assuming the formation of connected, flexible, rod-like 
micelles is sometimes put forward to explain phase demixing (124). In this case, the 
phase separation results from an increase in the attraction due to the formation of 
junctions between the elongated aggregates. Nevertheless, this mechanism has not 
yet been evidenced experimentally in extractant systems.

Bauduin et al. (125) have shown that the shape of the aggregates is directly 
at the origin of the macroscopic observation by Dozol et al. (69): third-phase 
formation when a solution of N,N ′-dimethyl-N,N ′-dibutyl-pentyl malonamide 
(DMDBPMA > 1 M) in dodecane is contacted with water, whereas no third-
phase formation is observed when a solution of DMDBTDMA in dodecane is 
contacted with water over the entire concentration range. The only difference 
between these two malonamide is the length of the central alkyl chain (five car-
bons for DMDBPMA and 14 carbons for DMDBTDMA, respectively). Using 
small-angle scattering, the authors showed that at concentrations near 1 M, a 
transition from reverse micelles to reverse cylindrical micelles is observed for 
DMDBPMA and not for DMDBTDMA (Figure 7.18). This shape transition coin-
cides with the third-phase formation, and the phase separation is thus due to 
an elongation of the aggregates in this case. If the concentration is increased 
above 1.2 M, DMDBTDMA undergoes a transition from reverse micelles to 
lamella, being sterically stabilized by the longer alkyl chains compared with 
DMDBPMA. The stability of the organic phase can thus be determined a priori 
from the aggregation behavior of the extractant-solvent system. This study con-
firms that the aggregation state at supramolecular scale plays a major role in 
extraction systems, especially in predicting phase instability.

7.4.1 PaCking Parameter

The shape of the aggregates can be related to the dimensionless packing parameter 
(P) defined by Israelachvili (119, 126) as the ratio V/σ·l, where V is the apolar volume 
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of the amphiphile, σ the optimum area per polar head group at the interface between 
hydrophobic and hydrophilic parts, and l the average chain length. The optimum 
area σ is the area that minimizes the free energy of the surfactant monolayer at the 
oil-water interface; the effective volume V must include cosurfactant and penetrating 
oil; and l is 80% of the extended chain length. The spontaneous packing param-
eter P0 for any water-surfactant-oil system can thus be estimated, P0 being depen-
dent on a molecular system. Efficient extractants generally form reverse micelles 
and thus, have a spontaneous packing parameter value around 3 (10). Israelachvili 
and Ninham (119) also showed that any aggregate shape corresponds to an effec-
tive packing parameter (related to the solution constraints). The effective packing 
parameter must refer to the effective geometry adopted by the surfactant in the inter-
facial film (taking into account all the constraints of concentration, temperature, 
ionic strength, etc.), and not only to the molecular volumes of the surfactant alone. 
The value of the effective parameter is directly related to the possible shape of the 
aggregates in solution. For example, a packing parameter of less than 1 corresponds 
to direct aggregates (oil in water); a value near 1 corresponds to aggregates with 
zero curvature such as lamellar phase or vesicles. If P is greater than 1, the system 
becomes increasingly lipophilic, and transitions are observed from lamellar phase to 
reverse cylindrical micelles and then to reverse spherical micelles (119). The differ-
ence between the effective packing parameter (related to the constraint of the solu-
tion) and the spontaneous one gives the free energy of curvature, namely the energy 
required to bend the film to adopt the constraints of the sample. This difference con-
trols the formation of aggregates with any shape.

The packing parameter of the neighboring surfactant molecules reflects the molec-
ular dimension and is related to the macroscopic curvatures (Gaussian and mean 
curvature) of the surface imposed by the topology of the coverage relation (127).  
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FIGURe 7.18 Sphere-to-rod transition in DMDBPMA, n-dodecane solution. 0.54 M (+) 
of DMDBPMA is fitted with sticky hard-sphere (Nagg = 4 and U/kBT = –1.92) and 1.25 M (o) 
of DMDBPMA is fitted by monodisperse cylinders of finite length, L = 87 Å, and radius, 
R = 5 Å. The presence of cylinders is also confirmed by the q–1 dependence in the spectra.
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Using the packing parameter, the sample composition can be modified to 
impose a packing variation toward better solution stability. As an example, if the  
DMDBPMA-dodecane solution forms a third phase because of the rod-like shape of 
the aggregates, the addition of a molecule that increases the packing parameter of 
the extractant will induce a transition toward the sphere and will thus, prevent the 
third-phase formation. The role of the added modifier can be explained simply using 
this concept.

7.4.2 influenCe of added modifier

7.4.2.1 Modifier and supramolecular structure
In the liquid/liquid extraction field, the third phase is often prevented by adding a 
modifier to the solution. Modifiers are generally polar molecules containing a hydro-
carbon chain and a polar component such as long-chain alcohols (octanol, isodecanol, 
and p-nonyl phenol), TBP, or amides. As the metal solvate is more compatible with 
a polar diluent, increasing the polarity of the solvent by adding a modifier results in 
a higher LOC. Kertes et al. (115) suggested that the effect of a polar modifier is to 
increase the solubility of the complexes due to a secondary solvation of the complex. 
The protruding alkyl chain of the modifiers around the complex tends to increase its 
solubility. This is the main explanation given for the effectiveness of the modifier in 
preventing the third phase, but a clear understanding of the effect of the modifier is 
still required. Several experimental results are described in the literature. The main 
studies concern the use of alcohol with different chain lengths, as described in the 
review by Rao et al. (4) for TBP systems.

Smith et al. (128) developed a modified amide phase system to extend the opera-
tional stability range of the alkylmalonamide-dodecane system. They obtained a more 
extensive domain of stability over the temperature and acidity concentration range.

Tachimori et al. (5) and Sazaki et al. (104) studied the effect of adding a mono-
amide modifier to a TODGA (0.1 or 0.2 M)-dodecane/Nd(III) extraction system.  
N,N-dihexyloctanamide (DHOA) was used as a representative monoamide modi-
fier. It was shown that adding this modifier suppressed the third phase and that the 
amount of extracted Nd(III) reached the stoichiometric value. DHOA alone has a 
very weak extractability for Nd(III), and the explanation given is increased solvent 
polarity within an outer-sphere organization.

Kedari et al. (101) studied the influence of adding a modifier on a solvent extrac-
tion with an Ir(IV)-Cyanex 923 system. Cyanex 923 is a commercial neutral organo-
phosphorus extractant widely used for extraction of metal ions or inorganic acids. 
They observed that decanol is not efficient as a modifier probably because of an 
interaction with Cyanex 923. TBP can only be used at 4 M HCl; otherwise the effi-
ciency is poor. This highlights the fact that the interaction of the modifier with the 
extractant can modify the efficiency of the extraction.

Delmau et al. (129) studied the self-association of fluorinated alcohols used 
as diluent modifiers for the selective extraction of cesium from caustic media by 
calixarene-crown ethers. They found that the salt distribution ratio is enhanced by 
the modifiers and explained this by a solubilization effect of the modifier due to its 
amphiphilic properties.
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The adjunction of a modifier thus changes the physicochemical properties of the 
extractant and directly influences the maximum solute concentration in the organic 
phase (LOC). The role of the modifier is generally attributed to a specific experimen-
tal system and is generally not linked to a particular supramolecular organization. 
Abecassis et al. (89) studied the impact of octan-1-ol used as a modifier on the self-
assembling properties of the DMDBTDMA in dodecane. Octanol (an H-bonded liq-
uid) is known to form oligomers through intermolecular hydrogen bonds constituting 
regions of high electronic density (130, 131) compared to the aliphatic parts. Octanol 
is not a molecular solution, and its addition to a diamide/alkane solution organized into 
reverse micelles must have some consequences on the supramolecular organization. 
When small amounts of octanol are added, the organization into reverse micelles is 
maintained and a cosurfactant effect is observed. A “cosurfactant” is a molecule that 
cannot form micelles by itself in a given solvent, but once a micelle is formed by a sur-
factant or an extractant molecule, a cosurfactant molecule participates in the micellar 
structure. The scattering spectra are typical of reverse micelles, but the external specific 
surface area of the polar aggregates is modified by the presence of the cosurfactant. The 
dynamic properties of the extractant film can be modified with possible consequences 
on extraction capacities, but, to date, no systematic studies have been done to relate the 
molecular exchange, extraction kinetics, and structural properties of the aggregates.

When octanol is added in large amount and used as a cosolvent, a structural tran-
sition occurs in the molecular organization of the solution. A new structure appears 
organized in a hydrogen-bond network that contains the diamide. When present, this 
hydrogen-bonded network has a specific SAXS signature (132–134). Indeed, upon the 
addition of octanol, the scattering spectrum is modified from a classical reverse-mi-
celle spectrum to a spectrum containing a broad peak, characteristic of a mean distance 
in the sample between regions of high electronic density, as shown in Figure 7.19. 
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FIGURe 7.19 Small-angle X-ray scattering spectra of solutions of [DMDOHEMA] = 0.7 M in 
various solvents: (×): extractant reverse micelles in dodecane; or extractant dispersed in structured 
solvent: (▲) for φdodecane/φoctanol = 24/76 and (¢) octanol. (From F. Testard, P. Bauduin, L. Martinet, 
B. Abécassis, L. Berthon, and C. Madic, Radiochim. Acta, 96: 1–8, 2008. With permission.)
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This transition from reverse micelles to a tridimensional H-bond network has a 
direct consequence on third-phase formation. Moreover, the structure of the solution 
does not depend on the nitric acid concentration. Third-phase formation is thus pre-
vented. Significant variations in extraction properties can be expected concurrently 
with this micelle-to-cosolvent microstructural transition. Without octanol, polar 
microdomains are clearly separated from the apolar solvent by an interface, whereas 
in the second system, the transition between polar and apolar areas is spatially more 
extended and probably creates an “open” structure as in a network. Nevertheless, a 
systematic study with structural determination in relation with the extraction ability 
is not yet available in the literature. Regarding the efficiency of the extractant solu-
tion containing modifiers, the key issue is also the competition for complexation 
between the complexing agent and the cosurfactant head-group.

7.4.2.2 Using the Packing Parameter to explain the Role of Modifiers
The packing parameter concept can be used to understand the role of the modifier 
on the structure, as shown by Bauduin et al. (135) DMDBBPMA-alkane solutions 
form a third phase when equilibrated with water. The third phase can be suppressed 
by the addition of alcohols of various chain lengths. As shown in Figure 7.20, the 
minimum amount of n-alcohol sufficient to make the third phase disappear (Cmin) was 
determined for DMDBTDMA-dodecane or heptane solutions. For both systems, the 
following general trend in the alcohol efficiency is observed: C5H11OH < C7H15OH 
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FIGURe 7.20 Amount of alcohol required to disrupt the third-phase formation observed 
when DMDBPMA XM ( >1 M)/in dodecane or heptane is contacted with a water solution 
(CnOH = CnH2n + 1OH). (From P. Bauduin, F. Testard, L. Berthon, and Th. Zemb. J. Phys. 
Chem. B, 112: 12354–12360, 2008. With permission.)
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< C10H21OH < C12H25OH, C12H25OH being the most efficient alcohol in disrupting 
ordered phases, that is being efficient at lower concentrations. The extractant packing 
parameter is more influenced by dodecanol than by pentanol. The addition of a small 
amount of dodecanol is sufficient to increase the extractant packing parameter and 
thus to impose a change in the structure of the solution toward spherical aggregates.

DMDBPMA molecules form rod-like micelles, so the effective packing param-
eter is about 2; for spherical reverse micelles, P is approximately 3. In comparison 
to DMDBPMA and spherical micelle-forming extractants, modifiers have P > 3 
due to the very low σ values. Hence, they do not form reverse rod-like or spherical 
micelles in oil, but rather form “poorly defined” or “softer” aggregates such as dim-
ers, trimers, etc. The addition of alcohol to the extractant leads to comicellization 
and the overall P of the extractant-modifier couple increases. Adding modifiers to 
extractant solutions thus disrupts the rod-like or spherical aggregates. By disrupting 
rod-like DMDBPMA micelles, which cause phase splitting, the addition of a modi-
fier prevents phase instability. P increases with the alkyl chain length of n-alcohols: 
the longer the n-alcohol, the more efficient it is in disrupting aggregates and hence 
in preventing third-phase formation, as observed experimentally. The addition of 
a small amount of dodecanol is then sufficient to prevent third-phase formation in 
DMDBPMA systems.

The trend for the different alcohols according to their ability to suppress the third 
phase in the DMDBTDMA-alkane system is consistent with the results reported 
by Dhamodaran and Srinivasan and summarized in the review of Rao et al. (4). 
Dhamodaran et al. showed that increasing the carbon chain length of the alcohol 
from C4 to C9 leads to a monotonous increase in LOC in the Th(IV)-TBP system. 
Srinivasan et al. showed a similar effect of alcohol between butanol and heptanol on 
the LOC of a Pu(IV)-TBP system.

7.5  MICRostRUCtURe oF tHe ConCentRAteD 
PHAses oF eXtRACtAnt

The origin of third-phase formation is unambiguously related to the supramolecular 
organization of the extractant, as shown by the numerous papers on this subject in 
the last 10 years, but few structural investigations have focused on the third phase. 
From the phase diagram, it is clear that the third phase has the same chemical com-
position and the same structure as an organic phase with a high extractant concentra-
tion loaded with a solute at concentrations below the LOC. Thus, the structure of the 
third phase can be understood using the concentrated region of the phase diagram 
determined and studied with two different approaches from coordination chemistry 
and supramolecular organization.

7.5.1 lamellar StruCture in ConCentrate regime

Few studies in the literature concern the structure of concentrated phases of extrac-
tant in diluent. Recently, Bauduin et al. (125) have investigated the structure of 
DMDBPMA-dodecane and DMDBTDMA-dodecane solutions in the concen-
trate regime. Figure 7.21 clearly shows the difference in the microstructure of the 
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solutions. The scattering data need to be plotted on a logarithmic scale, because 
scattered intensities differ by orders of magnitude. Spherical reverse micelles formed 
in DMDBPMA-dodecane solutions at low concentrations become rod-like micelles 
at about 1 M, and at high concentrations the spectra show a strong and broad “cor-
relation peak.” The maximum of the peak, qpeak, can be used to determine the cor-
responding typical correlation length D* through the expression D* = 2p/qpeak where 
D* corresponds to the average distance between polar heterogeneities in the solu-
tion, that is, regions of higher electronic density constituted by the polar components 
of aggregated extractant molecules in an aliphatic hydrocarbon medium of lower 
electronic density. For higher concentration, the qpeak values are around 0.55 Å–1 
(D* = 11.4 Å in real space) and remain nearly constant with the concentration.

For DMDBTDMA-dodecane, spherical reverse micelles are formed below  
1 M, and the intensity at low q values is observed to decrease due to an increase in 
the repulsive potential between reverse micelles when the concentration increases. 
Furthermore, as for DMDBPMA, a correlation peak appears with increasing con-
centration, but here in the q range from 0.16 to 0.31 Å–1. The position of the peak 
is shifted to higher q values as the DMDBTDMA concentration increases. The D* 
values range from around 40.2 Å at 1.2 M DMDBTDMA to 16.7 Å for nearly pure 
DMDBTDMA (2 M). Comparing the experimental results with the known dilution 
laws of the different corresponding topologies establishes that DMDBTDMA is 
organized into lamella, being sterically stabilized by the long alkyl chains, while 
DMDBPMA is organized into unstabilized disordered lamella (shown in Figure 
7.22) (125).

Therefore, in concentrated media, malonamide extractant does not organize into 
spherical micelles, and the structure becomes increasingly organized as the solution 
viscosity increases.

This order can also be found at lower concentration when metal-extractant com-
plexes are involved instead of a single extractant. The corresponding physical chem-
istry is not known, and a specific theory has to be developed for ion adsorption, by 
analogy with weak polyelectrolytes, the closest analog to the network of hydrogen 
bonds decorated with complexing molecules.
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FIGURe 7.21 SAXS spectra of malonamide/dodecane solution from dilute to concentrate 
regime. (a) DMDBPMA and (b) DMDBTDMA. (From P. Bauduin, F. Testard, L. Berthon, and  
T. Zemb, Phys. Chem. Chem. Phys., 9: 3776–3785, 2007. With permission.)
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Figure 7.23 summarizes the four possible different organizations found in some 
extractant/diluent solutions. The presence in a given system of any of the four micro-
structures described here could have profound consequences on its dynamic and 
kinetic properties.

7.5.2 liQuid CryStalline State and Solid in tHe tHird PHaSe

Very little structural information is available on the species formed in the third phase. 
Until recently, the third phase was principally investigated from a coordination chem-
istry point of view without any relation with the supramolecular organization of the 
species. Borkowski et al. (20, 21) studied the third phase of U(VI) or Th(IV), HNO3/
TBP, alkane systems. They demonstrated the presence of a significant amount of HNO3 
weakly bonded to the P = O group of TBP in the third phase. The amount of bound 
HNO3 found when using UO2

2+ was greater than when Th4 +  was used. Kumar et al. 
(136) investigated the speciation studies for U(IV), Pu(IV), and Th(IV) in the third 
phase from experimental results found in the literature. Earlier publications such as 
Kolarik et al. (137) concluded that for a Pu(IV)-TBP system, the solvate composition 
remained the same in the third phase and in the regular organic solution. Boukis et al. 
(138) and Jensen et al. (28) later reported that UO2(NO3)2 ⋅ 2TBP ⋅ HNO3 is found in 
the third phase, while UO2(NO3)2 ⋅ 2TBP is found in the normal extractant phase. The 
analysis of several other publications allowed Kumar et al. (136) to conclude that during 
third-phase formation, extended solvates are formed for U(VI), Pu(IV), and Th(IV).
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FIGURe 7.22 Variation of D* (obtained from the maximum of the broad peak in SAXS 
data) for DMDBTDMA-dodecane or DMDBPMA-dodecane solutions. The theoretical dilu-
tion law for lamella, cylinders, and sphere are drawn to obtain the structure of the differ-
ent solutions. Sphere for DMDBPMA (C5) and triangle for DMDBTDMA (C14). (From  
P. Bauduin, F. Testard, L. Berthon, and T. Zemb, Phys. Chem. Chem. Phys., 9: 3776–3785, 
2007. With permission.)
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Kedari et al. (101) observed similar IR spectra for the third phase obtained in the 
Ir(IV)-Cyanex 923 extraction system for different initial concentration of HCl in the 
aqueous phase. Bal et al. (139) recently investigated the structure of the precipitates 
in the third phases obtained after extraction of molybdenum(VI) and vanadium(V)-
Aliquat 336 organic solutions. Chiarizia et al. (7, 23) characterized the third phase 
of the U(VI)-HNO3/TBP-dodecane extraction system, and reported the formation of 
extended solvates in the third phase. SANS data reveals that the heavy organic phase 
can be understood as a continuous phase of UO2(NO3)2 ⋅ 2TBP ⋅ HNO3 composition 
with dispersed “pockets” containing an average of two molecules of dodecane.

From macroscopic observations, it appears that in the DMDBTDMA-dodecane 
system the nature of the third phase (liquid, gel, or solid) (140) depends to a large 
extent on the extracted species. In some cases, microphase separations can be 
obtained, that is, the coexistence of a more crystalline phase with domains of diluted 
phase that do not separate upon centrifugation. In classical colloidal literature (141), 
this situation is described as a dispersion of tactoids in the form of small amounts of 
liquid crystals, giving macroscopically a gel.

In the DMDBTDMA-alkane system (37, 140), the third phase is a gel when 
neodymium nitrate or thorium nitrate are extracted at high concentration, but 

B1

C D

B2

FIGURe 7.23 Four organized microstructures recognized for extractant solutions (black: 
extractant molecule, gray: cosurfactant or cosolvent). (B1) W/O micelles or reverse aggre-
gates of surfactant molecules. (B2) W/O micelles with another solute acting like a cosur-
factant. (C) Random dynamical networks in organized solvent, acting like adsorption sites 
for solubilized complexing molecules. (D) Microphase separation containing “tactoids,” that 
is, coexistence of locally condensed structures such as a hexagonal phase. (From F. Testard, 
L. Berthon, and Th. Zemb, C.R. Chimie, 10: 1034–1041, 2007. With permission.)
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contains a precipitate when uranyl nitrate is extracted (with an induction period 
related to the concentration of the species). In the case of the gel, the SANS pat-
terns reveal the microphase separation. For the solid in the third phase obtained 
with uranyl nitrate from DMDBTDMA-dodecane, the SANS patterns clearly 
show a correlation peak corresponding to 17 Å in real space. The diffraction cor-
relogram for the third phase was compared with the structure of a DMDBTDMA-
UO2(NO3)2 crystal obtained from the third phase after filtration, washing, and 
recrystallization. It can be concluded from the similarity of the two spectra that 
the third phase is ordered over large distances (>500 Å) and that the third phase 
is organized into a crystal with a lattice parameter of 33 Å with interleaved layers 
of hydrophobic extractant chains and of uranyl nitrate. A supramolecular orga-
nization is still present in the third phase in relation with the speciation of the 
extracted salt and extractant.

7.6 ConCLUsIons

The colloidal approach provides a better understanding of third-phase forma-
tion than earlier models relying solely on coordination chemistry or regular solu-
tion theory, for example. The presence of reverse micelles with a polarizable core 
is the key to understanding phase separation. In some cases, the structure of the 
aggregates can change from spherical to cylindrical or lamellar structures leading 
to third-phase formation under different conditions. The third-phase formation is 
thus a consequence of the self-assembling properties of both the extractants and the 
solute-extractant complexes. Despite the very low aggregation numbers (between 
4 and 10) of the reverse micelles, the colloidal concepts can be used to describe 
the liquid/liquid extraction. This approach places the extractant at the center of the 
extraction studies.

Regarding the liquid/liquid extraction from the metal standpoint is rather dif-
ferent. This is the classical approach of coordination chemistry (most of the pub-
lications in this area). Today, it is still difficult to establish a direct link between 
the two descriptions of the organic extractant phases. To better understand liquid/
liquid extraction, the aggregation number and coordination number must be mea-
sured separately for each system and set of initial conditions. This is the only way to 
determine the role of the aggregates in the extraction efficiency. This important point 
was emphasized by Yaita et al. (61). In this way, Gannaz et al. has used an approach 
combining studies on both supramolecular and molecular speciation of extractant 
systems of the DIAMEX-SANEX process (36).

In the aggregates, not all the extractant molecules are coordinated with the ion. 
According to coordination chemistry, this is equivalent to considering that some 
extractants are present as outer-sphere ligands in the complex. This can account for 
some discrepancies between the slope analysis and the stoichiometry of the com-
plexes found by other methods. Extractants that are not directly bound to the metal 
can be considered to be involved in a process of solubilization of the complexes 
formed at the water/oil interface.

Although the role of the self-assembling properties of the extractant in the stabil-
ity of the organic phase has now been demonstrated, this is not yet the case for the 

59696.indb   419 7/14/09   9:35:53 PM



420 Ion Exchange and Solvent Extraction: A Series of Advances

extraction efficiency. A recent approach considering the extractant as a potential 
surface where ions can adsorb may allow discriminating between the chelating role 
of the extractant and the role of the aggregate in the extraction efficiency (142).
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8.1 IntRoDUCtIon

The international context for nuclear energy has led the scientific community to draw 
up common strategies to plan for new generation reactors. Recycling (individual or by 
families) of nuclear materials is a primary objective and requires efficient processes to be 
established (1, 2). To meet such needs, liquid-liquid extraction remains a favored route.

However, applying extraction by solvent to the nuclear field is not an easy task for 
the solvent that undergoes multiple attacks—chemical, thermal, but especially radio-
lytic. This multiplicity is reinforced by the biphasic nature of the chemical system 
and the presence of numerous solutes, be it in aqueous or organic phase. Radiolysis 
of such a system thus leads to the formation of a multitude of radicals and ionized 
species (including the reactive species H•, OH•, solvated electrons, H2, or H2O2), 
which recombine in molecular products shared between the two phases.

The experience gained from the PUREX process, in operation for a half century, 
is rich in lessons learned about the potential consequences this can cause:

 – Degradation of the solvent formulation (loss of efficiency due both to the 
partial disappearance of the extractant at the heart of the process and to the 
formation of degradation products that may be competitive);

 – Alteration of the physicochemical properties (density, viscosity, interfacial 
tension, etc.);

 – Modification of the extraction kinetics (presence of precipitates, of inter-
face-active substances, etc.);

 – Modification of the redox properties of the metallic ions to be extracted by 
reaction with the many radical species present.

During the reprocessing of fuel using the PUREX process, the degradation of tri-n-
butyl phosphate (TBP) by hydrolysis nevertheless represents an important part, as 
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the surrounding medium is particularly reactive (presence of high concentrations of 
nitric acid).

To develop a new liquid-liquid extraction process in the nuclear field, it is therefore 
imperative to consider the stability of the molecules proposed as a major criterion 
and to integrate systematic degradation studies in order to check the robustness of the 
solvent submitted to radiolysis, particularly in terms of efficiency and of selectivity.

The published studies of degradation have not, however, been approached with 
the same methodologies. The main axes have been the following:

 – Experimental studies of irradiation carried out on the extractant, either pure 
or in solution, under representative conditions (presence of diluent, of aque-
ous phase, of acid and/or metallic solutes, of complexants, etc.). Most of 
these approaches consist in measuring the impact of the dose delivered on:

 – The composition of the organic phase (qualitative and/or quantitative 
analyses);

 – The efficiency and the selectivity of the extractant by the measurement 
of the distribution ratios of different metallic cations;

 – The physicochemical properties of the system.

The objective of such an approach is to correlate the evolution of the solvent’s 
composition with the modification of its properties.

 – The proposition of a solvent-regenerating treatment (sometimes called sol-
vent cleanup) to eliminate unwanted degradation products as they occur 
(basic scrubbing, distillation, etc.).

 – Carrying out integration studies using experimental loops that enable the 
solvent to be submitted sequentially and cyclically to all the treatments 
(extraction-irradiation-scrubbing-regenerating treatment).

Selection of the radiolysis conditions is of primary importance. If studies car-
ried out with a pure extractant enable the intrinsic stability of the molecules to be 
verified, radiolysis in solution and especially in a basic medium are indispensable 
to guarantee the approaches’ good representativity, as much from the point of view 
of species’ formation as from that of their distribution (potential elimination of the 
shortest degradation products, the most polar to the aqueous phase). The character-
istics of the irradiation source (nature, dose rate, integrated dose) and also the tem-
perature are essential parameters. Thus, the nature of the irradiation depends on the 
composition of the fuel, and the dose rate is dependent on the burn-up and cooling 
time of the fuel, while the exposure time of a solvent depends on the implementation 
conditions of the proposed process (flowsheet and nature of the contactors).

This review groups the information published on degradation of the main fam-
ilies of extractants studied in the frame of long-lived minor-actinide and fission-
product recovery (1–4) (see Chapter 1): alkyl-phosphorus compounds (phosphates, 
phosphonic acids, bifunctional compounds like CMPO), amide compounds (dialkyl-
amides, malonamides, and diglycolamides), N-donor compounds, and macrocycles 
like crown ethers and calixarenes (Table 8.1). The multicomponent systems based on 
the chlorinated cobalt dicarbollide process have not been considered.
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tAbLe 8.1
Acronyms and Formulae of Different extractants

Phosphates

TBP: Tri-n-butyl 
phosphate

P O
O

O

O

TiAP: Tri-iso-amyl 
phosphate

P O
O

O

O

TnAP: Tri-n-amyl 
phosphate

P O
O

O

O

Dialkylphosphoric acids

HDEHP: Di(2-ethylhexyl) 
phosphoric acid

P OH
O

O

O

HBDMBP: Bis(1,3-
dimethylbutyl) phosphoric 
acid

P OH
O O

O

HDiDP: Di-iso-decyl 
phosphoric acid

P OH
O O

O

HDHOEP: 
Di(hexyloxyethyl) 
phosphoric acid

P OH
O O

O

O

O

59696.indb   432 7/14/09   9:35:58 PM



Radiolysis of Solvents Used in Nuclear Fuel Reprocessing 433

(continued)

tAbLe 8.1 (Continued)

Dialkyldithiophosphinic Acids

Ph2PS2H: Di(phenyl) 
dithiophosphinic acid

P SH

S

(ClPh)2PS2H: 
Bis(chlorophenyl) 
dithiophosphinic acid 

P SH

S

Cl

Cl

CMPo

OΦD(iB)CMPO: 
Octyl(phenyl)-N,N-di- 
iso-butylcarbamoyl 
methylphosphine oxide

P

O

N

O

DOD(iB)CMPO: 
Dioctyl-N,N-di-iso-
butylcarbamoylmethyl 
phosphine oxide

P

O

N

O

DΦD(iB)CMPO: 
Diphenyl-N,N-di- 
iso-butylcarbamoyl 
methylphosphine oxide

P

O

N

O

Monoamides

DBEHA: N,N-di-n-butyl-
2-ethylhexanamide N

O

DiBEHA: N,N-di-iso-
butyl-2-ethylhexanamide N

O

DBOA: N,N-di-n-
butyloctanamide N

O

DiBOA: N,N-di- 
iso-butyloctanamide N

O
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tAbLe 8.1 (Continued)

DEHBA: N,N-di(2-
ethylhexyl)-n-butanamide

N

O

DEHiBA: N,N-di(2-
ethylhexyl)-iso-
butanamide N

O

DEHDMBA: N,N-di(2-
ethylhexyl)-3,3-dimethyl 
butanamide N

O

DEHHA: N,N-di(2-
ethylhexyl)hexanamide N

O

MBEHA: N-methyl-N-
butyl-2-ethylhexanamide

N

O

Malonamides

DMDBHDEMA: 
N,N′-dimethyl-N,N′-
dibutylhexyldiethoxy 
malonamide

N

O

N

O

O

O

DMDOHEMA: N,N′-
dimethyl-N,N′-
dioctylhexylethoxy 
malonamide

N

O

N

O

O
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tAbLe 8.1 (Continued)

DMDBDDEMA: 
N,N’-dimethyl-N,N′-
dibutyldodecylethoxy 
malonamide

N

O

N

O

O

DMDBTDMA: N,N′-
dimethyl-N,N′-
dibutyltetradecyl 
malonamide

N

O

N

O

Diglycolamides

TODGA N,N,N’, 
N′-tetraoctyl-3-
oxapentane-1,5-diamide

N

O

O

N

O

T(OPh)DGA N,N, N′, 
N′-tetrakis(p-octyl-
phenyl)-3-oxapentane-
1,5-diamide

N

O

O
N

O

TOFDA N,N, N′,N′-
tetraoctyl-furan-2,5-
diamide

N

O

O
N

O

(continued)
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tAbLe 8.1 (Continued)

nitrogen Polyaromatic Molecules

Picolinamides
N

O

N

R

R"

R'

TPTZ: 2,4,6-tri-(2-
pyridyl)-1,3,5-triazine N

N

N

N N

N

TMHADPTZ: 2-(3,5,5-
trimethylhexanoylamino)-
4,6-di(pyridine-2-yl)-
1,3,5-triazine N

N

N

N N

HN O

Et-BTP: 2,6-bis(5,6-
diethyl[1,2,4]triazine-3-
yl)-pyridine

N
N

N
N N

N

N

nPr-BTP: 2,6-bis(5,6-di-n-
propyl[1,2,4]triazine-3-
yl)-pyridine

N
N

N
N N

N

N

nBu-BTP: 2,6-bis(5,6-di-
n-butyl[1,2,4]triazine-3-
yl)-pyridine

N
N

N
N N

N

N

iPr-BTP: 2,6-bis(5,6-di-
iso-propyl[1,2,4]
triazine-3-yl)-pyridine

N
N

N
N N

N

N

iBu-BTP: 2,6-bis(5,6-di-
iso-butyl[1,2,4]
triazine-3-yl)-pyridine

N
N

N
N N

N

N

CyMe4-BTP: 2,6-
bis(5,5,8,8-tetramethyl-
5,6,7,8-
tetrahydrobenzo[1,2,4]
triazine-3-yl) pyridine

N
N

N
N N

N

N
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tAbLe 8.1 (Continued)
BzCyMe4-BTP: 2,6-
bis(9,9,10,10-tetramethyl-
9,10-dihydro-[1,2,4]-
triazaanthrane-3-yl) 
pyridine

N
N

N
N N

N

N

C5-BTBP: 6,6′-bis(5,6-
dipentyl-1,2,4-triazin-3-
yl)-2,2’-bipyridine

N

N

N

N

N

N

N

N

CyMe4-BTBP: 6,6′-
bis(5,5,8,8-tetramethyl-
5,6,7,8-tetrahydro-
benzo[1,2,4]
triazin-3-yl)-[2,2’]-
bipyridine

N

N

N

N

N

N

N

N

Crown ethers

DCH18C6: 
Dicyclohexano-18-
crown-6 O

O

O

O

O

O

DtBuCH18C6: Di-t-
butylcyclohexano-18-
crown-6 O

O

O

O

O

O

Calixarenes

octMC6: Di(n-octyloxy)
calix[4]arene-crown-6

O

O

O
O

O

O

OO

iPrMC6: Di(iso-
propyloxy)calix[4]
arene-crown-6

O

O

O

O

O

O

OO

(continued)
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The part of this chapter concerning the TBP molecule remains the largest, as 
this ligand has been considered the reference extractant system for more than one 
reason: not only is the information published abundant (enabling a comprehensive 
view of the parameters acting on radiolysis, and the analysis of many influences), 
and has been summarized in several review articles, but also the degraded solutions 
have recently been analyzed by high-performance techniques that enable the identi-
fication of compounds, which though minor are nevertheless influential, and finally 
different scientific teams have proposed degradation mechanisms on the molecular 
scale. It should also be emphasized that the PUREX process’s position at the head of 
reprocessing exposes the TBP solvent to considerable radiolysis.

After a brief presentation of the major analytical tools selected to degrade and 
analyze solvents, the results of degradation studies will be reported. The main points 
will be the presentation of the chemical damage to extractant (qualitative studies 
of the solvent, including identification of degradation products and presentation of 
a simplified degradation scheme), the macroscopic factors governing the degrada-
tion, and the impact of radiolysis on extracting capabilities. The following section 
provides a review of more fundamental studies related to the radiolytic degradation 
mechanism of organic solvent. Finally, the last part has been devoted to the estab-
lishment of the relation between the solvent’s formulation (structure of the extract-
ant, composition of the organic phase) and its radiolytic stability.

8.2 eXPeRIMentAL ConDItIons

8.2.1 irradiation toolS

The radiolytic degradation of solvents was usually performed by irradiation of syn-
thetic solutions rather than industrial samples. In more than 90% of studies, sam-
ples were exposed to γ-irradiation with a 60Co source, and sometimes with a 137Cs 

tAbLe 8.1 (Continued)

BC6: 1,3-alt-calix[4]
arene-bis(crown-6)

O O

O

O

O

O
O

O

O

OO

O

BOBCalixC6: Calix[4]
arene-bis(tert-octylbenzo-
crown-6)

O

O

O

O
OO

O
O O

O

O O
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source (4–7). Some studies were carried out on chemical extraction systems with 
α-irradiations either with an external beam from a cyclotron (8) or by direct introduc-
tion of α-emitters (239Pu (9), 238Pu (9–11), 241Am (12, 13), 244Cm (14, 15)) in the solu-
tions. Few experiments were performed with β-irradiation using a 90Sr source (16). 
Other authors investigated radiolysis with electron accelerators (9, 17–19). However, 
studies with a comparison of two different radiation modes were rare (8, 11, 16).

It must be remembered that irradiation experiments can be performed with 
monophasic systems (in the absence of an aqueous phase) or in extraction condi-
tions in the presence of an aqueous phase, in static or dynamic conditions (organic 
and aqueous phases continuously stirred with a dedicated stirrer unit (20), magnetic 
stirrer, or sparging with air).

However, the conditions are often far from those of industrial situations. In order 
to better simulate solvent degradation during the PUREX process, a test loop was 
created in the 1990s in a CEA laboratory (Fontenay-aux-Roses, France), with the 
EDIT loop (Extraction Désextraction Irradiation Traitement) (21, 22). The laboratory 
simulation of industrial conditions consisted of a succession of representative physi-
cal and chemical treatments after the irradiation of the solvent (i.e., alkali and acid 
treatments, distillation). Indeed, these treatments can modify the final solvent compo-
sition because of the elimination of some compounds or the occurrence of secondary 
reactions. A few years later, the MARCEL (Module Avancé de Radiolyse dans les 
Cycles d’Extraction Lavage) test loop was built at Marcoule to follow the regeneration 
efficiencies of degraded solvents involved in actinide separation processes (4, 5).

8.2.2 analytiCal teCHniQueS

Examination of such degraded solvents is difficult from the analytical point of view. 
In multicomponent extractant-diluent/aqueous phase systems, free radicals are pro-
duced by radiolysis of major compounds: water, acid, extractant, and diluent. These 
radicals, after dimerization or coupling with other compounds, are responsible for 
the formation of several families of compounds. For instance, in the PUREX proc-
ess, the exposure of the solvent to radiolysis gives rise to a mixture of over 200 sec-
ondary products, most of them in trace quantities.

Research groups have used numerous analytical methods to analyze irradiated sol-
vents. The earliest techniques, based on global analysis, allowed the identification of 
specific chemical functions among the degradation products, including acid-base or 
conductometric titration and infrared and visible absorption spectrometry (11, 23–30). 
Then, various chromatographic techniques became indispensable to separate indi-
vidual species: thin-layer chromatography (11, 31–34); gas chromatography equipped 
with a flame ionization detector (GC-FID), with an electron-capture detector (35), with 
a mass spectrometer detector (GC-MS), or coupled to an infrared spectrophotometer 
(GC-IRTF) (7, 8, 21, 22, 26, 34, 36–51); ion chromatography (52–54); high-speed ana-
lytical isotachophoresis (55); or capillary electrophoresis (56). In the 1990s, NMR was 
applied to raw solutions, without any complicated pretreatment or separation steps, to 
identify specific solutes (29, 57–61). Nowadays, electrospray ionization mass spec-
trometry, which allows analysis of organic solutes at low levels in the solvent (62–69) 
or after liquid chromatographic separation (70–72), has become a useful tool.
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Sometimes, the gas production rate was measured and the nature of the com-
pounds analyzed by gas chromatography using a thermal conductivity detector or by 
mass spectrometry (10, 12, 17, 73–76).

8.2.3 radiolySiS QuantifiCation

Authors have used different units to express total dose or dose rate. Total doses have 
been expressed as W h L−1, eV g−1, eV mL−1, rad, Gy… The dose rates correspond 
to a dose divided by time units. On the basis of the SI units of measurement, the fol-
lowing equalities can be calculated (77):

 1 Gy = 100 rad = 1 J kg−1 = (1/3600) W h kg−1 = 6.241 × 1015 eV g−1

In this review, the dose has been expressed in Gy as often as possible to facilitate 
comparison.

The radiolytic degradation of a molecule or the formation of new species can 
be quantified by a radiation-chemical yield related to the energy absorbed, and the 
term G-value represents the number of molecule changes for each 100 eV of energy 
absorbed. Thus, G(X) refers to the number of molecules of a product X formed on 
irradiation per 100 eV of energy absorbed and G(–Y) refers to the loss of a material 
Y destroyed on irradiation (78).

8.3 RADIoLYtIC DeGRADAtIon oF eXtRACtAnt sYsteMs

8.3.1 organoPHoSPHoruS ComPoundS

8.3.1.1 trialkyl Phosphates
8.3.1.1.1 Tri-n-butyl Phosphate Systems
TBP is the extractant used throughout the world in spent nuclear-fuel reprocessing 
plants. Since the 1950s, the stability of the TBP molecule has been the subject of 
many investigations, and some comprehensive reviews have already been published. 
The first, published by Davis in 1984 (77), identified the degradation products and 
the specific role of diluents. In the review written in 1995 by Tahraoui (79), interest 
had been aroused in the degradation mechanisms. Schemes of TBP and diluent radi-
ation-chemical transformations occurring on the decomposition of the solvent were 
discussed. In the period 1995–2003, with the development of the mass-spectrometry 
technique (GC-MS, gas chromatography and tandem mass spectrometry; ESI-MS, 
electrospray ionization and tandem mass spectrometry), the structure of minor deg-
radation products (isomeric dimers of TBP, their oxidation products, and their lower 
homologues) could be established (21, 22, 47, 62, 80, 81). The behavior of high-
molecular-weight compound rich fractions has also been investigated (50, 82, 83).

8.3.1.1.1.1  Degradation Products from the Radiolysis of TBP/diluent/nitric 
Acid
8.3.1.1.1.1.1  Qualitative Analysis. Degradation products from the radiolysis of 
TBP include di-n-butyl phosphoric acid (HDBP), mono-n-butyl phosphoric acid 
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(H2MBP), phosphoric acid (H3PO4), and oligomer-type compounds. Gaseous prod-
ucts, such as hydrogen, saturated hydrocarbons, and olefins (CH4, C2H2, C2H4, C2H6, 
C3H6, C3H8, C4H8, C4H10, pentenes, pentanes) are also formed (73, 77, 84).

The large volume of data published on the radiolysis of TBP was difficult to 
compare because of differing experimental conditions, for example, the irradiation 
procedures. The most reliable data were provided by experiments in which aqueous-
organic emulsions were irradiated under conditions representative of processes, like 
the EDIT loop (21, 22). Figure 8.1 presents an overall degradation scheme obtained 
from recent studies (21, 22, 34, 43, 50) using chromatographic techniques for prelim-
inary separation and mass spectrometry for characterization. The products resulted 
from hydrolysis, nitration, and oxidation of both TBP and diluents, dimerization of 
both TBP and diluents, radical combinations involving alkyl and TBP radicals, etc. 
The constituents can be separated into three distinct groups, as discussed below.

Degradation products from the diluent (Figure 8.1, Compounds A and B). 
Compounds A include alkane dimers and fragments of dodecane. Compounds B 
result from nitration and oxidation of the diluent. These nitration and oxidation 
reactions arise from the actions of HNO3, O2, H2O, and their radiolysis products on 
organic components.

Degradation products from TBP (Figure 8.1, Compounds I, II, III, IV, and V).

 – Compounds I are formed by homolytic breaking of the C-C bond on the 
butyl chain.

 – Compounds II correspond to isomers resulting from nitration and oxidation 
of TBP.

BIII
(HOOCCnH2nO)(C4H9O)2PO

III'
H2MBP

C4H9OPO(OH)2

III
HDBP

(C4H9O)2PO(OH)

TBP
(C4H9O)3PO

HNO3
H2O
O2

II
(HOC4H8O)(C4H9O)2P(O)
(O2NC4H8O)(C4H9O)2P(O)

(O2NOC4H8O)(C4H9O)2P(O)
(HOOCCnH2nO)(C4H9O)2P(O)

AII'
(CnH2n+1C4H8O)(C4H9O)PO(OH)

Cn–1H2nCO
CnH2n+1NO2
CnH2n+1ONO2
CnH2n+1OH
RCOOH

  HNO3
 H2O
O2

CnH2n+2
C2nH4n+2
Cn–mH2n+2–2m

AII
(CnH2n+1C4H8O)(C4H9O)2PO

A

B

V
(C4H9O)2P(O)C4H8OP(O)(OC4H9)2

IV
(C4H9O)2P(O)OCxH2xOP(O)(OC4H9)2

(C4H9O)2P(O)OC8H16OP(O)(OC4H9)2

IV'
(C4H9O)2P(O)OC8H16OP(O)(OC4H9)OH

I
(C4H9O)2P(O) (OCnH2n+2)

FIGURe 8.1 Scheme of formation of radiolysis products accumulated in the organic phase 
of the extraction system TBP-n-paraffin-HNO3 aqueous solution. (Drawn from data in Refs. 
(21, 22, 34, 43, 50).)
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 – Compound III (HDBP) results from hydrolysis of TBP (breaking of the C-O 
bond) and, in turn, undergoes further hydrolysis to form III′ (H2MBP).

 – Compounds IV correspond to isomers of diphosphates, where the two phos-
phate groups are connected by a CnH2n chain, with n ≤ 8. The central alkyl 
chain comes from the combination of two radicals and can therefore be 
linear or branched on different positions (see Section 8.4.1.1). These com-
pounds can undergo hydrolysis to form IV′ compounds.

 – Compounds V correspond to isomers of phosphate-phosphonates and prob-
ably result from radical recombination between (C4H9O)2P(O)O(C4H8)• and 
(C4H9O)2(O)P•. The isomers differ from one another by the position of the 
new P-C bond along the C4H8 radical.

Mixed degradation products (Figure 8.1 Compounds AII and BIII)

 – Compounds AII result from radical recombination involving alkyl and TBP 
radicals, which then undergo further hydrolysis to form AII′.

 – Compounds BIII are long-chain carboxylic acids, which can arise from 
HDBP secondary reactions.

Numerous gaseous products are also released, such as H2, CH4, CO, CO2, C1-C4 
hydrocarbons, and several nitrogen-containing compounds (HNO3, N2, NO, N2O, 
and NO2) (17, 73, 75, 77, 84).

8.3.1.1.1.1.2  Quantitative Aspects. The quantity of data on the yield of degra-
dation is so large and so scattered (due to various irradiation procedures, chemical 
compositions, and uncertainties of analytical techniques) that a comparison remains 
difficult. The next paragraph illustrates the importance of experimental variables on 
the qualitative and quantitative radiolytic degradation. The most reliable and recent 
data, obtained from experiments carried out under conditions simulating the indus-
trial process, are presented in Tables 8.2 and 8.3 (22, 34). In solution, HDBP was 
always the predominant component, with G(HDBP) close to 1.5 ± 0.2 molecules/100 
eV (34), a value similar to the mean yield given by Shultz (1–1.5 for water-saturated 
TBP) (77). The more detailed identification performed by Lesage focused on minor 
phosphate components of the TBP-irradiated solutions.

In the gas phase, the highest yield measured is always for H2. But, as shown in 
Table 8.4, the G values of gaseous compounds containing nitrogen rise when the radi-
olysis is performed in the presence of HNO3. No recent studies have been published.

8.3.1.1.1.2  Factors Governing the Degradation. Much data on radiation-chemical 
degradation of solvent have been published, but there are some discrepancies in the 
results from various researchers because of the difference in procedure and experi-
mental conditions: diluent, acidity, irradiation dose, dose rate, etc. In a 1984 review, 
Davis reported the influence of experimental conditions on the yield of TBP degrada-
tion products (77).

In the following section, the main trends on the influence of experimental condi-
tions, such as atmosphere, irradiation (nature, dose, and dose rate), and composition 
of the organic and aqueous phases, have been summarized. Generally, radiolysis of 
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the TBP-diluent systems was examined for 20–30% TBP in contact with various 
aqueous nitric solutions.

8.3.1.1.1.2.1  External Parameters

8.3.1.1.1.2.1.1  Nature of the Irradiation Source. The degradation of TBP-
diluent in contact with an aqueous phase did not reveal any qualitative influence of 
the nature of the radiation (γ, β, α, accelerator radiation). Moreover, the yield value 
of the decomposition products of TBP (8, 9, 11, 26, 84), nitro and carbonyl products 
(RNO2, RNO3, RCOOH, and RCOR′) (16), alkanes (C5–C8), and butanol (8) were 
almost identical, whatever the nature of radiations. Nevertheless, after radiolysis 
of TBP in n-dodecane without aqueous solution, the yield of H2MBP was substan-
tially lower under α-irradiation than under γ-irradiation (Gα (H2MBP)  = 0.158 and 
Gγ(H2MBP) = 0.443) (8).

The same effect was observed on the yield of hydrogen (the main gas product 
of radiolysis) by Kulikov (11) in biphasic samples (30% TBP in paraffin-3 mol L−1 
HNO3), with a higher yield under γ-radiolysis (Gγ(H2) ≈ 2.7 and Gα(H2) ≈ 2.0).

8.3.1.1.1.2.1.2  Irradiation Dose and Dose Rate. In most cases, an increase of the 
dose led to an increase of the degradation products. For a radiation dose lower than 
0.1 MGy, the yield of the TBP decomposition products was independent of the irra-
diation dose and G(HDBP) > G(H2MBP) (85). Above 0.2 MGy, the value of G for the 
majority of identified phosphorus products decreased with increasing absorbed dose 

tAbLe 8.2
Accumulation of Radiolysis Products in the organic Phase during 
Irradiation of tbP solutions

Concentration (mol L−1)

tbP tbP-H2o (Vorg = 2Vaq) tbP-Hno3 3 M (Vorg = 2Vaq)

HDBP 0.17 0.12 0.19

H2MBP 0.006 0.0050 0.010

Modified phosphatesa 0.050 0.050 0.10

Diphosphates 0.030 0.04 0.005

Phosphate phosphonates 0.012 0.006 0.0008

TBP destructionb 0.31 0.24 0.31

Source: Adamov, V.M., Andreev, V.I., Belyaev, B.N., Markov, G.S., Polyakov, M.S., Ritori, A.E., Yu 
Shil’nikov, A.Y. Kerntechnik 55(3): 133–137, 1990. With permission.

Note: Conditions: gamma irradiation of a two-phase system (2 Vorg–Vaq) with a 60Co source at 1.14 MGy 
(dose rate 1.7 to 2.0 Gy s–1)–22 ± 2°C.

a Modified phosphates include isomers of oxybutyl dibutyl phosphates, nitrobutyl dibutyl phosphates, 
butyl nitrate, dibutyl phosphates, and octyl dibutyl phosphates.

b The value of TBP destruction was determined as the sum of the molar concentrations of HDBP, 
H2MBP, modified phosphates, and twice the molar concentrations of phosphorus-containing dimeric 
products.
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(34, 73). Moreover, for doses higher than 1 MGy, the HDBP concentration increase 
rate slowed down and was correlated with a build-up in the concentration of H2MBP 
(85, 86). This behavior came from the equality between the rates of formation and 
decomposition of HDBP. The concentration of high-molecular-weight organophos-
phates (Figure 8.1 Compounds I, II, IV, and V in the degradation scheme) increased 
much more sharply with an increasing absorbed dose than that of HDBP (51).

The dose rate seems to have no significant influence on G(HDBP) and G(H2MBP) 
(25), or on the yield of RNO and RNO2 compounds (27).

8.3.1.1.1.2.1.3  Effect of the Temperature. The effect of temperature up to 50°C 
on the radiolytic degradation of TBP-hydrocarbon systems is insignificant. On the 
other hand, in the presence of CCl4, an increase in temperature to 50°C results in 

tAbLe 8.3
Concentration of the Phosphorus Degradation Products observed after 
Radiolysis of tbP

structures name Concentration μL L−1 (ppm)

tbP Derivatives
A-OC2H4CH(OH)CH3 3-Hydroxy TBP 66,000

A-OCH2C(O)C2H5 2-Oxo TBP 600

A-OC4H8NO2 x-Nitro TBP (x = 1, 2, 3, 4) 200

A-OC4H8ONO2 x-Nitroxy TBP (x = 2, 3, 4) 13,000

A-OC2H4CH(OCOCyH2y + 1)CH3 O-Esters 60

A-OC3H6CH2OCOCyH2y + 1 (y = 0–3)

A-OC3H6COOCyH2y + 1 (y = 1–4) C-esters 10

A-OC4H8OCyH2y + 1 (y = 2–4) x-Alkoxy TBP 10

A-OCyH2y + 1 (y = 1–17) TBP homologs 8,000

A-OC3H6COOH 3-Carboxy propyl DBP Traces
Total ≈ 88,000 ppm or 8.8%

tbP Dimer Derivatives
A-OC8H16O-A TBP-TBP (dimers) 300

A-OCyH2yO-A (y = 1–7) TBP dimers lower 
homologs

170

A-OCyH2y-A (y = 2–4) Phosphate-phosphonates 30

A-O(C8H15ONO2)O-A Nitroxy TBP-TBP 2

A-OC8H16O-B-OC4H8ONO2

A-O(C8H15OH)O-A Hydroxy TBP-TBP 20

A-OC8H16O-B-OC4H8OH

A-OC4H8-O-C4H8O-A TBP-O-TBP 3
Total ≈ 500 ppm or 0.05%

Source: Lesage, D., Virelizier, H., Jankowski, C.K., Tabet, J.C. Spectroscopy 13: 275–290, 1997. 
Note: A- = (C4H9O)2PO-; -B- = (C4H9O)PO-. Conditions: Gamma irradiation with 60Co source at  

0.6 MGy in the EDIT test loop that simulated the nuclear fuel reprocessing, room temperature.
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considerable degradation of the extractant and the diluent, particularly in the pres-
ence of uranyl nitrate (28).

8.3.1.1.1.2.2  Chemical System Parameters

8.3.1.1.1.2.2.1  Nature of the Diluents. Diluents can inhibit or sensitize TBP 
radiolysis. The effect of various diluents (aliphatic hydrocarbons, aromatic and halo-
carbons) on TBP degradation products was examined over a wide range of nitric acid 
concentrations (26).

The highest yield of degradation products (HDBP, H2MBP, phosphoric acid, car-
bonyl compounds) occurred in the TBP-CCl4-HNO3 system (87). As a result, it has 
been suggested that the considerable amounts of hydrochloric acid produced could 
accelerate the process of degradation. On the other hand, the use of carbon tetrachlo-
ride as diluent resulted in a very low yield of nitro compounds. An important sensi-
tization effect was also reported by Nash with tetrachloroethylene G(–TBP) = 3.8 ± 
0.6 and 9.2 ± 3 for pure molecule and TCE solution (41).

In contrast, in the TBP-aromatic diluent system, G(HDBP), G(H2MBP), and 
G(gaseous products) decreased (88), due to the aromatic diluents’ protective effect 
(23, 26, 39, 73, 88–90).

The use of aliphatic hydrocarbons as diluents led to an intermediate yield of deg-
radation products, and Canva et al. (90) concluded that some saturated hydrocarbons 
(hexane, cyclohexane, and dodecane) sensitize or increase the decomposition of TBP. 
Though Egorov et al. (91) observed an increase in the radiolytic and chemical stability 
of TBP with the carbon chain length of the diluent (n-octane < n-dodecane < mixture 
n-C14/n-C15), Adamov (92) did not notice any change in the composition of the radi-
olysis TBP-alkane solution when n-undecane was replaced by higher hydrocarbons 
(up to C17). Otherwise, a length of 12–14 carbons was considered as optimal to avoid 
difficulties in removing the high-molecular-weight products in the regeneration stage. 
Though the chemical and radioactive stability of branched aliphatic hydrocarbons 

tAbLe 8.4
G Values for Gaseous Products during Irradiation of 
19.5% tbP/odorless kerosene -H2o-0.6 M Hno3

Gas G Values (for dose up to 0.5–1 MGy)

H2 1.18

CH4 0.094

CO 0.031

N2 0.267

CO2 0.073

N2O 0.39

NO 0.58

Hydrocarbons 0.33

Source: From Rigg T., Wild, W., Radiation Effect in Solvent Extraction 
Processes. Progress in Nuclear Energy Series III, Pergamon 
Press: London, Vol. 2, 7–6, 320–331. 1958.
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and olefins seemed to be lower than for linear hydrocarbons (93), the radiation resist-
ance of TBP solutions in iso- and n-paraffins was almost the same (94).

The radiation resistance of TBP-aliphatic compound solutions could be improved 
by the introduction of aromatic derivatives; the addition of only 10% of aromatic 
diluents or 0.1 mol L−1 mono-iso-propyldiphenyl reduced the global concentration of 
the degradation products by half (91, 94).

In conclusion, despite their protective effect as regards degradation, the use of 
aromatic diluents has been avoided because of their low flash point. The classical 
diluents selected for PUREX process operations were hydrocarbons, either pure 
compounds (i.e., n-dodecane), or mixtures of different products (i.e., hydrogenated 
polypropylene tetramer, odorless kerosene, etc.) (93). Halocarbon diluents had two 
major drawbacks linked to their radiolytic behavior: sensitization of TBP degrada-
tion and the production of extremely corrosive chloride ions (89, 93, 95).

8.3.1.1.1.2.2.2  Concentration of TBP. The rate of TBP decomposition and the 
yields of major acids G(HDBP) and G(H2MBP) increased with the concentration of 
TBP (8, 85, 88). On the other hand, the yield of gaseous radiolysis products coming 
from the diluent decomposition decreased with an increasing fraction of TBP (88, 96).

8.3.1.1.1.2.2.3  Nitric Acid Concentration. Like TBP and diluent, nitric 
acid extracted in solvent was decomposed by irradiation with a high yield value: 
G(–HNO3) = 5.2 and 6.2 for TBP solution in contact with [HNO3] = 3 mol L−1 and 
[HNO3] = 5 mol L−1, respectively. Species like nitrogen dioxide (NO2) formed 
by irradiation of HNO3 were highly reactive to TBP fragments (97). Thus, in the 
presence of nitric acid, the radiation-induced decomposition of TBP solutions was 
significantly increased (97). For a given dose, the yield of acidic TBP degrada-
tion products (HDBP and H2MBP) increased slightly with the concentration of 
nitric acid in dodecane (26, 27, 43, 85, 98), but the influence was considerable 
in the system containing CCl4 (26, 99). Otherwise, for the TBP-alkane system, 
the global yields of oxidation products (hydroxy, nitro, and carbonyl compounds) 
increased markedly with increasing concentrations of nitric acid (from 0.5 to 3 
mol L−1) (27, 43).

But the organic phases containing dissolved water and nitric acid (<2 mol L−1) 
released less gas during irradiation compared with the related dry solvents, owing to 
a reduction in the yields of hydrogen and methane (84).

In the presence of nitric acid, the radiolysis of TBP led to new degradation prod-
ucts, named “modified phosphates” in Ref. (43), corresponding to type II compounds 
(see Figure 8.1). In these phosphate isomers, the butyl radical was functionalized 
by OH, NO2, and ONO2 groups, giving compounds like (OHC4H8O)(C4H9O)2PO, 
(O2NC4H8O)(C4H9O)2PO, (O2NOC4H8O)(C4H9O)2PO, and (HOOCCnH2nO)
(C4H9O)2PO.

Thus, adding HNO3 to the system mainly produced a redirection of the 
 radiation-chemical processes. As a result, nitration products appeared, and the 
 radiation-chemical yield of oxidation products (Figure 8.1 compounds II) increased, 
primarily due to a reduction of the radiation-chemical yield of condensation products 
(Figure 8.1 compounds AII, I, IV, and V) (43).
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8.3.1.1.1.2.2.4  Presence of Metallic Salts. The presence of major cations such as 
uranium(VI) (27) and plutonium(IV) significantly increased the yields of formation 
of HDBP and H2MBP. This effect was stronger than the effect of the nitric acid con-
centration (9). For example, the presence of nitric acid in the organic phase increased 
G(HDBP) from 0.7 to 1.1 molecules/100eV when [HNO3]org reached 0.7 mol L−1. In the 
same conditions, a change of uranium(VI) nitrate concentration in the organic phase 
from 3 × 10−2 to 0.3 mol L−1 increased G(HDBP) from 1.9 to 3.1 molecules/100 eV, and 
the total yield of gas generation from 2.8 to 3.6. The same effect was observed with 
plutonium. Moreover, the presence of uranium(VI) changed the composition of the 
gases generated during radiolysis. The main compound was H2 (92%) in the absence 
of uranium, but the ratio decreased in the presence of uranium: from 71% to 25% for 
organic uranium(VI) concentrations varying from 3 × 10−2 to 0.3 mol L−1. Meanwhile, 
the concentration of short alkanes (CH4 and C2H6) increased from 29% to 75% (9).

Otherwise, the effect of uranyl or zirconium nitrates and molybdic acid on nitro 
and carbonyl compounds was negligible (27), while the presence of palladium 
reduced the yield of nitro derivative but caused an increase of the yield of carbonyl 
compounds (27).

8.3.1.1.1.2.2.5  Effect of the Atmosphere. The composition of radiolysis prod-
ucts depends substantially on the degree of saturation of the irradiated system with 
oxygen. In a nitrogen atmosphere, the major radiolysis products of the system TBP-
diluent-HNO3 were alkyl-nitro and -nitrate compounds. However, in the presence of 
oxygen, the yields of these compounds were sharply reduced, and an accumulation 
of carbonyl compounds was measured (11, 25).

For irradiation doses lower than 0.05 MGy, when oxygen or air was bubbled 
through the two-phase system, the formation rate of acidic radiolysis products 
remained constant and greater than the rate of formation in an oxygen-deficient sys-
tem. For irradiation doses higher than 0.05 MGy, the rate of formation of HDBP fell 
and that of H2MBP increased, and at γ-ray doses of over 1–1.5 MGy, equilibrium 
concentrations of HDBP were formed in solution (85, 100).

8.3.1.1.1.3  Effects of Degradation. The accumulation of degradation products in 
the solvent can lead to different types of damage that disrupt the PUREX process:

 – A decrease in the decontamination performance of uranium and plutonium 
for fission products (mainly ruthenium, zirconium, cerium, and niobium) 
(19, 27, 84, 88, 101–106).

 – An increase of product loss, namely, uranium and plutonium, in aqueous 
raffinates (84, 101).

 – The formation of emulsions, suspensions, and cruds at the liquid-liquid 
interfaces, which disturb the continuous extraction process (84, 101, 102, 
107–111).

 – The evolution of physicochemical properties of the phases, mainly the 
organic (the viscosity (51), the interfacial tension, etc.).

The presence of fission products in suspensions or precipitates also increased the 
γ-activity undergone by the solvent (103).
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A particular scientific interest has been aroused in the complexing properties of 
degradation products, because of the major relation to a decrease in extraction effi-
ciency. The following section is a summarized account of the results.

8.3.1.1.1.3.1  Complexing Ability of Degradation Products

8.3.1.1.1.3.1.1  Major Compounds HDBP and H2MBP. HDBP, the main degra-
dation product of TBP, is partially soluble in aqueous phases; the distribution ratio is 
highly dependent on the composition of the two phases (89, 112, 113). This molecule 
can form strong complexes with Pu(IV), Th(IV), Zr(IV), U(VI), Np(VI), and other 
cations, causing modification of An(IV) and An(VI) distributions (89, 114, 115) and 
various problems in the PUREX process (27, 89, 116–119). The behavior of HDBP 
solution complexes is not easily understood because various compositions could be 
present in solution or as solid compounds.

The stoichiometry of the complexes between HDBP and U(VI) changes with the 
acidity, that is, at high nitric acidity, the presence of [UO2(NO3)2(HDBP)TBP] and 
[UO2(NO3)2(HDBP)2], and at low nitric acidity, the forms [UO2(NO3)(DBP)(HDBP)x],  
[UO2(DBP)2(HDBP)x] (where x = 1 or 2) dominate. The presence of such complexes 
can explain the difficulties in U(VI) recovery (114, 115, 120). Otherwise, various 
authors have indicated the presence of insoluble compounds for enriched uranium 
solutions (121–124). Recently, Powell identified the solid forms with various spec-
troscopic methods: at lower acid concentrations, the well-characterized polymer 
UO2(DBP)2 precipitates as a yellow powder, whereas a sticky solid or gels are formed 
at high acidity. The global formula is UO2(NO3)(H(DBP)2)(HDBP)2 (106).

The complexes formed with Pu(IV) lead to the formation of precipitates. In TBP 
kerosene solution, when the ratio HDBP/Pu >> 2, the formula is [Pu(NO3)2(DBP)2]n  
(with an average degree of polymerization of 11) (125). Furthermore, in 
γ-irradiated TBP-dodecane solution, a precipitate corresponding to the formula 
Pu2(NO3)2MBP(DBP)4(H2MBP)2 has been observed; its solubility is dependent on 
the MBP concentration (126, 127).

The complexes formed with Zr(IV) can lead to the formation of stable emulsions, 
called cruds (27, 89, 107, 108, 128, 129), present at the aqueous-organic interface 
and stabilized by microsolid particles. Chemical analysis of interphase precipitate 
showed that its main components were Zr and HBDP. The precipitation depends on 
the acidity, the concentration of HDBP, and the concentration of Zr (130). In the solid 
form, the formula proposed is Zr(NO3)2(DBP)2 (101). In solution, several Zr-HDBP 
complexes have been detected (59, 64, 109, 110, 123, 131, 132).

Complexes between HDBP and lanthanides have also been observed, but their 
low solubility leads to third phases observed at low acidity (containing several spe-
cies with different chemical forms) (133). During electron irradiation of the TBP/
dodecane/3 mol L−1 HNO3 system, Guedon et al. (129) observed the precipitation of 
Fe(DBP)3 for high concentrations of HDBP (>3 g L−1). The formation of complexes 
between nitrato-nitrosyl ruthenium and HDBP-H2MBP mixtures has also been sug-
gested (103).

H2MBP has comparable complexing ability for metallic cations (100, 134), but 
because of its lower formation yield and its higher aqueous solubility, the damage is 
effectively more limited than for HDBP. Studies are therefore less numerous.
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8.3.1.1.1.3.1.2  Minor Radiolytic Compounds. Even at low concentrations, some 
degradation products may produce different physicochemical effects, which can 
influence process performance.

8.3.1.1.1.3.1.2.1  Compounds from Diluent Degradation. The diluent used dur-
ing the extraction process is also prone to degradation under the influence of radia-
tion. Unlike the TBP decomposition products, these compounds are not removed by 
aqueous alkaline treatments, but slowly accumulate and reduce the solvent’s per-
formance (19, 79).

Among the functionalized compounds, nitroalkanes seem to be the source of 
most side-complexing:

 – Nitroparaffins in the enol form lead to a synergistic extraction of Zr in the 
presence of TBP (23).

 – In the presence of nitric acid, nitroparaffins turn into hydroxamic acids, 
RCONHOH (16, 135). Experiments performed with the addition of 
hydroxamic acids in the range 10−4–10−3 mol L−1 in HNO3/TBP/odorless ker-
osene proved a strong correlation between the zirconium retention in solvent 
mixtures and the presence of hydroxamic acids (136). Ruthenium retention, 
which increases with the hydroxamic acid concentration and aging time of 
loaded organic phase (104), has been explained by a slow reaction between 
hydroxamic acid in the organic phase and RuNO. The new species can be 
extracted easily by TBP, thus causing Ru retention. Nevertheless, the pres-
ence and the amount of hydroxamic acid is controversial (concentrations 
between 10−8 and 4 10−4 mol L−1 have been measured) (104, 137, 138).

 – Carboxylic acids formed by the hydrolysis of nitro compounds have been 
identified as complexing uranium(VI) (79, 139).

 – Stieglitz (140) concluded that the carbonyl function is most probably respon-
sible for the Hf and Zr complexation by degraded solvent.

8.3.1.1.1.3.1.2.2  Minor Degradation Products from TBP The main compounds 
responsible for the retention of metallic ions in organic phase are long-alkyl-chain 
acid organophosphates (Figure 8.1 AII´) and oligomeric butyl phosphates (Figure 8.1 
IV and V) (83, 141).

 – Compounds AII ,́ like HDBP, possess high affinity for tetravalent Zr and 
Pu, due to the acid phosphate groups.

 – The high solubility of compounds IV and V in organic phase explains the 
accumulation of such species in the solvent without efficient aqueous treat-
ments. Nevertheless, formation is very slow and the concentration stays at 
a low level. In order to enhance knowledge of such compounds, preconcen-
tration by distillation (in the residue fraction), followed by steric exclusion 
chromatography has been performed (143). Plutonium retention measured 
on the various fractions showed high values for dimeric butyl phosphates 
and the functionalized TBP families (82). In 2001, Tripathi confirmed that 
the fraction enriched in high-molecular-weight products exhibits very high 
plutonium retention (50).
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Otherwise, TBP derivatives with high boiling points and containing C = O groups 
are zirconium complexing compounds (31).

8.3.1.1.1.3.2  Physicochemical Properties of Degradation Products The degra-
dation compounds formed can also modify the physical properties of the chemical 
system and thereby disturb hydrodynamic behavior.

8.3.1.1.1.3.2.1  Density and viscosity of the organic phase Density and viscosity 
of the solvent (TBP-diluent-aqueous phase) change insignificantly after irradiation, 
whatever the diluent (dodecane, mesitylene, or CCl4) (26, 51, 142). For example, for 
30% TBP-n-dodecane-0.56 mol L−1 HNO3, the density varies from 0.837 to 0.847 
after irradiation at 0.5 MGy, and the viscosity from 1.96 to 2.38 mN s m−2 (51).

Some experiments were also conducted with the addition of identified degrada-
tion products to fresh solvent (51). The effect on density and viscosity remains slight, 
except for

Some compounds like HDBP•	  + n-dodecanol, for which a synergetic effect 
was observed in the viscosity (8.1% increase, whereas individual effects of 
1.3% and ~2.5% were measured for HDBP and n-dodecanol, respectively);
For methyl, alcohol, or nitro derivatives of TBP, where the addition of •	
0.1% to fresh solvent resulted in substantial increases in the viscosity of 
the solvent (~10%).

8.3.1.1.1.3.2.2  Interfacial properties. The effect of the aqueous phase on inter-
facial tensions of irradiated TBP-diluent/nitric acid systems was measured (142). For 
neutral and acidic aqueous phase, the interfacial tension was similar for fresh and 
irradiated systems, but in contact with 0.6 mol L−1 NaOH solution, which is repre-
sentative of alkaline treatment, a decrease of interfacial tension was observed.

Various synthetic solutions were prepared to identify the products responsible for this 
behavior. Measurements indicated that the main degradation products, such as HDBP, 
alcohols, nitro compounds, hydroxamic acid, and carboxylic acids with short alkyl 
chains have no influence on the interfacial tension (142, 144). However, the negative 
effect of the chain length of carboxylic acids is significant (142, 144) (cf. Figure 8.2). 
Lauric acid (C11H23COOH) forms sodium salts (soaps) in contact with 0.5 mol L−1 of 
Na2CO3 solution, and in extreme cases, above 3 × 10−3 mol L−1 of sodium laurate in an 
organic phase of 30% TBP in normal paraffin hydrocarbons (NPH), the phases cannot 
be separated even after one day (145).

8.3.1.1.1.3.2.3  Flash point and fire point. An increase in irradiation leads to a 
lowering of the flash point and fire point of PUREX solvent (146). For example, after 
an absorbed dose of 300 W h L−1, the flash point of 30% TBP-dodecane was about 
16°C lower than that of fresh solvent.

8.3.1.1.1.3.2.4  Removal of degradation products from spent solvents. Several 
methods of regeneration have been used to maintain the PUREX process solvent 
quality (143): chemical scrubbing treatment, specific management of solvent streams, 
and regeneration of solvent by distillation.
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 – Chemical methods are used to solubilize degradation products in aqueous 
phases. Alkaline solutions remove acidic products (HDBP, H2MBP, and 
long-chain carboxylic acids) from the solvent (36, 89, 128, 147, 148). A reg-
ular solvent scrubbing appears to be beneficial for long-term use of PUREX 
solvent, because it appears to limit the increase of high-molecular-weight 
phosphates (83).

 – A good solvent management in a PUREX plant includes diluent scrubbing 
of high-level radioactive aqueous streams and optimum solvent and diluent 
routing between extraction cycles (143). Diluent scrubbing allowed the 
removal of the TBP solubilized in the aqueous phase, avoiding the progres-
sive formation of poorly soluble salts of di-n-butylphosphate (149).

 – Distillation under reduced pressure allowed separation of the TBP-diluent 
mixture components into three fractions: diluent, 60% TBP, and distillation 
residue. The first two fractions can be reused in the process, but the residue 
contains high-molecular-weight degradation products, which are not elimi-
nated by alkaline scrubbing. Distillation removes the degradation products 
that are responsible for poor hydrodynamic behavior and for the retention of 
radioactive products such as plutonium, zirconium, and ruthenium (143).
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FIGURe 8.2 Interfacial tension of 30% TBP-n-dodecane in respect to 0.6 M NaOH as a 
function of RCOOH concentration of organic acid. (Drawn from Nowak, Z., Nowak, M., 
Nukleonika, 26(1): 19–26, 1981.)
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Some authors have studied the effects of treatment with solid sorbents. Activated 
alumina was found to be very effective for secondary cleanup after alkaline scrub-
bing to remove compounds responsible for the decrease of interfacial tension and 
the complexing of plutonium. The drying of the solvent improves the capacity of 
activated alumina (102, 150, 151).

8.3.1.1.2 Other Trialkylphosphates
The degradation of several trialkylphosphates has been investigated, because length-
ening the alkyl chain can enhance the actinide loading capacity in normal long-
chain diluents. The main degradation products were the related dialkyl phosphoric 
acid HO(RO)2P = O and monoalkyl phosphoric acid (HO)2(RO)P = O (18, 84, 152). 
The yield of formation of the main compound HO(RO)2P = O varied from 2.83 for 
R = CH3 to 1.47 for R = C5H11 (18).

The radiolytic degradations of tri-iso-amyl phosphate (TiAP) (152) and tri-n-
amyl phosphate (TnAP) (153) have been investigated. The variations in physical 
properties (density, viscosity, and phase disengagement time) were similar to data 
obtained for degraded TBP systems (153). Both TAP systems exhibited marginal 
plutonium retention at high dose level, and precipitates were produced by prolonged 
γ-irradiation. In the case of TiAP, the authors suggest a rapid evolution of the soluble 
compounds Pu(NO3)4(TiAP)(HDiAP) and Pu(NO3)4(HDiAP)2 to Pu(NO3)2(DiAP)2, 
an insoluble species that was predominant at high doses or for aging solutions. This 
compound’s solubility in n-dodecane is, surprisingly, lower than the correspond-
ing DBP-compound. Recently, Venkatesan also considered the presence of the more 
lipophilic higher molecular-weight organophosphates as the reason for plutonium 
retention with TnAP (153). In conditions representative of the first extraction cycle 
(0.2 kGy), the original quality of the solvent can be restored by classical scrubbing 
with sodium carbonate.

8.3.1.2 Dialkyl Phosphoric Acids
8.3.1.2.1 Di(2-ethylhexyl) Phosphoric Acid Systems
Di(2-ethylhexyl) phosphoric acid (HDEHP) is an extractant molecule used for 
An(III)/Ln(III) separation. Used in TALSPEAK-type processes in a mixture with 
TBP, or in the DIAMEX-SANEX process in a mixture with a malonamide (154–
157), it has also been proposed, in a mixture with TBP, to remove strontium from 
PUREX acid waste solution in the Hanford B plant (158). Therefore, numerous stud-
ies have focussed on the radiolytic degradation of HDEHP and its effects on the 
extraction of Sr(II), lanthanides(III), and actinides(III) (10, 158–163).

8.3.1.2.1.1 Degradation Products from the Radiolysis of HDEHP Systems. The 
main radiolytic degradation products are in the organic phase, mono(2-ethylhexyl) 
phosphoric acid (H2MEHP), 2-ethylhexanol, and polymeric species, but also a cer-
tain amount of ortho phosphoric acid (H3PO4) was detected in the aqueous phase. 
The nature of the short compounds identified in the gas fraction was classical: H2, 
unsaturated and saturated hydrocarbons (from 1 to 4 carbons), O2, and N2 (10, 74, 
158–160, 164).
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8.3.1.2.1.2  Factors Governing Degradation

8.3.1.2.1.2.1  Influence of the Aqueous Phase The presence of an aqueous phase 
during irradiation increases the radiolytic destruction of HDEHP (158, 160) and 
leads to an increase of the polymeric species, particularly under acidic conditions.

Changing the composition of the aqueous phase (1 mol L−1 lactic acid + 0.05 
mol L−1 DTPA or HNO3 3 mol L−1) has a negligible effect on the global yields 
of HDEHP decomposition products in solution. However, substantial changes have 
been observed in the gaseous composition in the presence of lactic acid (the yields 
of H2 doubled and CO2 appeared, whereas O2 completely disappeared), and the 
amount of oxidation products increased, contrary to nitration derivatives, which 
decreased (12).

8.3.1.2.1.2.2  Influence of the Diluent The presence of NPH as diluent did not 
modify the yield of radiolysis products (12, 160). As noted for TBP, the decomposi-
tion of the extractant in CCl4 is higher than in benzene and paraffins (10, 74).

8.3.1.2.1.2.3  Influence of the type of Irradiation For pure HDEHP, the yields 
G(-HDEHP) and G(H2MEHP) are similar for α- (238Pu emitters) and γ-irradiation 
(60Co source). Some difference has been observed for hydrogen formation:  
G(H2)γ = 2.5 and G(H2)α = 1.9 molecules per 100 eV (10).

Differences are more significant for solutions diluted in n-paraffins. The yields 
of decomposition products on α-radiolysis (with 238Pu or 241Am) are 15–20% greater 
than for γ-radiolysis (10, 12).

8.3.1.2.1.3  Effects of Degradation The effects of radiolytic degradation are 
highly dependent on the experimental conditions:

For solutions irradiated in the absence of an aqueous phase, the extraction •	
of Am(III) and lanthanides(III) both increased, but the separation factor 
SFNd/Am decreased (160).
The •	 γ-irradiation of HDEHP-n-paraffin solutions stirred with 0.1 mol L−1 
nitric acid solutions led to an initial slight increase of DAm and DNd, fol-
lowed by a subsequent decrease for an absorbed dose of over 200 Wh L−1 
(~0.7 MGy) (160).
The •	 γ-irradiation of HDEHP-n-paraffins in contact with TALSPEAK-
type aqueous phase at pH 3 (DTPA + lactic acid) increased DAm and DLn, 
and slightly decreased the separation factors SFLn/Am (12, 161). The effect 
was stronger when lactic acid was replaced by NaNO3, as presented in 
Figure 8.3 (161).

In order to understand these changes better, a comprehensive study related to the 
effect of each individual major degradation product was undertaken (161) and the 
main results summarized:

 – In the absence of an aqueous phase, the increased DM(III) were attributed to 
the synergic effect brought about by H2MEHP: DAm measured in a mixture 
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of HDEHP-H2MEHP (2–3 in mol) was 1000 times higher than data obtained 
with HDEHP alone (160, 162, 165).

 – In the presence of nitric acid, the degradation was more important due to 
the hydrolysis of H2 MEHP in the aqueous phase, and the resulting H3PO4 
degradation product led to competitive aqueous complexing of Am(III) and 
Ln(III) (160).

 – With a Talspeak-type aqueous phase at pH 3, the value of DAm and DNd 
first increased with the H2MEHP/HDEHP ratio and then decreased (161). 
This overall behavior has been explained by the radiolytic decomposition of 
DTPA and the formation of H2MEHP. The replacement of nitrate by lactate 
in the aqueous phase gave a protective effect, by slowing down the degrada-
tion of DTPA and therefore delaying the negative effects.

Concerning strontium extraction, the principal radiolytic effect was a two- to three-
fold decrease (158). Schultz explained this effect by the polymerization of HDEHP 
with H2MEHP via hydrogen bonding, making HDEHP molecules either unavail-
able or less available for binding with strontium. According to Tachimori (163), the 
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FIGURe 8.3 Radiation effects on DNd(III) and DAm(III) by γ-irradiation (at a dose rate 1–5 kGy 
h−1) of HDEHP solution in the presence of aqueous phase. (Organic phase: 0.5 M HDEHP in 
NPH. Aqueous phase at pH 3: 0.05 M DTPA-1 M NaNO3, Nd ( ), Am (•). 0.05 M DTPA, 1 M 
lactic acid, Nd ( ), Am ( )). (Drawn from Nilsson, M., Nash, K.L., Solvent Extr. Ion Exch. 
25: 665–701, 2007 Tachimori, S., Nakamura, H., J. Radioanal. Chem. 52(2):343–354, 1979.)
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decrease of DSr was explained by the decomposition of HDEHP and the formation 
of H2MEHP.

8.3.1.2.1.4  Removal of Degradation Products from Spent Solvents. H2MEHP 
could be removed from irradiated HDEHP solutions by alkaline scrubbing (dilute 
NaOH or Na2CO3 solutions) (158). However, in the presence of large amounts of 
H2MEHP in the organic phase, emulsions have been observed during the alkaline 
cleanup treatment (164).

In the context of the DIAMEX-SANEX process development, the stability of the 
solvent (a mixture of malonamide and HDEHP extractants in alkane) was studied in 
the MARCEL loop (γ-irradiation followed by alkali treatments). No accumulation of 
HDEHP degradation products was observed, and most of the physical and chemical 
properties of the solvent were maintained (5).

8.3.1.2.2 Other Dialkyl Phosphoric Acids
Several dialkyl phosphoric acids have been studied under different experimental 
conditions (32, 71, 166). The main trends are the following:

 – The presence of a nitric acid aqueous phase increased the extractant’s deg-
radation (32, 166).

  – The shortening of the alkyl chain of dialkyl phosphoric acid was beneficial, 
as degradation products present a higher solubility in the aqueous phase. In 
the case of HBDMBP (bis(1,3-dimethylbutyl)phosphoric acid), no extractant 
degradation products remained present in the organic phase (71). On the other 
hand, increasing the alkyl chain seemed to improve the stability of the dialky-
lphosphoric acid: under similar conditions, the yields of monoester were 2.1 
for HDEHP and 1.1 molecules/100 eV for HDiDP (di-iso-decyl phosphoric 
acid). Moreover, the formation of H3PO4, which had been found in the radi-
olysis of HDEHP, was not observed after γ-irradiation of HDiDP (32).

 – The introduction of an ethoxy group to the alkyl chain weakened the mole-
cule, as shown by Tachimori’s study with HDHoEP (di(hexyloxyethyl)phos-
phoric acid). Under the same conditions, the yields of monoester were 6.6 
for HDHOEP and 2.1 for HDEHP. Furthermore, the presence of an oxygen 
atom in the alkyl chain led to the formation of a supplementary degradation 
product (a diacidic compound, probably formed by the scission of the ether 
bond), compared to HDEHP or HDiDP (32).

8.3.1.3 trialkyl Phosphine oxides (tRPo)
Chinese scientists used trialkyl phosphine oxides (TRPO) to remove long-lived 
radioactive nuclides from high-level liquid waste (67, 167). TRPO is the trademark 
of a Chinese commercial product, consisting of a mixture of several TRPO (with 
alkyl chains from hexyl to octyl). The TRPO process has been tested in China and 
at ITU in Karlsruhe (2, 168–174).

8.3.1.3.1 Degradation Products from the Radiolysis of TRPO Systems
The degradation products obtained by γ-irradiation of 30% TRPO in kerosene 
were dialkylphosphinic acids R2P(O)OH and alkylphosphonic acids RP(O)(OH)2. 
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Compounds with higher molecular weights were also identified at high irradiation 
doses (above 3 MGy). Zhang et al. proposed the following structure for these poly-
meric species: RR′PO(CH2)mC(OH)[(CH2)nCH3]COOH or RR´POCH[(CH2)mCH3]
C(OH)[(CH2)nCH3]COOH (67, 167).

8.3.1.3.2 Effect of Degradation
An increase of the irradiation dose (over 2 MGy) led to an increase in plutonium 
retention. The nitric acid concentration had a limited effect.

The addition of 0.01 mol L−1 dialkylphosphinic acids and alkylphosphonic acids 
in a nonirradiated 30% TRPO-kerosene system had no effect on the extraction of 
Pu(IV) with TRPO. Thus, these acids were not complexing materials for plutonium. 
The polymeric species were responsible for plutonium retention and emulsification in 
contact with NaOH or deionized water. The effective elimination of these compounds 
was obtained by vacuum distillation of the irradiated TRPO-kerosene (67, 167).

8.3.1.4 sulfur Donors
8.3.1.4.1 Influence of the Structure of the Extractant
Sulfur-containing organophosphorus compounds are prone to oxidation and degra-
dation, especially in the presence of acids and strong oxidants. Their hydrolytic and 
thermal stability increase in the order dialkyl dithiophosphoric acids ((RO)2PSSH) < 
dialkyl dithiophosphinic acids (R2PSSH), due to the absence of the weak ether bridge.

Dialkyl dithiophosphinic acids have been investigated as extractants for An/Ln 
separation (29, 49, 60, 61, 175, 176). In this context, the radiolytic degradation of 
Cyanex 301 (whose main constituent is di(2,4,4,-trimethylpentyl)dithiophosphinic 
acid) has been studied (29, 60). The main degradation products are oxygenated com-
pounds R2PSOH and R2POOH. The high influence of Cyanex 301’s purity on its sta-
bility explains the wide differences found among published results. After radiolysis 
of 0.5 mol L−1 Cyanex 301 in alkane under 0.1 MGy, a loss of 94% and ~50% of the 
initial concentration was measured for commercial and purified extractant, respec-
tively (29, 60). Otherwise, the efficiency of Cyanex 301 for An(III) extraction was 
maintained up to 0.1 MGy, but the separation factor SFAm/Eu decreased from 1000 to 
about 10 after irradiation at 0.7 MGy (60).

The radiolytic resistance of the two aromatic dithiophosphinic acids, Ph2PS2H and 
(ClPh)2PS2H, considered for actinide(III)/lanthanide(III) separation, was higher. After 
radiolysis under 1 MGy of (ClPh)2PS2H 0.5 mol L−1 in toluene, 31P-NMR analysis indi-
cated a degradation of 30–40% (49, 61). Thus, the substitution of aromatic groups for 
alkyl groups and the incorporation of chlorine into phenyl rings on the Cyanex 301 struc-
ture increased its radiolytic stability. Furthermore, the dichloro derivative (Cl2Ph)2PS2H 
seemed to be more resistant to oxidation by nitric acid than (ClPh)2PS2H (49).

8.3.1.4.2 Influence of the Chemical Composition

The dilution of (ClPh)2PS2H in toluene lowered its radiolytic stability. At an inte-
grated dose of 1 MGy, the degradation was lower than 5% for the pure molecule 
(not in solution), whereas 30–40% of the ligand had disappeared for a 0.5 mol L−1 
solution in toluene (49). The presence of a 0.5 mol L−1 aqueous nitric solution had a 
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slight influence on the stability of (ClPh)2PS2H 0.5 mol L−1 in toluene (increasing the 
degradation of ~5–10%).

8.3.1.4.3 Effect of Degradation

The effect of radiolysis on the extraction of Am(III) and Eu(III) by Ph2PS2H and 
(ClPh)2PS2H in a mixture with TBP in toluene was negligible up to a total dose of  
0.1 MGy. At higher levels, such as 0.7 MGy, DAm decreased slightly, whereas DEu 
clearly increased, resulting in a significant drop in Am/Eu separation factors (61).

The same behavior was observed with the system (ClPh)2PS2H-TOPO-toluene. 
The decrease of DAm has mainly been explained by the reduction in the extractant’s 
concentration (49).

8.3.2 miXed ComPoundS: tHe CaSe of tHe CmPo eXtraCtantS

8.3.2.1  octyl(phenyl)-N,N-di-iso-butylcarbamoylmethyl  
Phosphine oxide

The OΦD(iB)CMPO [octyl(phenyl)-N,N-di-iso-butylcarbamoylmethyl phosphine 
oxide] molecule is a neutral bifunctional organophosphorus extractant selected to 
recover actinides in the TRUEX process. This extractant is mainly used in mixtures 
with TBP (added to increase solubility and the loading capacity) in diluents like 
aliphatic hydrocarbons or chlorinated diluents (CCl4 or Cl2C = CCl2) (2, 177–180).

8.3.2.1.1 Degradation Products
Numerous studies have applied gas chromatography to determine the concentration 
of CMPO and of a variety of organophosphorus compounds. The CMPO degrada-
tion products identified are summarized in Figure 8.4.

More recent studies completed the analysis of degraded solutions with the capil-
lary GC-MS technique (46) and proposed the identification of four CMPO degra-
dation products, compounds (1) to (4) in Figure 8.4. In previous studies (20, 42), 
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FIGURe 8.4 Pathway for the hydrolytic and radiolytic degradation of CMPO. (Drawn from 
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compounds (2) and (4) were not observed, but on the other hand, two other com-
pounds OΦPOCH2COOH (5) and OΦPOCH2CONH(C4H9) (6) were identified. This 
discrepancy could be explained by the difference in experimental conditions (stirring 
or not during irradiation, aqueous acidity, etc.).

In CCl4 and tetrachloro ethylene, the products identified were phosphinic acid (1), 
phosphinylacetic acid (5), and methyl(octyl)(phenyl) phosphine oxide (3) (40, 41). But 
gas chromatography alone was not able to identify 50% of the unknown compounds.

As was the case for monofunctionalized ligands, the weaker bonds were C-N, 
P-CH2, and CH2-CO, while the P = O, C = O, and hydrocarbon chains were the least 
likely to suffer radiolytic damage.

Nash did not observe any influence of acidity on the production rate for the major 
CMPO radiolysis products in the range of aqueous acidity from 1 to 5 mol L−1 (41, 
42). A similar resistance was found for CMPO and TBP molecules in the absence of 
diluent, G(-CMPO) = 3.74 ± 0.4, and G(-TBP = 3.8 ± 0.6 molecules/100 eV (41).

8.3.2.1.2 Influence of the Diluent
Intensive studies on hydrolysis and gamma radiolysis of OΦD(iB)CMPO were car-
ried out in decalin (40), n-dodecane (20, 41, 46), TCE (tetrachloroethylene) (42), and 
CCl4 (40). The stability of CMPO in dodecane was greater than in chlorinated dilu-
ents, as shown by G-values established in the presence of an acidic aqueous phase 
for the disappearance of CMPO; in the presence of TBP in the organic phase (to 
simulate solvent in TRUEX process conditions), G(-CMPO) = 1.2 ± 0.3 in dodecane, 
and 4.5 ± 0.3 molecules/100 eV in tetrachloroethylene (42). This protective effect of 
dodecane on CMPO was quite unusual.

8.3.2.1.3 Effect of Degradation
Most of the studies focused on the influence of CMPO radiolysis on two important 
steps of the TRUEX process for americium recovery: extraction and stripping. The 
effect of radiolysis on CMPO-diluent solutions was extremely different under these 
two process conditions (see Table 8.5), with a major increase in DAm values at pH 2, 
but a moderate decrease for 2–3 mol L−1 HNO3.

In the presence of TBP molecules, the effect of radiolysis on DAm at high and 
low acidities was reduced, which allowed authors to declare a protective effect of 
TBP (40, 42).

The presence of acidic degradation products of both TBP and CMPO (HDBP, 
compounds (1) and (5)—strong extracting agents) was responsible for the dramatic 
elevation of DAm at low acidities. Specific studies have indicated that HDBP could 
increase americium extraction even for such small amounts as 5 × 10−2 mol L−1 (41), 
and that DAm depends on phosphinic acid (1) concentration to the power of three (40). 
The increase of DAm measured at low acidity under dynamic conditions compared 
to static radiolysis has been attributed to the formation of larger amounts of acidic 
degradation products, such as (1) and (2) (46).

When contacted with 2 mol L−1 HNO3, the radiolyzed solutions showed little 
decline of DAm, though an important loss of CMPO molecules had been measured 
(41). Neutral compounds like phosphine oxide (3) could replace some CMPO mol-
ecules around the metal ion.
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Some measurements were carried out on Ru, Zr, and Fe. The extraction of ruthe-
nium was not affected by irradiation, whereas DZr and DFe increased dramatically, 
under all acidic conditions. The important effect of HDBP has been studied: a toler-
able limit of 0.015 mol L−1 was proposed to avoid a sharp increase in the extraction 
of Fe and Zr (46).

The effect of α-radiolysis on the OΦD(iB)CMPO-TBP-n-dodecane system 
has been studied, and the change in DAm at pH 2 was similar for both γ- and 
α-radiolyses (13).

8.3.2.1.4 Removal of Degradation Products
Carbonate cleanup was successful in restoring extraction efficiency to radiolyzed 
solutions when the diluent was CCl4 (40) or tetrachloroethylene (41). With par-
affinic hydrocarbons as diluents, a secondary clean-up operation was needed (181). 
Several efficient sorbents have been proposed, for example, macroporous anion-
 exchange resins, acid-washed activated charcoal, acid-washed alumina (20), or 
basic alumina (46).

tAbLe 8.5
effect of Radiolysis on Am extraction by Irradiated CMPo solutions

Conditions of Radiolysis DAm

Dose 
(MGy) Presence of tbP 0.74 M

[Hno3]aq in extraction tests
2 M 0.01 M

0 None 8.5 6.3 × 10−3

0.117 None 3.6 4.2

0.24 None 0.43 1.6 × 103

0.24 Addition of TBP after irradiation 0.49 1.4 × 102

0.24 Addition of TBP before irradiation 2.1 8.1 × 101

Irradiation with 60Co source (2.5 kGy h−1)—vigorous stirring with a magnetic bar at 50°C of equal 
volume of organic phase (CMPO 0.25 M in CCl4) and 5 M HNO3

Extraction with the same volume of pre-equilibrated irradiated organic phase and HNO3 skiped with 
241Am—25°C (40)

Conditions of Radiolysis DAm

Dose
(MGy)

[Hno3]aq in extraction tests
3 M 0.01 M

0 25.5 0.016

0.152 22.3 1.5

0.305 21.5 7.1

1.062 13.9 247.3
Irradiation with a 60Co source without stirring of CMPO 0.2 M + TBP 1.2 M in n-dodecane  
pre-equilibrated with 3 M HNO3

Extraction with the same volume of organic phase (prewashed for HNO3 0.01 M measurements) and 
aqueous phase (46)
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8.3.2.2 Influence of the CMPo structure
Several carbamoylmethyl phosphine oxides were compared: dioctyl, octyl(phenyl), and 
diphenyl-N,N-di-iso-butylCMPO [DOD(iB)CMPO, OΦD(iB)CMPO, and DΦD(iB)
CMPO]. For γ-radiolysis of CMPO diluted in CCl4 in contact with 5 mol L−1 nitric 
acid, the G-values of CMPO disappearance were 4.9, 7.4, and 6.4 molecules/100 eV 
for DOD(iB)CMPO, OΦD(iB)CMPO, and DΦD(iB)CMPO, respectively. The stability 
depended somewhat on the substituent on the P = O group, indicating that degradation 
was probably initiated on the amidic site of the molecule (40). Unlike dithiophosphinic 
acids (49) or diamide extractants (182, 183), the substitution of phenyl groups for alkyl 
groups seemed to reduce the stability of the molecule (40).

8.3.1 amide eXtraCtantS

8.3.3.1 N,N-dialkyl Amides
N,N-dialkyl aliphatic amides R-CO-NR´R˝ have been studied as an alternative to TBP 
for the reprocessing of nuclear fuel or actinide separation (184–190). These extractants 
offer advantages over TBP, especially their complete incinerability and the innocuous 
nature of their degradation products. Amide solutions were often pre-equilibrated with 
aqueous nitric solutions before irradiation, in order to be as representative of proc-
ess conditions as possible. The main degradation products were carboxylic acids and 
secondary amines, which had little influence on the separation of U(VI) and Pu(IV) 
from fission products. If the length of the alkyl chain R´ was short enough, the main 
degradation products could easily be removed by scrubbing steps.

8.3.3.1.1 Degradation Products
In most studies, the presence of amines and carboxylic acids has been proposed from 
the emergence of large vibration bands on infrared spectra at 3470–3480 cm−1 and 
1720–1725 cm−1, respectively (191–193). The vibration bands of amines were not always 
detected, for example with short alkyl chain R´ or R˝ like DBEHA (N,N-dibutyl-2-ethyl 
hexanamide) or N-methyl-N-butyl-2-ethylhexanamide (MBEHA) (194); this absence 
was explained by the formation of volatile amines. Musikas noted that very small 
amounts of secondary amine were also observed with longer radicals (DEHHA: N,N-
di(2-ethylhexyl)hexanamide) and supposed that the secondary amine could degrade in 
acidic conditions faster than it had appeared (189). A qualitative study of degradation 
products was performed by GC-MS analysis after electronic bombardment of 1 mol L−1 
DEHHA dodecane-HNO3. Numerous short compounds were identified: 3- heptanol, 
3-heptanone, 2-ethylhexanal, 2-ethylhexanol, and carboxylic acids RCOOH (with 
R = C4H9, C5H11, CH(C2H5)-C5H11). Volatile compounds were measured by GC after 
specific trapping in a sorption tube. The compounds detected were alkanes and olefins 
(C3 to C8), RCHO (C3 to C7), ketones, and alcohols. In the gas phase, the classical 
compounds H2 (87%), N2, CO, N2O, CO2, and CH4 were identified (195).

Other amide compounds were also identified from radiolysis of DEHDMBA 
(N,N-di(2-ethylhexyl)-3,3-dimethyl butanamide) and mixtures of DEHBA [N,N-
di(2-ethylhexyl)-n-butanamide]–DEHiBA [N,N-di(2-ethylhexyl)-iso-butanamide] in 
TPH by CPG-FTIR: light primary and secondary amides and functionalized terti-
ary amides with high molecular masses (196). Carboxylic acids represented a large 
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proportion of the degradation products: in the case of DEHBA or DEHiBA, one-third 
of degraded amide. However the main part (80%) was eliminated in the aqueous 
phase  (propionic acid, n-butyric, and iso-butyric acids).

Authors have often used FTIR spectroscopy to estimate the quantity of residual 
amide after irradiation, and sometimes the quantity of carboxylic acids (ν = 1720–30 
cm−1). Musikas selected specific titration in nonaqueous medium to determine the 
concentration of amide, amine, and carboxylic acids (189).

The amounts of degraded amide extractant were slightly higher than those 
observed with TBP in the same conditions (187,188, 189, 191, 192, 197, 198).

8.3.3.1.2 Factors Governing Degradation
Unlike the extractant TBP (26, 27, 98), the radiolysis yields strongly depended on 
the nitric acid concentration (188, 189); after irradiation of DEHHA in TPH in the 
presence of nitric acid aqueous phase, the G(-amide) = 3.6 and 0.9 for 4 and 0.5 mol 
L−1 HNO3, respectively.

On the other hand, the radiolysis of amides was increased in the presence of 
n-dodecane (183, 199), as mentioned for TBP (90).

8.3.3.1.3 Influence of the Monoamide Structure
The nature of the alkyl group had some influence on the stability of the amide 
 extractants (a factor of 2 has been observed for high doses), and interest had mean-
while been aroused in the establishment of tendencies (191, 192, 194, 200). But the 
effect was strongly dependent on the diluent. 

In n-dodecane, the order of stability (shown in Figure 8.5) was DBOA (N,N-
dibutyloctanamide) > DiBEHA (N,N-di(iso-butyl)-2-ethylhexanamide) > DiBOA 
(N,N-di-iso-butyloctanamide) > MBEHA ≈ DBEHA (191, 194, 200). The most 
stable amides were therefore N,N-di-n alkyl  n-alkylamides (15% degraded after 
0.6–0.8 MGy), whereas the proportion reached 20–25% for branched amides (on 
N and CO) (189, 191, 194, 200) and 35–40% for some branched amides (on N or 
CO) (191, 194, 196, 200).

The tendency observed in benzene with 11 molecules (192) was slightly different:

 – The branching of the alkyl group R bound to the C = O group reduced the 
stability in the order α-branching > n-chain ≈ β-branching;

 – The branching of the alkyl groups at the N-atom stabilized the extractant;
 – As the length of the alkyl groups R increased, the stability decreased;
 – The presence of different alkyl groups on N-atom decreased the stability 

(i.e., RCONR (́CH3) were less stable than symmetrical amides RCONR2́).

In this case, the highest stability was observed for the branched amide 
(iPr)2NCOCH(C2H5)C4H9

8.3.3.1.4 Effect of Degradation on Extraction Behavior

8.3.3.1.4.1  U(VI), Pu(IV), and Th(IV) Extraction. The influence of the dose was 
similar for numerous N,N-di-n-alkyl-n-alkylamides in alkane: a gradual decrease of 
DU(VI) (up to a factor of 1.5 to 2) from 0.1 to 1 MGy (187, 191, 197, 200), and then a 
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distribution ratio remaining stable (see Figure 8.6a). This behavior has been attrib-
uted to the decrease of the extractant concentration (197) (14–30% at 1 MGy). HNO3 
concentration seemed to have no influence (187).

For an irradiation dose of 0.35 MGy, the extent of the decrease in DU was the 
same (30–35%) in the case of 0.5 mol L−1 DEHiBA and 5% TBP; but with higher 
concentrations of TBP (0.5 or 1 mol L−1 in dodecane (191) and benzene (194)), it 
must be remembered that DU(VI) systematically increased after gamma irradiation.

In benzene, Mowafi observed some differences between symmetrical amides 
RCONR′2 and unsymmetrical amide RCON(CH3)R .́ The influence of the dose on 
DU(VI) was stronger for N-methyl-N-alkyl amides (reduction of factor 4 compared to 
factor 1.7–1.8 for RCONR′2) (192), related to the extractant’s lower stability.

However, the effect on Pu(IV) extraction was totally different: after a first step, 
where the decrease with the dose was very low (factor of 2), the extraction increased 
rapidly and then decreased (Figure 8.6b) (194, 200). The last two steps have been 
explained by authors as:
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FIGURe 8.5 Effect of the structure on the radiolytic stability of N,N-dialkyl aliphatic 
amides in n-dodecane: % degraded extractant. Experimental conditions: irradiation with a 
2000 Curie 60Co gamma-irradiator (4.2 kGy h−1 dose rate) of 0.5 M monoamide in n-dodecane 
solution pre-equilibrated with 3.5 M HNO3. DBOA: N,N-dibutyloctanamide, DiBOA: N,N-
di-iso-butyloctanamide, DBEHA: N,N-dibutyl-2-ethylhexanamide, MBEHA: N-methyl,N-
butyl-2-ethylhexanamide, DiBEHA: N,N-di-iso-butyl-2-ethylhexanamide. (Drawn from 
data in Ruikar, P. B., Nagar, M.S., Subramanian, M.S., Gupta, K.K., Varadanajan, N., Singh, 
R.K., J. Radioanal. Nucl. Chem., 1: 171–178, 1995; Ruikar, P.B., Nagar, M.S., Subramanian, 
M.S., J. Radioanal. Nucl. Chem., Lett., 176(2): 103–111, 1993; Ruikar, P.B., Nagar, M.S., 
Subramanian, M.S., J. Radioanal. Nucl. Chem., 159(1): 167–173, 1992.)
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 – A synergistic extraction of Pu(IV) by carboxylic acids;
 – Hydrolytic disturbances of the organic phase, such as the formation of third 

phase and emulsification.

Nevertheless, extraction tests by the addition of the primary acidic compound (hexanoic 
acid coming from the degradation of N,N-diethyl-2-hexyl hexanamide) were performed 
by Musikas (189): the distribution ratios of U(VI) and Pu(IV) at 0.5 and 4 mol L−1 
HNO3 remained constant, even for amounts related to a degradation of 0.2 MGy.

The extraction of Th(IV) was not affected by the gamma radiolysis over the entire 
range from 0 to 1 MGy for both symmetrical and N-methyl amides (192).

With cyclic amides, N-alkyl-caprolactams, the tendency was similar, namely no 
obvious change in the extraction of Th(IV) and U(VI) was observed in the range 
102–104 Gy. But if the gamma-ray irradiation dose was higher than 104 Gy, DU(VI) 
decreased with the increased dose, as observed for TBP. This effect was stronger 
when one radical on nitrogen was branched (2-ethylhexyl instead of n-octyl) (201).

8.3.3.1.4.2  Extraction of Other Fission Products. The extraction of lanthanides 
by monoamides is weak, but some authors have performed tests after irradiation, 
showing that, for a similar dose (1 MGy), DEu could decrease slightly (from 10−2 to 
0.2 × 10−2) (191) or remained stable (194) for 0.5 mol L−1 amide in n-dodecane, but 
could increase (from 0.5–0.6 to 4–6) (192) for 0.5 mol L−1 amide in benzene. The 
irradiation seemed to have no influence on Am(III) extraction (191).

3

2

1

0
0 50 100 150 200

D
U

(V
I)

8

DBOA
DIBOA
DBEHA
DIBEHA
MBEHA

DBOA

(b)(a)

DIBOA
DBEHA
DIBEHA
MBEHA

6

4

2

0

D
pu

(I
V

)
Dose (104 Gy)

0 50 100 150 200
Dose (104 Gy)

FIGURe 8.6 Effect of the dose on the extraction of U(VI) (a) and Pu(IV) (b) by γ-irradiated 
amides. Experimental conditions: irradiation with a 2000 Curie 60Co gamma-irradiator (4.2 kGy 
h−1 dose rate) of 0.5 M monoamide in n-dodecane solution pre-equilibrated with 3.5 M HNO3-
extraction: equal volume of organic and aqueous phase (3.5 M HNO3 with tracers) at 25 ± 0.1°C. 
DBOA: N,N-di-butyloctanamide, DiBOA: N,N-di-iso-butyloctanamide, DBEHA: N,N-dibutyl 
2-ethylhexanamide, MBEHA: N-methyl,N-butyl-2-ethylhexanamide, DiBEHA: N,N-di-iso-
butyl-2-ethylhexanamide. (Figure drawn from data in Ruikar, P.B., Nagar, M.S., Subramanian, 
M.S., J. Radioanal. Nucl. Chem., Lett., 176(2): 103–111, 1993; Ruikar, P.B., Nagar, M.S., 
Subramanian, M.S., J. Radioanal. Nucl. Chem., 159(1): 167–173, 1992.)
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Distribution ratios of ruthenium evolved irregularly with the dose absorbed. With 
some amides, after a high increase (factors of 20–30 up to 1 MGy), the extraction 
decreased, as shown for Pu(IV), but more drastically (factors of 10 to 300 from 1 
to 2 MGy) (188, 191). Other authors indicated an absence of ruthenium extraction 
(DRu < 10−2) over the entire range studied (0 to 1.8 MGy) (194). On the other hand, 
the decontamination factors for U and Pu with respect to ruthenium(III) employing 
irradiated amides were comparable to the corresponding values with TBP (191).

But with N-alkyl-caprolactams, the influence of the dose on the extraction of 
ruthenium was strong, especially above 10 kGy, where a sharp increase in the extrac-
tion was observed (201).

The extraction of Zr increased with the absorbed γ-dose (factor of 20 up to 0.7–0.8 
MGy for linear amides in n-dodecane (191) and factors of 4–6 up to 0.3–0.6 MGy 
for shorter amides in benzene) (192). Beyond this threshold, the extraction decreased 
slightly. This effect is more noticeable with N-methyl amides (192). As for Pu(IV), 
the first step has been explained by authors by a synergistic extraction due to the 
presence of carboxylic acids as degradation products (191). Nevertheless, the degra-
dation had a stronger effect on the decontamination factors of U and Pu with respect 
to Zr(IV) than with TBP (191). Typically, decontamination factors were DFM/Zr = 7 
and 12 for, respectively, U(VI) and Pu(IV) with TBP and 5 with the monoamide 
DHOA at an irradiation dose of 300 MGy (193).

With cyclic amides (N-alkyl-caprolactams), Zr distribution ratios increased 
with γ-irradiation in the range 0.1–10 kGy and decreased slightly beyond this. The 
increase in the first step has been explained by the formation of large molecular com-
pounds like C8H17NHC5H10COOH, which have a better extracting capability (201). 
For higher doses, this compound was supposed to be radiolyzed into smaller com-
pounds that would be soluble in the aqueous phase.

8.3.3.1.5 Removal of Degradation Products
The main degradation products of N,N-dialkyl-monoamides were easily removed 
with dilute acid/water or during the extraction-scrub-strip sequence, unlike those of 
TBP, which need specific alkali treatments (187, 193).

8.3.3.2 Malonamides
In the context of minor actinide partitioning from high-level radioactive liquid wastes, 
malonamides have been proposed either as the single extractant in the DIAMEX 
 process (202–210) or in a mixture with dialkylphosphoric acid in the DIAMEX-
SANEX process (156, 211, 212). The semideveloped formula of the selected 
malonamides is R(CH3)NCO(CHR´)CONR(CH3) (R and R´ are alkyl or oxyalkyl 
groups). Degradation behavior was one of the main criteria selected when optimizing 
the malonamide molecule’s formula. To minimize the  formation of surfactant com-
pounds, like long-alkyl-chain carboxylic acids, the number of carbon atoms was shared 
between the radicals R and R´. The introduction of an oxygen in the central chain R´ 
was interesting because an additional cleavage became possible (202, 213). These 
studies led to the selection of the reference molecule, DMDOHEMA (N,N´-dimethyl-
N,N´-dioctyl hexyloxyethyl malonamide (C8H17(CH3)NCO)2CH(C2H4OC6H13)).
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8.3.3.2.1 Degradation Products from the Radiolysis of Malonamide Systems
Malonamide degradation under hydrolysis and radiolysis has been studied in detail 
using GC-FTIR and GC-MS techniques. Figure 8.7 shows a degradation scheme 
for the molecule DMDOHEMA (214). The main degradation products identified in 
the organic solution after radiolysis in the presence of nitric acid aqueous phase 
were: bifunctional compounds (amide-acid, amide lactone), monomides, diamides, 
N-nitrosoamines, carboxylic acids, and amines (3, 4, 48, 214).

The first step was the hydrolysis of the amide group, resulting in the formation of 
a carboxylic acid (1) and a secondary amine (10). By the loss of CO2, the carboxylic 
acid (1) yielded the monoamide (3). Another reaction was the hydrolysis of the ether 
function of the central oxy-alkyl group, leading to alcohols. From these two succes-
sive breaks, an acid-alcohol was formed, and an intramolecular reaction between 
the alcohol function and the acid function led to a lactone (2). In the same way, new 
attacks of the amide group of compounds (3) and (2) resulted in the formation of the 
carboxylic acid (9). Other reactions occurred and led to diamides (5, 6, 7), forma-
mide (4), N-nitrosamine (8), and alcohols. The presence of dialkylphosphoric acid in 
solution did not change the nature of the malonamide DMDOHEMA degradation 
products (71).

8.3.3.2.2 Quantitative Data
Table 8.6 gives the concentrations of the main degradation products after gamma 
radiolysis of three malonamides in TPH: DMDOHEMA, DMDBTDMA (N,N´-
dimethyl-N,N´-dibutyltetradecyl malonamide) and DMDBDDEMA (N,N´-dimethyl-
N,N´-dibutyldodecyloxyethyl malonamide). The extractant concentration decrease 
was quite high, and the main degradation products were acid compounds. Under simi-
lar conditions, malonamides were less stable than TBP, with an average factor of 6 to 
9 (48).

8.3.3.2.3 Factors Governing Degradation
Quantitative studies of radiolytic and hydrolytic degradations of the “malonamide-
alkane-nitric acid” system by potentiometric or gas chromatographic titrations gave 
the following results (48):

Studies allowed the estimation of •	 G-value: 3.7 molecules/100 eV for 0.65 
mol L−1 DMDOHEMA in TPH in the presence of 3 mol L−1 aqueous nitric 
acid.
An increase of the temperature led to a decomposition of the amide-acid (1) •	
into monoamide (3).
An increase of the acidity in the aqueous phase slightly reduced the sta-•	
bility of amide compounds, not only the initial malonamide, but also the 
monoamide (3) and diamides (5) and (6). At the same time, the concentra-
tion of the amide-acid (1) increased.
The quantity of monoamide (3) produced was low, owing to competitive •	
reactions between its formation and its degradation by radiolysis.
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In the presence of dodecane, as for other extractants like TBP or monoamides, radi-
olysis was increased (182, 199).

The degradation by gamma radiolysis of the mixed solvents DMDOHEMA-
organophosphoric acid has been studied in the presence of acidic aqueous phase. Some 
G-values related to the disappearance of DMDOHEMA have been estimated:

G•	 (-DMDOHEMA) = 5.5 molecules/100 eV for 0.65 mol L−1 DMDOHEMA, 
0.45 mol L−1 HBDMBP in TPH in the presence of pH 3 or 0.5 mol L−1 HNO3 
aqueous phase (71);
G•	 (-DMDOHEMA) = 4.9 molecules/100 eV for 0.5 mol L−1 DMDOHEMA, 
0.3 mol L−1 HDEHP in TPH in the presence of 3 mol L−1 HNO3 (5).

The effect of the presence of dialkyl phosphoric acid was moderate, with an increase 
of the malonamide degradation probably by hydrolysis, as has been observed in spe-
cific hydrolysis experiments (71).

8.3.3.2.4 Influence of the Structure
Cuillerdier compared the radiolytic stability of several malonamides [(C4H9(CH3)
NCO)2CHR˝] in t-butylbenzene in contact with nitric acid as a function of the cen-
tral alkyl chain R˝ (3.3 kGy h−1, 40°C) (215). The order of stability, established on 
the total concentration of amide functions measured by potentiometry in nonaque-
ous medium, was: H < C2H5 < C2H4OC6H13 ≈ C2H4OC2H4OC6H13. The authors then 
proposed the following tendencies:

 – The stability decreased with the aqueous solubility of the malonamide;
 – The presence of a long oxyalkyl radical R˝ appeared to protect the molecule 

from degradation;
 – The presence of a second oxygen in R˝ had no significant effect.

More recently, a comprehensive study of the radiolytic behavior of three malon-
amides (DMDBTDMA, DMDBDDEMA, and DMDOHEMA) in alkane was carried 

tAbLe 8.6
Concentrations (in mol L−1) of the Main solutes in organic solutions after 
Radiolysis Under 0.75 MGy

[Diamide] [Amide-Acid] [Monoamide] [Carboxylic Acids] [Amine]

DMDBTDMA 0.68 0.15 0.02 0.29 0

DMDBDDEMA 0.64 0.23 0.01 0.28 0

DMDOHEMA 0.57 0.08 0 0.33 0.13

Source: From Berthon, L., Morel, J.M., Zorz, N., Nicol, C., Virelizier, H., Madic, C. Sep. Sci. Technol. 
36 (5–6): 709–728, 2001.

Note: Irradiation with a 60Co source (4 kGy h−1 dose rate) at room temperature. Equal volume of organic 
phase (1 M malonamide in TPH) and aqueous phase (4 M HNO3).
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out (48). Though the extractants present the same generic behavior, some differences 
linked to the structure were observed:

 – The presence of an oxygen in the central chain led to an additional cleav-
age (formation of the hexanol and bifunctional compounds presented in 
Figure 8.7, and identified for high irradiation), but a comparable concentra-
tion of carboxylic functions in organic phase and similar stability of the 
molecule, even in contact with 4 mol L−1 HNO3, G(-DMDBTDMA) = 5.2 
and G(-DMDBDDEMA) = 5.5 molecules/100 eV.

 – A lengthening of the alkyl chain on the nitrogen atom (from C4H9 to C8H17) 
led to an increasing lipophilicity of the related amine formed by degradation 
(compound (4) in Figure 8.7 for DMDOHEMA). Thus, the presence of the 
amine (R´CH3NH) was observed only after degradation of DMDOHEMA, 
because of the higher lipophilicity of CH3(C8H17)NH compared to the water-
soluble CH3(C4H9)NH.

8.3.3.2.5 Effect of Degradation
8.3.3.2.5.1  Extracting Properties. Extraction efficiency of malonamides was 
checked after gamma radiolysis:

 – On the metallic ions (Eu(III), Am(III), Pu(IV), and U(VI)) with 
DMDBHEEMA in t-butylbenzene (215, 216);

 – On Am(III) and Eu(III) with DMDBTDMA, DMDOHEMA, and 
DMDBDDEMA in TPH (48).

The influence of the dose was quite low (see Figure 8.8), and the efficiency of the 
solvent for the extraction of actinides (III, IV, and VI) and back-extraction of triva-
lent cations was maintained up to 0.6–0.7 MGy. No precipitation was observed after 
contact of radiolyzed solutions with metallic ions.

In order to specify the individual role played by each degradation product, mea-
surements were carried out with synthetic organic solutions of “malonamide + 
 degradation product.” The presence of degradation products led systematically 
to a decrease of DNd and DAm, in the following order: amine > carboxylic acid > 
 monoamide ≈ hexanol, as presented for Am(III) in Figure 8.9.

The impact of DMDOHEMA-TPH radiolysis under continuous degradation was 
studied in the laboratory-scale MARCEL γ-irradiation facility. A retention of Mo 
in the DMDOHEMA-TPH solvent was observed (about 30–40% of Mo was miss-
ing from the aqueous phase), which has been linked to the MDOHEMA accumula-
tion (217).

8.3.3.2.5.2  Hydraulic Behavior. The influence of the main DMDOHEMA deg-
radation products on the hydraulic performances of the process flowsheet was inves-
tigated by the determination of the emulsion settling time after mixing the irradiated 
solvent with nitric acid solution (0.1 mol L−1). This settling time increased with the 
irradiation dose. Experiments performed with synthetic solutions of monoamide and 
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amide-acid in malonamide solution indicated that these main degradation products 
were not responsible for the increase in the phase-disengagement time (4).

After long-term degradation in the MARCEL γ-irradiation facility, no influence 
was observed on the physical properties of the DMDOHEMA-TPH solvent (density, 
refraction index, interfacial tension), but a slight increase of solvent viscosity was 
observed (217).

8.3.3.2.6 Removal of Degradation Products from Spent Solvents
8.3.3.2.6.1  In the DIAMEX Process To remove the basic species (e.g., amine) and 
acidic degradation products (e.g., carboxylic acids and amide-acid) of DMDOHEMA, 
various scrubbings, acidic and alkaline treatments, respectively, have been tested. 
The amine was quantitatively eliminated by acidic scrubbing (nitric acid 0.1 mol 
L−1), which corresponds to the stripping step in the DIAMEX process (218). An 
alkaline solvent cleanup step has been specifically defined. Regeneration efficiency 
has been studied in the MARCEL test loop under continuous operation: extraction/
scrubbing/solvent degradation (radiolysis and hydrolysis) and stripping (4). The effi-
ciency of the alkaline treatment has been shown in the fact that some hydrolysis and 
radiolysis degradation products that remained (mono and diamide compounds) did 
not modify the classical solvent properties (hydrodynamic behavior, surface tension, 
density, viscosity, and extractant properties) (6).

8.3.3.2.6.2  In the DIAMEX-SANEX Process The presence of HDEHP 
decreased the alkaline treatment’s efficiency for removing amide-acid (5). 
Nevertheless, solvent endurance was tested in the MARCEL test loop for a total 
of 1800 hours, equivalent to about 100 solvent recycling cycles. After alkaline 
treatment, some degradation products remained in the solvent (monoamide, 
MDOHEMA, but also the acid-amide). These remaining degradation products 
had no influence on the process performance (settling properties and extractant 
properties: the Mo, Zr, Fe, Pd, and Nd distribution ratios and the americium/euro-
pium separation factors) (5).

8.3.3.3 Diglycolamides
N,N,N′,N′-tetraoctyl-3-oxapentane-1,5-diamide (TODGA) was studied as an extract-
ant for minor actinides such as Am(III) and Cm(III) from a PUREX raffinate or for 
actinides(III) and (IV) from spent nuclear fuel, in the context of the ARTIST process 
(219–228). Therefore, some stability studies were undertaken recently.

8.3.3.3.1 Nature of the Degradation Products
Degradation of TODGA under hydrolysis and radiolysis was studied using 
FTIR, GC-MS, and NMR spectroscopies. TODGA was more sensitive to radia-
tion than mono- and malonamide, as attested by the G-value for neat extract-
ants: G(-TODGA) = 8.5 ± 0.9, G(-DMDODDEMA) = 7.5 ± 0.8, and G(-DOHA) =  
5.6 ± 0.6 molecules/100 eV (199).

The cleavage of both the C = Oamide and the C-Oether bonds was observed by 
the weakening of the related IR absorption, at 1,653 and 1,124 cm−1, respec-
tively. The main degradation products identified in organic phases after radiolysis 
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in the presence of nitric acid aqueous phase were dioctylamine (DOA), N, N-
dioctyl-3-oxapentan-1,5-amide acid, N,N-dioctylacetamide (DOAA), N,N-
dioctylglycolamide (DOGA), and N,N-dioctylformamide (DOFA) (199, 229). The 
schematic diagram in Figure 8.10 summarizes TODGA’s radiolytic degradation 
paths (199).

DOA was formed by the hydrolytic cleavage of the amide-bond, as observed for 
other amide extractants (48, 189). DOAA and DOGA were formed mutually by the 
cleavage of the ether-bond. The formation of DOFA was caused by the cleavage of 
the bond adjacent to the ether-bond.

No data has yet been published on the quantitative ratio of each degradation prod-
uct. However, radiolysis should lead to lower amounts of acidic compounds than 
malonamides, because of the absence of any alkyl (or oxyalkyl) chain between the 
two amide groups.

8.3.3.3.2 Factors Governing Degradation
8.3.3.3.2.1  Influence of the Aqueous Phase. Different TODGA-dodecane solu-
tions were irradiated without HNO3, or stirred with 0.1 or 3.0 mol L−1 HNO3 during 
irradiation (199). The residual TODGA concentrations in the organic phase were 
comparable, which indicates that HNO3 has an insignificant effect on the overall 
stability of the molecule. Nevertheless, the influence of nitric acid was important to 
the ratio of the degradation products (199). Gas chromatography analyses indicated 
that in the presence of HNO3, reaction (a) was favored (see Figure 8.10), resulting 
in the formation of amide acid, as observed with malonamides (Figure 8.7). In the 
absence of nitric acid, reaction (b) was preponderant; reaction (c) was a secondary 
reaction in all cases.
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FIGURe 8.10 Schematic diagram of the radiolytic degradation of TODGA. (Drawn from 
Sugo, Y., Sasaki, Y., Tachimori, S., Radiochim. Acta, 90: 161–165, 2002.)
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8.3.3.3.2.2 Influence of the Diluent. The degradation of TODGA increased in 
the presence of n-dodecane (182, 183, 199), as observed with other amide extract-
ants (182, 199) or TBP (90). The same effect was observed with 1-octanol, though 
as mentioned by Sugo (182, 183), the reaction mechanisms with alkane and alcohol 
are different. The sensitization effect of dodecane was explained by a charge-transfer 
reaction from radical cations of n-dodecane to TODGA molecules in the primary 
process (182) (see detailed discussion in Section 4.2). This sensitization effect was 
reduced by the introduction of additives, like aromatic diluents (benzene, benzylal-
cohol, nitrobenzene), or solutes, like monoamides, as presented in Figure 8.11.

8.3.3.3.2.3  Influence of the Irradiation Dose. The TODGA concentration 
decreased exponentially with the dose. After γ-radiolysis of 0.1 mol L−1 TODGA in 
dodecane pre-equilibrated with 3.0 mol L−1 nitric acid, G(-TODGA) = 0.38 μmol J−1 
(or 3.7 molecules for 100 eV of absorbed energy) (229).

8.3.3.3.3 Effect of Degradation
The extraction of Am(III), Pu(IV), and U(VI) from 3.0 mol L−1 HNO3 using 0.1 mol 
L−1 TODGA in n-dodecane was studied (229). Extraction efficiency at high acidity was 
maintained, even after irradiation with 0.42 MGy, where the concentration of TODGA 
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FIGURe 8.11 Effect of the addition of benzene and monoamide DOHA on the radiolysis 
of TODGA. Conditions: gamma-irradiation from 60Co source (125 C kg−1 h−1) in air, at room 
temperature of 0.1 M TODGA in solution. The numeral in parenthesis indicates a volume 
percentage in diluent. (Redrawn from Sugo, Y., Sasaki, Y., Tachimori, S., Radiochim. Acta, 
90: 161–165, 2002. With permission.)
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was reduced (lower than 0.03 mol L−1). Other experiments performed with 0.2 mol L−1 
TODGA (with and without 0.5 mol L−1 TBP) in TPH, in contact with 3.0 mol L−1 nitric 
acid showed only a slight decrease in DAm above 0.6 MGy and no significant influ-
ence on DEu (227). On the other hand, at low acidity, the values of DAm increased after 
irradiation of the solvent (as presented in Figure 8.12), which could lead to potential 
difficulties in the splitting step with dilute nitric acid. Specific investigations into the 
behavior of N,N-dioctyl-3-oxapentan-1,5-amide acid (Figure 8.10a) allowed it to be 
established that this compound played a noticeable role at low acidity, as do classical 
acidic extractants, and had a synergistic effect on the extraction at high acidity. DAm 
increases from 24 to 80 in the presence of 0.02 mol L−1 of the amide acid (229).

8.3.3.3.4 Influence of the Extractant Structure
The protective effect of aromatic diluents has encouraged authors to test the radio-
lytic stability of TODGA derivatives possessing an aromatic moiety. Two molecules 
were synthesized: N,N,N´N´-tetra(p-octylphenyl)diglycolamide (T(OPh)DGA) and 
N,N,N ,́N´-tetra-octylfuran-2,5-diamide (TOFDA) (183). The order of radiolytic 
stability was T(OPh)DGA > TOFDA > TODGA, which indicates that the presence 
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FIGURe 8.12 Influence of irradiation on extraction of Am(III) from HNO3 by 0.1 M 
TODGA in n-dodecane before (o) and after 422 kGy (®). Gamma irradiation of 0.1 M 
TODGA in n-dodecane pre-equilibrated with HNO3 with 60Co source—4.8 kGy h−1 dose 
rate—in air at room temperature. Extraction: equal volume of organic and aqueous phase 
(HNO3 spiked with tracer –1.0 × 1016 Bq). Temperature: 25 ± 0.1°C. (Redrawn from Sugo, 
Y., Sasaki, Y., Kimura, T., Sekine, T., Kudo, H. Proceeding of the International Conference 
Global 2005, Tsukuba, Japan, 9–13 October, Paper No. 368, 2005.)
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of aromatic cycles in diglycolamides improves their stability. The smaller effect 
observed for TOFDA has been explained by a lower degree of aromaticity of the 
furan cycle compared to benzene.

8.3.4 nitrogen donorS

Several systems involving nitrogen polydentate extractants were investigated in 
order to separate An(III) from Ln(III). The main N-donors investigated are picol-
inamides, 2,4,6-tri(2-pyridyl)-1,3,5-triazines (TPTZ) (203, 211, 230–233), 2-(3,5,5-
trimethylhexanoylamino)-4,6-di(pyridine-2-yl)-1,3,5-triazine (TMHADPTZ) (203, 
211), bis-triazinyl-1,2,4-pyridines (BTP) (3, 4, 174, 203, 211, 234–236), and  6,6́ -bis(5,6-
dialkyl-1,2,4-triazin-3-yl)-2,2’-bipyridines (BTBP) (4, 237–239). Among these, the only 
degradation studies reported in the literature concern BTP and BTBP extractants. The 
aim of the research was to improve the radiolytic and hydrolytic stability of these other-
wise efficient molecules, their main drawback. In fact, the strong sensitivity of the ligand 
nPr-BTP (2,6-bis(5,6-n-propyl-1,2,4-triazin-3yl)-pyridine) selected in 1999 to perform a 
countercurrent test on a genuine highly active effluent explained the low efficiency in the 
process (202, 235, 236) and justified the interest of radiolysis investigations.

8.3.4.1 Degradation Products
The majority of degradation studies have focused on process data (the influence on 
extracting properties such as DAm and SFAm/Eu). Nevertheless, a few publications 
reported some identification of hydrolysis or radiolysis degradation products for nPr-
BTP and iPr-BTP by gas phase chromatography (GC-MS), and electro-spray ioniza-
tion (ESI) or atmospheric-pressure chemical ionization (APCI)-mass spectrometry 
(4, 236, 240). In nitric media, the main chemical attack was the addition of a nitrous 
moiety to one of the (CH or CH2)propyl groups located on the α-position of the triazinyl 
rings, to form a nitro compound, which evolved into the related alcohol and ketone 
derivatives. A second similar attack on another propyl group could occur, leading to 
dialcohols and diketones. Other reactions, such as the loss of one alkyl chain or the 
disruption of the triazinyl rings, led to cyanocompounds (4, 66). Surprisingly, after 
radiolysis of iPr-BTP under 0.1 MGy, the main compounds detected by APCI-MS 
were heavier than the initial BTP, resulting from the addition of one or two C8H17O- 
groups arising from the diluent octanol (4, 240).

No quantitative data have yet been published on the residual ligand concentration 
and the amount of degradation products.

8.3.4.2 effect of Degradation
An increase of the irradiation dose led to an important decrease of

 – Americium extraction (a factor of 106 after only 20 kGy with Et-BTP in 
hexanol (241) and a decrease greater than 99% after an absorbed dose of 
100 kGy with iPr-BTP in a mixture with DMDOHEMA in octanol (240));

 – Am/Eu selectivity (237, 240) (SFAm/Eu dropped from 150 to almost 30 after 
an irradiation of only 17 kGy with the system C5-BTBP-cyclohexanone, see 
Figure 8.13).
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However, variable effects on DAm were observed with BTBPs, depending on the 
ligand and the diluent (cyclohexanone or hexanol), namely an increase to almost 
a factor of 2 or a decrease to a factor of 3–4 have been reported after 20 kGy for 
CyMe4-BTBP and C5-BTBP, respectively (237, 242). The radiolytic stability of BTPs 
and BTBPs seemed favored by an increase in their initial concentration (240).

8.3.4.2.1 Influence of the Extractant Structure
To avoid chemical attack on the α-benzylic hydrogens and thus improve the stability 
of such polyazines, ligands with annulated rings were studied (see CyMe4-BTP or 
BzCyMe4-BTP in Table 8.1). Based on extraction tests, the following stability scale 
has been proposed: n-alkyl-BTP < iPr-BTP ≤ CyMe4-BTP < BzCyMe4-BTP (240, 
243). Molecules bearing branched alkyl groups, such as iPr-BTP and CyMe4-BTP, 
appeared to be less hydrolyzed than related linear alkyl compounds (i.e., nPrBTP or 
nBuBTP) (66, 244), but the improved radiolytic stability of CyMe4-BTP was still 
too unsatisfactory to be used in a process (240). The incorporation of an annulated 
aromatic π-system added significant extra resistance to radiolysis (243).

In the BTBP family, the same tendency has been observed: the annulated CyMe4-
BTBP was more resistant to nitric hydrolysis than the alkylated compound C5-BTBP 
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FIGURe 8.13 Influence of the dose on the extraction of Am(III) and Eu(III) by 0.005 M 
C5-BTBP in cyclohexanone. Irradiation of 0.005 M C5BTBP in cyclohexanone with a 60Co 
source (dose rate to water 40 Gy h−1). Extraction: equal volumes of irradiated organic and 
aqueous phase (0.01M HNO3-0.99 M NaNO3 spiked with 241Am and 152Eu) at room tempera-
ture (20°C). (Redrawn from Nilsson, M., Anderson, S., Drouet, F., Ekberg, C., Foreman, M., 
Hudson, M., Liljenzin, J.O., Magnusson, D., Skarnemark, G. Solvent Extr. Ion Exch. 24: 
299–318, 2006. With permission.)
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(245). Recently, unexpected results were obtained with CyMe4-BTBP in cyclohex-
anone or hexanol: a slight increase of DAm after radiolysis (242). The hydrolytic sta-
bility of tetra-n-alkyl substituted-BTP and BTBP was comparable, but the radiolytic 
stability of CyMe4-BTBP seemed better than that of CyMe4-BTP (240).

8.3.4.2.2 Influence of the Diluent
The nature of the organic diluent was proved to influence the stability of BTP 
 molecules. Nitrobenzene and the chlorinated diluent C2H2Cl4 improved the hydro-
lytic stability of n-PrBTP (236). For radiolysis, the same protective effect was 
observed in the presence of nitrobenzene.

For Et-BTP in 1-hexanol irradiated with 20 kGy, •	 DAm was a factor of 104 
greater with only 10% of nitrobenzene as compared with hexanol alone, as 
shown in the data plotted in Figure 8.14 (241).
For CyMe•	 4-BTP in n-octanol irradiated with 100 kGy, the degraded portion 
decreased to 15% in the presence of nitrobenzene, instead of 80% (243).

However, no significant effect was observed with other aromatic diluents such as 
tert-butyl benzene, 2,4-dinitrophenol, 2-nitrobiphenyl, or 2,2-dinitrobiphenyl (241).
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FIGURe 8.14 Influence of the diluent composition on the distribution ratios of Am(III) 
after irradiation of Et-BTP. Irradiation with a gamma 60Co source (dose rate to water 40 Gy 
h−1). Extraction with equal volumes of organic phase (Et-BTP 1.8 × 10−3 M) and aqueous 
phase (trace amount of 241Am in 0.99 M NaClO4 and 0.01 M HClO4). (Drawn from Nilsson, 
M., Anderson, S., Ekberg, C., Foreman, M.R.S., Hudson, M.J., Skarnemark, G. Radiochim. 
Acta 64: 103–106, 2006.)
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In a recent study, Retegan compared the radiolytic stability of C5-BTBP and 
CyMe4-BTBP in hexanol or in cyclohexanone (242). No protective effect of a cyclic 
diluent was observed on europium extraction, whereas surprising results were 
obtained with americium. The behavior needs to be more precisely defined.

8.3.5 maCroCyCliC eXtraCtantS

8.3.5.1 Crown ethers
The crown ethers were investigated mainly for the removal of Sr or Cs from 
 nuclear-waste streams (246–250), and some studies reported their interest as selec-
tive  extractants of plutonium (251). Different crown ether derivatives with the addi-
tion of alkyl chains have been examined, in order to increase the lipophilicity of 
the molecule and prevent major extractant losses due to high solubility in aqueous 
phases. These extractants were described as radiolytically resistant, and their stabil-
ity increased in the order benzocrown > dicyclohexanocrown > crown (44).

8.3.5.1.1 Degradation Products
The radiolytic degradation of a representative dicyclohexano-18-crown-6 (DCH18C6) 
was investigated in different media (aqueous solution, chloroform, toluene, cyclohex-
ane, 1-octanol…) (7, 252–254). Several radiolytic degradation products were sep-
arated and identified (see Figure 8.15) (253). Degradation products had a lower 
molecular weight than DCH18C6 and lost their macrocyclic structure by the opening 
of the crown ring. Further, as a general rule, the degradation gave rise to products 
with configuration retention, that is cis configuration (253).

Volatile products (hydrogen and ethylene) were also produced after radiolysis 
of pure crown ethers. Their formation yields were measured: G(H2) ranged from 
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FIGURe 8.15 Structures of the DCH18C6 radiolytic products after γ -irradiation and their 
radiochemical yield, G determined at an irradiation dose of 3.2 MGy. (From Draye, M., 
Favre-Reguillon, A., Foos, J., Guy, A., Lemaire, M. Radiochim. Acta 78: 105–109, 1997. With 
permission.)
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1 to 2 and G(ethylene) ranged from 0.02 to 0.15 molecule/100 eV, depending on 
the irradiation conditions (76).

After irradiation with 3.3 MGy of a DCH18C6 solution in 1 mol L−1 nitric acid 
containing 20 g L−1 of uranyl nitrate, compounds 2 and 4 (presented in Figure 8.15 
with their radiolytic yields) were shown to be the main products of radiolysis; never-
theless, 50% of DCH18C6 remained unchanged. In these conditions, the disappear-
ance yield G(-DCH18C6) was estimated to be 0.72 molecule/100 eV (7).

An increase in the acidity from 1 to 2 mol L−1 had a very slight influence on 
the macrocycle degradation. But the presence of a high concentration of uranium 
(250 g L−1) in the DCH18C6 solution decreased the radiolysis of DCH18C6 and 
changed the distribution of degradation products: the least fragmented product (com-
pound 8) was the main compound (G ~ 0.16 molecule/100 eV) (252).

8.3.5.1.2 Influence of the Diluent
The radiolytic degradation of DCH18C6 was strongly influenced by the nature of 
the diluents. An experimental approach with gas chromatography concluded on 
the following order of stability: chloroform > cyclohexane >1-octanol > toluene 
(254). The degradation inhibition in toluene was explained, as for previous extract-
ants, by a lower ionization potential of toluene than that of crown ether. DCH18C6 
suffered extensive decomposition in chloroform solution. Moreover, crown ethers 
exhibited high affinity toward inorganic chloroform radiolysis products (such as 
HCl, C2Cl6…) resulting in the formation of complexes (44, 255).

8.3.5.1.3 Influence on Extraction Behavior
The variation of strontium distribution ratios DSr from nitric acid solution was inves-
tigated as a function of the irradiation dose. In toluene DCH18C6 solution, DSr was 
minimally affected by radiolysis, but decreased with the absorbed dose in the other 
nonaromatic solvents (254). Nevertheless, the distribution ratios measured after radi-
olysis were higher than expected, given the remaining extractant concentration, indi-
cating some contribution from the degradation products (e.g., after an irradiation of 
0.84 MGy, 70% of the crown ether was destroyed in chloroform, while the distribu-
tion ratio exhibited a decrease of only 30%) (254).

Extraction of U(VI) and Pu(IV) from 1 to 8 mol L−1 HNO3 solutions by radiolytically 
degraded DCH18C6 in toluene was studied (256). A decrease in the distribution ratios for 
both U and Pu was observed for irradiation in the range 0.010–0.071 MGy, with a higher 
effect for Pu(IV). For 0.2 mol L−1 DCH18C6-toluene solution in contact with 3 mol L−1 
nitric acid, DU decreased from 0.21 to 0.12 and DPu from 64.3 to 6.42 after a dose of 0.07 
MGy. This behavior was explained by both diluent and extractant degradation.

Some degradation products (compounds 2, 3, and 4, see Figure 8.15) were syn-
thesized to evaluate their influence on extraction (252, 253). The simultaneous addi-
tion of these three compounds at a concentration of 2 × 10−3 mol L−1 did not modify 
the extraction of Pu, U, and Sr (DCH18C6 0.134 mol L−1 in chloroform -HNO3 4.9 
mol L−1), but higher amounts (7.35 × 10−3 mol L−1 for each compound) led to a slight 
decrease of DPu, whereas no effect was observed on DU and DSr.

The radiolytic behavior of a solution of DtBuCH18C6 (di-t-butylcyclohexano-18-
crown-6) in 1-octanol was assessed by measuring the distribution ratio of strontium 
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under the extraction and stripping conditions of the SREX process ([HNO3] = 3 mol 
L−1 and 0.01 mol L−1, respectively) (248). At high acidity, the extraction was constant 
up to absorbed doses of ~0.24 MGy, then significantly declined until ~0.4 MGy, to 
reach one-third of the reference value. In stripping conditions, degradation led to an 
increase of DSr even for low irradiation doses. DSr increased by nearly a factor of 3 
after an absorbed dose of ~0.24 MGy. This behavior was attributed to the degrada-
tion of both the extractant and the diluent.

8.3.5.2 Calixarenes
Calixarenes are potential platforms on which specific binding arms can be grafted. 
The extractive properties of these molecules for metallic ions depend on the cav-
ity size, the conformation, and the nature of the ligating groups. Different calix[4]
arene-crown-6 derivatives in the 1,3-alternate conformation have been studied for 
Cs recovery from both basic and acidic solutions (257–262). Calixarene-based picol-
inamide ligands have been proposed as candidates for separating actinides from lan-
thanides (263, 264).

The stability of calixarene molecules under hydrolysis and radiolysis was quite 
high, but the nature of the substituents and the chemical environment caused some 
differences.

8.3.5.2.1 Degradation Products
Representative calix[4]arene-crown-6 derivatives (monocrowns such as iPr-MC-6 
or octMC-6 (di(n-octyloxy)calix[4]arene-crown-6) and biscrown as BC-6 (1,3-alt-
calix[4]arene-bis-crown-6), see Table 8.1), have been irradiated under various con-
ditions and the solution examined by techniques based on mass spectrometry: ESI/
MS, GC/MS (or GC/MS/MS), and LC/ESI-MS (68, 69, 72). In the absence of nitric 
acid, very few degradation products were formed, even after an irradiation dose 
of 3 MGy. The molecular weight of BC-6 degradation products indicated partial 
crown ring degradation (68, 69). In the presence of nitric acid, radiolysis led to the 
formation of a large number of derivatives resulting from cleavage or additional 
reactions and from aromatic nitration and oxidation, as presented in Figure 8.16 for 
octMC-6 ligand.

The binding of NO2 groups on the calixarene took place on the aromatic rings 
in the para position (never on the crown moiety) (68, 69, 72), and mononitro-
calixarene was always the most abundant compound, with the presence, to a lesser 
extent, of dinitro-compound. Despite the large number of compounds, the crown 
ether structure was conserved, which is an indirect indication of such ligands’ 
good stability.

8.3.5.2.2 Quantitative Data
A quantitative investigation performed using the HPLC/DAD (Diode Array 
Detector) technique showed that the amount of degraded octMC-6 was quite high. 
In contact with 3 mol L−1 nitric acid, the proportion of degradation after an irra-
diation of 1 MGy was estimated to be 33% in o-nitrophenyl octyl ether (NPOE) 
and 88% in dodecane. The quantity of octMC6-NO2 reached 50% of degradation 
products (72).
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The related radiolytic yields were low: in contact with 3 mol L−1 nitric acid, 
G(-octMC6) ≈ 0.034 and 0.082 for 5 × 10−2 mol L−1 solution in NPOE and 10−2 
mol L−1 in dodecane, respectively (72). But the low concentration of ligand partly 
explained the values.

Moreover, in the solid form, the monocrown MC-6 was slightly less stable than 
the biscrown BC-6 analog (after a 3 MGy dose, 60 and 50% of the molecules were 
degraded, respectively), but the opposite effect was noted for a solution 10−2 mol 
L−1 in NPOE (the amounts of unchanged extractant were 52% and 68%, respec-
tively) (69).

The stability under irradiation of the calix[4]arene-bis(tert-octylbenzo-crown-6) 
(BOBCalixC6)-based solvent system (mixture composed of calix[4]arene, an aro-
matic fluoro-propanol as modifier, and trioctylamine in aliphatic diluent) was 
tested under chemical and radiolytic conditions representative of the alkaline-side 
process (265). After γ-irradiation doses as high as 0.16 MGy, no significant loss of 
BOBCalixC6 was measured (less than 10%).

8.3.5.2.3 Influence of the Diluent
The nature of the diluent has an important role on the degradation rate of calix-
arene (see Table 8.7). In dodecane, the loss of calixarene was very high, compared 
with measurements in the aromatic NPOE diluent. As already mentioned with other 
ligands (like TBP), aromatic diluents had a protective effect, explained by a lower 
ionization potential. However, serious radiolytic damage (e.g., a considerable rise 
in viscosity) has been observed with NPOE alone (68). Therefore, authors, such as 
Lamouroux, have suggested the use of a mixture NPOE-dodecane (72).
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FIGURe 8.16 Major radiolytic degradation compounds of (octMC6) in NPOE/HNO3. 
(Redrawn from Lamouroux, C., Aychet, N., Lelievre, A., Jankowski, C.K., Moulin, C., Rapid 
Commun. Mass Spectrom., 18: 1493–1503, 2004.)
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8.3.5.2.4 Influence on Extraction Behavior
Since the main degradation product of BC6 was assumed to be the mononitro 
derivative (BC6-NO2), nitro compounds have been synthesized and the distribu-
tion ratios measured. Extraction results with 1 mol L−1 nitric acid showed that the 
presence of nitro groups reduced the extraction of cesium: DCs were 19.5, 8.5, and 
6 × 10−3 for solutions 10−2 mol L−1 of BC6, BC6-NO2, and BC6-4NO2, respectively 
(68), whereas the extraction of Na+ was slightly affected. Theoretical approaches 
by molecular dynamics simulations indicated that the nitro group was not ideally 
located to efficiently participate in the complexing of Cs+ or Na+, and therefore the 
loss of efficiency with nitro compounds arose from steric hindrance around the 
complexing site.

Recent studies have been published on representative process systems.

 – Variation of cesium distribution ratios (DCs) was investigated as a function 
of the irradiation dose for BOBCalixC6 under process conditions (265). 
The extraction, scrubbing, and stripping performances were not signifi-
cantly affected by gamma irradiation doses as elevated as 0.08 MGy, which 
was consistent with the high stability of the calixarene.

 – The effect of radiolysis on complexed solutions proposed for the FPEX pro-
cess was investigated. The calixarene BOBCalixC6 was present with substi-
tuted-18-crown-6, aromatic fluoro-propanol as modifier, and trioctylamine 
in aliphatic diluents (35). The effect of gamma irradiation was negligible 
up to 0.02 MGy. An important change of coloration and the appearance of 
a third phase was observed, but due to the nitration of the modifier. Instead 
of the BC-6 and oct-MC6 calixarenes, which presented a decrease of Cs 
extraction after radiolysis, the presence of alkylated phenyl moieties pro-
vided protection for the Cs site.

tAbLe 8.7
Influence of the experimental Conditions on the Degradation Rate of the 
Calixarene octMC6-H (Irradiation 1 MGy)

[Ligand] (Mol L−1) Diluent Presence of Aqueous Phase Degradation Rate (%)

5 × 10−2 NPOE – 6.5 ± 2

5 × 10−2 NPOE Contact with 3 M HNO3 33.5 ± 2
10−2 n-Dodecane – 80 ± 2

10−2 n-Dodecane Contact with 3 M HNO3 88 ± 2

Source: From Lamouroux, C., Aychet, N., Lelievre, A., Jankowski, C.K., Moulin, C. Rapid Commun. 
Mass Spectrom., 18: 1493–1503, 2004.

Note: Irradiation with a 60Co source (6.3 kGy h−1 dose rate) in the presence of air at 22°C. Organic phase 
(5 mL) is irradiated alone or in the presence of an equal volume of aqueous phase.
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 – The radiolytic behavior of a substituted picolinamide calix[6]arene, studied 
for the separation of actinides from lanthanides, was recently investigated 
by Mariani (263). For doses ranging from 0.014 to 0.055 MGy, the dis-
tribution ratios of both Am(III) and Ln(III) strongly increased, whereas 
after absorbed doses higher than 0.10 MGy, they decreased to values lower 
than those measured for nonirradiated samples. The selectivity for Am/Eu 
remained constant. Comparable experiments under a nitrogen atmosphere 
indicated the role of oxygen in the radiolysis, because the distribution ratios 
decreased by factors of 10 and 1.5–5 for Am-Eu and other lanthanides, 
respectively. The increase for lower doses was then explained by the for-
mation of oxidized radiolytic products. No evidence of new products was 
obtained with the ESI-MS technique.

8.4 DeGRADAtIon MeCHAnIsM

For the successful application of solvent extraction to the treatment of highly radio-
active materials, it was essential to grasp the nature of radiation-chemical phenom-
ena occurring in the extractant environment. Numerous studies have focused on the 
degradation mechanism of TBP, and some on HDEHP or TODGA through specific 
investigations of radical transient species. Some experiments have also been per-
formed on lower molecular amides, using pulse radiolysis or electron spin resonance 
(ESR), in aqueous phase (266–268), in THF (269), in methyl cyanide (270), or in 
Freon (271). Attention has been paid to the radiolysis mechanisms of liquid alkanes 
often selected as diluents in the reprocessing process (272–278).

The following paragraph deals with the experimental approach to the degrada-
tion mechanism of different molecules and with the role of the diluent. Theoretical 
studies related to stability remain rare, and calculations were often performed on 
pure ligands in the gas phase, thereby omitting the important role of surrounding 
solutes.

The radiolytic mechanism of an organic molecule’s degradation could occur 
through different routes: a direct process with an energy transfer from the radiation 
to the ligand (resulting in primary radicals of excited and ionized species), homo-
lytic radical cleavages that generate two free radicals, or indirect radiolysis (energy 
transfer from radicals of various solutes to the ligand). It should be noted that C-H 
bonds are usually broken more easily than C–C or C–O bonds, and lead to reactive 
and mobile H• radicals.

8.4.1 radiolytiC degradation of Pure eXtraCtantS

Studies focusing on the degradation of pure molecules allowed the ligands’ points of 
fragility to be checked.

8.4.1.1 tri-n-butyl Phosphate (tbP)
The experiments performed to study the TBP degradation mechanism (18, 279–287) 
consisted mainly of the identification of final products, but also included the exami-
nation of the radical intermediates by ESR (288, 289) or by pulse radiolysis and 
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flash photolysis (285, 286, 290–292). Various reaction steps have been postulated 
and results give rise to the following issues.

Some scientists emphasized that the degradation of TBP was due to dissociative 
electron capture via the following reaction (279, 283, 285, 286):

 e−
solv

 + (C4H9O)3P = O → C4H9
• + (C4H9O)2P = OO− (8.1)

However, other experiments based on the analysis of acid products (280, 293) indi-
cated that the decomposition of TBP was mainly due to the cleavage of excited TBP 
molecules (TBP*) as follows:

 TBP* → C4H9
• + (C4H9O)2P = OO• (8.2)

According to Zhang, the excited site of TBP was located on the P = O bond (287), and 
several active species were formed by γ-radiolysis, such as excited singlets, excited 
triplets, and positive ions (293).

With pulse radiolysis and flash photolysis, Jin et al. have recently focused on the 
examination of TBP excited species (291). The authors concluded that the decomposi-
tion of TBP occurred through two processes: dissociative electron capture (Equation 
8.1) and decomposition of TBP excited molecules (Equation 8.2).

The identification of radicals coming from the scission of specific bonds was car-
ried out by several teams.

8.4.1.1.1 C–O and P–O Bond Scission
The PO4

3− anion in TBP is very stable under radiation. The rupture of the P–O bond 
is much less probable than the cleavage of the C–O bond, which was confirmed by 
the low quantity of butanol analyzed (96).

According to Kerr and Webster (279), the radiolysis of TBP leads to alkyl radicals 
R• and OP(OR)2OR•. Investigations of the radical intermediates, by ESR examination 
or by use of electron scavengers, provided clear evidence regarding the formation of 
R• radicals by dissociative electron capture (Equation 8.1) (294).

According to Symons and Haase, the O atom of the ester group is the effective 
electron-gain center rather than the other two electron-capture centers (P and oxygen 
atoms of the P = O group) (294, 295). The phosphoranyl radical formed in Equation 
8.3 has a high probability of undergoing fragmentation by β-scission with the ejec-
tion of an alkyl radical, as in Equation 8.4.

 (C4H9O)3P• = O + e− → (C4H9O)3P• = O− (8.3)

 (C4H9O)3P• = O− → C4H9
• + (C4H9O)2P = OO− (8.4)

8.4.1.1.2 C–C Bond Scission
The partial charges of the alkyl chain’s carbon atoms are quite different (294); the 
C in the α-position to oxygen possesses the largest density of positive charge. As a 
result, the scission of Cα–Cβ bonds was easier than other C–C bonds.
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8.4.1.1.3 C–H Bond Scission
The TBP’s butyl chain can form four different radicals by C-H bond scissions: three 
secondary alkyl radicals (TBP-C•

α, TBP-C•
β, TBP-C•

γ) and one primary radical TBP-
C•

d, as presented in Figure 8.17. Different studies show that the unpaired electron is 
mainly located on the C in the γ-position of the butyl group (281, 282, 295, 296).

8.4.1.2 Phosphates or Phosphonates
The ESR spectra of free radicals arising from the action of hydroxyl radicals on 
several phosphorous compounds (trialkyl phosphate and dialkyl phosphonate) have 
been studied. In all cases, the radicals observed are due to the removal of a hydrogen 
atom from the carbon atom adjacent to the oxygen in the ester group (Cα-atoms) 
(289).

In addition, recent calculations of the partial charges on carbon atoms of the alkyl 
chains of several trialkylphosphates have indicated that in all cases, the Cα-atoms 
possessed the highest density of positive charge (294).

8.4.1.3 Di(2-ethylhexyl) Phosphoric Acid
The mechanism of HDEHP radiolysis has been investigated by ESR spectroscopy 
after γ-irradiation (74, 159). The formation of the radical C4H9-C•(CH3)C2H5 formed 
by the removal of a hydrogen atom from the alkyl chain of HDEHP has been proposed 
(159). A large G-value (about 6 molecuels/100 eV) for the formation of this latter 
radical indicated that the ester bond of HDEHP is likely to crack at the C-O position 
by radiolytic excitation. However, the split alkyl radicals are liable to recombine with 
phosphate groups and reform HDEHP (159). The following reactions (Equations 8.5 
and 8.6), were proposed to explain the formation of 1-methyl-1-ethylpentyl radical.

 

C4H9
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P
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OH
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FIGURe 8.17 Primary radicals formed under radiolysis from tributyl phosphate (TBP).
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C4H9

CH2

C2H5

C4H9

C
CH3

C2H5

 (8.6)

The 1-methyl-1-ethylpentyl radical [I] and its neighboring molecule may then trans-
fer hydrogen or methyl radical to yield 3-methylheptane or n-heptane (159). Radical 
[II] was proposed but without any identification. By recombination, it would take 
part in the formation of H2MEHP.

8.4.1.4 Amides
The behavior of two substituted organic acetamides (N,N-diethyl- and N,N-dipropyl-) 
were studied by ESR techniques. The spectra were characteristic of free radicals 
involving H-atom loss from the N-alkyl groups (297).

8.4.2 influenCe of tHe diluent on degradation

Different studies indicate that diluents can inhibit or sensitize an extractant’s 
radiolysis. For example, in the cases of alkyl phosphates, amide extractants, or 
crown ethers, aromatic additives act as protectors (39, 84, 88, 90, 199, 254, 298), 
while saturated hydrocarbons often sensitize the decomposition of the extract-
ant (90, 182, 183, 199, 299). Figure 8.18 illustrates this sensitization effect of 
n-dodecane on various oxygen-donor ligands (diglycolamide, malonamide, and 
monoamides) (199).

Recently, the primary processes were investigated using pulse radiolysis with two 
extractant-alkane systems (182, 292). Transient optical absorption spectra proved 
that in the presence of ligands like TODGA, the excited species of n-dodecane (sin-
glet excited state and radical cation) disappeared immediately. Results showed that 
an energy transfer occurred from the excited alkane to the extractant molecule (TBP, 
TOPO, or amide), which constituted an additional decomposition route, as described 
in the following set of reactions:

 [diluent] → [diluent]• + + e− (8.7)

 [diluent]•+ + [extractant] → [extractant]•+ + [diluent] (8.8)

 [extractant]•+ → degradation products (8.9)

The charge-transfer reaction from the excited diluent to the ligand was brought 
about by the difference in their ionization potentials (79, 182, 183). Thus, if the 
potential of the diluent is higher than the potential of the extractant, the reaction 
(Equation 8.8) could occur and results in a greater degradation of the extractant 
because of the subsequent reaction (Equation 8.9). Conversely, if the diluent has a 
low ionization potential (like aromatic compounds, see Table 8.8), the charge-trans-
fer reaction (Equation 8.8) would be inhibited and the diluent acts as an “ionization 
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sink,” thus, protecting the extractant molecule against further degradation (in the 
case of studies with TBP, TODGA, crown ethers, etc.).

The high ionization potential of CCl4 (Table 8.8) was consistent with the sensi-
tization observed with TBP. CCl4, partially water-soluble, was also described as an 
effective e− scavenger, and the ionic degradation mechanism seemed to predominate 
in the TBP-CCl4 system (87).

The ionization potential of some extractants (TODGA and DOHA) calculated by 
quantum chemistry (182) was lower than that of n-dodecane, which was consistent 
with the sensitization effect of these diluents observed by experimental approaches 
(182, 183).

8.4.3  influenCe of an aQueouS nitriC aCid PHaSe on 
tHe radiolytiC degradation of tbP

The yield of radiolysis products depends strongly on the presence of an aqueous 
phase in the system, and on its composition. The presence of water and nitric acid in 
the solvent produces additional free radicals by radiolysis (14, 302, 303), leading to 
functionalized compounds of extractants and diluents (304). In the case of alkanes, 
specific compounds like nitroparaffins, alcohols, hydroxamic acids, and nitronic 
acids have been identified (21, 43, 51). Taharaoui and Morris have summarized the 
results published in this field (79).

12

10

8

6

4

2

0
0 20 40 60 80 100

Proportion of n-dodecane (wt%)

G
-v

al
ue

 (m
ol

ec
ul

es
. 1

00
 eV

–1
)

TODGA
MA
DOHA

FIGURe 8.18 Sensitization effect of n-dodecane on the radiolysis of the glycolamide 
TODGA, a malonamide (N,N’-dioctyl-N,N’-dimethyl-2(3’-oxapentadecyl)-propane-1,3-
diamide) and a monoamide DOHA. Conditions: gamma-irradiation from 60Co source (125 C 
kg−1 h−1) in air, at room temperature. The solid lines indicate the experimental G-value with 
an error of about 10%. The dotted lines indicate the theoretical G-value based on the direct 
effect on the radiolyis. (Redrawn from Sugo, Y., Sasaki, Y., Tachimori, S., Radiochim. Acta, 
90, 161–165, 2002. With permission.)
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Radiolysis of HNO3 generates different radicals (305), but at high acidity, HNO3 
can also act as a hydroxyl radical scavenger (306). Moreover, postirradiation effects 
have been observed (variation of the concentration of radicals, for example) (305).

In spite of the complexity of the solutions, some authors have managed to iden-
tify the main degradation routes in the presence of HNO3: the radiolysis of TBP 
proceeded by the preferential loss of a radical H• from C-H bonds (21, 50), followed 
by O-C, C-C, or O-P bond cleavages (21). The four primary radicals (presented in 
Figure 8.17) interact with species present in the medium, and the classical further 
reactions are dimerization, coupling with dodecane, and reaction with O2 to give the 
related hydroxy-TBPs, which can undergo further oxidation or form nitrates (21). 
The low amount of TBP-dimers (0.3%) and lower homologues has been explained by 
the involvement of TBP fission prior to dimer formation (22).

8.4.4 effeCt of inHibitorS on tbP degradation

To limit the radiolytic degradation of extractants, the influences of free-radical 
inhibitors have been measured. The addition of dimethoxybenzaldehydes (DMBA), 
particularly 3,5- and 3,4-DMBA, to the PUREX solvent could improve its stability 
and decrease its contamination (307). DMBA has a double effect, including a protec-
tive effect for the excited molecules of TBP (because of its low ionization potential), 
and the aldehyde radiolysis products could react with the HDBP present and there-
fore inhibit its complexing properties.

tAbLe 8.8
Ionization Potential (IP) Values of some 
Diluents

Diluent IP (eV) References

Propane 11.5 300

iso-Butane 11.4 300

Cyclobutane 11.0 300

Hexane 10.43 90

n-Heptane 9.83 301

Dodecane 10 ± 0.2 79, 90

n-Dodecane 9.40 301

Cyclohexane 10.3 90

Cyclohexane 9.82 301

Cyclohexane 9.24 90

Benzene 9.24 90, 300

Toluene 8.82 90

Toluene 8.78 300

Methanol 10.96 300

Dimethyl ether 10.04 300

Tetrachloromethane 11.47 301

Tetrachloromethane 11.5 79
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Another family of inhibitors, hydrogen-donating agents such as iso-propyl and 
1,4-di-iso-propyl benzenes, was investigated by Lamouroux in order to reduce the 
formation of TBP-TBP dimers, which exhibit a very high plutonium retention of TBP 
(47). The presence of at least one mobile hydrogen on the iso-propyl group could 
produce a benzylic tertiary radical stabilized by resonance. The addition of such 
compounds reduced the concentration of the TBP-TBP dimers by about 50%.

8.5  ReLAtIon betWeen tHe FoRMULAtIon oF tHe soLVent 
AnD tHe RADIoLYtIC stAbILItY oF tHe eXtRACtAnt

From the studies published, it appears that it may be possible to improve the radio-
lytic stability of an extractant system. Of course, it is difficult to obtain a universal 
proposal, and the various experimental conditions selected to perform the radiation 
experiments (nature of the diluents, acidity, and the presence of other solutes either 
in the aqueous or organic phase) have made the comparison of extractants’ stability 
difficult. Nevertheless, systematic tendencies have been summarized in the follow-
ing section, related to the modification of the extractant alone or related to the com-
position of the solvent (organic phase).

8.5.1 modifiCationS to tHe eXtraCtant formulae

8.5.1.1 Presence of oxygen Atoms
Many extractants contain one or several oxygen atom(s), with specific donor prop-
erties (P = O or C = O groups) or as ether bridges. Generally, the presence of such 
heteroatoms in a molecule introduces an additional fragility point and leads to a 
lower overall radiolytic stability. In molecules with ether bridge(s) (–C–O–C–), the 
easy cleavage of the C–O bond can have drastic consequences on the molecule, for 
example in crown ethers, for which the cleavage of C–O bonds led to an opening of 
the ring (7, 253). In the diamide family, the introduction of such a bridge between the 
two amide functions weakens the molecule: the stability of malonamides is higher 
than of diglycolamides (183, 199). The replacement of an alkyl group by an alkoxy 
chain anywhere in the molecule often inserted a weakness in the molecule. For 
example, the alkoxy derivative di(hexyloxyethyl)phosphoric acid (HDHOEP) was 
more degraded by γ-radiolysis than the alkyl derivative HDEHP, and an additional 
degradation product was observed (32). Related oxygenated bifunctionalized mol-
ecules were less stable than mono derivatives; for example, the radiolytic stability 
of monoamides was higher than that of malonamides (182, 199, 216). On the other 
hand, the presence of an alkoxy radical grafted onto the central carbon of malona-
mides, instead of alkyl chains, led to an additional cleavage without decreasing the 
overall stability of the molecule (48, 202, 213). The presence of two ether functions 
in this chain had no significant influence on the stability of malonamides (215).

With oxygen donors like organophosphorus extractants (presence of P = O group) 
or amide-based molecules (presence of (N)C = O group), the main cleavage occurs 
in the α-position of the chemical function. The introduction of an O atom into this 
sensitive α-position was responsible for a lower stability, because the cleavage of an 
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O–P bond was easier than that of a C–P. In the alkylphosphorus family, the radiolytic 
stability decreased in the order phosphine oxides TOPO [(C8H17)3PO] > dibutylbutyl 
phosphonate [(C4H9O)2(C4H9)PO] > tributyl phosphate [(C4H9O)3PO] (308), which is 
consistent with the number of carbon-oxygen-phosphorus linkages. In the same way, 
the hydrolytic and thermal stability decreased in the order dialkyl dithiophosphinic 
acids [(RO)R´PSSH] > dialkyl dithiophosphoric acids [(RO)2PSSH], due to the elimi-
nation of one ether bridge (29).

In conclusion, the controlled introduction of an oxygen atom into a molecule 
could be an advantage. In the case of extractants with long alkyl chain(s), the pres-
ence of an oxygen atom could lead to the formation of shorter degradation products, 
easier to remove by classical aqueous scrubbing because of their higher aqueous 
solubilities and/or their lower interfacial activity (the main drawback of long-chain 
carboxylic acids in contact with alkaline aqueous solution) (142, 144). This strategy 
has been applied to the optimization of malonamide formulae for the DIAMEX 
process (202, 213).

8.5.1.2 nature of the substituents
To enhance the solubility of extractants in organic diluents, alkyl chains are often 
grafted onto strategic parts of the molecules; sometimes the replacement by an aryl 
part has also been proposed.

8.5.1.2.1 Alkyl Substituents
Lengthening the alkyl chains in extractants seemed to slightly increase their resist-
ance to degradation:

The stability of trialkyl phosphates (RO)•	 3PO increased from the methyl 
derivative to the pentyl ester (18, 84, 152);
The same tendency has been observed for dialkylphosphoric acids •	
(RO)2(HO)PO; for example, the stability of HDiDP (R = iso-decyl) was 
greater than that of HDEHP (R = ethylhexyl) (32);
In the malonamide family, the stability increased with the length of the cen-•	
tral alkyl chain in the order H < C2H5 < C2H4OC6H13 ≈ C2H4OC2H4OC6H13 
(215).

It should be noted that several authors have indicated the increase of the yield of 
hydrogen with the molecular weight of the extractant (18, 84), which is consistent 
with a higher probability of C–H cleavages.

Considering the nature of degradation products, increasing the chain length can 
lead to more lipophilic compounds with higher molecular weights, which are more 
difficult to eliminate by classical aqueous scrubbing. For example, an increase in the 
alkyl chain length on the nitrogen atom (from C4H9 to C8H17) on malonamides led to 
an increasing lipophilicity of the amine formed by degradation and to its increased 
solubility in the organic phase (48).

The introduction of a branched, instead of linear, alkyl chain has been studied 
with monoamides, but the results depended on the nature of the diluent, and no sys-
tematic tendency could be deduced (191, 192, 194, 200). For the trialkylphosphate 
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family, the behavior of n-amyl and iso-amyl derivatives was similar (152, 153). In the 
polynitrogen family of BTPs, the presence of branched alkyl groups on the triazine 
cycles was favorable. The following scale of stability has been proposed: n-alkyl-
BTP < iPr-BTP ≤ CyMe4-BTP (240, 243), an order consistent with the hydrolysis 
protection given by the sensitive carbon (on the α-position of the triazinyl rings).

8.5.1.2.2 Aryl Subtituents
The stabilizing effect of aromatic diluents has already been discussed (Section 8.4.2 
on the mechanism), but the presence of an aromatic moiety inside the extractant also 
improves its radiolytic stability.

In the family of phosphonates (RO)•	 2R´PO, the aryl derivatives were more 
stable than the related alkyl compounds, and the benefit was higher than the 
effect observed from alkylphosphate to alkylphosphonate (96). The same 
tendency has been observed with dithiophosphinic acids (RO)R´PSSH; 
namely, aromatic ligands were more resistant to hydrolysis and radioly-
sis than aliphatic compounds (49, 61). It was noted that the introduction 
of chlorine into the phenyl rings reinforced the radiolytic stability of the 
extractant (49, 61).
In the family of crown ethers, the following order of stability was observed: •	
benzocrown > dicyclocrown > simple crown (44).
With polynitrogen polyaromatic ligands, the addition of an aromatic ring •	
significantly increased the molecule’s resistance to radiolysis, as shown 
by results with BzCyMe4-BTP (243), but the introduction of a saturated 
cyclohexyl group (CyMe4-BTP) already had a favorable effect in compari-
son with tetraalkyl-substituted BTPs (240).

The combined effect of the nature and the position of the aromatic moiety in the 
TODGA skeleton was studied with two newly designed molecules: T(OPh)DGA, 
where two octylphenyl groups have been introduced on each N atom, and TOFDA, 
where the central framework of TODGA was replaced by a furan ring. Both mol-
ecules were more resistant to radiation than TODGA. The stability increased in the 
order TODGA < TOFDA < T(OPh)DGA, suggesting a lower aromaticity of the furan 
cycle than phenyl (183).

The positive effect of an aromatic substituent was not systematic. With CMPO 
extractants, the introduction of phenyl groups on P = O (one or two, instead of linear 
octyl chains) led to less stable molecules (40). This atypical behavior was explained 
by the higher sensitivity of the amide group to hydrolysis, leading to a preferential 
attack around the amide function in the first step of the degradation pathway. The 
presence of an aromatic part on the P = O group has a negligible influence.

8.5.1.2.3 Presence of a Sulfur Atom in the Extractant Molecule
The sulfur-containing extractants have a poor hydrolytic stability; for example, 
dialkyl monothiophosphinic acid and dithiophosphinic acid were completely oxi-
dized after a few days in contact with 5 mol L−1 HNO3 (309). The radiolytic stabil-
ity was also dramatic in that dialkyl dithiophosphinic acid (i.e., Cyanex 301) was 
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completely destroyed after a 0.1 MGy irradiation dose (29). The introduction of an 
aromatic group, which enhanced the stability, was necessary to carry out a test under 
process conditions (49).

8.5.2 ComPoSition of tHe organiC PHaSe

8.5.2.1 Choice of the Diluent
The selection of a suitable diluent is important to limit radiolytic degradation. 
Diluents currently used in nuclear applications are hydrocarbons, despite their 
well-known sensitization effect on radiolysis, as mentioned for alkylphosphates 
or amide extractants (90, 182, 183, 199), and as discussed in Section 8.4.2. To 
avoid this negative effect or to enhance the solubility of ligands and metallic 
complexes, other diluents have been selected and their influence on degradation 
investigated.

The extractant’s stability can be improved if the selected diluent has a lower •	
ionization potential than the extractant, like aromatic compounds (183). 
This protective effect has been observed for numerous extractants: alkyl 
phosphates, alkyl phosphonates, amides, and calixarenes (25, 39, 68, 84, 
90, 199, 298), but not with aryl phosphonates in toluene (96). The protec-
tive effect of aromatic diluents was not systematic with the BTPs-octanol 
systems, where the addition of (or replacement by) nitrobenzene enhanced 
the stability of BTPs (241, 244), whereas the addition of tert-butyl benzene 
did not modify the resistance of BTP under radiation. The difference has 
been explained by the ability of nitrobenzene to remove solvated electrons 
and hydroxyl alkyl radicals (241).

   Even so, aromatic diluents could cause important damage, as in the case 
of NPOE, a diluent proposed to solubilize calixarenes. In particular, a con-
siderable increase in the viscosity of the organic phase was observed after 
radiolysis (68).
Some new extractants were not soluble in alkanes; thus, a long-chain  alcohol •	
like n-octanol had to be selected. The degradation of the diglycolamide 
TODGA was similar for n-octanol and dodecane solutions (182, 183). With 
polyaromatic nitrogen donors like the iPr-BTP molecule, a similar hydroly-
sis effect was measured in pure n-octanol and alkane-octanol (70–30% in 
volume) (244).

8.5.2.2 Presence of Additional Ligands
The presence of additional solutes in the organic phase often enhances the radi-
olytic stability of extractants; this behavior has been described for the following 
examples:

In the TRUEX process, the presence of TBP decreases the radiolytic deg-•	
radation of CMPO (41);
The presence of monoamide inhibited the radiolysis of TODGA in dode-•	
cane (183, 199);
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In the DIAMEX-SANEX process, the presence of malonamide protected •	
HDEHP (5, 10, 32); but it should be noted that the presence of dialkyl 
phosphoric acid in the organic phase had a slightly negative effect on the 
malonamide’s stability (5, 48, 71);
The same protective effect was observed in the TALSPEAK process, where •	
the lactic acid added to the aqueous phase reduced the degradation of DTPA 
(161).

8.6 CoMPARIson oF eXtRACtAnts’ stAbILItY

Though the chemical families retained in the context of nuclear fuel reprocessing are 
very different, depending on the metallic ion to be recovered and the composition 
of the initial feed, an attempt to establish a scale of extractants’ sensitivity toward 
radiolysis is presented in the following paragraph:

The least stable extractants are •	 S donor molecules (29, 49, 60) and the alkyl-
BTP or BTBP molecules (66, 240, 241, 244);
The most stable are the macrocyclic extractants, with radiolytic degrada-•	
tion yields lower than 1 molecule/100 eV (7), and especially the calix-
arenes G(-calixarene) <0.1 (72);
O-donor extractants have an intermediate stability.•	

Among the O-donor extractants, the molecules containing amide functions were 
slightly less stable than the reference TBP (48, 187, 188, 189, 191, 192, 197, 198) and 
dialkylphosphoric acids (G(-TBP) ≈ 1 to 1.5 (77), G(-HDEHP) ≈ 1.5 to 2 (10), and 
G(-malonamideDMDOHEMA) ≈ 4 molecules 100 eV (48)).

The following order of stability can be proposed: amide (diglycolamides < malona-
mides < monoamides (183, 199, 216)) ≈ CMPO ≤ HDEHP ≈ TBP (10, 42, 77) < tri-
alkylphosphonate < trialkyl phosphine oxide (308).

However, the yield value has to be carefully considered. In fact, though calixarenes 
present the lowest degradation G values, a loss of 50% of the molecule was observed 
under an irradiation dose of 1 MGy (72), which is comparable to the degradation rate 
of malonamides (loss of 40% under irradiation dose of 0.75 MGy) (48). This dif-
ference can be explained by the definition of the yield, which took into account the 
number of molecules, and therefore favored processes in which the concentration of 
the extractant was low (e.g., calixarene 10−2 mol L−1).

Nevertheless, the radiolytic (and hydrolytic) stability of an extractant must be 
considered not only from the quantitative, but also from the qualitative aspect. The 
objective is not perfect resistance to the aggressive medium, but sufficient for an 
industrial implementation of the process. The nature of the stable compounds, their 
distribution in the process steps, and their impact are also important when propos-
ing an efficient solvent cleanup. For such studies, dedicated representative loops 
in which the main treatments, “extraction-irradiation-stripping-solvent treatment,” 
could be run on the solvent are of key importance.
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8.7 ConCLUsIons

In each step of nuclear fuel reprocessing, the solvent is exposed to various radio-
active sources and consequently prone to more degradation than solvents in other 
industrial fields. The resulting damage can be either chemical or physical. Numerous 
experimental studies have been carried out; most of them were applied research and 
therefore restricted to studying the impact of degradation on process performance in 
order to develop an adequate cleanup treatment.

Nevertheless, with the “oldest” extraction system in the nuclear field, the TBP-
alkane solvent has been studied since the 1950s, and authors have succeeded in pro-
posing a detailed qualitative and quantitative description of the radiolysis. Many 
authors have focused on the primary process of the mechanism for pure TBP (18, 
279–281, 283–287). The formation rate of TBP degradation products has been esti-
mated under several experimental conditions and a degradation scheme proposed 
with rate constants (9, 311–313). An empirical equation allowing the calculation of 
the yield of TBP decomposition and degradation product formation in the presence 
of HNO3, Pu(NO3)4, and UO2(NO3)2 has been proposed (9, 11).

With more recent extractants, scientists have begun to use, as with TBP some 
years ago, a global approach: determination of ligand destruction rate, identification 
of main degradation products, and especially the effect on extraction performance. 
Detailed investigations need a major effort, and teams have often considered this 
aspect as side studies. The studies published are often presented almost as an after-
thought in a parametric extraction study and therefore do not seem to be an important 
aspect in the development strategy for new processes. As a result, the comprehensive 
understanding of such multicomponent and biphasic systems’ degradation mecha-
nisms under radiation remains a scientific challenge. To advance in the elucidation of 
the radiation process, only a few fundamental and original investigations have been 
performed, such as those mentioned in the following examples.

Pulsed radiolysis has been used to study the primary process of TBP, •	
TOPO (292), and TODGA (182) degradation. This approach allowed an 
experimental proof of the charge-transfer reaction from the alkane cation 
to the extractant, already previously proposed by various authors (90), to 
be obtained. Recent studies with a series of aliphatic alcohols have dem-
onstrated the interest of pulse radiolysis to measure the rate constants for 
radical production and recombination (314).
Experimental approaches using mass-spectrometric fragmentations of pure •	
extractant are of interest to identify the fragility points in the TBP molecule 
and explain the TBP fragmentation pathways (81).
Molecular dynamics simulations have been performed on the complexing •	
of cesium and sodium by a nitro derivative of a calixarene (BC6) to esti-
mate the influence of a nitro group on cesium selectivity (68).
An interesting kinetic approach to radiolysis in liquid-liquid systems by •	
mathematic modelling has been proposed (315, 316). The authors confirmed 
that in most cases the formation of destructive radicals can be considered 
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as slow, and the radiolysis of solutes in emulsion will proceed in a kinetic 
regime, but a change to a diffusional regime could occur under specific con-
ditions (such as low substrate solubility, high doses, and thick phase layers). 
Recommendations were given to ensure the best experimental conditions.
Other research has focused on a phenomenon that is important but outside •	
the subject of this review: the influence of radiolysis on the redox behav-
ior of actinide ions in nitric acid aqueous solution or in extraction systems 
(116–119, 317–320).
Only a few papers have described the influence of the nature of the radia-•	
tion (α or γ exposure) on the degradation of extractants and the formation 
of degradation products in the TBP-alkane and HDEHP-alkane systems 
(8–12), or with CMPO (13). If certain authors indicate lower HDEHP deg-
radation during gamma radiolysis (Gγ(-HDEHP) = 1.5 compared to Gα 
(-HDEHP) = 2.2 molecules/100 eV) (10), other studies give comparable deg-
radation rates. Local irradiation (privileged positioning of the α-particles 
(238Pu or 241Am) close to the extractant) does not seem to produce greater 
damage than irradiation by a 60Co source.
Even so, the basic data to aid an understanding of the elementary mecha-•	
nisms remain very incomplete. To fill the gap in comprehensive studies 
related to radiolysis of such multicomponent systems, investigations in the 
following directions could be undertaken.
Scientists should focus on the initial steps of the processes (identification of •	
the transient radical species with dedicated techniques like ESR or pulsed 
radiolysis), the kinetic aspect, and sensitive external parameters, like the 
nature of the radiation (α, β, γ, e−), to control the accumulation of radiation-
induced damage. Dedicated tools need to be built.
Side phenomena, like the effect of radiolysis on the redox behavior of •	
metallic solutes and the speciation of complexes with degradation products, 
should also be examined in more detail.
The study of simple systems (considered as model systems) is required, but •	
representative systems must also be investigated. A progressive approach 
should enable the integration of knowledge acquired from the model 
systems.
In each step, theoretical chemistry can enhance understanding and help to •	
reach a comprehensive modeling of the effect of radiation.

From such studies, it can be expected that progress will be made toward the preven-
tion of extractant degradation and the design of more stable extractants.
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9.1 IntRoDUCtIon

Radiochemical analysis, complete with the separation of radionuclides of interest 
from the sample matrix and from other interfering radionuclides, is often an essen-
tial step in the determination of the radiochemical composition of a nuclear sample 
or process stream. Although some radionuclides can be determined nondestructively 
by gamma spectroscopy, where the gamma rays penetrate significant distances in 
condensed media and the gamma ray energies are diagnostic for specific radionu-
clides, other radionuclides that may be of interest emit only α or β particles. For 
these, samples must be taken for destructive analysis and radiochemical separations 
are required. However, even for gamma-emitting radionuclides, purification or con-
centration to a smaller volume in the range of a detector may be desirable and advan-
tageous to facilitate detection and to provide better selectivity by reducing spectral 
complexity and interferences.

For process-monitoring purposes, the radiochemical separation and detection meth-
ods must be rapid so that the results will be timely. These results could be obtained 
by laboratory analysis or by radiochemical process analyzers operating on-line or 
at-site. In either case, there is a need for automated radiochemical analysis methods 
to provide speed, throughput, safety, and consistent analytical protocols. Classical 
methods of separation used during the development of nuclear technologies, namely 
manual precipitations, solvent extractions, and gravity-feed ion exchange, are slow 
and labor intensive. Fortunately, the convergence of digital instrumentation for pre-
programed fluid manipulation and the development of new separation materials for 
column-based isolation of radionuclides has enabled the development of automated 
radiochemical analysis methodology.

Classic separation methods such as liquid-liquid extraction and ion exchange 
are well known.1–3 Ion exchange is readily employed in column formats. Liquid-
liquid extraction can also be implemented in column formats using solvent-
 impregnated resins as extraction chromatographic materials. The organic liquid 
extractant is immobilized in the pores of a polymer material. Under suitable 
conditions, the analyte of interest partitions into the immobilized organic 
phase while other matrix species and interferences are washed away in the mobile 
aqueous phase. After the wash step, retained analytes are rapidly released in one 
or more steps by changing the aqueous eluent, such that the analytes now parti-
tion back into the mobile phase. The development of solvent-impregnated resins, 
their physical chemistry, technological applications for metal and radionuclide 
recovery, and analytical uses were described in detail in volume 13 of this series 
by Cortina and Warshawsky.4

Column-based separation approaches are well suited for the isolation of radionu-
clides from complex sample matrixes in a rapid automated format. The development 
of automated radioanalytical methods is, in fact, closely coupled to the availabil-
ity of extraction chromatographic materials. In this review, we will focus on the 
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 application of radiochemical separations in automated fluidic formats for the analy-
sis of radionuclide-containing samples.

9.2 sePARAtIon APPRoACHes

9.2.1 reQuirementS for SeParationS in radioCHemiStry

Separations are essential in the determination of α- or β-emitting radionuclides from 
aqueous solutions. Short ranges and rapid energy dispersion in the liquid character-
ize these particles. β particles are emitted with broad energy spectra, and the β spec-
tra of different radionuclides are not well resolved. Although α particles are emitted 
with characteristic energies, they are not detected with good energy resolution in 
liquids. Detection by scintillation does not provide adequate energy resolution for 
selective detection of individual α emitters. Thus, for radiometric analysis of aque-
ous samples, separations are required to remove interferences and isolate the α- or 
β-emitting radionuclide of interest prior to counting, and separations may be desir-
able for the radiometric determination of gamma-emitters from complex matrixes.

If α emitters are separated and collected by fraction collection, the preparation of 
very thin counting sources in a consistent matrix is required to obtain high-energy reso-
lution. These are placed in close proximity to a diode detector, typically in vacuum. 
Nevertheless, α energy peak overlap can still occur for various combinations of radionu-
clides if they are not chemically separated, for example, 241Am/238Pu and 237Np/234U.

When using mass spectrometric detection, an intrinsically multivariate technique 
that is selective for particular mass-to-charge ratios, there are still significant rea-
sons to perform separations first. In inductively coupled plasma mass spectrometer 
(ICP-MS), for example, it is desirable to separate the species of interest so that the 
sample is always introduced into the system in a consistent matrix.5–7 Mass spec-
trometry is intrinsically subject to isobaric interferences as well as interferences cre-
ated by the formation of molecular ions.8–15 In addition, interferences can occur due 
to tailing of peaks when one isotope is present at a much higher concentration than 
an isotope with an adjacent mass number. Some examples of potential interferences 
in mass spectrometry include 238U/238Pu, 241Pu/241Am, 99Tc/99Ru, and 238UH/239Pu. A 
large excess of 238U could interfere in the measurement of 237Np. The use of ICP-MS 
for radiochemical analysis has been reviewed recently, and interference issues were 
discussed in detail.14,15

Both radiometric and mass spectrometric detection approaches have been used 
in automated radiochemical analysis, depending on the radionuclides of interest and 
the capabilities of the laboratory involved. The tradeoffs between radiation counting 
and atom counting have been described.14,16,17 Short-lived fission products may be 
advantageously detected with radiation detection, whereas long-lived (low specific 
activity) radionuclides can be determined with better sensitivity using ICP-MS.

In the analysis of total uranium, colorimetric detection methods are also possible, 
depending on the detection limits required. This is a case of measuring a radioactive 
element, as opposed to a specific radioisotope of an element. In this case, separation 
methods are used to preconcentrate the uranium to increase the analysis sensitivity 
and decrease the detection limits.18–21
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9.2.2 Solid-PHaSe SeParation materialS for radioCHemiCal analySiS

The most important solid-phase separation materials for column-based separations 
in modern radioanalytical chemistry are extraction chromatographic materials, 
and these have been particularly important in automated radioanalytical chemis-
try. Solid-phase extraction materials based on the covalent attachment of ligands to 
solid supports also exist, and they have found application in large-scale separation 
processes for waste or effluent treatment.22–25 They have been commercialized as 
“Analig” or “SuperLig” materials by IBC Advanced Technologies (American Fork, 
UT). However, they are less well characterized or used for small-column analytical 
separations.

Extraction chromatographic materials for analytical separations have been com-
mercialized by Eichrom Technologies, Inc. (Darien, IL). These typically use extrac-
tants and solvents known in the field of liquid/liquid extraction for radiochemical 
separations. Some of the extractants and solvents used are shown in Scheme 9.1. 
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The selectivity of the solvent-impregnated resins generally follows from the known 
selectivity of the liquid/liquid extraction system, although exceptions have been 
noted. Horwitz, Dietz, and coworkers at Argonne National Laboratory pioneered 
the development of these extraction chromatographic materials and their analytical 
uses.26–29 The weight distribution ratios, Dw, and column capacity factors, k′, for 
radionuclides and potential interferences are well characterized in the literature. 
The weight distribution ratio, Dw, is the ion quantity per weight of resin divided by 
the ion quantity per volume of solution at equilibrium, typically in milliliters per 
gram. For radioactive isotopes, this is determined in a batch contact experiment 
where the activity of the solution is known before, Ao, and after equilibrating with 
the resin material, As, according to Dw = ((Ao–As)/W)/(As/V), where W is the weight 
of the resin and V is the volume of the solution. The capacity factor, k′ = D(Vs/
Vm), which indicates the number of free column volumes to peak maximum, is 
given by the volume distribution ratio, D, times the phase volume ratio, where Vs 
is the  volume of the stationary phase and Vm is the volume of the mobile phase.30,31 
The volume distribution ratio, D, as normally determined in liquid-liquid extrac-
tion, can be obtained by dividing the milliliter of organic extractant or solution per 
gram of resin into Dw. The validity of the relationships between D, Dw, and k′ have 
been verified experimentally.4

Extraction chromatography can be differentiated from other forms of chroma-
tography as follows. Classical chromatography utilizes differences in distribution 
ratios to achieve separation as species migrate at different rates down a column. 
Ion chromatography binds all appropriately charged ions, which are then gradually 
eluted by increasing the eluting power of the mobile phase. Extraction chroma-
tography selectively binds particular species or groups of species according to the 
complexants or extractants used in the immobilized organic phase. After the wash 
step, the selected species are abruptly released by changes in the mobile phase or by 
carrying out reaction chemistry (e.g., redox reactions) on the sorbed species. Thus, 
this separation format relies on the selective uptake and release properties of the 
separation material, rather than on the high chromatographic efficiency of a long 
separation column.

Extraction chromatographic methods generally provide columns with high capac-
ities, tolerate high levels of potential interferences and a variety of sample matrixes, 
allow flexibility in sample loading conditions, and work at low pressures. These are 
the features that are well suited for radiochemical separations in general and auto-
mated radiochemical separations in particular.

9.3 AUtoMAtIon APPRoACHes

9.3.1 fluidiC metHodS

Fluidic approaches move samples, reagents, and eluents from place to place entirely 
through a system of pumps, valves, and tubing. Fluidic methodology from the field of 
flow injection (FI) analysis has been adapted to the needs of automated radiochem-
istry. In its original form, FI used a multichannel peristaltic pump and an injection 
valve in a continuous forward flow paradigm to mix the sample with reagents and 
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deliver the products to a flow-through detector.32–34 This approach has been used to 
automate serial assays for many application areas, including environmental mea-
surements, biochemistry, and clinical analysis. A schematic diagram of a typical FI 
approach is shown in Figure 9.1.

Further developments in the field lead to sequential injection (SI) methods that 
use programmed flow, including flow reversals, with a digital syringe pump as the 
preferred fluid drive.34–43 Samples, reagents, or eluents are selected by the multiposi-
tion valve and pulled into a holding coil. By changing the position of the valve and 
reversing the pump flow direction, the solution that was pulled into the holding coil 
can be pushed out to the downstream reactor, separation column, and/or detector. A 
typical SI system is shown schematically in Figure 9.1. To automate separations, a 
column can be included in the FI or SI system upstream from the detector, that is, in 
the position of the reactor shown in Figure 9.1, or as shown in Figures 9.2 and 9.3. SI 
systems are fully automated with a computer, providing precise control of volumes, 
flow rates, and timing.

In the SI methodology, solutions can be pulled into the holding coil and pushed 
downstream one at a time, or multiple solutions can be pulled into the holding coil 
in sequence and “stacked” there prior to pushing them downstream. The volumes of 
the solutions pulled into the holding coil are determined by the pump flow rate and 
timing; therefore, changes in these volumes can easily be made in programming 
without physical changes to the system. Solution volumes can be in the milliliter to 
microliter range. The pump does not contact the sample or the reagents, and can be 
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FIGURe 9.1 Schematic diagrams of flow injection and sequential injection fluidic automa-
tion approaches.

59696.indb   520 7/14/09   9:36:50 PM



Automation of Extraction Chromatographic and Ion Exchange Separations 521

located remotely from the remainder of the system. Thus, SI systems are quite ver-
satile and meet the requirements for delivering samples and reagents to low-pressure 
separation columns.

An example of a SI separation system is shown in Figure 9.2.44 The column is 
followed by a diverter valve so that the column effluent can be sent to waste during 
sample load and wash steps. This approach prevents matrix components and high-
 activity interferences from fouling the detector. During the elution of the radionuclide 
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FIGURe 9.2 Schematic diagram of a sequential injection separation fluidic system.
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FIGURe 9.3 Schematic diagram of a SI separation system using a 6-port 2-position valve to 
isolate the separation column. The 6-port valve is shown in the column elution position.
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of interest, the column effluent is sent to the on-line detector. Using a 4-port 2-posi-
tion valve for the diverter valve, as shown, provides a path by which a wash solution 
can be sent through the detector without going through the column first.

An alternative SI separation system configuration is shown in Figure 9.3, using a 
6-port 2-position valve to isolate the separation column.45 This configuration enables 
the same two functions as the 4-port 2-position valve just described, namely, diver-
sion of column wash solutions to waste and bypassing the column to wash the detec-
tor flow cell. It also enables reversal of flow through the column, so that a sample can 
be loaded from one end of the column and then eluted back off of that end without 
going through the whole column packing.

The fluidic system can be configured to deliver samples to a fraction collector, 
to a flow-through radioactivity detector, or to an ICP-MS. Adaptations of SI fluid-
ics for separations, as well as methods including flow reversal through the column, 
column switching, and renewable separation columns have been described in detail 
previously.46 For handling larger solution volumes than those typically handled for 
simple serial analyses, while keeping dispersion between solutions low, a “separa-
tion-optimized” SI approach was developed using an air segment between the carrier 
fluid and solutions pulled into a large-bore holding coil.44,47,48 (Figure 9.2 shows one 
port of the multiposition valve set aside for pulling in air segments.) This prevents 
dispersion between solutions in the holding coil. After pushing the solution forward, 
and expelling the air segment to waste, a sharp contact boundary between the carrier 
and the solution is created at the valve. Radiochemical separations automated with 
FI and SI methods will be discussed below.

Within the mass spectrometry community, some groups have chosen to adapt 
commercial instrumentation to perform extraction chromatography as a front end to 
ICP-MS. For example, the Perkin–Elmer Model FIAS-400 is a FI system designed 
for atomic spectrometries that has been used to automate extraction chromatographic 
separations for actinide analyses.49–54 The PrepLab liquid handling system for 
ICP-MS has similarly been adapted for extraction chromatographic separations.55–59 
High performance ion chromatographic (HPIC) systems from Dionex have been out-
fitted with columns containing extraction chromatographic resins, although some 
columns for this system have been much longer than those normally used for extrac-
tion chromatography.60,61

With regard to terminology, we will use FI to mean flow injection as described 
above with an injection valve for sample introduction. Similarly, we will use SI as 
described above to mean sequential injection in which solutions are pulled into a 
holding coil via a multiposition valve, and pushed out through this valve to the sepa-
ration system. The combination of a SI fluid-handling system with a separation col-
umn can be called “SI chromatography.” Some papers apply FI and SI terms more 
loosely to flow-based systems that may or may not follow these formal fluid-handling 
approaches as just defined.

9.3.2 robotiC metHodS

Modern robotic instrumentation represents an increasingly important approach in 
biological science and analytical chemistry. A variety of routine analytical operations 
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can be performed from sample preparation to separations. Robotic systems typically 
use either a robotic arm or an x–y–z Cartesian system to move tools, apparatus, and 
liquids from place to place. The latter systems may include a fluidic subsystem to 
deliver liquids to a dispensing tip. The tip is moved by the x–y–z system to specific 
locations on the deck containing, for example, multiwell plates or solid-phase extrac-
tion columns.

A Zymark robotic arm system has been described for processing samples of 
diluted spent nuclear fuel samples for analysis.62 This system implemented an 
extraction chromatographic separation using immobilized tri-n-octylphosphine 
oxide (TOPO), a well-known extractant in radiochemistry. This column chemistry 
was used to separate U and Pu from the highly radioactive fission product matrix. 
The U and Pu fractions were collected for subsequent analysis using α spectros-
copy and isotope-dilution mass spectroscopy. Ziegler et al. investigated TOPO-
based extraction chromatographic material in detail, focusing on U/Pu separation.63 
Ascorbic acid in formic acid was developed as a rapid reductant for stripping Pu 
from the column. Direct filament loading for thermal ionization mass spectrometry 
(TIMS) was discussed, as well as a Pu, Np, and U separation method. The separa-
tion methodology was developed for implementation with a Zymark XP robot in a 
glove box.

The use of UTEVA-Resin, an extraction chromatographic resin to be described 
in more detail below, has also been described for robotic separations of actinides in 
a glove box.64–66 These authors designed their process to allow columns to run dry 
between steps to simulate what could happen in an unattended open-column pro-
cess. In addition, corrosive solvents were avoided. They reported >90% recoveries 
and fractions that were suitable for thermal ion mass spectrometry (TIMS) source 
preparation without further purification or treatment.

Buegelsdijk et al. described a fully automated system for preparation of dissolved 
Pu metal samples using the Zymate II (Zymark Corporation) laboratory robot.67 The 
sample preparation steps included bar-code label reading, weighing the sample, and 
transfer to the dissolution vessel.

Laboratory robotics represents an attractive approach for the automation of sam-
ple preparation and separation steps in radiochemical analysis, and for many years, 
such methods have been routinely used by laboratories serving the analytical needs 
of the International Atomic Energy Association.64,68–72 However, there are currently a 
limited number of published studies containing technical details on the radiochemi-
cal separations and how they were automated. Accordingly, the remainder of this 
chapter will focus on fluidic approaches.

9.4 AUtoMAteD FLUIDIC RADIoCHeMICAL sePARAtIons

9.4.1 develoPment of automated fluidiC SeParation aPProaCHeS

Although best known for simple serial assays in homogeneous solution, such as colo-
rimetric reactions, FI methods have also been developed that perform separations or 
utilize solid phases.33,34,42,73–76 The use of solid-phase separation columns in FI or SI 
systems for radiochemical analysis gathered momentum in the 1990s.
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In 1992, Cordera et al. described a FI system with an on-line ion-exchange col-
umn to preconcentrate uranium and thorium prior to reaction with Arsenazo III for 
spectrophotometric determination.21 In 1995, Grudpan et al. incorporated an ion-
exchange preconcentration column as part of the injection valve of a FI system for 
colorimetric determination of uranium using 4-(2-pyridylazo)resorcinol.18 In 1998, 
Grudpan’s group described a similar FI system for uranium analysis using UTEVA-
Resin packing in a preconcentrating minicolumn.19,20

In 1994, Dadfarnia and McLeod described the analysis of uranium in surface 
waters and sea water using a simple FI system with an alumina column for pre-
concentration.77 Species eluted from this column were delivered to an ICP-MS as 
the detector. Also in 1994, Hollenbach et al. described the automation of extraction 
chromatographic methods based on TRU-Resin and TEVA-Resin to separate and 
preconcentrate U, Th, and Tc from soil samples, using ICP-MS for detection.49,125 In 
1996, Aldstadt et al. described the use of FI and extraction chromatography using 
TRU-Resin to determine U in environmental samples by ICP-MS.78

In 1995, Nevissi and Strebin described a simple fluidic system to deliver sample 
and reagents to a TRU-Resin column for the separation of Pu and Am.79 A filter was 
included on-line to capture a precipitate containing the actinides; dissolution of the 
precipitate transferred the sample onto the column downstream. Radionuclides were 
detected with α-spectrometry off-line.

In 1996, Grate et al. described a SI method to automate a Sr-Resin extraction 
chromatographic separation of 90Sr from tank-waste samples, with on-line detection 
using a flow-through scintillation detector.80 This report was followed by several 
additional papers within a few years, which described on-line extraction chromato-
graphic separations for 99Tc or actinides in FI and SI systems using TEVA-Resin or 
TRU-Resin.44,47,48,81–83 The use of FI and SI methods to automate radiochemistry was 
summarized in the journal Analytical Chemistry in 1998,84 and was later described 
in additional detail in a book chapter46 and in ACS Symposium Series papers.85,86 
This group described the use of a SI extraction chromatographic separation involv-
ing TRU-Resin as a front end for ICP-MS in 2001.87

By the late 1990s and into the 2000s, a number of additional groups became 
involved in automated fluidic separations for radiochemical analysis, especially as 
a front end for ICP-MS. Published journal articles on fluidic separations for radio-
metric or mass spectrometric detection are summarized in Tables 9.1 through 9.5. 
The majority of such studies have used extraction chromatographic separations, and 
these will be the main focus of the remainder of this chapter. Section 9.4 describes 
methods that combine separation and detection. Section 9.5 describes a fully auto-
mated system that combines sample preparation, separation, and detection.

Although the automated extraction chromatographic separations are designed 
from existing separation chemistry and manual procedures, several issues are typi-
cally investigated when they are automated. These investigations ensure that the sep-
arations are performing satisfactorily, help to define parameters for the automated 
procedure, and provide confidence that the automated method will perform properly 
over and over again while unattended. Separation issues examined include solution 
compositions for the load, wash, and elute steps; column crossover effects, removal 
of interferences during the wash step, and analyte recoveries. Sample issues are 
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addressed to ensure that the speciation (typically the valence state) of the analytes 
and interferences are rigorously controlled prior to separation, and experiments are 
done to determine the effects of complex sample matrixes. Column-size and flow-
rate effects may be assessed, and column reuse is often evaluated. The overall speed, 
sample throughput, and reproducibility are investigated.

9.4.2 fiSSion ProduCtS

9.4.2.1 technetium
99Tc is a long-lived fission product with a half-life of 2.13 × 105 years. A high fission 
yield of ~6% results in the production of significant quantities from the fission of 
enriched uranium. As a result, 99Tc is present in spent nuclear fuel, nuclear waste, 
and in process streams associated with spent-fuel reprocessing. Due to the long half-
life, large quantities, and because it is very mobile in the environment as the water-
soluble pertechnetate anion, 99TcO4

−, it is very important to contain 99Tc in nuclear 
operations and monitor its concentration. 99Tc monitoring is advantageous in tech-
netium removal processes in the processing of nuclear waste into stable waste forms 

tAbLe 9.1
Fission Product separations in Flow systems: tc

Year
separation 
Chemistry Purpose/Approach Detection References

1994 Aliquat 336 
TEVA-Resin

99Tc determination in soil samples 
using extraction chromatography 
in FI system to separate and 
concentrate

ICP-MS 49

1998 Aliquat 336 
TEVA-Resin

99Tc determination in SI system 
using stopped-flow detection for 
nuclear waste

On-line liquid 
scintillation

44

1999 Aliquat 336 
TEVA-Resin

99Tc separated on-line using 
renewable separation column to 
release resin with 99Tc rather than 
elute from the column

Off-line liquid 
scintillation 
on resin

83

1999, 2001 Aliquat 336 99Tc sensing in water using 
impregnated polymer containing 
both extractant and scintillating 
fluors

Radiometric 
column sensor

95,97

2000, 2003 Aliquat 336 99Tc sensing in water using 
impregnated polymer containing 
both extractant and scintillating 
fluors

Radiometric 
column sensor

96,98

2000, 2001 Aliquat 336 
TEVA-Resin

99Tc sensing in water using column 
containing mixture of TEVA-
Resin particles and scintillating 
plastic beads

Radiometric 
column sensor

96,97
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and the reprocessing of spent nuclear fuels. 99Tc is a pure β emitter with a specific 
activity of 629 Bq/μg; thus, radiometric determination relies on detecting its β par-
ticle emission (βmax = 294 keV). Its low specific activity also makes it an excellent 
candidate for determination by ICP-MS.

Analytical methods normally require separation of 99Tc from inactive matrix con-
stituents and various interfering radionuclides. These separations can be carried out 

tAbLe 9.2
Fission Product separations in Flow systems: sr and Y

Year
separation 
Chemistry Purpose/Approach Detection References

1996 Crown ether 
Sr-Resin

90Sr determination in aged 
nuclear waste by SI method

On-line liquid 
scintillation

80

1999 Crown ether 
Sr-Resin

90Sr determination by rapid 
automated SI formats, nuclear 
waste

On-line or off-line 
radiometric 
detection

47

1999 Crown ether 
Sr-Resin

90Sr separated on-line using 
renewable separation column 
approach

On-line liquid 
scintillation

83

2002 Crown ether 
wetting film

90Sr separation using automated 
wetting film instead of column, 
spiked environmental samples

Off-line counting 146

2004 Crown ether 
Sr-Resin

Sr (stable and radioactive) 
separated by multisyringe FI

Off-line, ICP-AES 
or counting

121

2000, 2001 Crown ether 90Sr sensing in water using 
column containing polymer 
impregnated with both 
extractant and scintillating 
fluors

Radiometric 
column sensor

96,124

2001 Crown ether 
Sr-Resin

90Sr sensing in water using 
column containing mixture of 
Sr-Resin particles and solid 
scintillator particles

Radiometric 
column sensor

124

2000 MnO2 cotton 
filter

90Sr/90Y separation by capture of 
90Y on MnO2-impregnated 
column

Off-line counting 45

2003 MnO2 cotton 
filter

90Sr determination in 
combination with 226Ra 
determination, using MnO2-
impregnated column separation

Off-line counting 126

1999 HDEHP 90Sr/90Y sensing in water using 
column containing extractant 
and scintillating fluors

Radiometric 
column sensor

95

2005 HDEHP C18 
support

Y (stable and radioactive) 
separated by multisyringe FI

Off-line, 
ICP-AES, or 
counting

123
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tAbLe 9.3
Actinide separations in Flow systems using CMPo Chemistry on tRU-Resin

Year Purpose/Approach Detection References

1994 230Th and 234U determinations in soil samples 
using extraction chromatography in FI system 
to separate and concentrate

ICP-MS 49

1995 Am and Pu separation with an on-line column in 
a simple flow system

Off-line α 
spectroscopy

79

1996 238U determination in groundwater using 
extraction chromatography in FI system to 
separate and concentrate

ICP-MS 78

1998 Actinide separation method development in 
automated FI format 

On-line liquid 
scintillation

81

1998 Pu separation method development investigating 
on-column redox reactions in automated FI 
format

On-line liquid 
scintillation

82

1999 Pu, Am, and Cm determination in aged nuclear 
waste using SI system to automate separations 
of groups and individual actinides

Off-line α 
spectroscopy

48

1999 241Am determination in dissolved vitrified 
nuclear waste using renewable separation 
column to pack fresh resin for each sample

Off-line α 
spectroscopy

83

1999 238U and 232Th determination in biological 
materials using FI system with column 
separation for matrix removal and 
preconcentration

ICP-MS 131

2001 238U, 232Th, 239Pu, 240Pu, 237Np, 241Am, and 243Am 
determination in biological materials using FI 
system with column separation

SF-ICP-MS 132

2001 SI separations of actinides to address isobaric, 
molecular ion, and spectral interferences. Am, 
Pu, and Np isotopes determined in dissolved 
vitrified nuclear waste

ICP-MS 87

2001 FI separation of U and Th to remove matrix 
interferences using two 6-port 2-position 
valves

ICP-MS 134

2004 Actinide determinations in urine matrix using 
column separation automated in ion 
chromatographic instrument

ICP-MS 60

2005 241Am determination in urine with on-line 
separation and preconcentration using FI 
system

ICP-MS 52

2005 Pu determination in urine with on-line 
separation and preconcentration using FI 
system

ICP-MS 51

(Continued)
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by a variety of methods, including ion exchange, solvent extraction, precipitation, 
and extraction chromatography, and often, multistep combinations of such methods 
are employed.88–94 Traditionally, these 99Tc separation and analysis steps were car-
ried out manually, exposing the analyst to hazardous chemicals and open sources of 
radioactivity during tedious, time-consuming and costly procedures.

The prevailing extraction-chromatographic approach for 99Tc separation is the 
use of Aliquat 336, a liquid quaternary ammonium salt (see Scheme 9.1), as an anion 

tAbLe 9.3 (Continued)

Year Purpose/Approach Detection References

2005 U and Th determinations in urine with on-line 
separation and preconcentration using FI 
system

SF-ICP-MS 53

2007 Actinide separations conditions investigated 
using column separation automated in ion 
chromatographic instrument

ICP-MS 61

2000, 2002, 
2005, 2005

Actinide sensing in aqueous solutions using 
TRU-Resin type materials impregnated with 
both extractant and scintillating fluors

Radiometric 
column sensors

96,135–137

tAbLe 9.4
Actinide separations in Flow systems using DP[PP] Chemistry on  
UteVA-Resin

Year Purpose/Approach Detection References

2001 Actinide isotope analysis method development using 
FI technique for column separation and 
preconcentration

ICP-MS 138

2001 U determination in seawater using FI technique for 
column separation and preconcentration with 10-port 
2-position valve

ICP-MS 139

2002 U determination in urine using FI technique for 
column separation and preconcentration

ICP-MS 141

2004 U and Th determination in urine and blood using FI 
technique for column separation and preconcentration

ICP-MS 140

2004 Briefly compares UTEVA-Resin unfavorably with 
TRU-Resin for actinide separations for ICP-MS

ICP-MS 60

2005 Pu determination method development with on-line 
column separation using PrepLab system

ICP-MS 59

2006 Pu determination in soil with on-line column 
separation using PrepLab system

ICP-MS 58

2006 234U and 230Th determination in marine sediments with 
on-line column separation using FI

ICP-MS 142
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exchanger in TEVA-Resin. 99Tc in the anionic pertechnetate form, 99TcO4
−, is retained 

on the resin under neutral to weakly acidic conditions, and eluted using strong acids. 
The extraction equilibrium is shown in Equation 9.1, where A+ indicates the quater-
nary ammonium group and the bar above a species indicates that it is immobilized 
on the resin.

 TcO A NO A TcO NO4
+

3
+

4 3
− − − −++ ( ) ( )    (9.1)

In 0.1 M HNO3 solution, pertechnetate ion is retained with capacity factor k′ 
~104.30 The capacity factor decreases markedly with increasing nitric acid concen-
tration (k′ ~2 in 8 M HNO3)30 and, after washing the column with dilute nitric acid, 
the retained Tc(VII) can be eluted using 6–12 M HNO3. This separation is  selective, 
with most metal ions being removed during the column wash. However, tetravalent 
actinides can be retained along with 99Tc. Tetravalent Pu retention is significant even 
in dilute nitric acid (capacity factor ~50 in 0.1 M HNO3). However, by incorporating 
a suitable complexing reagent in the wash solution, actinide retention on TEVA-
Resin can be lowered.

Hollenbach et al. captured 99Tc from standards or soil sample digestates on a 
TEVA-Resin column for on-line purification and preconcentration prior to ICP-MS 
determination.49 A wash solution of 0.5 M HNO3 was used to remove interferences 
prior to elution with 8 M HNO3 solution. A Re isotope, which behaves similarly to 
pertechnetate on TEVA-Resin, was used as an internal standard. Recoveries from 
the column varied from 97 to 99.5%, and columns could be reused over a hundred 
times. The use of the on-line column separation reduced detection limits by 10-fold 
and alleviated matrix and isobaric interferences compared to direct sample injec-
tion. This pioneering study adapted FIAS-200 and FIAS-400 FI systems to per-
form sample injection and extraction-chromatographic separations upstream from 
the ICP-MS.

tAbLe 9.5
Plutonium Isotope separations in Flow systems using Aliquat 336 Liquid 
Anion exchange Chemistry on teVA-Resin

Year Purpose/Approach Detection References

2000 Pu determinations in sediments using on-line tandem 
Sr-Resin and TEVA-Resin columns in PrepLab system

SF-ICP-MS 56

2002 Pu determinations in seawater using on-line tandem Sr-Resin 
and TEVA-Resin columns in PrepLab system

SF-ICP-MS 57

2004 Pu and Np determinations in environmental samples using 
on-line column separation in PrepLab system

SF-ICP-MS 55

2007 Pu determinations in samples with high U levels, with 
on-line separation and preconcentration using FI system

ICP-MS 50

2008 Pu determinations in urine with on-line separation and 
preconcentration using FI system

SF-ICP-MS 143
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Egorov et al. developed a SI system incorporating a TEVA-Resin column to per-
form automated 99Tc separations with on-line detection using a flow-through liquid 
scintillation counter.44 The SI system was designed like the system in Figure 9.2, 
including the “purge” line for delivering fluids from the multiposition valve to the 
diverter valve, thus bypassing the column. In addition, the “separation optimized” SI 
method (mentioned above), using air segments to prevent mixing between the carrier 
and the solutions pulled into a large-bore holding coil, was introduced in this study. 
Column conditioning, sample load, and column wash procedures were carried out 
with 0.1 M HNO3. For the first half of the column wash, the solution also contained 
0.2 M HF to complex and remove tetravalent actinides. A solution of 6 M HNO3 
was selected for elution as a tradeoff between higher acid concentrations that result 
in faster elution and sharper elution peaks, and lower acid concentrations that lead 
to less quenching, and hence higher detection efficiencies, in the liquid scintillation 
determination.

Detector traces for the removal of high-activity fission products in the wash step 
and elution of 99Tc are shown in Figure 9.4. 99Tc is present at much lower activities 
than the more abundant fission products that pass unretained through the column and 
detector flow cell. Nevertheless, during elution of the column with the 6 M HNO3, 
the 99Tc is readily seen in the vertically expanded inset. The SI separation procedure 
provided a decontamination factor of 104 for removal of 137Cs or 90Sr from the 99Tc.

In this radiometric detection approach, the detection limit could be lowered by 
using a stopped-flow procedure that captured 89% of the eluted 99Tc within a 2.5-mL 
flow-through counting cell. Continuous-flow and stopped-flow detector traces are 
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FIGURe 9.4 Extraction chromatographic separation of 99Tc(VII) from other fission  products 
in the sample using a sequential injection separation system with a TEVA-Resin column. The 
signal for the 99Tc is shown in the vertically expanded trace in the inset. (Reproduced from 
Egorov, O. B., O’Hara, M. J., Ruzicka, J., and Grate, J. W., Anal. Chem., 70, 977–984, 1998. 
With permission.)
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compared in Figure 9.5. Because this analysis does not use an internal standard like 
the ICP-MS determination described above, consistency of 99Tc recovery, peak posi-
tion, and peak shape are very important for accurate analyses. It was shown that 99Tc 
determinations were reproducible for at least 15 runs, and carryover from sample to 
sample was negligible: no 99Tc activity was detectable in blank runs following high-
activity standards.

Because the system was set up with a diverter valve as shown in Figure 9.2, sam-
ples could be processed onto the column and washed, with solutions going to waste, 
while the previous sample was stopped in the detector for counting. On completion 
of the counting interval, the detector flow cell could be washed, and then the sample 
already processed and separated on the column could be eluted to the detector. Using 
a count time of 15 minutes, the analysis time was 40 minutes for the first sample and 
20 minutes for each subsequent sample or blank.

The method was demonstrated in the analysis of samples of processed Hanford 
tank waste, with good agreement between automated SI method results and results 
obtained using a conventional multistep manual procedure.

In subsequent work, it was shown that a renewable separation-column approach 
could be used to capture and purify 99Tc on a TEVA-Resin column set up between 
a pair of 2-position valves, as shown in Figure 9.6.83 After loading the sample and 
washing away interferences, the separation material was released from the column 
and delivered downstream to a collection vial. Scintillation cocktail was added to the 
vial off-line and the 99Tc was determined radiometrically. In this approach, there is 
no need to elute the 99Tc with strong acid, and a fresh suspension of separation mate-
rial is delivered to the column body for each sample.
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FIGURe 9.5 Continuous- and stopped-flow detector traces for the automated SI separation 
of 99Tc(VII) on a TEVA-Resin column. (Adapted from Egorov, O. B., O’Hara, M. J., Ruzicka, 
J., and Grate, J. W., Anal. Chem., 70, 977–984, 1998. Copyright 1998 Am. Chem. Soc. With 
permission.)
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Radionuclide sensors have been developed that combine radiochemical separa-
tion and scintillation detection in a single, column-based device. Aliquat 336 was 
impregnated on resins in the development of radionuclide sensors for 99Tc.95–98 Both 
the extractant and some organic fluor molecules were coimpregnated on macropo-
rous polymer beads. This created a dual-functionality material that provides selec-
tive radionuclide uptake due the extractant, while the combination of polymer and 
fluors gave the material scintillating properties. Scintillation light reported when 
radionuclides were being collected in the column material. Such dual-functionality 
materials and radionuclide sensors for water monitoring were recently reviewed.99 
Sensors were also prepared by creating an intimate mixture of TEVA-Resin particles 
and scintillating plastic beads.96,97 Selective radiochemical sensors may have appli-
cations in nuclear process monitoring.

9.4.2.2 strontium
90Sr is a high-abundance fission product that decays with a half-life of 29 years to 90Y. 
90Y has a half-life of 64 hours, decaying to stable 90Zr. Both of these radioisotopes 
are β emitters, and together they are primary heat-generating isotopes in nuclear 
waste. 90Sr is of considerable concern due to the large quantities produced, its long 
half-life, and its extreme radiotoxicity due to its tendency to substitute for calcium 
in bone tissue.

Analytical determination of 90Sr requires that it is separated from a variety of inter-
fering radionuclides prior to quantification by counting methods. Because the relative 
half-lives of 90Sr and 90Y lead to secular equilibrium, a variety of approaches are pos-
sible. By isolating Sr, 90Sr can be quantified by β counting. Alternatively, after isolating 
the Sr, the ingrowth of 90Y can be followed. If free of other interferences, the total activ-
ity of the 90Sr and 90Y can be determined when they are in secular equilibrium. Finally, 
the activity of 90Y can be determined after separating it from a sample of 90Sr and 90Y 
in secular equilibrium. A variety of classical and chromatographic methods can be 
used to achieve the required chemical separations, including precipitation, liquid- liquid 
extraction, ion exchange, and thin-layer chromatography.100–115 Typically, multistep 
combinations of separation methods are used, which is time consuming and costly.
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FIGURe 9.6 Renewable separation-column approach for automatically packing a column 
on-line, localizing the column packing between a pair of 2-position valves.
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The prevailing extraction-chromatographic method for 90Sr separation entails 
the use of Sr-Resin.116–119 This material is prepared by impregnating a porous poly-
mer with a 1-octanol solution of the crown ether 4,4′(5′)-bis(t-butylcyclohexano)-18-
crown-6 (DtBuCH18C6). This material will extract and retain Sr from 2–8 M HNO3 
solutions, while most of the matrix constituents are not retained and are removed 
with a column wash. The separated Sr is released by elution with water or weak nitric 
acid. The extraction equilibrium is shown in Equation 9.2, where the bar above a spe-
cies indicates that it is immobilized on the resin.4

 Sr NO DtBuCH18C6 Sr DtBuCH18C6 N2 ( )(+ − ++ 2 3
   OO3 2)  (9.2)

Horwitz et al. have discussed a number of applications for Sr-Resin, including the 
analysis of 90Sr in high-level nuclear wastes.117–119 In conventional practice, isolation 
of 90Sr with Sr-Resin is a manual open-column procedure with quantification of the 
eluted 90Sr carried out as a separate counting step.

Grate et al. described a rapid automated method for the determination of 90Sr 
using a SI separation system that combined a Sr-Resin separation column with on-
line liquid scintillation counting. The original system used a peristaltic pump; how-
ever, it was similar in function to the SI separation system shown in Figure 9.3.80 
Carrier, wash, and sample zones were stacked in the holding coil, with the carrier 
also serving as the eluent. Figure 9.7 shows the separation of 90Sr from 90Y in a 
standard sample.80 The column is loaded and washed using 8 M HNO3, where 90Y 
is unretained. 90Sr is subsequently eluted with water. Because of dispersion between 
the water and the acid, the 90Sr is actually eluted in weak nitric acid solution. The elu-
ent plot in the lower portion of Figure 9.7 (dashed trace referring to the right y-axis) 
shows the column crossover from 8 M nitric acid to water, with 90Sr elution begin-
ning in low acid concentrations.

Subsequent work used a SI system with a syringe pump as the fluid drive, and 
radiometric detection was carried out either on-line or off-line.47 Each solution was 
loaded and dispensed to the column in separate operations using air segments in 
the holding coil, according to the separation-optimized solution-handling approach. 
This approach created sharper boundaries between the water and acid zones, leading 
to a much more rapid column crossover from acid to water, as shown in Figure 9.8.  
This plot compares the acid concentrations in the eluent from a Sr-Resin column 
using a stacked-zone SI method and a separation-optimized SI method.47 Normally, 
abrupt changes in solution composition are favorable for rapid and sharp analyte 
elution. In this case, however, it was found that 90Sr recovery was poor using water 
as the eluent and a very rapid column crossover in an automated system.47 Excellent 
recoveries were achieved by eluting with 0.05 M HNO3.

Using separation-optimized SI with 0.05 M HNO3 as the eluent and 1-octanol 
saturated solutions, 90Sr recoveries were 96%, and carryover from one sample into 
a subsequent blank run was typically 1–2%.47 Blank runs or column clean-up pro-
cedures can be used to reduce or eliminate carryover between samples. Recoveries 
were not sensitive to elution flow rates, and columns could be used repeatedly. There 
were no significant performance differences between Sr-Resin materials with 20–50 
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or 50–100 micron diameter particle sizes. The use of the octanol-saturated solu-
tions, however, was important in repeated column usage, as the Sr-Resin can lose the 
impregnated solvent with use, and it was observed that recoveries and carryover both 
suffered if solutions that were not octanol-saturated were used. (It is noteworthy, 
however, that Dietz has developed an extraction-chromatographic material for 90Sr 
using the DtBuCH18C6 crown ether impregnated on the resin without 1-octanol or 
any other remaining cosolvent.120)

Sr-Resin can retain a number of potential interferences in the radiometric deter-
mination of 90Sr.47 Tetravalent Pu and Np are strongly retained under strong-acid 
load conditions and coelute with Sr. (This retention of tetravalent actinides under 
strong-acid conditions is likely due to the charge-charge interactions between the 
anionic hexanitrato complex and the cationic complex of the crown ether with H3O+.) 
In typical nuclear waste, however, 90Sr activity is orders of magnitude higher than the 
actinide activities, and interference is not a problem. Nevertheless, the incorporation 
of 0.1 M HF in the 8 M HNO3 column wash solution effectively removes Pu(IV) 
with a decontamination factor of 1000. Ba is also retained on Sr-Resin. Nevertheless, 
with a sufficient volume of 8 M HNO3 for the column wash, most of the Ba can be 
removed. Figure 9.9 shows the removal of Pu(IV) and Ba from a Sr-Resin column 
using column wash solutions. (The retention of Pu(IV) by Sr-Resin has been used to 

1400

1200

10000

8000

6000

4000

2000

0

1000
C

ou
nt

s/
12

 se
c

C
ou

nt
s/

m
in

800

600

400

200

0
0 5 10 15 20 25

0 5 10 15 20 25
Time, min

Eluent
fractions

10

H
N

O
3, M

8

6

4

2

0

On-line
detection

90Sr90Y
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advantage in tandem column separations that capture and wash Pu on Sr-Resin and 
elute it to TEVA-Resin for focusing and further purification in the determination of 
Pu isotopes in seawater and sediments.56,57)

In the analysis of sets of aged nuclear-waste samples, Grate et al. demonstrated 
two approaches.47 In one approach, eight Sr-Resin columns were set up in parallel 
with column switching provided by a multiposition valve. Each of the eight samples 
was analyzed in series, switching to a new column for each sample. The analysis of 
one sample using on-line detection required 22 minutes, and the set of eight could be 
completed in 3 hours. Using on-line detection right after separation, there is no need 
to correct for 90Y ingrowth. In the second approach, samples were separated, and elu-
ents were collected using a fraction collector. Without on-line detection, a set of eight 
samples could be processed in 1 hour and then set aside for off-line quantification. 
This approach may suit the work-flow in some process laboratories, but it does require 
recording the time from separation to counting for 90Y ingrowth corrections.

Sr-Resin separations can also be set up in a renewable separation-column 
approach83 as described above for 99Tc determinations, and illustrated in Figure 9.6. 
In this case, the sample was separated and eluted from the column. The advantage 
of the renewable column approach was that fresh column material could be provided 
for each separation. The carryover on Sr-Resin columns, described above, is largely 
due to the resin material. It was shown that automatically replacing the resin material 
largely eliminated carryover from one sample to the next.

Fajardo et al. have described a “multisyringe FI” approach for automating Sr-Resin 
column separations.121 These authors used off-line counting and ICP-AES to deter-
mine radioactive and stable Sr. The multisyringe approach,39,122 as set up for Sr-Resin 
separations, is shown in Figure 9.10. This system uses flow reversals and a holding 
coil associated with each syringe, so in this respect it can be regarded as a modified 
SI system. Instead of a multiposition valve, a series of 3-port solenoid valves were 
used to select solutions to pull into the system, and direct them for pushing out to the 
column. These authors analyzed for Sr in water, soil, and milk samples. The primary 
potential interference of concern in these studies was Pb, which is strongly retained 
on Sr-Resin. Pb is retained even in 0.05 M HNO3 when Sr is eluted; it does not appear 
in the Sr fractions as an interference; however, it could consume binding sites on the 
resin in subsequent reuse of the column. A 0.5 M H2SO4 cleaning step was inserted 
into the procedure between analyses to remove Pb.

Another multisyringe FI separation system design has been used in the analysis 
of stable and radioactive Y, using an extraction-chromatographic material contain-
ing HDEHP adsorbed on a C18 support.123 Separated samples were analyzed off-line 
by ICP-AES and proportional counting. This system used four syringe pumps in 
parallel.

HDEHP has also been used in the development of extractive scintillating materi-
als for 90Sr and 90Y sensing.95 The polymeric bead material contains both an impreg-
nated extractant and organic fluor molecules. Both 90Sr and 90Y are retained from 
0.001 M HCl solution using HDEHP. The sensor-column scintillation signal results 
from the sum of the radioactive species. Elution with 2 M HCl removes 90Sr, leav-
ing 90Y on the sensor column for determination. This provides two measurements to 
determine two unknowns. The 90Y can be removed from the sensor with 4 M HCl.
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The crown ether chemistry used for 90Sr separations (e.g., as Sr-Resin) has been 
used for the development of 90Sr sensors in two ways. In one approach, polymer par-
ticles were impregnated with both the extractant and with organic fluor molecules to 
create a dual-functionality extractive scintillating resin.96,124 In the second approach, 
Sr-Resin particles were intimately mixed with solid scintillating particles to make a 
composite bed column with 90Sr sensing properties.124 In either case, retention of 90Sr 
results in a scintillation signal.

Another material used in separations for the determination of 90Sr or 90Y has 
been manganese dioxide.45 This material has been deposited on cotton  filters 
packed in a column body to create a solid-phase extraction column, which was 
then used to retain 90Y from 40 mL water samples. Under these conditions, 90Sr 
was poorly retained. The 90Y could then be removed along with manganese diox-
ide using a hydroxylamine solution. In contrast to separations using Sr-Resin, this 
approach avoids strong acids, capturing the 90Y from neutral water solutions. This 
system had been previously described for determination of 226Ra in environmental 
samples.125 The SI separation system, shown in Figure 9.3, used a syringe pump, 
holding coil, and multiposition valve for introduction of the sample and reagents. 
A 6-port 2-position valve downstream was used to isolate the separation column, 
functioning to divert waste solutions, enabling flow reversal through the column for 
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FIGURe 9.10 Schematic diagram of a multisyringe separation system using solenoid valves 
rather than a multiposition valve. Normally open and normally closed ports on the solenoid 
valves are marked with open and closed circles, while the common port is unmarked. System 
is shown with wash and eluent solutions for Sr determination using a Sr-Resin separation 
column.
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loading in one direction and eluting in another direction, and providing a purge line 
route that bypasses the column. This separation approach has also been adapted for 
simultaneous determination of 90Sr and 226Ra with off-line radiometric determina-
tion.126 The quantity of 90Sr initially present is determined from the measured 90Y 
activity assuming secular equilibrium conditions existed in the original sample.

9.4.3 aCtinideS

Actinides have significant abundance in irradiated nuclear fuel, long radioactive 
half-lives, and high radiological and chemical toxicities, and they raise concerns 
with criticality and nuclear proliferation. Accordingly, actinide analyses are impor-
tant in process solutions, nuclear wastes, and environmental samples.

Actinides can be separated from matrix elements, other radionuclides, and each 
other using extraction-chromatographic materials such as TEVA-Resin, TRU-Resin, 
and UTEVA-Resin. The capacity factors for various actinides on these resins, as 
a function of nitric or hydrochloric acid concentrations are shown in Figures 9.11 
and 9.12.30,31,127 Elution peaks or collected fractions from column separations can be 
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FIGURe 9.11 Capacity factors, k’, against nitric acid concentration for three resins used 
in actinide separations. (Data for these plots were originally published in Refs. 30, 31, 127, 
and data traces were adapted from www.eichrom.com where they are shown in color. With 
permission.) (From Horwitz, E. P., Dietz, M. L., Chiarizia, R., Diamond, H., Maxwell, S. L., 
and Nelson, M. R., Anal. Chim. Acta, 310, 63–78, 1995. With permission.)
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analyzed by methods such as α spectroscopy or ICP-MS. The latter method can be 
implemented as an on-line detector, and the majority of studies automating actinide 
separations using fluidic systems have been carried out as front-end processes for 
ICP-MS analyses.14,15

A large number of such studies have been reported, and these are summarized in 
Tables 9.3 through 9.5. In this section, we will highlight selected examples to illus-
trate the separation chemistries and automation approaches used.

9.4.3.1 tRU-Resin separations
The largest number of automated extraction-chromatographic separations for 
actinides have used TRU-Resin, and many of these have coupled the column to 
ICP-MS as an on-line separation (see Table 9.3). TRU-Resin is impregnated with 
the neutral bifunctional organophosphorus complexant, octyl(phenyl)-N,N-diisobu-
tylcarbamoylmethylphosphine oxide (CMPO) in tri-n-butyl phosphate (TBP).26,127,128 
The organic stationary phase in this resin binds trivalent, tetravalent, and hexavalent 
actinide nitrato complexes from nitric acid solutions (see Figure 9.11). The extraction 
equilibria for representative species are shown in Equations 9.3–9.5, where the bar 
above a species indicates that it is immobilized on the resin.4
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FIGURe 9.12 Capacity factors, k’, against hydrochloric acid concentration for three resins 
used in actinide separations. (Data for these plots were originally published in Refs. 30, 31, 
127, and data traces were adapted from www.eichrom.com where they are shown in color. 
With permission.) (From Horwitz, E. P., Dietz, M. L., Chiarizia, R., Diamond, H., Maxwell, S. 
L., and Nelson, M. R., Anal. Chim. Acta, 310, 63–78, 1995. With permission.)
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 Am NO 3 CMPO CMPO Am NO3
3 3 3 33+ −+ +    ( ) ( )  (9.3)

 Pu NO 2 CMPO CMPO Pu NO4
3 2 3 44+ −+ +    ( ) ( )  (9.4)

 UO NO 2 CMPO CMPO UO NO22
2

3 2 3 22+ −+ +    ( ) ( )  (9.5)

Actinide retention increases with increasing nitric acid concentration. Tetravalent 
actinides are more strongly retained than trivalent actinides. Chloro complexes of 
tetravalent and hexavalent actinides, but not trivalent actinides, are retained from 
hydrochloric acid solutions (see Figure 9.12). Actinides retained on TRU-Resin col-
umns from nitric acid load solutions can be recovered, individually or in groups, 
using different acid solutions and/or complexants as eluents. In addition, on-column 
redox chemistry can be used to shift the valence state of Pu through multistep sepa-
ration processes so that Pu can be isolated individually.

Hollenbach et al. coupled a TRU-Resin column to an ICP-MS using a FI system 
for solution handling.49 The determination of 230Th and 234U entailed loading the 
sample on the column in nitric acid solution, washing with 4 M HNO3, and eluting 
the actinides together in 0.1 M ammonium oxalate solution. This complexant solu-
tion produced sharper elution peaks than either dilute nitric acid or water. 229Th and 
233U were used as internal standards, and columns could be reused over a hundred 
times. Potential interferences due to ThH were discussed.

Aldstadt et al. described the determination of U in groundwater using a FI system 
with a TRU-Resin column coupled on-line to an ICP-MS. The system used three 
2-position valves and a flow-reversal scheme to load the sample in one direction and 
elute in the reverse direction. The system provided an enrichment factor on the order 
of 30-fold compared to direct groundwater analysis. Separate elution of Pu and Th in 
a group prior to eluting U was also discussed.

Egorov and Grate examined automated actinide separations on TRU-Resin, 
starting with FI systems, then progressing to SI systems, and finally coupling 
the SI system to an ICP-MS detector.48,81,82,87 Figure 9.13 illustrates some of the 
types of actinide separations that can be obtained. Plot (a) illustrates purification 
of the actinides as a group. The unretained or slightly retained fission products 
are removed during the column wash with 2 M nitric acid.48,84 The actinides are 
released from the column using the complexant ammonium hydrogen oxalate 
(bioxalate).

Sequential separation of actinides in valence state groups is shown in plot (b) of 
Figure 9.13. After loading the actinides under reducing conditions (i.e., Pu as Pu(III) 
and Np as Np(IV)) and washing away the fission products, the trivalent actinides, 
including Pu(III), are eluted with 4 M hydrochloric acid. The tetravalent actinides 
are released selectively with an oxalic acid solution. Remaining hexavalent actinides 
(U) are removed from the column using ammonium bioxalate solution.48,84 Careful 
valence state adjustment of the sample is carried out with reagents prior to the sepa-
ration process, so that the actinides are in known states prior to the separation, and 
will accordingly be retained and released as desired.
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Individual separation of Pu is possible by toggling the valence state of plutonium, 
as indicated in plot (c) of Figure 9.13, showing only the actinide elution steps after 
washing away the fission products. This separation is essentially the same as that in 
the middle plot with the addition of Pu valence state adjustments. Although the Pu is 
loaded as Pu(III), it is oxidized on-line using sodium nitrite after the fission product 
elution and wash. The Pu is thus in the tetravalent state during the elution of the tri-
valent actinides. Then a reducing agent in hydrochloric acid solution is added to con-
vert Pu(IV) back to Pu(III), which is then unretained and is individually released. 
The other trivalents have already been released in the prior step.

The conditions for Pu reduction and elution were examined in detail, and a 
variety of reducing agents were tested.82 A flow system with an on-line scintilla-
tion detector was used to show the elution behavior in detail under well-controlled 
flow conditions. It was found that reduction and elution with hydroquinone was 
slow, resulting in broad tailing peaks and incomplete reduction. Some Pu remained 
in the Pu(IV) state and could be eluted with a complexant on completion of the 
reductant/HCl elution step. However, by choosing other reductants, rapid reduction 
and clean elution as a sharp peak could be obtained. These results are shown in 
Figure 9.14.

The role of nitrite in oxidizing the Pu(III) to Pu(IV) before the elution of the 
trivalents, and its effects on the subsequent reduction of Pu(IV) back to Pu(III) were 
also discussed in detail. Sodium nitrite is an efficient and fast oxidizing reagent to 
convert Pu(III) to Pu(IV) in acidic solutions without further oxidizing Pu to higher 
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FIGURe 9.13 Group and individual actinide separations using TRU-Resin extraction-
 chromatographic material: (a) from fission products as a single group (gross actinides); (b) 
actinide separation from the fission product with release from the column as valence state 
groups; and (c) elution of the actinides using on-column redox chemistry to separate Pu from 
Am and the other trivalent f-element species (the initial elution of fission products is omit-
ted from (c)). (Adapted from Grate, J. W., Egorov, O. B., and Fiskum, S. K., Analyst, 124, 
1143–1150, 1999. Copyright 1999 Royal Society of Chemistry. With permission.)
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valence states.129,130 However, nitrite is unstable in acid. An injection sequence was 
developed to automatically prepare fresh acidic nitrite solution on-line from a stable 
aqueous solution of sodium nitrite 2 M nitric acid.

Using the renewable separation-column approach, TRU-Resin can be used to 
conduct Am-Pu separations without the need to elute the remaining actinides off 
the resin.83 Instead, the resin could simply be replaced prior to the next sample. In 
addition, it was shown that TRU-Resin could be automatically loaded into a separa-
tion column as part of an “open-architecture” radiochemical separation workstation, 
where the instrument would load the desired separation material, and then select 
reagents appropriate to the separation desired, all under computer control according 
to the operator’s needs for the sample at hand.83

Most recent studies describing fluidic automation of TRU-Resin separations have 
been directed to ICP-MS analysis. Evans et al. used a FI system with a TRU-Resin 
column to concentrate U and Th from a variety of aqueous and biological stan-
dard reference materials.131 After the wash step with 2 M HNO3, these analytes were 
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eluted with 0.1 M ammonium bioxalate. The ICP-MS system was equipped with an 
electrothermal vaporization sample-introduction system. In subsequent work, this 
group analyzed several actinide isotopes using a TRU-Resin column separation and 
sector-field ICP-MS (SF-ICP-MS).132 Two elution approaches were described: either 
elution as a single group using ammonium bioxalate, or elution in two groups using 
titanium(III) chloride in 4 M HCl to release trivalent Am and Pu, and then ammo-
nium bioxalate to release Th, Np, and U. The sequential separation prevented 238U1H 
from interfering with the determination of 239Pu in biological and environmental 
samples. (This group has also described ICP-MS analysis approaches where a sepa-
ration column containing polymer beads was dynamically loaded with picolinic acid 
to retain and separate actinides from the sample matrix and from each other.133)

Hill et al. used ICP-MS and FI with TRU-Resin column separations for determina-
tion of U and Th in natural waters.134 High analyte recoveries were found even in waters 
with high dissolved organic matter, which normally presents a problem if samples are 
concentrated using typical ion-exchange or chelating resins. Samples on the TRU-Resin 
column were washed with nitric acid as usual and eluted in ammonium bioxalate.

Egorov et al. demonstrated the use of SI fluid handling to couple TRU-Resin col-
umn separations to ICP-MS.87 The SI system is shown in Figure 9.15. Reagents were 
selected and delivered via a holding coil and multiposition valve using SI methods, 
while the sample was introduced downstream using an injection valve as in FI meth-
odology. The SI system for handling the clean, “cold” reagents was set up and main-
tained outside the “hot” zone. The separation approach shown in Figure 9.13b, which 
separates actinides by valence state groups, was used to alleviate potential interfer-
ences, including 241Am/241Pu, 244Cm/244Pu, and 238Pu/238U isobaric interferences; 
239Pu/238U1H and 233U/232Th1H polyatomic interferences; and 237Np/238U spectral inter-
ference. Reductive sample pretreatment ensured that Pu would be in the Pu(III) state 
and Np in the Np(IV) state for this separation. It was noted that Np(V) is essentially 
unretained by TRU-Resin in nitric acid. Although separation-optimized SI proce-
dures with an air segment were used for most operations, reagents for the elution of 
trivalent and then tetravalent actinides were stacked in the holding coil and pushed 
out in sequence in order to provide uninterrupted elution and detection of these spe-
cies. Because of dispersion between the two reagent zones, there is effectively a gradi-
ent elution aspect to this method. These authors also demonstrated a reagent sequence 
to first elute Pu(IV) and Np(IV) together using 0.5 M HNO3–0.05 M oxalic acid 
followed by the remaining actinides in one or more steps using additional reagents. 
This approach enables elution of Np and Pu together for analyses where these are the 
species of interest that must be separated from the remaining actinides.

Hang et al. used a HPIC instrument to create a FI separation system that was 
coupled to ICP-MS, as shown in Figure 9.16.60 They packed a 30-cm column with 
TRU-Resin, which is a much longer TRU-Resin column than would normally be 
used for actinide separations. Water and diluted urine samples were loaded and 
washed in 3 M HNO3. Gradient elution from 1.0 M HCl–0.032 M oxalic acid to  
0.01 M HCl−0.032 M oxalic acid released Np, Am, and Pu. Subsequent  elution with 
additional 0.01 M HCl−0.032 M oxalic acid released Th and U. This procedure 
separated actinides according to valence states, with the retention order V < III < 
IV < VI, and hence with release in the order Np(V), Am(III), Pu(IV), Th(IV), and 
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U(VI). The long separation column—preconditioned, loaded, and washed with 3 
M HNO3—was credited with the apparent retention of Np(V) and Am(III) under 
this elution program. These authors also examined UTEVA-Resin for this actinide 
analysis application but concluded that TRU-Resin was to be preferred for retention 
of actinides from urine.

Subsequent work by Petersen et al. also used TRU-Resin columns with a HPIC 
instrument; however, the effects of column length were investigated and a 3-cm length 
was selected.61 Other parameters such as resin size and flow rate were examined, 
and eluent compositions were studied to minimize the use of oxalic acid. Decreased 
oxalic acid concentrations reduced the frequency of instrument cleaning. In the final 
scheme, the Np and Am were eluted in hydrochloric acid, followed by Pu and Th 
together as tetravalent species in a gradient that added oxalic acid. Last to elute was 
U. Coelution of Pu and Th was considered satisfactory because isobaric interferences 
between these elements was not a problem.

The commercial FIAS FI accessory for atomic spectroscopies has also been used 
to couple TRU-Resin column separations to ICP-MS, as described by Epov et al.51–53 
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FIGURe 9.15 Design of a SI separation system for on-line separation of actinides for 
ICP-MS detection, where the SI system handles clean solutions and reagents outside the 
radioactivity containment glove box, while the injection valve and separation column down-
stream handle radioactive solutions.
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The TRU-Resin column served to preconcentrate the actinide of interest from urine 
or digested urine samples. Methods were developed for the analysis of Pu in urine, 
Am in urine, as well as U and Th in urine. After column washing, the actinides were 
eluted in a single step, using ethylenediaminetetraacetic acid for Am or Pu, and 
ammonium bioxalate for the U/Th determinations. Column reusability was quite 
limited if urine samples were not digested first.

CMPO, the selective extractant chemistry in TRU-Resin, can be impregnated into 
polymers that also contain organic fluor molecules to develop sensor materials, as 
described previously for crown ether and liquid anion-exchange chemistry. Actinide 
sensing by this approach has been described.96,135–137 Such sensor chemistries have 
potential for use in the development of on-line monitors.

9.4.3.2 UteVA-Resin separations
Several groups have described the use of UTEVA-Resin separations coupled to ICP-MS 
for actinide analyses (see Table 9.4). UTEVA-Resin contains the extractant dipentyl pen-
tylphosphonate (DP[PP]), which is also known as diamylamyl phosphonate (DAAP).31 
This extractant retains actinides from nitric acid solutions as nitrato complexes, with 
increasing uptake as nitric acid concentrations increase (see Figure 9.11). Extraction 
equilibria for representative species are shown in Equations 9.6 and 9.7, where the bar 
above a species indicates that it is immobilized on the resin.4

 Th NO 3 DP[PP] DP[PP] Th NO4+ −+ +4 3 3 3 4
   ( ) ( )  (9.6)

 UO NO 2 DP[PP] DP[PP] UO NO2
2

2
+ −+ +2 3 2 3 2

   ( ) ( )  (9.7)
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FIGURe 9.16 Design of an automated fluidic system based on the coupling of a high perfor-
mance ion-chromatography system to an ICP-MS, where the ion-exchange column has been 
replaced with a TRU-Resin column.
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Loading the sample in nitric acid solution, the tetravalent actinides are strongly retained 
along with hexavalent uranium. However, trivalent actinides like Am(III) and Pu(III) 
are not retained from nitric acid solutions (unlike TRU-Resin). Pu retained as Pu(IV) 
can be removed from the column by reducing it to Pu(III). Tetravalent actinides 
and U(VI) are also retained in strong hydrochloric acid solution, with retention 
sharply dropping off as hydrochloric acid concentrations decrease (see Figure 9.12).  
Th(IV) is less retained in hydrochloric acid solutions than U(VI). Actinides retained 
on UTEVA-Resin from nitric acid solutions can be released with diluted nitric acid 
or low hydrochloric acid concentrations.

Betti et al. examined the elution of multiple actinides in detail.138 Noting that 
Am(III), Pu(III), and Np(V) are unretained in nitric acid, these authors used a sam-
ple pretreatment approach that first reduced the sample with ferrous ion to obtain 
Np(IV), and then used nitrite to convert the reduced Pu(III) to Pu(IV). In column 
separations, the sample was loaded and washed in 3 M HNO3, removing Am(III) in 
the wash. The nonretention of Am(III) was desirable to prevent isobaric interferences 
with other actinides. Then Pu(IV), Np(IV), and Th(IV) were eluted together in 2 M 
HCl−0.1 M oxalic acid, followed by elution of U with 0.025 M HCl. This separation 
is shown in Figure 9.17. By including 0.1 M oxalic acid in the 2 M HCl eluent, the 
tetravalent actinides were released with sharper, faster peaks, improving the sepa-
ration from the subsequent U peak. Without oxalic acid in the 2 M HCl eluent, the 
tetravalents elute as broader overlapped peaks in the order Th-Np-Pu. With oxalic 
acid, the order changes to Np-Pu-Th and the peaks are more closely overlapped, thus 
providing the improved separation from U. The separation procedure was coupled 
to an ICP-MS using FI methods and used in the analysis of dissolved sediments and 
dissolved irradiated nuclear fuels.

Kang et al. used a UTEVA-Resin column as part of a 10-port valve FI system cou-
pled to ICP-MS.139 Samples were loaded in 3 M HNO3 and eluted in 0.02 M HNO3. 
This simple method was developed for the preconcentration and analysis of U in 
seawater. Similar procedures for the analysis of U in urine or U and Th in body fluids 
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FIGURe 9.17 Separation of actinides on UTEVA-Resin with ICP-MS detection. (Adapted 
from Perna, L., Betti, M., Moreno, J. M. B., and Fuoco, R., J. Anal. At. Spectrom., 16, 26–31, 
2001. Copyright 2001 Royal Society of Chemistry. With permission.)
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have been developed by Kuwabara, Tolmachyov, and Noguchi.140,141 For U analysis, a 
FI system performed sample load in 4 M HNO3 and U elution in 0.05 M HCl. In the 
U/Th analysis case, a FI system loaded the sample in 6.5 M HNO3 and eluted U and 
Th together in 0.025 M oxalic acid, which was selected to reduce the formation of 
molecular interferences compared to using dilute hydrochloric acid as eluent. Godoy 
et al. also used a simple elution procedure for the analysis of U and Th isotopes in 
ocean sediments, loading the dissolved sample on the UTEVA column in 3 M HNO3 
and eluting U and Th together in 0.05 M ammonium oxalate.142 A FI system was used, 
and the purpose of the analysis was to evaluate uranium series disequilibrium.

Ohtsuka et al. used UTEVA-Resin to set up a Pu analysis method, taking advan-
tage of the ability to retain Pu in the Pu(IV) state, wash away other trivalents, and 
then selectively reduce and elute the Pu as Pu(III), thus separating it from still-
retained U.58,59 Samples were loaded and washed in 3 M HNO3, and Pu(III) was 
released with 0.01 M ascorbic acid in 3 M HNO3. Ascorbic acid provides rapid reduc-
tion and is destroyed in the ICP-MS torch. A decontamination factor of 6 to 7 orders 
of magnitude was estimated for the Pu-U separation. After Pu elution, U could be 
removed in dilute nitric acid. Chemical recovery of Pu was 70% in the analysis of 
several sediment reference samples. These authors used the PrepLab system set up 
as shown in Figure 9.18.

9.4.3.3 teVA-Resin separations
TEVA-Resin is an extraction-chromatographic material based on Aliquat 336, 
which is a liquid quaternary ammonium salt, as described previously in connection 
with 99Tc separations.30 It acts as a strongly basic anion-exchange material, retain-
ing  tetravalent actinides from 2–4 M HNO3 solutions as anionic nitrato complexes 
(see Figure 9.11). Am(III), Np(V), and U(VI) are much less retained. The extraction 
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FIGURe 9.18 FI separation system for ICP-MS based on the PrepLab instrument.
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equilibrium for a representative tetravalent species is shown in Equation 9.8, where 
A+ indicates the quaternary ammonium group and the bar above a species indicates 
that it is immobilized on the resin. In strong nitric acid, the Pu(IV) species in solu-
tion would be the dianion, Pu(NO3)6

2–.

 Pu NO 2 (A NO ) A Pu NO4+ + − + −+ +4 3 3 2 3 6
2−    ( ) ( )  (9.8)

As the nitric acid concentration decreases, the retention of tetravalent actinides 
decreases. In strong hydrochloric acid, Pu(IV), Np(IV), and U(VI) are strongly 
retained, but Th(IV) and Am(III) are not (see Figure 9.12). By adjusting acid con-
centrations and valencies, a number of separations can be set up. For example, 
after loading the actinides and washing the column, which will remove unretained 
Am(III), U(VI) can be eluted with 2 M HNO3, followed by Th(IV) with 3 M HCl.30 
The tetravalent actinides Pu(IV) and Np(IV) can be eluted with 0.5 M HCl. Pu(IV) 
on the column can be reduced and released as Pu(III) to separate it from Np(IV). 
As an on-line separation method for ICP-MS analyses, TEVA-Resin has been used 
primarily to isolate Pu, or Pu and Np. It has also been used in tandem column sepa-
rations for Pu analysis. Separation of the U from Pu is important to reduce the inter-
ference of 238U1H with 239Pu determination. TEVA-Resin column separations used 
in conjunction with ICP-MS for the separation and determination Pu isotopes are 
summarized in Table 9.5.

Kim et al. used tandem columns of Sr-Resin with TEVA-Resin, taking advantage 
of the affinity of Sr-Resin for Pu(IV).56,57 Elution of the Pu(IV) from Sr-Resin provides 
broad peaks, which could be focused by capturing the Pu on TEVA-Resin. It was then 
eluted to an autosampler, which delivered it to the ICP-MS. A PrepLab system was 
used to automate the fluidic separations. For the analysis of soil digestates,56 the sam-
ple was loaded and washed on Sr-Resin in 4 M HNO3, followed by elution and capture 
on TEVA-Resin using 0.8 M HNO3. A solution of 2 M HCl was used to elute Pu from 
the TEVA-Resin to the autosampler. Chemical recoveries of Pu exceeded 90% given 
proper valence state adjustment prior to the analysis, and the decontamination factor 
for removing U was on the order of four to five orders of magnitude. A similar tandem 
column approach was used for the analysis of Pu isotopes in seawater.57

Kim has also described a single-column TEVA separation for Pu analysis, again 
using the PrepLab system for fluid handling.55 After using ascorbic acid to reduce 
Np(V) and Pu(VI) in soil digestates to Np(IV) and Pu(IV), samples were loaded 
and washed in 5 M HNO3. Then 9 M HCl was used to strip Th, and 1 M HNO3 was 
used to strip residual U. Pu and Np were eluted to the autosampler with 0.5 M HNO3. 
Using a sector field ICP-MS for detection, this method was applied to the analysis of 
environmental levels of Np and Pu in sediment samples. Kim has recently reviewed 
ICP-MS methods for Pu isotope determinations.15

Epov et al. used TEVA-Resin in the isolation of Pu for the analysis of Pu in the 
presence of much higher U concentrations, using the FIAS-400 fluidic system.50 
These authors also selected ascorbic acid to adjust the valence state of Pu to Pu(IV). 
Samples were loaded and washed in 4 M HNO3, removing the trivalent actinides. 
Elution with 1 M HNO3 removed most U and some Th. Finally, 0.02 M HCl was 
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used to elute Pu together with Np and some Th. The low concentration of HCl was 
selected for Pu elution after examining concentrations from 2 to 0.5 M. The method 
was applied to digested sediment samples.

Lariviere developed a procedure for Pu analysis in urine, coupling a FI separa-
tion to ICP-MS.143 Samples were loaded and washed on TEVA-Resin using 3 M 
HNO3. With sufficient washing, U was removed; then, 5 M HCl was used to remove 
Th. Finally, 0.01 M ammonium oxalate was used to elute Pu. This final eluent was 
selected after examining figures of merit for four possible eluents, 0.01 M ammo-
nium oxalate and 0.1 M HCl both being satisfactory and considered to be better than 
0.01 M HNO3 or 0.1 M ammonium oxalate.

9.5 AUtoMAteD PRoCess MonItoRInG

Conventional radiochemical analysis of nuclear process or waste samples in the lab-
oratory entails three primary activities: sample preparation, radiochemical separa-
tion, and detection. Each of these activities may entail multiple steps. The automated 
fluidic methods described above, typically also carried out in the laboratory, link 
separation and detection. Sample preparation has, in many cases, been carried out 
first by manual laboratory methods.

Process monitoring poses two additional challenges compared to these automated 
fluidic separation methods. First, methodology for automated sample preparation 
must be developed, and second, the entire sample preparation-separation-detection 
system must be developed to operate on-line or at-site under unattended computer 
control, including sample transport through all the steps. Sample preparation is par-
ticularly critical for nuclear-waste and nuclear-process streams due to the complexity 
of the sample matrix and the uncontrolled valence states of several of the potential 
analytes.

This task is challenging for the monitoring of α- and β-emitting radionuclides for 
reasons discussed above. However, even for gamma-emitting radionuclides, situa-
tions may exist where separations or concentration to a smaller volume in the range 
of a detector may be desirable.

Scientists at PNNL have developed an automated radiochemical sample  
preparation-separation-detection system for the determination of total 99Tc in 
nuclear-waste process streams.46,85,86,144,145 This analyzer was designed to support a 
 technetium removal process planned as part of the development of a nuclear-waste 
processing plant. The process stream composition is both complex and variable, with 
a high pH, high salt matrix. Depending on the source of the feed, the total base 
 content, the concentration of organics, and complexant concentrations will vary, as 
will the aluminum, nitrate, nitrite, dichromate, and radionuclide composition.

Sample preparation is required to cope with the sample matrix, the interfer-
ences, and the speciation of 99Tc. The separation processes for isolating 99Tc prior 
to radiometric detection require that the 99Tc be in the pertechnetate (99TcO4

−) state. 
However, in waste samples with high organic content, much of the 99Tc may be pres-
ent in reduced valence states. Therefore, to determine the total 99Tc content, all the 
99Tc must be oxidized to the pertechnetate state prior to ion-exchange or extraction-
 chromatographic separation.

59696.indb   549 7/14/09   9:37:13 PM



550 Ion Exchange and Solvent Extraction: A Series of Advances

Egorov et al. developed an automated radiochemical analysis system that incor-
porated an on-line microwave-assisted sample preparation system as a front end to 
a fluidic radiochemical separation system with on-line radiometric detection. This 
system is shown in simplified schematic form in Figure 9.19.46,85,86,144,145 Designed 
for the determination of total 99Tc in aged low-activity waste streams, the analyzer 
performed the steps required to acidify the caustic sample, vent evolved gases, oxi-
dize the sample using peroxidisulfate, load and then separate pertechnetate from 
radioactive interferences on an anion-exchange column, and deliver the sample to a 
flow-through scintillation detector.

The scheme in Figure 9.19 shows a simplification of the separation unit, using 
a 2-position valve to reverse the flow through the column for load/wash and elute 
steps, and an additional 2-position valve as a detector diverter valve. The system also 
incorporated several zero-dead volume syringe pumps and several additional valves 
to route sample and reagents through the system.

The microwave unit of the sample-preparation system provides heating during 
sample acidification and oxidation procedures. Heating promotes the dissolution of 
Al(OH)3 precipitates formed during the acidification step, as well as the removal of 
nitrites, as gaseous NOx species, which could interfere with subsequent oxidation. 
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FIGURe 9.19 Simplified schematic diagram illustrating sample preparation, separation, 
and detection for an on-line analyzer for the continuous monitoring of the total 99Tc content 
of nuclear-waste process streams. A number of zero-dead volume syringe pumps and valves 
are not shown.

59696.indb   550 7/14/09   9:37:15 PM



Automation of Extraction Chromatographic and Ion Exchange Separations 551

The acid addition and heating protocol were designed to avoid excessive foaming 
and boiling within the microwave-digestion vessel.

An additional heating protocol is applied with the addition of sodium peroxidis-
ulfate to promote complete oxidation of reduced 99Tc species and destruction of at 
least a portion of the organic species. It was determined that reduced technetium 
species can be completely oxidized by the peroxidisulfate without having to oxidize 
all the organic carbon first. The overall sample-preparation procedure was designed 
to leave the 99Tc as pertechnetate in an acidic solution composition that is compatible 
with the subsequent anion-exchange separation. The solution must be made suffi-
ciently acidic to completely dissolve the aluminum hydroxides, but not so acidic that 
pertechnetate is not retained on the anion-exchange resin.

A macroporous strongly basic anion-exchange resin (Bio-Rad AG MP-1 M) 
was selected for the separation step. Although the elution kinetics of an extraction-
 chromatographic anion-exchange material such as TEVA-Resin (described above) are 
superior, the solid-phase anion-exchange resin was selected to obtain longer column 
life and reusability. Using column flow reversal, pertechnetate could be eluted rapidly 
from the solid-phase material. The separation selectivity provided reliable separation 
of pertechnetate from the major radioactive constituents, such as the fission products 
90Sr, 90Y, and 137Cs. A combination of column wash steps using dilute nitric acid, nitric-
oxalic acid, sodium hydroxide, and moderately concentrated nitric acid was developed 
to ensure reliable separation of pertechnetate from anionic species of Sn, Sb, and Ru.

The separated pertechnetate was determined in a flow-through detector using 
lithium glass solid scintillator. A fully automated standard-addition technique was 
implemented as part of the analytical protocol to ensure accurate results with vary-
ing sample matrix compositions. After every fourth sample analysis, the sample was 
repeated after spiking it with a 99Tc standard in nitric acid during the sample acidifi-
cation step. The injected volume of the spike solution was calculated for each sample, 
based on the signal from the previous unspiked sample, to provide good measurement 
precision. Peak areas from the detector signals were determined automatically.

The total time for analysis—including sample preparation, separation, and detec-
tion—was 12.5 minutes for one sample, or 22 minutes for the sample and spiked 
sample. In tests on actual Hanford nuclear-waste samples, comparing results from 
the automated analyzer method to laboratory ICP-MS determinations, the analyzer 
method proved to be accurate in the determination of total 99Tc.

9.6 DIsCUssIon

The development of solvent-impregnated resins and extraction-chromatographic pro-
cedures has enabled the automation of radiochemical separations for analytical radi-
onuclide determinations. These separations provide preconcentration from simple 
matrices like groundwater and separation from complex matrixes such as dissolved 
sediments, dissolved spent fuel, or nuclear-waste materials. Most of the published 
work has been carried out using fluidic systems to couple column-based separations 
to on-line detection, but robotic methods also appear to be very promising. Many 
approaches to fluidic automation have been used, from individual FI and SI systems 
to commercial FI sample-introduction systems for atomic spectroscopies.
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Column-based separation formats are convenient and fast, but they are not the 
only options available. Miro et al. have shown, for example, that liquid-liquid extrac-
tion can be implemented in a fluidic system for 90Sr separation by creating a wetting 
film of extractant inside a flow-system tubing wall.146 A SI separation system (see 
Figures 9.3 and 9.4) was set up with a holding coil, multiposition valve, and 2-po-
sition diverter valve, replacing the separation column with an extraction coil. After 
coating the coil with extractant solution, the sample was loaded and the extractant 
was washed. Captured 90Sr in the extractant film was recovered by using an organic 
solvent that stripped the extractant from the coil.

The DGA extractant,147 shown in Scheme 9.1, has been coated on magnetic par-
ticles for magnetically assisted chemical separations (MACS).148 By capturing the 
actinides from aqueous solutions into the extractant, and then separating the extract-
ant though a magnetic solid-liquid separation, the actinides are separated from the 
aqueous solution. This approach has been demonstrated with a number of extract-
ants for separating actinides, and applications to nuclear waste streams have been 
discussed.148–150 Magnetic separation processes can be automated, and it was demon-
strated that the extractant-loaded particles could be stripped and reused.

The Dipex extractant shown in Scheme 9.1, as actinide-Resin, has not been used 
in an automated separation scheme. With two phosphoryl groups, this extractant is 
very effective at retaining actinides, but it is difficult to recover them by elution. For 
laboratory analysis, schemes have been developed to strip the extractant from the 
resin after capturing the actinides.151

Some extractants have been used in the development of selective sensors for 
radionuclides. These have been noted in Tables 9.1 through 9.3 and briefly men-
tioned above. They were recently reviewed in detail.99 In addition to column sen-
sor formats, extractants have been coated onto passivated ion-implanted planar 
silicon (PIPS) diodes to create selective radionuclide sensors.152,153 Though not a 
focus of this review, it is worth noting the such sensors, combining separation and 
detection in a single functional unit, have potential for use in process-monitoring 
applications.

Finally, the development of automated radiochemical separations has enabled 
the possibility of open-architecture radiochemical analyzer workstations. Instead of 
having a system set up to perform only one procedure with a particular separation 
material, workstations could be set up with the capability of performing a variety 
of radiochemical separations, which would be selected from software menus by the 
user. At the direction of the computer, the instrument would then load a separa-
tion material into a column, using the renewable separation column methodology,83 
or select from a number of different separation columns already configured on the 
system. The separation would proceed according to preprogramed instructions, 
selecting solutions and eluents from a variety of such reagents already available via 
selection valves. This approach was briefly demonstrated with renewable separation 
columns, using the same system to perform 90Sr separations on Sr-Resin and actinide 
separations on TRU-Resin.83

Radiochemical analysis will continue to be important in many aspects of the use 
of nuclear fuels, including spent-fuel analysis; monitoring reprocessing for process 
performance or safeguards; analyzing environmental samples for contamination; and 
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performing bioassays for the health of workers in the nuclear industry or potentially 
contaminated citizens in a nuclear event. In the instance of capturing diverted nuclear 
materials, analysis will be required to support forensics and attribution. Whether in 
the laboratory or integrated into a processing plant, automation will be important to 
provide timely analytical results, reduce costs, improve worker safety, and develop 
high-throughput capabilities that will be needed in nuclear emergencies.

Process monitoring, with on-line instruments that operate autonomously for 
extended periods of time, presents significant challenges and opportunities. The 
requirements for monitors will vary with the application they support. Where the 
monitor is set up to support a particular separation process, the analytical objec-
tives may be to determine a single species. The technetium monitor described above, 
designed to support a technetium removal process, is such an example. On the other 
hand, some processes may seek to determine multiple actinides in a process stream. 
These actinides could be a selected group of the transuranic (TRU) elements, or the 
multiple isotopes of a particular actinide like plutonium.

Process monitors in the nuclear field must deal with complex sample matrixes. 
Depending on the process, the feed may be strongly acidic or strongly basic, and 
most likely it will be high ionic strength. In most processes, the feed composition 
will be variable. The instrumentation, chemistry, and analytical approach must be 
sufficiently robust to provide effective sample processing and accurate analytical 
information, regardless of inconsistent feed composition.

Opportunities remain to develop new or improved separation chemistries, and the 
engineered solid-phase materials that utilize them, in order to support radioanalyti-
cal needs. Selectivity remains a key issue in order to support isolation of particular 
elements or groups of elements from complex sample matrixes. Selectivity to sup-
port determination of TRU actinides in the presence of large excesses of uranium is 
often required. The engineered form is also significant, as it must enable the separa-
tion chemistry to work while providing a robust material that can be used over and 
over again.

Process-monitoring instrumentation and methodology can be designed to cope 
with shortcomings of the separation chemistry or the engineered separation mate-
rial. Methods such as matrix modification and renewable column techniques, which 
are described above, can be quite helpful in this regard. Nevertheless, improved 
materials and separations, where the material does not leach extractant, is highly 
selective for the analyte(s) of interest, works effectively in the face of complex and 
variable feed compositions, and where the eluent solutions are not too corrosive, can 
enable simpler, more robust, monitoring instrumentation.
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10.1 IntRoDUCtIon

Solvent extraction separates heavy metals (in particular, the actinides) from lighter 
metals and from each other and has been an important tool for nuclear chemistry 
over the last 60 years. As seen in the other chapters of this book, solvent-extraction 
chemistry remains of vital interest for nuclear fuel reprocessing and for the cleanup 
and segregation of nuclear waste.

Improvements in equipment design have made possible the multistage countercur-
rent operations needed for solvent-extraction flowsheets. Initially, packed columns 
were used because they had no moving parts. However, they were soon replaced 
by pulsed columns, which, because of their greater efficiency, did not need to be 
as high as the packed columns (Richards, 1957). Pulsed columns are still in use 
today. However, because of cost benefits from reducing the height of the solvent 
extraction facility, mixer-settler units have also been developed. At first, only grav-
ity mixer-settlers (mixers with gravity settling zones) were used. Later, centrifu-
gal mixer-settlers (mixers with centrifugal settling zones that are commonly called 
“centrifugal contactors”) were developed at Savannah River Laboratory (SRL) 
(Davis and Jennings, 1961; Kishbaugh, 1963; Webster et al., 1969). The centrifu-
gal contactor has the advantage of compact size coupled with high throughput and 
high extraction efficiency. Long (1978) gives the relative size of these four types of 
equipment for running solvent-extraction flowsheets. This reference shows that, for a 
given plant throughput, the centrifugal contactor is the same low height as the mixer-
settler and is much more compact. Since 1966, the SRL contactor has been in use at 
the Savannah River Plant (Aiken, SC) for processing highly radioactive feeds. This 
application of the SRL contactors demonstrates the usefulness of centrifugal contac-
tors when processing radioactive materials.

In the late 1960s, a modified centrifugal contactor was developed at Argonne 
National Laboratory (ANL) while work was being done on the original SRL contac-
tor (Bernstein et al., 1973). The Argonne contactor is similar to the SRL contactor, 
except that it eliminates the paddle mixer under the centrifugal rotor and mixes the 
liquids in an annular region between the rotor and its housing. This change simplifies 
the contactor design, lowers its cost, and makes it easier to maintain the contactor 
remotely. At the same time, the Argonne “annular” centrifugal contactor retains the 
advantages of the SRL unit.
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Centrifugal contactors are generally reliable, easy to use, and relatively inexpen-
sive to build, operate, and maintain. The compact contactor stages give low liquid 
holdup, fast startup and shutdown, and greater criticality safety by geometry, while 
achieving high mass-transfer efficiency. The high efficiency allows the contactor to 
be made up of well-defined stages that are added only as needed. The low liquid 
holdup reduces the solvent exposure to radiation and the total solvent inventory. Low 
solvent inventory is especially important for solvents that are more expensive. It 
also permits the contactor to reach steady state quickly compared with other types 
of solvent-extraction equipment. This benefit is critical for engineering-scale tests, 
where one has to limit the amount of waste generated. Finally, a bank of contactors 
can be shut down and restarted a short time later while maintaining its stage-to-stage 
concentration profile in a steady state.

In this chapter, Section 10.2 gives an overview of the operation of the Argonne 
centrifugal contactor. Section 10.3 focuses on the design principles for this contac-
tor. Section 10.4 discusses the worldwide applications of this contactor to solvent-
 extraction processes of interest to the nuclear and other industries. Comparisons 
with other types of contactors are made throughout the text, and a separate section 
is devoted to them in Section 10.4. However, because of their widespread use and 
the author’s particular experience with them, the ANL contactor and its variations 
remain the primary focus.

10.2 oVeRVIeW oF ContACtoR DesIGn AnD oPeRAtIon

The contactor design for a single stage is shown schematically in Figure 10.1. Two 
immiscible liquids flow into the annular (Couette) mixing zone. Typically, the more-
dense phase is aqueous, and the less-dense phase is organic. As shown in Figure 10.1, 
the two phases usually enter through inlet ports that are on opposite sides of the 
 contactor wall. The mixing zone is the region between the spinning rotor and the 
stationary housing. The rapid Couette mixing in this region creates a turbulent liquid-
liquid dispersion that promotes good mass transfer between the two phases. As the 
mixing occurs, the dispersion flows by gravity to the bottom of the mixing zone, 
reaching the bottom vanes, where it is guided to the inlet of the rotor located on the 
bottom face of the rotor. Once the dispersion passes through this opening, it is in the 
centrifugal separating zone of the rotor. Here, the dispersion band forms a vertical 
cylinder in the middle of the separating zone, shown as the darkest region of the sepa-
rating zone in Figure 10.1. The dispersion breaks rapidly under the high centrifugal 
forces, typically 100–400 g. The separated more-dense phase moves out to the rotor 
wall and flows upward through the underflow to the upper weir. After the liquid flows 
over the upper weir, it is slung into the upper collector ring in the contactor housing, 
then into the more-dense-phase exit. The separated less-dense phase moves in toward 
the center of the rotor and flows up to the lower weir (LW). After the liquid flows 
over the LW, it is slung out into the lower collector ring and leaves the contactor via 
the less-dense-phase exit. The exit port in each of the collector rings is tangential to 
the ring so that the momentum of the liquid being slung from the rotor helps carry 
the liquid out of the stage. A slinger ring just above the lip of the upper collector 
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ring prevents the more-dense phase from leaking down into the lower collector ring. 
Such leakage is undesirable, as it would increase other-phase carryover in the less-
dense phase. The splash plate above the upper weir catches any liquid that is splashed 
upward and keeps it from reaching the motor or rotor bearings.

As shown in Figure 10.1, the inner and outer boundaries of the dispersion band 
are sloped. As the rotor speed increases, these surfaces become more vertical. The 
slope represents the balance between the gravity forces and the centrifugal forces 
acting on the dispersion. Typically, at normal rotor speeds, the centrifugal forces 
are much greater than the gravity forces. When this is the case, the inner and outer 
boundaries of the dispersion band are essentially vertical so that the dispersion band 
forms a hollow right cylinder.

The annular centrifugal contactor is designed so that each stage achieves the required 
mixing and subsequent separation. Besides the conditions specified above, at least five 
additional factors must be considered. First, to allow the dispersion to flow by gravity 
from the mixing zone into the rotor, stationary radial vanes under the rotor must dissi-
pate the rotational velocity of the dispersion. Second, the rotor inlet (RI) must be small 
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More dense
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Less-dense-
phase exit

Lower collector ring

Lower weir

Less dense
phase inlet

Inner boundary
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FIGURe 10.1 Schematic of annular centrifugal contactor.
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enough with respect to the LW that the dispersed liquids are pumped up to the lower 
rotor weir. Third, the axial vanes inside the rotor must keep the liquids spinning at the 
same speed as the rotor. Fourth, a diverter disk, located inside the rotor a short distance 
above the RI, forces the entering dispersion outward into a region of higher centrifugal 
force and, thus, into a region that separates the two phases faster. Fifth, the radii for 
the lower and upper weirs must be chosen carefully so that the two vertical boundaries 
(inner and outer) of the dispersion band are located within the separating zone of the 
rotor, that is, between the LW and the underflow to the upper weir.

Photographs can better illustrate the operation and parts of the contactor. Figure 
10.2 shows the mixing zone of a 2-cm contactor with a transparent acrylic housing. 
In view (a), the rotor is not turning and the mixing zone is drained of liquid. In view 
(b), which is from Leonard et al. (1997), the rotor is turning at 3600 rpm with both 
organic (30% tributyl phosphate (TBP) in normal dodecane (nDD)) and aqueous 
phase (0.01 M HNO3) flowing into the mixing zone at 30 mL/min.

The separating zone is illustrated in Figures 10.3 through 10.5. The inside of a 
2-cm rotor, looking up from the bottom, is shown in Figure 10.3. In this photograph, 
the rotor is held in place by a finger clamp, and the rotor top and rotor bottom have 
been removed. One can see the four vanes inside the separating zone, the dispersion 
disk with a center hole, and, at the far end of the separating zone, the underflow holes 
to the riser to the upper weir. The two holes near the outside of the dispersion disk are 
for two screws that hold the bottom of the rotor onto the rotor body. Because the screw 
holes can leak, the rotor bottom is normally welded onto the rotor body. This rotor is 
an experimental one that allows different designs for the rotor bottom to be tested.

(a) Empty (b) Operating

FIGURe 10.2 Mixing zone of a 2-cm annular centrifugal contactor. (Figure 10.2b: Reprinted 
from Leonard, R. A., D. B. Chamberlain, and C. Conner., Sep. Sci. Technol. 32(1–4), 193–210, 
1997. With permission of Taylor & Francis Ltd., http://www.tandf.co.uk/journals.)
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The inside of the separating zone of a 4-cm rotor is shown in Figure 10.4. In this 
photograph, the rotor is resting on a rubber stopper. The outside of the rotor bottom 
and the inside of the upper weir with the four weir vanes can be seen. As with the 
rotor bottom, the upper weir is held on by two screws in this experimental rotor. In 
production rotors, the upper weir is welded onto the rotor body.

The inside of a 25-cm rotor is shown in Figure 10.5. This photograph, which was 
taken during assembly of the rotor, shows the eight vanes in the separating zone. 
Some of the four rectangular exit ducts for the LW are visible, as are some of the 
openings for the exit ducts of the upper weir. The region between these two sets of 
openings is more complex than shown in Figure 10.1 because this rotor has an air-
controlled upper weir.

The inside of the upper region of a 4-cm rotor can be seen in Figure 10.6. One 
can see the holes of the underflow as they open into the riser that leads to the upper 
weir. The upper weir, which has been removed from the rotor body, is face up so 
that the vanes in the riser area are hidden. These riser vanes can be clearly seen 

FIGURe 10.4 Inside bottom view of a 4-cm contactor rotor.

FIGURe 10.3 Inside view of a 2-cm contactor rotor with the bottom removed.

59696.indb   568 7/14/09   9:37:23 PM



Design Principles and Applications of Centrifugal Contactors 569

in Figure 10.4. The inside of the rotor bottom can also be seen because it was not 
attached to the rotor for this photograph. The large diameter of the rotor shaft gives 
the rotor the stiffness it needs to operate at 3600 rpm. One of the four exit ducts (a 
circular hole) for the flow over the LW is visible in the upper region on the outer 
surface of the rotor body. There are no exit ducts for the overflow of the upper weir, 
which is at the pressure of the air inside the rotor housing.

Different views of the contactor housing are shown in Figures 10.7 through 10.9. 
In the inside of the 12-cm contactor housing shown in Figure 10.7, one can see the 
eight vanes at the bottom of the housing, the openings to the lower and upper col-
lector rings, the circular ledge above the upper collector ring where the splash plate 
will rest, and some of the bolt holes in the flange above the circular ledge that are 
used to attach the housing to the motor mount plate. In the top side view of the 25-cm 
contactor housing shown in Figure 10.8, one can see the tangential exit ports for both 
the upper and lower collector rings, as well as the opening into the lower collector 
ring. This photograph was taken during construction, before the lip to hold the splash 
plate and the flange had been welded to the housing of the motor mount plate. A side 
view of the same 25-cm contactor housing is shown in Figure 10.9, in which one can 
see the perpendicular inlet ports below the region of the collector rings, a bottom 
flange that allows different bottom designs to be tested, and three small holes into the 
lower side of the housing that allow experimental measurements of the mixing zone 
liquid level. These three small holes on the side and a bottom flange are not included 

FIGURe 10.5 Inside view of a 25-cm contactor rotor.
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FIGURe 10.8 Top side view of a 25-cm contactor housing.

FIGURe 10.6 Inside top view of a 4-cm contactor rotor.

FIGURe 10.7 Top view of a 12-cm contactor housing.
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in production contactors, which instead have the bottom of the contactor housing 
welded to the side of the housing.

A four-stage 4-cm contactor is shown in Figure 10.10. The organic-phase side of 
the contactor bank is operating at a flow rate of 615 mL/min. The aqueous phase on 
the other side of the contactor is flowing in a countercurrent direction at the same 
flow rate. Note how the flowing liquid in the interstage lines fills less than half of the 
cross section of the lines so that air can flow freely from stage to stage. The organic 
phase (30% TBP in nDD) is in full recycle so that the exiting liquid is immediately 
returned to the feed port by a pump that is not visible in the photo. The organic feed 
line to the contactor is full of liquid. Note that the contactor motors are not the face-
mounted type. The motor mount plate bends up 90° in the back so that the motor 
can be mounted on the side. As will be discussed in the next section, this side-mount 
design is not the recommended way to attach a motor.

In a typical contactor, throughput is limited by the volume of the separating 
zone in the following way. The maximum throughput for the contactor rotor 
occurs when the total contactor throughput is increased so that the dispersion 
band has the same volume as the separating zone, and the weir diameters are 
such that the dispersion band is contained within this region. For a given total 
throughput, the position of the dispersion band depends on the organic-to-aque-
ous (O/A) flow ratio as well as the weir radii. As a rotor must be operated over a 
wide range of O/A flow ratios during process startup, and sometimes during shut-
down as well, the nominal maximum throughput for the contactor is less than the 

FIGURe 10.9 Side view of a 25-cm contactor housing.
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maximum throughput. A method for determining how much less is discussed in 
Section 10.3. A good engineering design practice is to keep the nominal through-
put for a contactor to no more than 67% of the nominal maximum throughput. 
For most applications, phase separation is generally considered satisfactory if 
each effluent from a contactor stage contains <1% of the other phase entrained in 
it. This condition results in high stage efficiency. The maximum throughput for 
a given set of conditions (O/A flow ratio and set of weirs) is defined as when the 
other-phase carryover reaches 1%. As the total throughput decreases, the other-
phase carryover drops below 1%.

While <1% other-phase carryover is good for stage-to-stage operation, in gen-
eral, other-phase carryover should be much less at the exit ports. Typically, as the 
total throughput becomes significantly less than the maximum throughput, the other-
phase carryover drops to low values, on the order of 0.04%, that is, 400 ppm, or less. 
Recent tests in a 4-cm contactor showed an average solvent entrainment in the aque-
ous effluent of 120 ppm, with a maximum value of 240 ppm (Arafat et al., 2001). If 
this concentration of entrainment is still too high, up to 90% of it can be removed by 
coalescers (Pereira et al., 2002). Note that other-phase carryover will never be zero, 
as some of each phase will be dissolved in the other phase. The dissolved material 
cannot be removed by a coalescer or a centrifuge.

FIGURe 10.10 View of operating four-stage 4-cm contactor.
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10.3 DesIGn PRInCIPLes FoR CentRIFUGAL ContACtoRs

This section discusses the design and operation of a single stage (Figure 10.2), fol-
lowed by a multistage contactor (Figure 10.10). Other design and operational consid-
erations are also reviewed.

10.3.1 Single Stage

This subsection describes the design of a contactor stage and how that design affects 
contactor operation. It will be shown when to add or avoid a particular feature. The 
discussion follows the flow of the two immiscible liquids through a contactor stage: 
liquid entry, mixing, separation, and liquid exit. Finally, criteria for motor selection 
are reviewed.

10.3.1.1 Liquid entry
The two immiscible liquids enter the annular contactor from a point fairly high up 
in the mixing zone. This point is chosen to be high so that the entering liquids are 
above the liquid-liquid dispersion. However, the point cannot be so high that the 
entering liquids splash up and enter the lower collector ring, bypassing the contactor 
rotor. Typically, the entry points for the two phases are about 180° from each other 
around the rotor housing, because the aqueous interstage lines are on one side of the 
bank of contactor stages and the organic interstage lines are on the other side. This 
configuration is easy to fabricate and highlights the countercurrent flow of the two 
phases. However, the position of the entry ports around the wall of the contactor 
housing should make no difference to contactor operation. In fact, when contactors 
are used as centrifugal separators to separate oil from water, both phases must enter 
via the same entry port.

Besides the height of the two inlet ports and their position around the side 
of the contactor housing relative to each other, the orientation of each feed port 
relative to the inside surface of the rotor housing must also be considered. In 
early units, the inlet port was placed so that it was tangential to the inside wall of 
the rotor housing. However, in tests that compared tangential with perpendicular 
inlet ports, there was no difference in the operation. This result was attributed 
to the liquid level of the dispersion in the annular mixing zone being below that 
of the inlet ports. When the liquid level rises to the level of the inlet ports, the 
two orientations can make a difference. In fact, being even slightly off the per-
pendicular toward the tangential position improves performance (Leonard et al., 
2001a). With the inlet port in the perpendicular position, the spinning liquid in 
the annular mixing zone enters the port and creates a static head that backs up 
the incoming liquid into the inlet line. This liquid backup can, in some cases, 
limit contactor throughput. Thus, tangential inlet ports are recommended so that 
the stage will operate satisfactorily even if the liquid level in the mixing zone 
reaches the inlet ports. In this case, the spinning liquid assists in pulling the 
liquid out of the tangential inlet port.

The above discussion assumes that the liquid comes from the adjacent contactor 
stage. At certain stages, including both end stages, some of the entering liquid will 
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be external feeds. When the external feed is the only liquid of that phase entering a 
stage, the normal feed entry port can be used. If an interstage feed is used as well, 
either (1) the interstage line can have a side tube added where the external feed can 
be introduced, or (2) a third opening into the annular mixing zone can provide an 
entry port for an external feed. The first option has been the more popular. However, 
it requires a special interstage line and, therefore, is now being replaced by the sec-
ond option. A third opening into the annular mixing zone could be the highest of 
the three ports shown in Figure 10.9. It could also be the vertical port shown at the 
extreme right in Figure 10.11. Contactors do not normally come with a third opening 
into the annular mixing zone on the side of the contactor housing. If a third side port 
is desired, it should be specified when the contactor is ordered. It is recommended 
that this port be oriented tangentially rather than perpendicularly to the housing 
wall. The tangential orientation should be such that the spinning rotor will drag any 
entering liquid into the annular mixing zone. The third port to the annular mixing 
zone, shown in Figure 10.11, allowed the liquid in the mixing zone to overflow before 
it backed up into the motor bearings. If a third entry port is included on every stage, 
it can introduce an external feed at any stage. This port can be useful in day-to-day 
contactor operations.

FIGURe 10.11 End of a bank of 2-cm contactors.
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10.3.1.2 Mixing Zone
The gap for the annular mixing zone is balanced between being so narrow that 
the dispersion rises up and enters the lower collector ring, and so wide that mixing 
becomes poor and stage efficiency suffers. In a 2-cm contactor in which the annular 
gap was too wide, contactor operation exhibited a problem related to the absence of 
phase inversion (Leonard et al., 1980a). Once the mixing zone had the organic phase 
as the continuous phase, this condition remained even at low O/A flow ratios, such 
as 0.2 and 0.3, instead of the aqueous phase becoming the continuous phase. This 
condition gave the dispersion a high structural viscosity that inhibited its flow into 
the RI. Instead, the dispersion backed up into the annular mixing zone until it flowed 
out the less-dense-phase exit port. This problem was corrected by making the gap 
smaller (Leonard et al., 1997).

When contactors are developed for a new solvent-extraction process, typically a 
single-stage contactor is built first. Its annular gap is sometimes made too wide so 
that an insert can be added to reduce the gap. Various gap widths are then tested, and 
the one that gives the best operation is specified for the new contactor stages. This 
procedure allows one to maximize the performance of the mixing zone. Typically, 
an annular gap that is about 9% of the rotor diameter will balance these competing 
needs. As the annular gap is increased with other factors being held constant, the 
liquid height in the mixing zone decreases. As the annular gap is decreased, the 
shear rate increases. If shear rates are high enough, a stable or persistent emulsion 
could form. In general, liquid-liquid pairs chosen for solvent extraction are tested 
to check that the dispersions formed by the two immiscible liquids do not become 
stable emulsions.

The bottom of the mixing zone contains stationary vanes attached to the bot-
tom of the contactor housing. These vanes stop the rotation of the dispersion that 
is created in the annular gap and allows the dispersion to flow under the rotor. The 
opening into the rotor is located at the center of the bottom surface of the rotor. If 
the bottom vanes were not there, the dispersion would back up in the annular mixing 
zone and flow out via the lower collector ring. If this happened, a breaking dispersion 
would flow out the less-dense-phase exit port.

The height of the bottom vanes is not very important. Typically, it is 0.3 cm plus 
6% of the rotor diameter. The gap between the top of the bottom vanes and the bot-
tom of the rotor should be small: typically, 0.15 cm plus 2% of the rotor diameter. 
Larger gaps will give increased liquid height in the annular mixing zone. Usually, 
there are eight vanes under the rotor. Use of four vanes would increase the average 
liquid height in the annular mixing zone; however, the variation of liquid height with 
time (pulsing) would also increase.

In addition to the number of vanes, the vane height, and the gap between the 
vanes and the rotor, the vanes can be straight or curved. In almost every case, 
practice at ANL has used straight vanes that extend to the inner wall of the contac-
tor housing, as shown in Figure 10.7. One type of commercial annular centrifugal 
contactors, made by CINC Industries (Carson City, NV), has curved vanes that 
extend halfway into the annular mixing zone (Meikrantz et al., 1998b). Macaluso 
(2008), who designed these vanes, investigated the extension of eight curved vanes 
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into the annular region under the rotor, from vanes that stop at the outer edge of the 
rotor, to vanes that extend out to the inner wall of the rotor housing. A clear plastic 
sleeve was installed at the lower end of the contactor housing so that the flow pat-
terns in the annular mixing zone could be viewed in 12.5- and 25-cm contactors. 
The curved vanes were oriented so that they direct the liquid to the inlet opening 
at the bottom of the rotor. With straight vanes, some turbulence was noted on the 
back side of each vane. This turbulence created foaming and aeration of a mixture 
of water and No. 2 diesel fuel, which prevented steady feeding to the rotor. As rotor 
speed was increased, the liquid level in the mixing zone formed a wave around the 
annulus. The curved vanes were tested to reduce the turbulence and the wave and 
to provide a steady feed to the RI. When the curved vanes extended to the wall, 
they overfed the rotor. The length of the vanes was cut in increments of 0.32 cm 
and tested until the vanes were at the outer diameter of the rotor. At the end of 
the testing, the optimal length for the curved bottom vanes was halfway into the 
annular mixing zone. At this length, the correct amount of liquid was taken from 
the mixing zone, and the turbulence and the wave were eliminated. More experi-
mental work would be useful to determine the effect of (1) bottom-vane length on 
contactor operation with straight vanes, and (2) these two series of bottom-vane 
configurations on the stage efficiency. The lower turbulence of the curved vanes 
could reduce stage efficiency. However, less turbulence should give better oil-water 
separations.

When CINC licensed the contactor design from the U.S. Department of Energy, 
the main use of the contactor was to separate oil from water (Meikrantz, 1990). This 
is still an important application for CINC. When oil-water separations are the only 
objective, minimal mixing is desirable. To facilitate this, CINC provides a no-mix 
sleeve for the mixing zone. The sleeve keeps the two immiscible phases from con-
tacting the spinning rotor and, thus from being mixed further. The two-phase liquid 
could also be fed to the bottom of the contactor just below the RI. However, feeding 
liquid into the annular region smoothes out flow fluctuations and provides a more 
constant flow rate to the separating zone of the contactor. This smoothing of flow 
fluctuations is also a benefit for multistage solvent extraction where both mixing and 
separation occur.

Several factors that affect liquid height have already been mentioned. When 
these factors are held constant, liquid height is roughly proportional to total 
throughput and rotor speed, and inversely proportional to rotor diameter. When 
only total throughput is varied, liquid height increases with throughput only to 
a point, and then it flattens out (Leonard et al., 2002b). More experimental and 
theoretical work would be useful. Some initial work in this area has been done by 
Wardle et al. (2008), who modeled the flow in the mixing zone of a 5-cm contac-
tor by using computational fluid dynamics (CFD). The model calculations show 
the varying annular liquid height (ALH) and the air bubbles in the liquid that are 
observed experimentally. Wardle et al. found that 100 h of computer time was 
required for the CFD model to calculate 1 s of flow in the mixing zone. The photos 
in Figure 10.12 show the air entrained in the liquid phase and the variation of the 
liquid phase position with time. This 12-cm contactor was operated at 1800 rpm 
with only one phase, the solvent (30% TBP in nDD), flowing at 20 L/min. These 
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two photos show the difficulty in measuring the ALH. To take these photographs, 
the normal stainless-steel contactor housing was replaced in the mixing zone with 
a transparent acrylic housing.

Typically, rotor speed will decrease as rotor diameter increases, so that the rotor 
is always operated 20–30% below its first critical speed. The net result is that for 
contactors ranging in size from 2 to 25 cm, the dispersion height in the annular mix-
ing zone does not exceed the length (total height) of the mixing zone. The length of 
the mixing zone is fixed by the height of the vanes under the rotor, the gap between 
these vanes and the rotor, and most importantly, the length of the separating zone. 
The length of the separating zone will be discussed in Section 10.3.1.3.

The RI (the opening at the bottom of the rotor) should be small enough that any 
liquid entering will be pumped up to the LW as more liquid flows into the rotor. To 
determine the maximum radius for the RI that will meet this specification, rRI,Max,  
use the following equation for pressure between two points (  j and k) in a single liq-
uid inside a rotor, that is, for unrestricted liquid movement between two points in the 
same liquid in a rotational field:

 p p r r g H Hk j k j k j− = 





−( ) − −( )ρω ρ
2

2 2

2
 (10.1)

where p is the pressure in Pa, ρ is the liquid density in kg/m3, ω is the rotor speed 
in rad/s, g is the gravitational acceleration in m/s2, r is the radius from the center of 
the rotor to the specified point in m, and H  is the height of the specified point above 
a common reference plane in m. Equation 10.2 is obtained by applying Equation 10.1 
to the liquid at the RI as point j with radius rRI  and the liquid surface over the LW as 
point k with radius rLW and solving for rRI,max :

(a) Photo 1 (b) Photo 2

FIGURe 10.12 Variations in the mixing zone with time at constant operating conditions for 
a 12-cm annular centrifugal contactor.
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where L  is the height of the LW above the RI in m. Note that the pressure difference 
term is zero because the diverter disk has a hole in it. This condition allows the pres-
sure over the liquid in the separating zone to be the same at every point. If the radius 
of the RI is less than or equal to rRI,max, the rotor is considered to be fully pumping, 
as it can pump the liquid from the bottom of the rotor up to the LW. If the radius of 
the RI is greater than rRI,max , the rotor is said to be partially pumping. The liquid can 
only be pumped part way up the rotor. The height that the liquid can be pumped, 
Lp, is given by Equation 10.2 if rRI,max is replaced withrRI , L is replaced by Lp, and 
the equation solved for Lp. When a rotor is partially pumping, the liquid level in the 
annular mixing zone must rise by the height L − Lp so that liquid can flow through 
the rotor. Equation 10.2 shows that rRI,max  depends not only on the radius of the LW, 
but also on the gravitational acceleration, the length of the separating zone, and the 
rotor speed.

In Equation 10.2, the value for rLW should be the radius of the LW less the maxi-
mum liquid rise over the weir. The liquid rise over the weir can be estimated by the 
correlation given by Davis and Jennings (1961). The value for the rotor speed should 
be the lowest speed at which the rotor will be operated. Note that, if L in Equation 
10.2 is replaced by x, the distance below the LW of a point on the air–liquid interface 
inside the rotor, then rRI,max becomes the radius for this air-liquid interface at distance 
x below the LW.

The inlet radius for the contactor rotor should be chosen so that the rotor is always 
fully pumping. This condition ensures good contactor operation with no surprises, 
for example, dispersion backing up in the mixing zone and flowing out the less-
dense-phase exit port. This recommended design rule for the RI radius was ignored 
in one case. In this case, the flow in the interstage lines of the 2-cm contactor was 
low and, as a result, controlled by surface tension and gravity head rather than the 
liquid momentum (Leonard et al., 2001a). This behavior is typical for a small unit 
like the 2-cm contactor. The result is that the liquid in the interstage lines moves as 
slugs rather than a continuous flow of liquid. This behavior was especially true for 
the aqueous phase, which did not wet the interstage lines, as they were made of a 
fluorocarbon-type polymer. The volume of the liquid slugs was about the volume of 
the liquid in the mixing zone. In single-stage operation, the extraction efficiency of 
the annular mixing zone was 98% or slightly better at an O/A of 1.0, while in mul-
tistage operation, the erratic liquid flow into the mixing zone and its large volume 
relative to that of the mixing zone lowered the effective stage efficiency to about 
60% at O/A ratios away from 1.0, that is, near 0.2 and 3 (Leonard et al., 1999). By 
opening the RI, the volume of the liquid in the mixing zone was doubled so that 
the liquid slugs had less effect. In addition, a stainless-steel wire rope was inserted 
into the interstage line between contactor stages to reduce the volume of the liquid 
slugs. The metal fibers of the wire rope form a wick that sucked in the slug and 
elongated it. The slug volume entering the mixing zone was reduced by a factor of 
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30, from an average of 1.9 ± 0.4 mL to 0.06 mL at the entrance to the mixing zone. 
This reduced slug volume was probably more important in improving stage effi-
ciency than increasing the RI radius (Leonard, 2001a). In subsequent units where a 
stainless-steel wire rope could not be used, the fluorocarbon-type polymer for the 
interstage lines was replaced by stainless steel, which was wetted by both the aque-
ous and organic phases. For either the stainless-steel wire ropes or the stainless-
steel interstage lines, the stage efficiency for multistage operation was increased 
from 60% to 82–90%. For larger units with interstage flow rates above 100 mL/min, 
fluid momentum from the spinning rotor is retained by the liquid and helps it travel 
in the interstage lines in a steady stream, that is, without liquid slugs. This condition 
ensures that stage efficiencies for multistage operation will be higher, close to those 
for single-stage operation.

For the mixing-zone dimensions suggested above, stage efficiency should be 
94% ± 7% based on values for single-stage contactors ranging from 2 to 25 cm 
(Leonard et al., 1999). If the liquid flow between stages is smooth and the annular 
mixing zone has a reasonable volume of dispersion, the efficiency for multistage 
operation should be greater than 90%, typically greater than 95%. Based on the 
limited information available (4- and 25-cm contactors), however, this does seem 
to be the case (Leonard et al., 1999). As O/A flow ratios become very large (10) or 
very small (0.1) compared with 1.0, small flow fluctuations become important. At 
such O/A flow ratios in a small contactor, stage efficiency can drop to about 90% in 
single-stage operation. In a multistage 2-cm contactor, which is designed following 
the rules described above, the stage efficiency can drop below 90% but will remain 
above 80% over the required operating range (Leonard et al., 2001a). When the mul-
tistage 2-cm contactor is not well designed, the apparent stage efficiency can drop to 
60% (Leonard et al., 2001a).

In tests of a caustic-side solvent-extraction (CSSX) flowsheet, multistage 
25-cm contactors with curved vanes at the bottom of the mixing zone (CINC 
V-10 units) achieved an average stage efficiency of 86% ± 3% for the extrac-
tion section and 65% ± 11% for the strip section (Lentsch et al., 2008). When 
the curved vanes were replaced with straight vanes, the average stage efficiency 
for the extraction section was about the same, 88% ± 7%. However, for the strip 
 section, which had a lower flow rate, the average stage efficiency increased sig-
nificantly, to 82% ± 3%. In tests of the CSSX process in a 5-cm contactor (CINC 
V-2 unit), straight vanes seemed to yield higher stage efficiency than curved 
vanes (Birdwell et al., 2001).

A recent literature review by Vedantam and Joshi (2006) on the annular cen-
trifugal contactor, focused on the annular mixing zone. In particular, their paper 
discusses work on Taylor-vortex flow in the annular zone, where the Taylor vortices 
have a structured flow. However, as shown by Figure 10.12 and Wardle et al. (2008), 
for the highly turbulent flow that results in the mixing required for high stage effi-
ciencies in solvent extraction, the annular flow is highly turbulent with little struc-
ture. Also, a significant amount of air is entrained with the liquid phase. Thus, the 
review by Vedantam and Joshi (2006) is of limited use in designing annular centrifu-
gal contactors for solvent extraction.
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10.3.1.3 separating Zone and Contactor scale-up
The separating zone is the determining factor with regard to contactor throughput. 
As such, it is the key to scaling-up any contactor design. The importance of the 
separating zone has been verified at Argonne in contactor sizes ranging from 2 to 
25 cm. Because the volume of the separating zone is so important, contactor size is 
characterized by the diameter of the rotor. The maximum throughput for a contactor 
rotor can be calculated from the dimensionless dispersion number, NDi (also called 
the “Leonard number,” NLe), which is given by Leonard et al. (1981) as

 N
q
V

Z
rDi

Avg

= ∆
ω2

 (10.3)

where q is the volumetric flow rate in m3/s, V is the volume of the separating zone in 
m3, ∆Z is the thickness of the dispersion band in meters, and rAvg is the average radius 
for the dispersion band in meters. As stated above, ω is the rotor speed in rad/s. The 
dispersion band in the separating zone is assumed to be a hollow vertical cylinder, 
where ∆Z is the thickness of the cylinder wall. For a contactor rotor operating at 
maximum throughput, the outer wall of the dispersion band will be at the inner edge 
of the underflow and have the radius rU. The inner wall of the dispersion band will 
be at the physical radius of the LW, which is designated rLW*. When the dispersion 
completely fills the separating zone from rLW* to rU, the average radius for the disper-
sion band is given by Leonard et al. (1981) as
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and ∆Z becomes rU–rLW*. As can be seen in Leonard (1995), NDi is typically about 
8 × 10−4 for solvents that use linear or branched hydrocarbons, for example, normal 
dodecane or Isopar L, as the diluent. For solvents that use chloro- or fluorocarbons 
as the diluent, for example, CCl4, NDi is approximately 16 × 10−4. The dispersion 
number can be measured for any pair of immiscible liquids (aqueous and organic 
phase) in a batch test using a 100-mL graduated cylinder with a ground-glass stopper 
(Leonard, 1995). The measurement involves creating a dispersion by hand shaking 
the cylinder and noting the time required for the dispersion to break.

For a given contactor diameter, the maximum contactor throughput can be esti-
mated as follows. The volume of the separating zone (V) is a right cylinder with an 
outer radius of rU, an inner radius of rLW*, and a length of L. Note that L is a verti-
cal dimension. The maximum ratio for L relative to the inside diameter of the rotor 
(DR,i) is typically 2.2. If this ratio is increased above 2.2 for a given rotor diameter, 
L is increased, and the maximum throughput increases proportionally. However, the 
nominal maximum throughput, which will be described in the next paragraph, is 
increased by a much smaller amount. This effect has to do with the increased liquid 
rise over the weirs at the higher flow rates. In addition, the ratio of rLW*/rU should be a 
minimum of 0.46, as further decreases in rLW* relative to rU will not result in further 
increases in total throughput. The ratio of DU/DR,i, where DU is the diameter of the 
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inner edge of the underflow, is typically about 0.91. The ratio of DR,i/DR,o, where DR,o 
is the outside diameter of the rotor, is typically about 0.97. Then, if the rotor diameter, 
the rotor speed, and the dispersion number for the two immiscible phases are known, 
Equations 10.3 and 10.4 can be used to estimate the maximum contactor throughput.

The nominal maximum contactor throughput is always less than the maximum 
contactor throughput because, at startup and shutdown, the contactor must be able to 
operate at all O/A flow ratios, not only the O/A value required for steady-state opera-
tion. To illustrate this point, we will look at the operating curves for a typical contac-
tor over a wide range of flow ratios, typically, from 0.1 to 10. In this discussion, it is 
assumed that the aqueous (A) phase is the more-dense phase; the organic (O) phase 
is the less-dense phase; and the dispersion number, the rotor speed, and all rotor 
dimensions except the radius of the more-dense-phase (upper or aqueous-phase) weir 
are fixed. A typical operating curve is shown in Figure 10.13 for an O/A flow ratio 
of 1.0 with an aqueous density of 1000 g/L and an organic density of 855 g/L. If the 
more-dense-phase weir radius is too small, greater than 1% aqueous phase will be 
mixed with the organic-phase effluent (>1% A in O). If the more-dense-phase weir 
radius is too large, greater than 1% organic phase will be mixed with the aqueous-
phase effluent (>1% O in A). The optimum throughput occurs at some intermediate 
radius for the rotor at this O/A flow ratio. In Figure 10.13, this intermediate radius 
is about 34.3 in arbitrary units for a flow rate of about 23.3 in arbitrary units. The 
curve is determined by operating the contactor at various radii for the more-dense-
phase weir and increasing the flow rate while holding the O/A flow ratio constant. 
When either or both effluents have more than 1% of the other phase, the limit of the 
satisfactory operating region is reached.

Figure 10.14 shows the operating curve generated when this series of tests is 
repeated for O/A flow ratios of 0.1 and 10. Note that, for each O/A flow ratio, the 
maximum throughput is about 23.3 in arbitrary units. However, each O/A flow ratio 
requires a different more-dense-phase weir radius to achieve its maximum through-
put. As seen in Figure 10.14, the region of fully stable contactor operation for all 
three O/A ratios has a nominal maximum throughput of 17.5 in arbitrary units, which 
is 75% of the maximum throughput. Since good engineering design practice is that 
the nominal throughput be no more than 67% of the nominal maximum throughput, 
the nominal throughput for this contactor with these phase densities is 11.8 in arbi-
trary units. Note that the optimum radius for the more-dense-phase weir is slightly 
lower, 34.0 in arbitrary units compared to 34.3 for an O/A flow ratio of 1.0, to achieve 
the nominal maximum throughput.

The nominal maximum throughput is dependent on phase density. For the contac-
tor corresponding to the case shown in Figure 10.14, but with a less-dense organic 
phase, 810 g/L, the nominal maximum throughput increases to 20.8 in arbitrary 
units, that is, 89% of the maximum throughput (see Figure 10.15). Note that the 
more-dense-phase weir radius to yield the nominal maximum throughput increases 
to 35.3 in arbitrary units, which is at the edge of complete inoperability (>1% O in 
A) for the case shown in Figure 10.14. If the organic phase is denser, 900 g/L, then 
the nominal maximum throughput decreases to 13.0 in arbitrary units, that is, 56% 
of the maximum throughput (see Figure 10.16). Note that, for this case to achieve the 
nominal maximum throughput, the more-dense-phase weir radius must decrease to 
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32.5 in arbitrary units. If the optimum radius for an organic-phase density of 855 g/L 
(34.0 in arbitrary units) was used for this case, the contactor would be inoperable 
(>1% O in A) except at low O/A flow ratios and high flow rates. As the density of 
the organic phase approaches that for the aqueous phase, the operating curves for 
the different O/A flow ratios move further apart and, accordingly, the nominal maxi-
mum throughput decreases relative to the maximum throughput.

For the Argonne 2-cm contactor (Leonard et al., 1997), the rotor shaft diameter 
limited the minimum size for the upper weir. As a result, the minimum size for the 
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FIGURe 10.13 Typical shape of an operating curve for a centrifugal contactor with an 
aqueous-phase density of 1000 g/L, an organic-phase density of 855 g/L, and an O/A flow 
ratio of 1.0.
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FIGURe 10.14 Operating curves for the same centrifugal contactor with an aqueous-
phase density of 1000 g/L, an organic-phase density of 855 g/L, and O/A flow ratios of 
0.1 to 10.

59696.indb   582 7/14/09   9:37:38 PM



Design Principles and Applications of Centrifugal Contactors 583

LW also had to be larger so that rLW*/rU was considerably greater than 0.46. This 
condition decreased the volume per unit length in the separating zone, thus, allowing 
L/DR,i to be considerably greater than the value of 2.2 mentioned earlier. The final 
volume of the separating zone was about the same as would be attained if rLW*/rU 
was 0.46 and L/DR,i was 2.2.

Inside the separating zone of the typical contactor rotor are four vertical vanes 
that divide the rotor into four quadrants (see Figure 10.4). The vanes are formed by 
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FIGURe 10.16 Operating curves for the same centrifugal contactor with an aqueous-
phase density of 1000 g/L, an organic-phase density of 900 g/L, and O/A flow ratios of 
0.1 to 10.
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FIGURe 10.15 Operating curves for the same centrifugal contactor with an aqueous-
phase density of 1000 g/L, an organic-phase density of 810 g/L, and O/A flow ratios of 
0.1 to 10.
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two sheets of metal that extend from one side of the rotor to the other. They also 
extend the full length of the separating zone (see Figure 10.5) and force the enter-
ing liquid to immediately attain the full rotational speed of the rotor and stay at that 
speed. Thus, the dispersion experiences the full centrifugal force of the contactor for 
the entire time it is in the rotor. A small weep hole at the bottom outer edge of each 
vane allows the liquid surface in the various quadrants to be at the same radius for 
a given height. Near the bottom of the separating zone, a horizontal disk, called a 
“diverter disk,” is embedded in the vertical vanes. This disk extends into the middle 
of the separating zone, thus forcing all of the dispersion into a region of higher cen-
trifugal force. The center of the disk is open so that entrained air can move up to 
the LW and escape over that weir. This design prevents pressurization of the lower 
region of the rotor, which would reduce liquid flow into the rotor. The vertical vanes 
next to the LW can extend into the center of the rotor or can stop at the edge of the 
weir. While both designs work, each design gives a slightly different weir coefficient 
(Leonard et al., 1980b). For a given rotor design, one needs to specify this design 
parameter and then use it consistently so that all the rotors perform the same.

The route for the less-dense phase leaving the rotor is fairly simple. When the 
separated less-dense phase flows inward and up over the LW, the liquid is thrown out 
into a channel (like a rain gutter) and moves to one of four sets of exit channels, one 
in each quadrant of the rotor. Each set of channels consists of a series of holes or a 
single rectangular channel that allows the less-dense phase to be flung by the rotor 
into the lower collector ring.

The route for the more-dense phase is more complex. The separated more-dense 
phase flows outward and up into the underflow. Each of the four sets of underflow 
channels is either a series of drilled holes (see Figure 10.3) or a slot. Each quadrant of 
the rotor has one set of underflow channels between the four sets of exit channels for 
the less-dense phase. At the exit of each underflow channel is a riser that carries the 
more-dense-phase liquid inward up to the upper weir. This riser is created when the 
top plate is placed on the rotor, shown in Figure 10.6. In the SRL and ANL contac-
tors, the riser is narrow so that it will carry out fine particles that might be entrained 
in the more-dense phase. In the CINC contactor, the underflow channel is very short; 
thus, the riser to the upper weir is very wide, so that entrained particles have little 
possibility of being carried out in the more-dense phase. This design may not prove 
problemmatic. The particles could settle out and create a narrow riser channel to the 
upper weir, which then carries out any additional particles. When the more-dense 
phase reaches the upper weir, it flows up over the weir and is spun out. In some 
contactors, the rotor is open above the upper weir, and the liquid is thrown out into 
the upper collector ring, as shown in Figure 10.1. Other contactors have a cover over 
the upper weir. The liquid is thrown out into a channel (again, like a rain gutter) and 
moves to one of four sets of exit channels, one in each quadrant of the rotor. Each set 
of channels consists of a series of holes or a single rectangular channel (see upper 
rectangular openings in Figure 10.5), which allows the more-dense phase to be flung 
by the rotor into the upper collector ring.

Just as contactors typically have four vertical vanes in the separating zone, they 
also have four vertical vanes in the riser to the upper weir. Also, these vanes can stop 
at the edge of the upper weir or continue on to the center of the rotor. Typically, these 
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vanes go to the center of the rotor, as the radius of the upper weir may be changed for 
different solvent-extraction processes. This design is possible with the CINC rotors, 
as each upper weir is held in place by a cover plate above the upper weir. An o-ring 
seals the upper weir to the body of the rotor. After removal of the cover, the upper 
weir, and the o-ring, the upper weir can be replaced with another weir having a dif-
ferent inside diameter for the same process. Once the best diameter is found for the 
upper weir, its diameter does not have to be changed, and the weir can be welded in 
place. In the SRL contactors (Webster et al., 1969; Long, 1978), and in the first ANL 
contactors (Bernstein et al., 1973), an air-controlled weir was used for the upper 
weir. This design allowed the diameter of the upper weir to be effectively changed 
by changing the air pressure over the weir. Because of the mechanical complexity in 
maintaining the air pressure, however, the air-controlled weir is no longer used.

The underflow channel or channels in each quadrant should be either a single 
open channel or a series of holes next to the outer wall of the rotor. The underflow 
area should be as large as possible so that the effect on contactor performance is 
minimized. From ANL experience with contactors ranging from 2 to 25 cm in rotor 
diameter, the total underflow area for all four quadrants should be 5.8% of the out-
side diameter of the rotor squared.

As the diameter of the LW is fixed relative to the edge of the underflow as 
explained above, the diameter of the upper weir is chosen so that the dispersion band 
will be contained between the edge of the underflow and the edge of the LW. With 
no dispersion band, the radius of the interface in the separating zone (ri) can be cal-
culated by the following equation (Davis and Jennings, 1961):

 ( ) ( )r r r ri i
2 2− = −UW

2
MD LW

2
LDρ ρ  (10.5)

where ρMD is the density of the more-dense phase, ρLD is the density of the less-dense 
phase, rUW is the radius of the liquid surface over the upper weir, and rLW is the 
radius of the liquid surface over the LW. Note that the liquid rise over each weir can 
be calculated by using equations given by Davis and Jennings (1961) and Leonard 
et al. (1980b). In Equation 10.5, the densities of the two immiscible phases are very 
important. As a first approximation, the interface position should be chosen so that 
equal volumes for the dispersion band are between the interface radius and the inner 
edge of the underflow radius and between the interface radius and the edge of the 
LW radius. The radius of the more-dense-phase weir is then chosen to achieve the 
desired interface position in the rotor.

For a given process flowsheet and throughput, the two liquid densities at a given 
stage and the radius of the LW are fixed. Thus, once the interface position is also cho-
sen, the radius of the upper weir can be calculated from Equation 10.5. If most of the 
flow is over the upper weir, the liquid rise over this weir will push its radius toward 
that of the LW, and the interface position for the dispersion band in the separating 
zone will move toward the edge of the LW. Conversely, if most of the flow is over the 
LW, the liquid rise over this weir will push its radius in, away from that of the upper 
weir, and the interface position for the dispersion band in the separating zone will 
move out toward the inner edge of the underflow. As deduced from Equation 10.5 
and suggested by at in Figure 10.14, when the densities of the two phases are within 
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15% of each other, the value for the upper weir starts to be  sensitive to the interface 
position. As deduced from Equation 10.5 and suggested by in Figure 10.16, when the 
densities of the two phases are 10% from each other, the interface position is sensi-
tive to both the flow rate and the O/A flow ratios. For this reason, one should avoid 
flowsheets that have the densities of the two phases this close together. However, 
Figure 10.16 shows that centrifugal contactors can be used by reducing the nominal 
maximum throughput and making the more-dense-phase weir radius smaller. This is 
possible because the point where the lower curve of the operating envelope intersects 
the y-axis is independent of the differences in densities between the two immiscible 
phases.

10.3.1.4 Liquid exit
The liquid exit for each phase in a multistage operation catches the liquid being 
slung from the rotor and moves it on to the next stage or to an effluent tank. For 
single-stage operation, the exiting liquid always goes to an effluent tank. Each liquid 
phase exiting from the upper portion of the contactor rotor is caught by its own col-
lector ring so that the two phases are kept separate. The width of each collector ring 
is about 25% of the inside diameter of the contactor housing. Each liquid exits its 
collector ring through a tangential port that allows the liquid momentum imparted 
as the liquid leaves the rotor to move the liquid from the collector ring into the inter-
stage line. When the liquid flow is small, typically less than 100 mL/min, the liquid 
loses its momentum in the collector ring and flows out the collector ring by gravity. 
In this situation, surface-tension forces also become important and give rise to the 
liquid slugging mentioned above.

The wall where the liquid exiting the rotor first strikes the contactor housing 
should be set at an angle so that the liquid is directed downward, as evident in Figure 
10.1. In most ANL contactors, a splash plate appears above the upper weir. This 
plate catches any liquid that splashes upward and drips it back down onto the spin-
ning rotor so that the liquid can be spun out again. The splash plate, shown in Figure 
10.1, is trapped between the motor and the rotor and is removed with the motor/rotor 
assembly. The slinger ring on the rotor is also shown in Figure 10.1. The slinger ring 
is just above the lip of the upper collector ring. The gap between the slinger ring and 
the lip of the collector ring is kept small so that liquid cannot easily splash back and 
fall into the lower collector ring. If liquid puddles in the collector ring and starts to 
flow by gravity over the lip of the collector ring, the slinger ring will reverse most of 
this flow and result in significant momentum to the liquid it touches. This momen-
tum will send the liquid back out into the upper collector ring and help to move it 
to the tangential exit port. There is no slinger ring for the lower collector ring. Such 
a ring would trap the rotor in the housing, thereby making removal of the motor/
rotor assembly difficult. A lower slinger ring is not really needed because if a small 
amount of less-dense-phase liquid escapes to the mixing zone, it will be recycled 
back through the contactor rotor to the lower collector ring with no harm to the 
overall operation.

The cross-sectional area available for flow in the collector ring should match that 
for the exit port or interstage line. This condition allows a smooth transition, as the 
liquid leaves the collector ring with no hydraulic jumps that would cause the flow to 
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slow down. For this same reason, the interstage line should have a constant diameter. 
In the SRL and ANL designs, the interstage lines curve gently around to the next 
stage. In this way, liquid momentum is conserved and the liquid flows smoothly into 
the next stage. The interstage lines should be large enough that the flowing liquid 
fills no more than half of the cross-sectional area available for flow. The same rule 
should hold for the exit lines to an effluent tank. In both cases, the liquid flow is gov-
erned by liquid flow in an open channel with a free surface. By keeping the interstage 
lines open, the air pressure around the rotor will be the same in all stages. Lines 
for external feed into a contactor stage, since, typically, they are driven by a pump, 
can be much smaller. This condition prevents other-phase flow by gravity into these 
lines, at least during contactor operation.

So far, we have discussed the optimum contactor design. Some designs are less 
than optimal, either because of an operating error or the need to address some addi-
tional design constraint. The contactor still works, but the maximum achievable 
throughput will be less. One such case occurs when the direction of rotor rotation is 
reversed. Typically, this reversal is due to an installation or operating error. We have 
tested such operation at Argonne, and the contactor still worked, although the maxi-
mum throughput was reduced. In a hypothetical contactor design, a contactor hous-
ing could be machined out of a single steel block. In this design, the collector ring 
might not be a ring at all. Instead, it could a flat square trough that catches the liquid 
exiting from the rotor. There would have to be a circular opening in the center of the 
trough so that the contactor rotor could be inserted. For such a square collector, the 
interstage line might be a vertical hole drilled in the housing block in one corner of 
the trough. At the bottom of this vertical interstage passage, the line could make a 
sharp 90° turn into the next stage. While such a design has not been tested relative to 
a circular collector ring with a tangential exit port, its maximum throughput would 
most likely be less. However, because of its compactness, such a design might still be 
useful. In fact, it could eliminate the use of external interstage lines.

10.3.1.5 Motor
The motor above the contactor serves four functions by driving the rotor. First, it 
mixes the two immiscible liquids. Second, it creates the centrifugal force that rapidly 
separates the liquid-liquid dispersion. Third, it lifts the less-dense phase so that it can 
flow by gravity to the next stage or to an effluent tank. Finally, it lifts the more-dense 
phase so that it can also flow by gravity to the next stage or to an effluent tank. At 
the same time, all the bearings are kept out of the liquid so that they have a normal 
long life. All of the contactors built at SRL and ANL use the bearings in the motor 
as the bearings for the rotor. As long as a well-balanced motor/rotor assembly spins 
at less than 70–80% of its first critical speed, the contactor will not have excessive 
vibrations because of the spinning rotor. Leonard et al. (1993) developed a method 
for calculating the first critical speed of the motor/rotor assembly using an electronic 
spreadsheet. As noted in this reference, the first critical speed must be calculated and 
measured with the liquids in the contactor rotor.

The initial SRL and ANL contactors used motorized spindles to drive the con-
tactor rotors. These spindles have a large-diameter shaft that gives good stiffness 
to the motor/rotor assembly. The shaft is also hollow so that it can supply air to the 
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air-controlled weir. However, these spindles are expensive and have a long delivery 
time. More recent contactors were designed with the diameter of the upper weir set 
so that an air-controlled weir was not required (Leonard, 1983). These contactors can 
use inexpensive off-the-shelf motors. For contactors larger than 4 cm, motors already 
designed to operate in a corrosive environment are commercially available. For high 
radiation environments, the motors must have electrical insulation and bearing lubri-
cant that can stand up to radiation, which will increase the motor cost.

A key feature of all contactor designs used in high radiation environments is the 
ability to remove and replace the motor/rotor assembly easily by using remote main-
tenance tools. A typical design for a unit that is 4 cm or smaller has two nuts at the 
top of the motor/rotor assembly holding it in place (see Figure 10.17 and Leonard et 
al. (1997)). For larger units, additional nuts may be required. In all cases, the nuts 
are designed to be attached and removed remotely. An air-powered torque wrench is 
used to unscrew the nuts. A hook at the top of the motor/rotor assembly and tapered 
guide pins of unequal height allow the assembly to be removed and reinserted easily 
by using an overhead crane.

While some CINC units have a bearing at the bottom of the rotor, it is now being 
eliminated whenever possible. The bottom bearing is very expensive, hard to replace, 
and, if the contactor runs dry, cannot be lubricated and will thus, fail. In a production 
contactor, the bearing noise should be monitored so that bearing problems can be 
identified and corrected before the bearing fails.

In all CINC contactors and the latest ANL contactor (a 15-cm unit that has been 
designed but not yet built), the motor rotor and the contactor rotor are isolated from 
each other with respect to their vibrations. This separation is accomplished by means 

FIGURe 10.17 Eight-stage 4-cm centrifugal contactor with face-mounted motors.
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of a flexible coupling between the motor and the contactor rotor. In this design, the 
contactor rotor needs two sets of bearings on its shaft above the rotor body. The 
downside to this design is that it now has four sets of bearings that can fail instead of 
two. The upside is that the motor can be chosen to supply just the power needed. (For 
larger contactors where the motor bearings were also the rotor bearings, the motor 
was chosen for the large diameter of its motor shaft and thus had much more power 
than needed.) Because the flexible coupling isolates the vibrations of the motor and 
rotor, the critical speed for the contactor rotor can be calculated without having to 
consider the motor interactions. Also, as the motor is being operated at the condi-
tions it was designed for, it is below its first critical speed. As before, the design of 
the motor/rotor assembly must be such that it can be removed easily as one piece.

10.3.2 multiStage deSign and oPeration

After a single contactor stage has been designed and the unit has been built and suc-
cessfully tested with the desired process fluids at the required flow rates, a multistage 
unit can be designed and built. This section looks at the overall design and operation 
of the many stages usually required for a process flowsheet.

The earlier photos show several multistage centrifugal contactors. An operating 
four-stage 4-cm contactor is shown in Figure 10.10. In this contactor, the motors are 
side-mounted. The support frame is the L-shaped angle iron to which the motors are 
mounted. The end of a bank of 2-cm contactors is shown in Figure 10.11. Notice that 
these motors are face mounted.

Figure 10.17 shows an eight-stage 4-cm contactor. The motors are also face 
mounted, as discussed by Leonard (1988). There is only one leg between the two 
four-stage banks of contactors. In later units, one leg has been put at each end of 
each bank of contactors. This design makes it easier to handle individual banks of 
four contactor stages. A four-stage 10-cm contactor is shown in Figure 10.18. In this 
photograph, an overhead crane is lifting one of the motor/rotor assemblies out of the 
contactor housing.

10.3.2.1 Design
A solvent-extraction flowsheet is broken down into sections such as extraction, scrub, 
and strip. For each section, one or more component in a process fluid must be moved 
from one phase to the other phase with a specified degree of completeness. The first 
design problem is to determine the number of stages for each section to accomplish 
the required component transfer. With the well-defined stages of the centrifugal con-
tactor, the following extraction factor (E) can be used to estimate the number of 
stages required:

 E RD=  (10.6)

where D is the distribution ratio for a given component at a given stage (its con-
centration in the organic phase divided by its concentration in the aqueous phase 
at equilibrium), and R is the O/A flow ratio in that stage. When the extraction fac-
tor is greater than one, more of the component goes to the organic phase at that 
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stage. When the extraction factor is less than one, more of the component goes to 
the aqueous phase at that stage. The number of stages required in each section can 
be estimated from the design rules for solvent extraction given by Leonard (1999). 
As the extraction factor becomes greater than 2, the decontamination factor for the 
extraction section increases exponentially and approaches En. As the extraction fac-
tor becomes less than 0.5, the stripping factor for the strip section approaches E−n. 
This correlation shows the power of countercurrent solvent extraction to achieve very 
high concentrations or very good stripping in a relatively small number of stages if 
the extraction factor can be made appropriately high or low, respectively. While the 
distribution ratio is normally fixed, the O/A flow ratio can be adjusted to obtain an 
appropriate extraction factor for good separations. Of course, contactor users cannot 
control the flow ratios as much as they might like because the organic phase flows at 
the same rate from stage to stage and from section to section.

The design rules given by Leonard (1999) are based on many assumptions, such 
as the D value being constant in a section. In general, processes are more complex. 
As a result, the final calculation should be done in a more rigorous fashion through 
a stage-to-stage calculation, where the D value for each component in each stage 
is specified. In addition, the following should be specified: amount of other-phase 

FIGURe 10.18 Four-stage 10-cm centrifugal contactor with one stage being removed.
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carryover for each phase, the mass-transfer efficiency at each stage, the effect of 
the various component concentrations on the D value of each component (includ-
ing solvent loading), and the effect of taking a continuous stage sample at one or 
more stages. Such a calculation can be done with the Spreadsheet Algorithm for 
Stagewise Solvent Extraction (SASSE) developed by Leonard and Regalbuto (1994). 
The SASSE worksheet for the process as given in their article provides a simple yet 
powerful tool for analyzing the flowsheet. It can also help to clarify any estimates 
made by using the design rules.

Multistage contactors must be designed to withstand variations in the various 
feed parameters. This robustness can be accomplished in several ways: (1) determine 
the number of stages based on the mass-transfer efficiency of 80% at each stage, 
even though, with well-designed centrifugal contactors, it should be greater than 
95%, (2) calculate the number of stages required in a section based on 100% stage 
efficiency and then add 25% more stages, or (3) use the robustness factor (Bonnesen 
et al., 2000), which is defined as the SASSE-calculated decontamination factor for 
a section divided by the desired decontamination factor. In the example given by 
Bonnesen et al. (2000), the number of stages is increased while using the lowest 
expected stage efficiency (95%) and the highest expected other-phase carryover (1%). 
The correct number of stages is the one in which the robustness is greater than 3. 
This value is the minimum obtained when using SASSE to evaluate the flowsheet 
over the range of flow rates, temperatures, and D-value variations that are expected 
in a commercial plant facility. Depending on the process characteristics and the 
importance of always remaining at or above the desired decontamination factor, the 
design value for the robustness could be greater than or less than 3. It should always 
be greater than 1.

10.3.2.2 operation
For both single-stage and multistage operation, the more-dense phase must be in all 
contactor stages before the flow of the less-dense phase is started. Otherwise, the 
less-dense phase flows the wrong way, that is, out the more-dense-phase exit. As the 
extraction-section feed has the component or components to be extracted, often at a 
very high decontamination factor, the actual extraction-section feed should not be 
used during process startup. If this is done, flushing the component or components 
being extracted from stage 1, the stage where the solvent is being fed, will take a 
long time. To prevent this condition, and indeed to ensure that the aqueous efflu-
ent from the extraction section (the aqueous raffinate) is always at or lower than its 
desired concentration, a dummy feed should be used for the aqueous feed to the 
extraction section during contactor startup. The dummy feed should have many of 
the characteristics of the actual feed, especially the feed density, but it should not 
have the component or components to be extracted. For example, the aqueous feed 
to the extraction section could be the aqueous raffinate from a previous campaign in 
which the components to be extracted have already been removed. After the contac-
tor stages are filled with the more-dense phase, the less-dense phase feed should be 
started. When the less-dense phase has filled each contactor stage, then the dummy 
feed can be replaced by the actual feed. Note that the contactor rotors should be 
turned on before any liquid is fed to the contactor.
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After the contactor stages have been filled with the more-dense (aqueous) phase 
and the less-dense (organic) phase is started, the organic phase will displace some of 
the aqueous phase, thus, temporarily speeding up the flow of the aqueous phase. This 
condition can be a problem if the contactor stages are operating near their hydraulic 
capacity. In this case, the flow of the aqueous phase should be slowed or stopped 
until the organic phase has filled the unit. When the organic phase starts flowing out 
the organic exit port, the aqueous phase flow returns to the process flow rate.

Once the actual extraction-section aqueous feed is started, the process should be 
close to steady state after three residence times of the fluid have passed through the 
contactor stages. This action will typically take 15 to 30 min. If the above startup 
procedure is used, the decontamination factor for the extraction section will always 
be greater than the desired value, even during startup. Once steady-state operation is 
reached, the process is easy to control. The operator needs to check that the required 
feed flow rates are maintained, that the feed in each feed tank is appropriate, and that 
the rotors are spinning at the proper speed. Also, the feed tanks need to be monitored 
to avoid them running dry, and the effluent tanks need to be monitored for overflow. 
In plant operation, these tasks are usually automated.

In a normal contactor, the flow of the liquid between stages cannot be seen because 
the interstage lines are made of metal. However, in some 2-cm contactors, the metal-
lic interstage lines were replaced with Teflon-type tubing that is translucent. Flow 
in the interstage lines for the aqueous and organic phases in test CS25 (Leonard et 
al., 2001a) are shown in Figure 10.19. These four photographs show the wire ropes 
used to reduce slug flow in the interstage lines (discussed earlier). Figure 10.19a 
shows the aqueous liquid flowing from stage 5 to stage 4, where the interstage line 
is open as the liquid flows into stage 4. Figures 10.19b through d show the organic 
liquid flowing from stage 3 to stage 4 at various times. The organic liquid level and 
condition change with time in the interstage line going to stage 4, while the aqueous 
flow to this stage is stable and the aqueous interstage line remains open throughout 

(a) (b)

(c) (d)

FIGURe 10.19 Varying liquid levels in the interstage lines of a 2-cm contactor. (a) Aqueous 
side—open interstage line at stage 4. (b) Organic side—almost open interstage line at stage 4. 
(c) Organic side: half-filled interstage line at stage 4. (d) Organic side: foam-filled interstage 
line at stage 4.
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the test. In this contactor, the aqueous interstage lines enter the mixing zone slightly 
off the perpendicular and, as a result, work much better than the organic interstage 
lines that enter the mixing zone on the perpendicular. As long as the liquid does not 
back up into the stage from which it is exiting, overall contactor operation will not 
be affected. For the mixing zone liquid to interact with the entering liquid, the level 
of the liquid in the mixing zone needs to be up to the level of the liquid inlets. In 
spite of the interaction between the organic phase entering the mixing zone and the 
dispersion in the mixing zone, test CS25 was a success.

The contactor stages running a process flowsheet can be shut down either very 
quickly or normally. In normal shutdown, the actual aqueous feed to the extraction 
section is replaced by the dummy feed. Operation is continued until all the com-
ponents to be extracted are flushed from the unit to the desired level. At this point, 
if desired, the organic flow can be stopped. Then, any aqueous cleaning solutions 
required are introduced at the appropriate feed ports. These flows are continued 
until they have achieved their cleaning goals. Finally, an aqueous feed of dilute acid 
or base or water is introduced as rinse to the appropriate feed ports to clear the 
contactor of all cleaning solutions. If desired, some diluent can be flowed through 
the units to pick up any solvent. All this time, the rotors are kept turning at their 
regular speed. After the rotors are turned off, any cleaning or rinsing solution must 
be pumped very slowly through the contactor so that the liquid is not forced up into 
the bearings closest to the contactor rotor at any stage. When the contactor rotor is 
connected directly to the motor, these are the lower motor bearings. When the con-
tactor rotor vibrations are isolated from the motor by a flexible coupling, these are 
the lower rotor bearings.

In a quick shutdown, all the rotors and pumps are turned off at the same time. All 
the liquid is left in the stage where it was at shutdown. This procedure can be used 
to obtain a concentration profile of the various components from stage to stage at 
essentially steady-state operation. Thus, it is commonly used during tests of a new 
process flowsheet. It can also be used to handle an operating problem, for example, if 
a contactor motor fails. In this case, the motor/rotor assembly can be removed and a 
spare unit inserted. This operation can be done quickly, even in a fully remote facil-
ity, if the contactor is designed as discussed above. The process can then be restarted 
at essentially steady state. If a quick shutdown occurs because liquid has accumu-
lated in one or more stages so that they are full of liquid even when not running, the 
unit must be restarted carefully. The first stage that is turned on should be stage 1, 
which is the stage where the organic feed is entering and the aqueous raffinate is 
exiting. When this stage is cleared of excess liquid, stage 2 is started. This process is 
repeated for each stage until all stages are running normally. Then, the process feeds 
are restarted. This restart procedure keeps excess liquid from being pumped into the 
motor or contactor rotor bearings.

In an unpublished large-scale test under computer control, an annular contac-
tor was shut down by turning off the rotor motors and the feed pumps. During the 
shutdown, the computer did not turn off one of the feed pumps. This pump kept 
operating until the contactor was filled with liquid, which was detected by an opera-
tor. In this case, the above restart procedure (turning on one stage at a time starting 
with stage 1 was followed so that all the excess liquid could be removed from the 
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contactor stages without pumping some of the liquid into the contactor rotor bear-
ings. The procedure worked well.

10.3.3 otHer deSign ConSiderationS

This section concerns other design and operational matters for both single- and mul-
tistage contactors.

10.3.3.1 support Frame
A support frame is needed to hold the contactor stages in place and to keep the same 
distance from one stage to the next so that the interstage lines on each side are all the 
same. The support frame must be stiff enough that its first natural frequency is at least 
30% higher than the contactor rotor speed. If the contactor rotor speed approaches 
the first natural frequency of the support frame, then the support frame will develop 
vibration problems. For larger contactors, a typical support frame will hold four 
to six contactors. At ANL, 4- and 10-cm contactors have been built in banks with 
four stages each. In these banks, the stages were in a straight line (Leonard, 1988). 
The 25-cm SRL contactors were built with six stages in a bank. In these banks, the 
stages were in two rows of three stages each (Webster et al., 1969). For smaller 2-cm 
contactors, the early units were built in banks of eight with a single motor driving all 
eight in-line stages (Leonard et al., 1980a). Later 2-cm contactors were built in banks 
of four, with the stages in a straight line; see Leonard et al. (1997) as well as Figures 
10.11 and 10.17. In these units, each stage had its own motor. Four stages of contac-
tors are easier to handle in a glovebox or a shielded-cell facility than banks of eight 
stages. In the ANL units, the interstage lines are attached with commercial off-the-
shelf couplings that allow them to be removed easily. For the 25-cm SRL contactor, 
the interstage lines were welded in place. For a process that is still being developed 
and tested, detachable interstage lines are recommended. Once the process is fixed 
and if access to the equipment is difficult or impossible, as in a highly radioactive 
processing canyon, it is recommended that the interstage lines be welded in place. In 
a nonradioactive plant, normal tubing or pipe couplings would probably be used.

Box beams can be used in the support frame to make it as stiff as possible while 
minimizing the amount of steel required, as shown in Figure 10.11 and discussed 
by Leonard (1988). In early work, simple rules of thumb were used to estimate sup-
port-frame vibrations. Now, with computer-aided drawings, computer programs can 
make more-precise vibration calculations. Computer-aided drawing programs can 
also calculate the first natural frequency of the contactor rotor. This eliminates the 
need for the spreadsheet calculations given by Leonard et al. (1993). Basing the cal-
culations on the as-drawn contactor rotor should be faster and more accurate than the 
older spreadsheet method. The first natural frequency for the support frame should 
be 20% to 30% above the motor speed, as is the case for the motor/rotor assembly or 
the contactor rotor with contactor rotor bearings.

10.3.3.2 Purge Air
As shown by Leonard (1988), purge air can be used to protect motor (or rotor) bear-
ings from corrosive fumes in the contactor stage. This approach can work well as 
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long as the solvent-extraction liquids are not forced into the space above the contac-
tor rotor body. The purge air is required when motors are not designed for corrosive 
service, and the bearings are not made of stainless steel. When the motor or the 
contactor rotor bearings are designed to stand up to the fumes of the solvent-extrac-
tion liquids, no purge air is required. Eliminating the purge air simplifies contactor 
design as well as operation and maintenance. Thus, designers should work to elimi-
nate the need for purge air to protect the motor or rotor bearings. However, note that 
many radiation-resistant seals require such an air purge.

A multistage 4-cm contactor was built at ANL to be used with an aqueous phase 
that included 8 M HCl. As the motor shaft and bearings were carbon steel, an air 
purge was used at each stage to protect the motor shaft and bearings. The contactor 
housing and rotors were made of Hastelloy C276 because they cannot be protected 
by the purge air. The purge air provided good protection for the motors. The contac-
tor housings had to be replaced after four years of operation, as the acid destroyed 
the weld joints that held the inlet and exit tubes to the contactor housing. Based on 
the rate at which 8 M HCl attacks Hastelloy C276, about four years of operation was 
expected. A newer alloy, Hastelloy C22, should perform even better when contactors 
are required for use with HCl solutions.

10.3.3.3 bottom Drains
Many contactors include a drain at the bottom of the contactor housing (e.g., see 
Leonard et al., 1988). It is very useful for cleaning stages and for determining a 
stage-to-stage concentration profile when evaluating a process flowsheet. On the 
other hand, it provides a place for liquid to accumulate and can be very hard to use 
in a remote-handled facility. In addition, equipment is required to handle the liquid 
that is drained from the contactor stages. The 25-cm SRL contactors were built with-
out bottom drains for these reasons. When needed, the 18-stage SRL contactor unit 
was cleaned by flushing with water and other liquids. Such unit flushing techniques 
obviously worked well, as it was possible to keep the SRL contactor in operation for 
almost 40 years without liquid drains. Thus, the need for bottom liquid drains on a 
production unit requires careful consideration. In many cases, such drains may not 
be desirable. All of the units built at ANL include a bottom drain.

10.3.4 temPerature Control

In most processes using centrifugal contactors and other solvent-extraction equip-
ment, temperature is set by the temperature of the room or the hot cell. However, the 
recent development of a process to remove Cs from nuclear waste required that the 
extraction section be cooled while the strip section was heated (Leonard et al., 2003). 
In the testing of this flowsheet, heating and cooling bars were attached to the sides 
of the contactor housing. A fluid, whose temperature was controlled, was passed 
through these bars to control process temperature. In some cases, the external feed 
line was cooled. In other cases, the room temperature was varied. In still other cases, 
motor heat was used to help warm up the stages. At the crucial first stage of the strip 
section, a heat lamp was found to help the separation. As temperature-sensitive flow-
sheets are identified, for example, where a third phase could form as the temperature 
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drops, temperature control will become a more important issue. Further work in this 
area would be beneficial.

10.3.5 large ContaCtorS

Using the design rules stated above, 2- to 25-cm contactors have been built. A 25-cm 
contactor operating at a total flow rate of 100 L/min and an O/A flow ratio of 1.0 
is shown in Figure 10.20. In general, as contactor size is increased, the rotor speed 
is decreased so that the maximum rotor speed is 20 to 30% below its first criti-
cal speed. The operating speed is dropped from 3600 rpm at rotor diameters of 4 
cm and smaller, to 1800 rpm at rotor diameters of 9 cm and larger. At high rotor 
speeds and large contactor diameters, the power in the mixing zone becomes more 
than is needed to achieve good stage efficiency. This excess power can heat up the 
process liquids and waste electrical energy. Intense mixing can also emulsify the 
solvent-extraction dispersion; however, the author has not seen such an emulsion at 
ANL. Finally, high speeds with large rotor diameters could also require a bearing at 
the rotor bottom. As discussed above, such bottom bearings are not recommended. 
Either the rotor shaft should be made stiffer so that the rotor has a higher first natural 
frequency or the rotor speed should be lowered.

FIGURe 10.20 Operating single-stage 25-cm contactor.
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In the future design of high-throughput contactors with rotor diameter greater 
than 25 cm, a smaller rotor diameter may be needed in the lower region of the sepa-
rating zone. The transition to this lower region could be either tapered or abrupt. 
For a given liquid throughput, the liquid height in the annular mixing zone would 
be higher. This added height would provide a buffer region that would smooth out 
flow fluctuations. This design change would also lower the power required to drive 
the rotor and, accordingly, lower the day-to-day costs for a full-scale operating plant. 
The rotor diameter in this lower region should be large enough that the liquid in the 
annular region is turbulent. In this way, good mixing with high stage efficiency is 
maintained.

10.3.6 emulSion formation

The organic and aqueous phases chosen for solvent extraction typically do not form 
emulsions. The tendency to form emulsions can be evaluated by measuring the dis-
persion number (Leonard, 1995). For the solvents tested, the lowest dispersion num-
bers were observed at the highest O/A flow ratios. The 0.25 M Na2CO3 aqueous phase 
gave lower dispersion numbers than 0.1 M HNO3. In addition, solvent degradation 
products can create an organic phase that will form emulsions. Because of the high 
centrifugal forces, the use of centrifugal contactors can sometimes eliminate the 
need for off-line processing of off-normal emulsified product batches (Meikrantz et 
al., 1998a). An emulsion was created during CSSX operation with the wrong equip-
ment configuration at a high O/A flow ratio (5) and a very low HNO3 concentra-
tion (0.001 M) for the aqueous phase (Fink et al., 2005). The emulsion remained 
stable for several weeks. Several methods were tried to break the emulsion. The best 
method was to pass the emulsion through the contactor at a very low flow rate so 
that the emulsion had a long residence time (20 min.) in the separating zone of the 
contactor rotor. In another test of the CSSX process, emulsion formation was found 
in the mixing zone but not in the separating zone of a 5-cm contactor (Birdwell et 
al., 2001). In a third test of the CSSX process, emulsion formation was related to 
the solvent composition (Birdwell et al., 2002). In this work, foam in the interstage 
line was also found to contain some emulsion. In a test of the TRUEX (transuranic 
extraction) flowsheet as a part of the overall uranium extraction (UREX) process, 
emulsion formation was observed while washing the solvent with 0.25 M Na2CO3 at 
an O/A of 4 (Law et al., 2006). When the emulsion was washed with 0.1 M HNO3, 
the emulsion was destroyed.

10.3.7 Control of miXing

In the first annular centrifugal contactor built at ANL, the outside wall of the rotor 
had vertical vanes, and the inside wall of the contactor housing had vertical baf-
fles. This design gave very good mixing, but was found to be more than needed 
for typical solvent extraction. Contactors with the vanes and baffles removed usu-
ally achieved good mass-transfer efficiency. Where molten metal and molten salt 
are the two immiscible phases, so that the density difference is very large and the 
interfacial tension is very high, vanes and baffles are required in the annular mixing 
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zone (Chow and Leonard, 1993). The special two-diameter rotor, discussed above for 
large contactors, can also control the mixing when the annular mixing is still more 
than is needed. In some cases, reduced mixing might prevent emulsion formation. In 
all cases, the reduced operating costs are a benefit.

Mixing can also be controlled by designing the inside of the contactor housing 
with two diameters. In the upper region of the housing, the diameter would be large 
so that mixing is low. In the lower region, the diameter would be smaller so that the 
annular gap is small and the mixing is high. In addition, with the smaller annular gap 
at the bottom, the ALH would be higher than with the larger annular gap throughout 
the mixing zone for the same throughput. Such a configuration should be easier to 
build than the two-diameter rotor design and would allow a separating zone with 
a constant cross-sectional area. If an insert is used to create the smaller bottom 
annular gap, various mixing-zone configurations could easily be tested by making a 
number of inserts. In fact, this approach is reasonable to use with all contactors, at 
least while a process is being developed.

10.3.8 aQueouS and organiC ProPertieS

When evaluating whether or not an aqueous and organic (solvent) pair is suitable for 
carrying out a solvent extraction, the most important characteristic is the distribu-
tion ratios of the components to be extracted and of those to be left in the fluid. Once 
the distribution ratios are found to be favorable, the immiscible liquid-liquid pair 
must be characterized to determine if the pair can be used in commercial solvent-
 extraction equipment. This characterization is best done by the batch dispersion-
number test (Leonard, 1995). This test can be performed easily and quickly with no 
special equipment. If the results are favorable, the densities of the two phases need 
to be considered. If the difference is less than 10%, plant operation could be difficult. 
As a rule of thumb, the density difference should be 15% or greater. The liquid vis-
cosity is important in that more power will be required to turn the rotor if the viscos-
ity is higher. The liquids also need to be able to flow easily from stage to stage.

10.3.9 zero-Point analySiS

When rotors are made, they should have the desired hydraulic performance. Also, 
contactor fabricators may want to compare the hydraulic performance of a set of 
rotors with one or more previous sets of rotors. To do this, the zero-point test has been 
devised (Leonard et al., 2002b). In this test, a rotor is operated in a single-stage unit 
or as a single stage in a multistage unit with a single liquid phase, usually water. The 
water is pumped to the unit at a fixed flow rate, and the output flow from the more-
dense-phase exit is measured. Then, the flow rate is increased, and the test repeated 
several times. At some point, the liquid will not only flow out of the more-dense-
phase exit, but also the less-dense-phase exit. The average of the highest flow rate 
with no flow out of the less-dense-phase exit and the lowest flow rate with flow out 
of the less-dense-phase exit is called the “zero-point flow rate,” or simply, “the zero 
point.” Beyond the zero point, the flow rate increase is continued, and the liquid flow 
out of both exit ports is measured. Then, one plots the total flow rate on the x-axis of a 
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chart and the flow rate out the less-dense-phase exit on the y-axis. The curve formed 
by the data above the zero-point flow rate is extrapolated to the x-axis to obtain a sec-
ond measure of the zero point. Use of this second measure is preferred, as it should 
avoid flow or volume surges in the rotor that could make the zero point appear to be 
lower than it really is. A typical zero-point result is shown in Leonard et al. (2002b).

The zero-point analysis characterizes the rotor hydraulics in two ways. First, the 
zero-point value gives the liquid flow rate over the more-dense-phase weir just as the 
liquid in the separating zone rises to the edge of the less-dense-phase weir. Second, 
the slope of the curve above the zero point measures the liquid rise over the more-
dense-phase weir relative to the liquid rise over the less-dense-phase weir. Thus, if 
all rotors in a set have about the same zero point and the same slope above the zero 
point, then they can all be expected to operate about the same in two-phase flow.

It is possible to estimate when the zero point will occur. The rise of the liquid 
surface over the more-dense-phase weir is calculated as the flow rate increases. This 
calculation is possible with the equations given by Davis and Jennings (1961). The 
zero point occurs when the radius of the liquid surface over the more-dense-phase 
weir matches the physical radius of the less-dense-phase weir. This calculated zero 
point is an approximation and needs to be corrected by use of Equation 10.1 for the 
air (gas) pressure on the liquid surface of both weirs and the height of the more-
dense-phase weir above the less-dense-phase weir. If the liquid flowing though the 
underflow has a significant pressure drop, that needs to be included as a correction 
to the zero-point calculation.

10.3.10 SiPHon formation

Estimation of the zero-point flow rate has identified a previously unexpected behav-
ior in centrifugal contactors. In work with 12.5- and 25-cm contactors, the CINC 
V-5 and V-10, the measured zero-point flow rate was found to be significantly above 
the calculated value, even when the various approximation errors were considered 
(Campbell et al., 2008). In both contactors, the upper weir had a cover over the weir 
with exit channels through which the more-dense-phase liquid had to flow to leave 
the rotor. When a weir is closed in this way, the air pressure over the weir can be 
calculated by using Equation 10.1, where the density is that of air and the height term 
can be neglected. A reasonable hypothesis is that, before the zero point is reached, 
the flow over the upper weir is so great that the exit channels are completely filled 
with liquid, causing a liquid siphon to form in the filled exit channels of the rotor 
that are downstream from the more-dense-phase weir. The siphon pressure can also 
be estimated by using Equation 10.1, where the density is now that of the more-
dense-phase liquid. The liquid siphon greatly increases the negative pressure over 
the more-dense-phase weir relative to atmospheric pressure, causing a large increase 
in the flow rate over the more-dense-phase weir and, so, the zero-point flow rate. To 
test this hypothesis, a hole or holes could be drilled in the cover plate over the upper 
weir. This hypothesis was not tested during this series of tests.

The expected zero point was found in one of the tests with these two CINC con-
tactors. However, as the slope above the zero point was being measured, the flow 
out the LW suddenly dropped to zero. If the total flow to the contactor was lowered 
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slightly, flow out the lower exit resumed; if it was increased, that flow stopped. At 
the point when the flow out the lower exit stopped, the flow out the upper exit had 
probably become so large that the upper exit channels were filled with liquid, and 
a siphon formed. In a second test done at the same time for a different more-dense-
phase weir configuration in the contactor, as the slope above the zero point was being 
measured, the flow out the LW dropped, but not to zero. As the total throughput was 
increased further, the flow out the LW started to increase from this lower value. This 
result suggests that only a weak siphon formed over the upper weir.

In recent tests on a 5-cm contactor, the CINC V-2 model, estimates of the upper 
weir diameter indicated an apparent weir diameter much larger than the actual one 
(Leonard et al., 2002). As this contactor has a covered upper weir, a siphon probably 
formed to cause the unexpected results. Note that a siphon could also be formed 
over the LW as it is always closed. To the author’s knowledge, this phenomenon has 
never been observed. For normal contactor operation, even with a closed upper weir, a 
siphon will probably not form, as it occurs only at very high flow rates. When a siphon 
is formed, the general contactor operation represented by Equation 10.5 no longer 
applies, since it is assumed that the pressure over the liquid surface on both weirs 
is the same. The formation of a siphon is an area where more research is needed. 
Some work has been started in this area. Experimental and modeling work by Wardle 
(2008) showed that a siphon can form above the upper weir on a 5-cm contactor when 
it is covered. Holes drilled in this cover reduced the effect of the siphon.

10.3.11 tHree liQuid PHaSeS

Under certain conditions, the two immiscible liquid phases used in a solvent- 
extraction flowsheet can become three liquid phases. This situation can occur when 
a high concentration of acid or a heavy metal has been extracted from the aqueous 
phase into the organic phase, exceeding the ability of the solvent to solubilize the 
organic-phase complexes formed. When the extractant is loaded with the heavy 
metal, the solvent phase can form two immiscible organic phases in which the 
diluent-rich solvent becomes a less-dense organic phase, while the extractant-rich 
solvent with the heavy metal becomes a more-dense organic phase. As long as the 
more-dense organic phase is less dense than the aqueous phase, the organic phase 
can be separated from the aqueous phase. In designing for this separation, one does 
not use the average density of the two organic phases. Instead, the separation should 
be between the more-dense organic phase and the aqueous phase. Quite often, the 
density of these two phases will be within 10% of each other. This condition makes 
separation difficult, as the region of satisfactory operation for different O/A flow 
ratios diverges, as shown in Figure 10.16. Consequently, solvent extraction should 
not be used when three liquid phases might form. Flowsheets are typically designed 
so that three liquid phases are never formed.

Leonard et al. (1983) operated an annular centrifugal contactor with three liquid 
phases forming in the mixing zone. With a weir designed to separate the more-dense 
organic phase from the aqueous phase, a good separation was achieved. However, 
problems occurred during startup and shutdown, where the contactor went through all 
the O/A flow ratios. Multistage operation made these problems worse. One test using 
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three liquid phases in a four-stage 2-cm contactor created a flow oscillator. This result 
reinforces the wisdom of designing solvent-extraction flowsheets so that three liquid 
phases do not form. The reader is referred to standard texts on solvent-extraction 
chemistry, for example, Peterson and Wymer (1963) and to Chapter 7 by Fabienne 
Testard in this volume, for more information on the formation of three liquid phases.

10.3.12 Cleaning

Sometimes, contactor cleaning is required because of a serious process upset or the 
need to run a different flowsheet. A contactor may be cleaned by flushing it with 
one or more cleaning and rinsing liquids. The choice of liquid or liquids is based 
on the organic and aqueous phases used in the flowsheet and the components to be 
removed. A second liquid may be needed to rinse out the first liquid and perhaps do 
some cleaning of its own. If needed, other liquids can be employed until cleaning and 
rinsing are complete. Usually, the last rinse liquid will be water.

If frequent cleaning is anticipated, the contactor design should eliminate all pos-
sible sources that would hold up liquid and prevent it from flowing to the contac-
tor drain. Parts should be welded or otherwise assembled to eliminate crevices. 
Interstage lines should be sloped so that all liquid flows out and into the stage. The 
inside bottom of the rotor should be sloped slightly to the center so that all liquid 
leaves the rotor. The inside bottom of the contactor housing should be sloped slightly 
between the bottom vanes so that the liquid there flows to the drain in the middle. If 
the contactor housing has no bottom drain, a special tube should be made to remove 
the remaining liquid at the bottom. The tube would be inserted into the housing from 
the top after the motor/rotor assembly is removed. A housing around the tube would 
allow it to be self-guiding to the bottom of the contactor housing at the center. Once 
in place, a pump or vacuum would be applied to the other end of the tube to draw out 
all the liquid at the bottom of the contactor housing.

If cleaning is being done to gather valid stage samples, the system that collects 
these samples at the end of the test should also be easy to clean and be thoroughly 
cleaned before the test. The test itself should not undo the cleaning effort. Stage tem-
peratures at the end of the test should be recorded. Then, the stage samples should 
be carefully collected, equilibrated at the stage temperature, and analyzed. Even 
when cleaning is not sufficient to collect valid stage samples, analysis of the stage 
samples can still provide clues to contactor operation. To validate the cleaning effort 
and the subsequent stage samples, the concentration of the effluent sample from a 
stage should be compared with that of the stage sample from the same stage. If they 
are within experimental error, then the cleaning efforts and stage sampling are con-
sidered valid. An example is given by Leonard et al. (2003) of a multistage solvent-
extraction test where contactor cleaning was good, but where acid contamination 
from the cleaning solution itself caused minor problems.

10.3.13 evaPorative loSSeS

The typical solvent has at least one component that is slightly volatile, usually the 
diluent. As the solvent is constantly recycled through the contactor stages, some of 
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the volatile component will evaporate so that the solvent composition changes over 
time. In most cases, the loss of the volatile component can be determined as a func-
tion of time by measuring the solvent density. The use of an air purge acts to carry 
off the volatile component, thereby speeding up its loss. The contactor rotors also 
pump air through the bank of contactors. The lower (less-dense-phase) weir in the 
contactor rotor is especially effective in pumping out air because it has a covered exit 
port and gets air from the annular mixing zone via the RI and the open space in the 
center of the separating zone. The air is pumped out of the lower exit of the contactor 
rotor and the contactor housing along with the less-dense-phase effluent.

With a highly volatile diluent, such as carbon tetrachloride, the solvent loss can 
be quite high (Leonard, 1988). Even with a diluent that is considered nonvolatile, 
but which does have a small vapor pressure, the diluent loss from the solvent can be 
important (Leonard et al., 2003). In both cases, the solvent was returned to its origi-
nal state by replacing the lost diluent. Measurements of diluent loss from solvent in 
a 33-stage 2-cm contactor ranged from 0.05 to 0.48 mL/min when the diluent was 
Isopar L (Leonard et al., 2002a). The lower loss rate is considered to be more typical 
for this particular system.

10.3.14 radiation

To minimize the impact of the radiation encountered when processing nuclear mate-
rials, motors and other equipment must be designed to have a reasonable service life 
for the radiation doses that will be encountered in the process plant. This protection 
is provided in two ways. First, any equipment that is affected by radiation must be 
made as radiation-resistant as possible. Second, the exposure of that equipment to 
radiation must be minimized.

The contactor parts that are affected by radiation consist of the electrical com-
ponents (e.g., insulation, capacitors, resistors, and transistors) and mechanical com-
ponents (e.g., parts made of plastic and the lubricant for the bearings in the motor/
rotor assembly and the pumps). Typically, an electrical motor is chosen that will 
have only insulation as an electrical component. This electrical insulation must have 
the best possible radiation resistance. For the bearings in electrical motors as well 
as any other bearings that are part of the motor/rotor assembly, special lubricating 
oils that are radiation resistant must be used. The kind of oil will depend on the 
expected radiation to the equipment over its operating lifetime. Finding radiation-
resistant greases, lubrication oils, and electrical insulation is a major design problem 
and should be addressed early in any contactor development work. Two references 
that the author has found helpful are by Stewart (1985) and Vandergriff (1990).

Most radiation-resistant equipment is protected by use of shielding, increasing the 
distance from the radiation source, and decreasing the exposure time to achieve an 
acceptable plant operating life. The choice of shielding will depend on the amount 
and type of radiation, as well as the weight and volume of the shielding that would 
be required. Increasing the distance from the radiation source works, as the effect 
of radiation falls off as the square of the distance from the source. Decreasing time 
works, as the radiation effects are proportional to the length of exposure. For this rea-
son, the Savannah River Site (SRS) switched from mixer-settlers to SRL centrifugal 
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contactors. When this switch was made, the solvent exposure during each processing 
cycle was only one-twentieth as long as before. As a result, the solvent lasted about 
20 times longer.

10.4 APPLICAtIons oF CentRIFUGAL ContACtoRs

Centrifugal contactors have found many applications. In the simplest and most widely 
used case, they are used to separate oil from water. Many of the CINC contactors are 
used for this separation. When only liquid-liquid separation (demixing) is important, 
the annular mixing zone becomes a hindrance rather than an advantage. For that rea-
son, CINC has designed a sleeve for the mixing zone so that the oil-water mixtures 
to be separated are not dispersed further. When applying centrifugal contactors to 
solvent-extraction flowsheets, both mixing and separating are required.

While solvent extraction is widely used in the petroleum, chemical, and phar-
maceutical industries, acceptance of centrifugal contactors has been slow. Potential 
buyers have to be convinced that centrifugal contactor can not only replace the 
existing solvent-extraction equipment, but also perform better. For most existing 
processes, no money, time, or personnel are available for making process improve-
ments that involve taking out existing equipment when that equipment is working 
satisfactorily.

Centrifugal contactors could find application in several non-nuclear areas, includ-
ing the making of lube oils for the petroleum industry. A bank of centrifugal-contactor 
units with well-defined stages would seem to be more versatile than the Podbielniak 
centrifugal contactor (Baker Perkins Inc., now B&P Process Equipment, Saginaw, 
MI) that is typically used now. In the pharmaceutical industry, as new antibiotics 
are identified, annular centrifugal contactors could be introduced as a part of the 
overall product development. In existing processes, the equipment used is part of the 
drug specification and approval procedure, which is a long and costly task. For this 
reason, equipment changes to existing product lines are unlikely. As the benefits of 
centrifugal contactors to new processes are demonstrated, these units should become 
more common.

As the focus of this book is on nuclear fuel reprocessing and nuclear-waste 
cleanup, we will focus on applications in these areas. This section will look at the 
reprocessing of nuclear fuel and the cleanup and segregation of nuclear waste with 
SRL and ANL contactors. Finally, other centrifugal contactors used for nuclear pro-
cessing in France, Japan, Russia, and China will be discussed.

10.4.1 reProCeSSing of SPent nuClear fuel

The centrifugal contactor was first used to reprocess spent nuclear fuel at the SRS in 
1966 (Webster et al., 1969). For almost 40 years, this 18-stage 25-cm SRL contactor 
was used for the extraction and scrub sections (the A-bank) of the PUREX (plutoni-
um-uranium extraction) process at the SRS. Contactor operation stopped when the 
facility in which they were housed was shut down in 2003. This 18-stage contactor 
replaced a 24-stage mixer-settler. Mixer-settlers continued to be used for the rest of 
the processing, as most of the radiation was removed in the A-bank. The ability to 
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use a multistage ANL centrifugal contactor to handle the A-bank of the PUREX 
process was demonstrated at Argonne with a 2-cm contactor (Leonard et al., 1980a). 
For these PUREX tests, only eight stages were available. They were first used to run 
the extraction and scrub sections of the PUREX flowsheet. Then, the eight stages 
were cleaned and used to run the strip section.

Recently, the UREX process has been demonstrated for recycling spent nuclear 
fuel (Regalbuto et al., 2004). In this process, the dissolved fuel is partitioned into 
various groups of constituents by means of several solvent-extraction flowsheets. 
This grouping allows the fissionable fuel elements to be recovered and reused while 
the fission products can be disposed of in the most economical way. Some separated 
fission products may go directly to low-level waste. Other separated groups (e.g., 
Cs-137, Sr-90) are stored until the elements decay. Then, they are disposed of at 
greatly reduced activity as low-level waste. The remaining fission products are dis-
posed of as high-level waste (HLW). Finally, actinides would go back to the reactor 
where they are either used as fuel or transmuted into fission products that are easier 
to dispose of when that fuel is recycled. One of the UREX processes, UREX+, con-
sists of five solvent-extraction flowsheets (Vandegrift et al. 2004). In this process the 
separated groups consist of (U), (Tc), (Cs and Sr), (Pu and Np), (Am and Cm), and the 
rare earth fission products. All of the UREX+ flowsheets were demonstrated twice, 
first with simulated dissolved spent nuclear fuel and then with actual spent nuclear 
fuel that had been dissolved in concentrated nitric acid. A second UREX process, 
UREX+2, consists of three solvent-extraction flowsheets and one ion-exchange pro-
cess (Pereira et al., 2005). In this process, the separated groups are the same as those 
of UREX+. All of the UREX+2 steps were demonstrated with spent nuclear fuel that 
had been dissolved in nitric acid. The 24-stage 2-cm contactor used to carry out 
these process flowsheets is shown in a hot cell at Argonne in Figure 10.21.

10.4.2 CleanuP and Segregation of nuClear waSte

Besides reprocessing nuclear fuel, the contactor can also be used to clean up and seg-
regate nuclear waste. Two plants are being built at the SRS to remove radioactive Cs 
from tank waste by running a solvent-extraction flowsheet designed to treat highly 
caustic waste (Caustic-Side Solvent Extraction or CSSX) in centrifugal contactors. 
One plant is small and allows for some hands-on maintenance. It was built quickly 
using an existing building and is being used to remove Cs from wastes that have 

FIGURe 10.21 24-stage 2-cm centrifugal contactor in hot cell.
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relatively low radioactivity. This plant, the Modular Caustic-Side Solvent Extraction 
Unit (MCU), has been running since May 2008 (Geeting, 2008). The other plant, 
which will be larger and take longer to build, will be able to remove Cs from tank 
wastes that are highly radioactive. Bonnesen et al. (2000) and Leonard et al. (2001b) 
describe some of the CSSX development work, formerly called the “Alkaline-Side 
CSEX process.” The CSSX flowsheet was verified experimentally at Argonne using 
a simulated waste feed (Leonard et al., 2003). In the final test, a 33-stage 2-cm ANL 
contactor was run continuously for four days. The test was repeated at the SRS using 
actual tank waste in its 2-cm ANL contactor (Campbell et al., 2001; Walker et al., 
2005). Based on the success of these tests, work was started on the two CSSX plants 
at the SRS: the MCU, which is running, and the larger plant the salt waste processing 
facility, which is being built.

Horwitz et al. (1985) proposed a process for cleanup and segregation of nuclear 
waste. In this process, called TRUEX, the aqueous waste from the extraction section 
of the PUREX process, the acidic aqueous raffinate, is processed to remove trace 
amounts of transuranic elements, mainly Am and Pu. The TRUEX process was first 
demonstrated at Argonne using a 10-stage batch countercurrent test (Vandegrift et 
al., 1984). Following the success of this test, a continuous countercurrent test of the 
TRUEX process was successfully run in a 14-stage 4-cm annular centrifugal con-
tactor (Leonard et al., 1985). Although proven at the laboratory scale, this process 
has not been demonstrated in plant-scale contactors. However, based on the results 
in smaller contactors, plant-scale operation of the TRUEX process should work well 
and is widely accepted in many countries as standard technology.

10.4.3 otHer Centrifugal ContaCtorS

While this chapter and this applications section has focused on ANL and CINC 
contactors, other centrifugal contactors have been used to process nuclear materials. 
Some of these contactors and the flowsheets tested using them are discussed here.

10.4.3.1 France
Since 1974, France has focused on using nuclear power as its primary source of 
electrical power. As of 2004, nuclear power accounted for 79% of the electricity 
generated in France. To support this industry, centrifugal contactors have been devel-
oped and used to process nuclear materials. An article in this area by workers at the 
French Atomic Energy Commission (Commissariat à l’Énergie Atomique or CEA) 
(Bergeonneau et al., 1979) describes a centrifugal contactor (referred to in this article 
as an ECP type) where the inner cylinder of the annular mixing zone is stationary 
and the outer cylinder rotates. In this unit, both the light and heavy phases enter at 
the top of the unit and flow down the stationary center core. This design seems to 
be the precursor to the Rousselet-Robatel (www.rousselet-robatel.com) multistage 
centrifugal contactor, which has two to ten contactor stages on a single vertical shaft 
(Hafez, 1983). This same reference also shows a monostage centrifugal contactor 
much like the SRL unit. Instead of a paddle mixer below the rotor, the Rousselet-
Robatel contactor has a turbine mixer. The mixing zone below the rotor includes a 
shroud attached to the rotor. The shroud looks like a smaller rotor with a smaller 

59696.indb   605 7/14/09   9:37:48 PM



606 Ion Exchange and Solvent Extraction: A Series of Advances

diameter and shorter length. If the feeds had been introduced on the outside of the 
shroud, the unit would have provided less intense annular mixing than that obtained 
when the outer wall of the main contactor rotor is used. In fact, the feed is introduced 
below the shroud, and a turbine mixer that extends down from the shroud provides 
the mixing. As this mixer can be replaced, various turbine-mixer designs can be used. 
This flexibility should allow for good control of the two-phase mixing required just 
before the dispersion enters the separating zone inside the contactor rotor. A paper 
by Rivalier et al. (2004) proposed that the shroud be used as an annular mixing zone 
with the shroud diameter being less than the rotor diameter. In this way, the two 
immiscible liquids are subjected to low mixing forces while maintaining good sepa-
ration through the high gravitational forces in the separating zone of the rotor.

The monostage centrifugal contactor shown on the Rousselet-Robatel web site 
(www.rousselet-robatel.com) has the upper weir for the light phase and the LW for 
the heavy phase. Rousselet-Robatel can build contactor rotors either way depending 
on the need. The contactor rotor is trapped in the contactor housing, both of which 
are made of stainless steel. However, the contactor motor can be removed easily if it 
needs to be replaced. The size of the Rousselet-Robatel contactors ranges from 4 to 
80 cm with nominal throughputs ranging from 50 to 80,000 L/h (0.83–1330 L/min). 
As the diameter of the contactor rotor increases, the rotor speed drops from 3600 
rpm to 870 rpm. Rousselet-Robatel also makes a line of Teflon-type (PVDF) contac-
tors with rotor diameters from 4 to 62 cm and nominal throughputs ranging from 50 
to 60,000 L/h (0.83–1000 L/min). Four stages of a 36-cm contactor made of PVDF 
by Rousselet-Robatel are shown in Figure 10.22.

Recently, Rousselet-Robatel added a line of centrifugal contactors with annular 
mixing zones. The laboratory monostage centrifugal contactors have diameters of 
1.2 and 2.5 cm. Their nominal throughputs are 2 and 10 L/h (0.033 and 0.167 L/
min), respectively. Figure 10.23 shows the 1.2-cm contactor being assembled using 
remote manipulators. Rivalier and Lanoe (2000) have described a 1.2-cm centrifugal 
contactor that can be used as a single-stage unit or be mounted in a rack to provide 
compact multistage operation. As each stage has its own block, different interstage 

FIGURe 10.22 Four-stage 36-cm centrifugal contactor made of PVDF by Rousselet-
Robatel. (Photograph was supplied by Rousselet-Robatel and is reprinted with permission.)
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blocks can be added to provide intermediate inlet and outlet ports. The individual 
blocks touch the adjacent blocks so that there is a seal between the blocks. This seal 
allows the interstage flows to go directly from one block to the next with no external 
interstage lines. The annular centrifugal contactor by Rousselet-Robatel is now also 
available with rotor diameters of 4 and 13 cm. A 19-cm annular centrifugal contactor 
is being developed.

The CEA has sponsored the ATALANTE conferences to provide an international 
forum for presentation and discussion of the advances for future fuel cycles and 
waste management that are needed for sustainable development of nuclear energy. 
Abstracts of the papers from the Avignon (2000) and Nimes (2004) conferences are 
available on the web at www-atalante2004.cea.fr. They demonstrate that centrifugal 
contactors are being used for flowsheets covering various nuclear processes.

10.4.3.2 Japan
As Japan has few natural resources, it has embraced the peaceful use of nuclear 
technology to provide a substantial portion of its electricity. Today, nuclear energy 
accounts for about 30% of its total electricity production with five operating reactors. 

FIGURe 10.23 1.2-cm Annular centrifugal contactor by Rousselet-Robatel being assem-
bled using remote manipulators. (Photograph was supplied by Rousselet-Robatel and is 
reprinted with permission.)
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Recent contactor work has focused on developing an 8.4-cm annular centrifugal con-
tactor operating at 3500 rpm to give a nominal throughput of 6.7 L/min (400 L/h) for 
a future reprocessing plant using PUREX (Washiya et al., 2000, 2005). The motor/
rotor is connected through magnetic couplings. Initial tests were done with two-
stage units. However, the contactors are available in blocks (two contactor stages side 
by side) of four and eight stages as well. In tests using a uranium-bearing feed, stage 
efficiency was 95–98% in the extraction section and 85–90% in the strip section. 
The ability to perform maintenance remotely is also being tested. Internal reflux of 
the aqueous phase at a stage is being considered to increase stage efficiency for the 
solvent wash step. The effect on contactor performance of a single dead stage was 
evaluated in a bank of 16 stages. Special lines have been added between stages so 
that a single dead stage will not shut down the whole process until the stage is fixed. 
Takeuchi et al. (2005) extended this work to evaluate the effect of process tempera-
tures from 28 to 55°C in the 12-stage strip section. A stainless-steel block contain-
ing four contactor stages is shown in Figure 10.24. Note how there are no external 

FIGURe 10.24 Four-stage 8.4-cm centrifugal contactor made by the Japan Atomic Energy 
Agency (JAEA). (Photograph is reprinted from Takeuchi, M., T. Washiya, H. Nakabayashi, 
et al. Engineering Test of Stripping Performance by Multi-Centrifugal Contactor System for 
Spent Nuclear Fuel Reprocessing. 13th International Conference on Nuclear Engineering, 
May 16–20, 2005, Beijing, China. With permission of ASME.)
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interstage lines, as the interstage lines are drilled into the block itself. In these tests, 
the stage efficiency in the strip section was higher, 97–98%. Okamura et al. (2007) 
tested ball bearings and magnetic bearings to determine which bearing was the most 
reliable. Both bearings did well. Further testing is planned to determine the best 
bearing based on cost and lifetime.

10.4.3.3 Russia
The centrifugal contactors developed in Russia follow the design of the SRL contac-
tor in that mixing of the two phases occurs under the rotor rather than in the annular 
region. Kuznetsov et al. (1996) report three contactor designs (defined here as ETs, 
ETsR, and ETsT), which have rotor diameters ranging from 3.3 to 40 cm, 2–16 cm, 
and 10–32 cm, respectively. The materials of construction can be stainless steel, tita-
nium, zirconium, or a fluorocarbon-type polymer. The ETs contactors have sloped 
internal trays inside the separating zone of the rotor that shorten the settling distance 
for the coalescing dispersion and, therefore decrease the time to break. Kuznetsov et 
al. (1996) report that this design increases throughput by 2 to 2.5 times while giving 
stage efficiencies of 95%.

The ETsR and ETsT contactors have no sloped internal trays inside the rotor. The 
ETsR contactors, which are designed for remote servicing, have rotors that are a ver-
tical right cylinder for the top 25–35% of the rotor length. Below the right cylinder, 
the outer walls of the rotor slope inward to form a cone that is truncated before it 
comes to a point. The paddle mixer is attached in the region where the conic section 
is truncated. It appears that the bottom of the conic section and the paddle mixer can 
be removed and exchanged for another paddle mixer design. The LW of the rotor 
appears to be a tube or tubes whose length from the wall of the rotor can be adjusted 
to control the position of the dispersion band in the separating zone. The ETsT con-
tactors are designed for continuous removal of solids with the heavy phase. The 
concentration of the solids can be up to 5 g/L. The rotor body is tapered in from the 
top to the bottom so that the solids settling out in the separating zone will be carried 
upward to the more-dense-phase exit. The exiting channels for the more-dense phase 
appear to be small so that the solids can be entrained easily in the exiting liquid. The 
ETsT contactor sketch shows that contactor rotor bearings are below the motor bear-
ings. Between the two sets of bearings is a disk that probably isolates the vibrations 
in the motor from the vibrations in the contactor rotor. A guide pin is used when 
the motor/rotor assembly is lowered into the contactor housing. Power requirements 
are given for each contactor model for all three designs. These Russian contactors 
appear to have been used in a wide range of solvent-extraction applications since 
they were developed in the early 1970s.

The 3.3-cm Russian contactors were used to test a cobalt-dicarbollide-based 
solvent-extraction process for separating Cs, Sr, and the actinides from dissolved 
HLW (Law et al., 2001, Herbst et al., 2002). These contactors were designed 
and fabricated in Moscow, Russia, by the Research and Development Institute of 
Construction Technology (NIKIMT). They are operated at 2700 rpm and have 
a nominal throughput of 417 mL/min (25 L/h). Figure 10.25 shows the 26-stage 
3.3-cm contactor bank used in these tests. A recent summary of this work is given 
by Romanovskiy et al. (2005).
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10.4.3.4 China
The centrifugal contactors developed in China follow the design of the ANL contac-
tor in that mixing of the two phases takes place in the annular region. In addition, a 
more-dense-phase weir with a fixed diameter is used in place of the air-controlled 
weir of older ANL contactors and the 25-cm SRL contactor (Xiangming et al., 1998). 
The Institute of Nuclear and new Energy Technology (INET) at Tsinghua University, 
Beijing, China, has fabricated annular centrifugal contactors of this design in sizes 
from 1.0 to 23 cm. They are made from various materials, including stainless steel, 
titanium, plastic, and glass-fiber reinforced plastic (GFRP). The 1.0-cm contactor, 
which has a stage volume of only 4 mL, has been very popular; over 200 stages 
have been made. It has been used in Germany (Karlsruhe Nuclear Research Center) 
and the UK (British Nuclear Fuel Ltd.) as well as in China. The motor bearings are 
separate from the contactor rotor bearings. There is a coupling between the motor 
and rotor. The motor/rotor assembly, which is held down only by a wing nut, can 
be removed easily as one piece. Duan et al. (2007) report that no screws or nuts are 
required to connect the motor/rotor assembly to the contactor housing. They further 
report that a computer located outside the hot cell controls rotor speed. The motor 
is covered with stainless steel to protect it from the corrosive acidic fumes. At the 
bottom of the mixing zone, stage liquid can be sampled automatically at the end of 
a flowsheet test. This feature is useful in hot cell operation. The 1.0-cm contactor 
is available as a one- or a four-stage block. For both the one- and four-stage blocks, 
additional stages can be added by pushing the blocks together. The interstage lines, 
which are in the block (there are no external interstage lines), are sealed between 

FIGURe 10.25 Twenty-six-stage 3.3-cm centrifugal contactor made of stainless steel by 
NIKIMT. (Photograph supplied by Jack Law and reprinted with the permission of Idaho 
National Laboratory (INL).)
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blocks using a Teflon o-ring for each interstage flow line. Fifty stages of the 1.0-cm 
contactor can be laid out in a space covering 24 × 65 cm in a hot cell (Xiangming, 
2008). A four-stage block of these 1.0-cm contactors is shown in Figure 10.26.

A 7.0-cm annular centrifugal contactor has been developed in China for use at the 
semi-industrial scale. Duan et al. (2005) have shown how stage efficiency varies with 
the rotor speed, the total flow rate, and the number of stages. They also developed 
operating curves where the maximum total throughput is plotted against the O/A flow 
ratio for different diameters of the more-dense-phase weir. These operating curves can 
be replotted as the diameter of the more-dense-phase weir against the maximum total 
throughput for various O/A flow ratios to give the operating curves shown in Figures 
10.13 through 10.16. The 7.0-cm contactor has a nominal throughput of 290 L/h (4.83 
L/min) if made of steel and 200 L/h (3.3 L/min) if made of GFRP (Zhou et al., 2006a). 
The GFRP contactor is useful when the aqueous phase contains H2SO4 or HCl. A sche-
matic of the GFRP contactor is shown in Figure 10.27. Note that the motor is not on top 
of the contactor. Instead, the motor is located at a distance from the contactor and trans-
mits its power to the contactor rotor via a belt drive. By changing the size of the pulley 
on the motor and the contactor rotor, one can vary the speed of the contactor rotor.

The INET annular centrifugal contactors are being used to partition high-level liq-
uid waste so that the back end of the nuclear fuel cycle can be simplified. In particu-
lar, the TRPO process has been developed at INET for this application (Song, 2000), 
where “TRPO” is the extractant in the process solvent. Also known as Cyanex 923, 
TRPO is a trialkyl phosphine oxide that is made commercially by Cytec Industries 
(formerly American Cyanamid). It has a high affinity for the actinides. Further 

FIGURe 10.26 Photograph of a four-stage 1-cm annular centrifugal contactor. (Photograph 
is reprinted from Xiangming, H., Chem. Eng. Comm. 195(10), 1127–1239, 2008. With per-
mission of Taylor & Francis Ltd., http://www.tandf.co.uk/journals.)
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details on the use of the 1.0- and 7.0-cm INET contactors used to develop the TRPO 
process are given by Duan et al. (2007).

The INET contactors have also been applied to non-nuclear processes, such as 
the removal of a specific rare metal (yttrium) from other rare metals (Zhou et al., 
2007), hydrocortisone from fermentation liquor (Zhou et al., 2006b), phenol from 
wastewater (Xu et al., 2006), and caffeine from coffee beans (Duan et al., 2006). As 
described by Zhou et al. (2007), the contactor rotor is driven by a motor that is not 
above the contactor. Instead, a belt connects the motor to the top of the rotor shaft. 
This design is possible because these materials are not radioactive, and hands-on 
maintenance is thus possible.
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was also reviewed by Cliff Conner, Parsons Corporation, Aiken, SC, and Mark 
Geeting, Washington Savannah River Company, Aiken, SC. It was edited by Argonne 
employee Joseph E. Harmon.
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11.1 IntRoDUCtIon

Despite the demonstrated effectiveness of solvent-extraction (SX) processes 
 employing conventional organic diluents in nuclear-fuel reprocessing and 
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 nuclear-waste treatment,1,2 recently there has been growing interest in the  possibilities 
afforded by less conventional alternatives. In large measure, this interest has been 
driven by the increasing appeal of processes exhibiting both high efficiency and selec-
tivity and minimal environmental impact, a combination of characteristics not readily 
obtained with traditional extraction systems, which are frequently characterized by 
the use of toxic, volatile, or flammable diluents. Nash3 and others4 have noted that any 
of several “unconventional” systems, in particular aqueous biphases,5 solid sorbents 
incorporating supported extractants,6 supercritical fluids (SCFs) (particularly super-
critical carbon dioxide, SC-CO2),7 or ionic liquids (ILs),8 may ultimately provide a 
viable alternative to traditional, aqueous-based actinide (An) and fission-product (FP) 
separations. At present, however, the need for high salt concentrations to generate a 
biphase, while acceptable in analytical applications, argues against the utility of aque-
ous two-phase systems for many large-scale separations.9 Similarly, despite attempts 
to improve the physical stability of solid-supported extractants,10–12 their suitability for 
process-scale applications remains questionable. In contrast, both supercritical carbon 
dioxide and ILs, certain drawbacks notwithstanding, appear to offer promise as the 
basis for new separation schemes for Ans and FPs. In this chapter, we provide an 
overview of progress in the application of these two classes of so-called “neoteric”13 
solvents to the development of such schemes. The objective here is not to provide 
an exhaustive review of all potentially relevant IL and SCF literature, but rather to 
highlight those studies that have the most direct bearing on the issue of the utility of 
these novel solvents for large-scale An and FP separations, such as are encountered in 
nuclear fuel reprocessing and waste management.

11.2 sUPeRCRItICAL FLUIDs (sCFs)

11.2.1 baCkground

The use of SCFs by far constitutes the more thoroughly explored “nontraditional” 
approach to An and FP separations, both in terms of the development of workable 
technology and an examination of the underlying chemistry. As is well known, the 
generation of a SCF is straightforward; one simply applies heat and pressure suf-
ficient to exceed the critical point of the substance of interest (e.g., H2O and CO2). 
Upon reaching the supercritical state, the substance exhibits physical properties 
intermediate between those of its gaseous and liquid states. For example, while 
the viscosity of the fluid is gas-like, its density and solvating power most closely 
resemble those of the liquid phase. This unique combination of properties, together 
with the ease with which they can be “tuned” by changing the temperature or pres-
sure applied, has led to considerable interest in the potential application of SCFs 
in chemical separations.14,15 Although any of a variety of compounds (e.g., NH3, 
NO2, H2S, CO, CO2, and H2O) can be employed as supercritical solvents, several 
practical considerations have made carbon dioxide the solvent of choice for a wide 
range of extractive separations. That is, unlike a number of other substances, CO2 
has a readily accessible critical temperature (31°C) and pressure (72.9 atm). In addi-
tion, it is readily available, inexpensive, nontoxic, nonflammable, and environmen-
tally benign. Moreover, solubilized materials can be quickly and easily recovered 
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from it by depressurization, permitting facile recycling of the CO2 and minimizing 
waste generation. Along with these many virtues, however, SC-CO2 exhibits one 
significant limitation. That is, although its solvent properties can be varied over a 
wide range (to mimic such solvents as pentane, toluene, carbon tetrachloride, and 
benzene), unmodified SC-CO2 is suitable only for the extraction of nonpolar (e.g., 
alkanes) and slightly polar species.16 Metal salts, because of both the charge neutral-
ization requirement and the weakness of solute–solvent interactions, are generally 
not soluble in SC-CO2.17 It has long been recognized, however, that solubilization 
of a metal ion can be effected by use of a complexing agent that is itself soluble in 
the SCF. Unfortunately, many common complexing agents have been found to be 
essentially insoluble in carbon dioxide.

11.2.2 fluorinated ligandS aS SuPerCritiCal fluid-Soluble ComPleXantS

In 1991, Laintz et al.18 reported that fluorination of diethyl dithiocarbamate (DDC), 
a widely used chelating agent for the extraction of trace metal ions, significantly 
enhances its solubility and that of its metal complexes in SC-CO2. For any of a 
number of metal-FDDC complexes, in fact, this solubility approaches 10–3 M under 
appropriate conditions (50°C and 100 atm), 2–3 orders of magnitude greater than 
that observed for the nonfluorinated analogs. In follow-up work,19 these same inves-
tigators demonstrated the feasibility of applying FDDC for metal ion extraction into 
SC-CO2, describing experimental approaches for the extraction of Cu2 +  from both 
an aqueous solution and a silica surface:

 Cu2 + 
aq  + 2LiFDDCSCF → CuFDDC2 SCF + 2Li +

aq (11.1)

The following year, this “in-situ chelation SCF extraction” approach was extended 
to the extraction of lanthanides (Lns) and Ans from various solid samples for pos-
sible application to nuclear-waste management and analysis.20 Because the LiFDDC 
complex employed previously for copper extraction is ineffective for the compl-
exation of f-block elements,21 a fluorinated ß-diketone, 2,2-dimethyl-6,6,7,7,8,8,8-
heptafluoro-3,5-octanedione (FOD), was used instead. Despite the relatively high 
solubility (>0.05 M) of La(FOD)3, and the analogous europium complex in SC-CO2, 
and the known volatility of Ln-FOD complexes, extraction of La3 + , Eu3 + , and Lu3 +  
from cellulose-based filter papers was found to be poor (<12%) unless the sample 
matrix was prewetted and the polarity of the SC-CO2 modified by the addition of 
methanol (5% v/v). Under these conditions, recoveries exceeding 90% were achieved 
in 10 minutes or less. The authors speculated that the addition of water leads to 
adduct formation with the Ln(FOD)3 complexes, weakening their apparently strong 
interaction with the cellulose matrix. Much the same results were obtained for uranyl 
ion, with quantitative recovery achievable only from a wetted paper using methanol-
modified CO2. Interestingly, the working pH range for effective extraction was found 
to be wider in SC-CO2 than in conventional solvents such as benzene.

In related work,20 these same authors evaluated a fluorinated crown ether carboxy-
lic acid, sym-difluorobenzo-16-crown-5 oxyacetic acid, for use in the SCF extraction 
of uranyl ion and lanthanides, again from a cellulose matrix. Although this compound 
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and its analogs had previously been shown to be effective extractants for these ions in 
conventional SX,22 only a small fraction of either the trivalent lanthanides or uranyl 
ion were extracted into SC-CO2, even after wetting of the matrix and the addition 
of methanol as a phase modifier. Thus, as was the case for lanthanide extraction by 
FOD, the behavior of the extractant in the SCF was found to be not entirely predict-
able based on observations made in conventional organic solvents.

Although these and related investigations (many of which have been the subject of 
prior reviews23–25) did demonstrate that SC-CO2 could serve as a solvent into which 
An and FP ions are efficiently extracted under appropriate conditions, the results 
obtained also suggested that only if a chelating agent were fluorinated would it and 
its metal complexes be sufficiently soluble to provide the basis of a workable extrac-
tion process. Fluorinated analogs of many useful extractants are either unavailable 
or not readily synthesized, however. Moreover, fluorinated compounds are generally 
expensive, an undesirable attribute for any extractant for which large-scale applica-
tion is envisioned.26 Thus, while promising, these initial results failed to demonstrate 
that SCF extraction (SFE) could represent a viable approach to An and FP separa-
tions on other than an analytical scale.

A partial solution to this problem was proposed by Wai et al.27 in a report con-
cerning the extraction of FP strontium into SC-CO2 by crown ethers. It is well known 
that strontium can be selectively extracted from acidic, nitrate-containing aqueous 
phases by 18-membered crown ethers with cavity diameters in the 2.6–2.8 Å range, 
such as dicyclohexano-18-crown-6 (DCH18C6), into various halogenated or oxygen-
ated aliphatic solvents.28,29 Unless the macrocycle employed is fluorinated, however, 
the analogous extraction process into SC-CO2 is inefficient because of the limited 
solubility of the metal complexes formed in CO2. Wai suggested that a less diffi-
cult approach to improving the extraction efficiency would be to pair a conventional 
extractant (e.g., DCH18C6) with fluorinated counterions, which would both facili-
tate formation of the requisite electrically neutral metal complex and render it more 
CO2 soluble. In fact, while direct extraction of Sr2 +  from water or nitric acid into 
SC-CO2 with an excess of DCH18C6 is poor (≤ 1% extraction), the addition of pen-
tadecafluoro-n-octanoic acid (PFOA) results in near-quantitative (ca. 98%) extrac-
tion under appropriate conditions (60°C; 100 atm pressure; 1:10:50 mole ratio of 
Sr2 + :DCH18C6:PFOA). As expected, the extraction efficiency falls off considerably 
as the aqueous acidity rises and the counterion becomes protonated. Unfortunately, 
extraction is not especially efficient under the conditions of high acidity typical of 
the extraction stages of a reprocessing scheme, but rather is most efficient under 
typical stripping conditions (i.e., at low acidity). Thus, while counterion fluorination 
can facilitate the extraction of strontium (and by analogy, that of other cations) by a 
neutral extractant into SC-CO2, the variation in extraction efficiency with aqueous 
acidity follows a trend opposite to that desired.

11.2.3  SiliCon-funCtionalized ligandS aS SuPerCritiCal 
fluid-Soluble ComPleXantS

Recent work by Dietz et al. has sought to identify approaches to increasing ligand 
“CO2-philicity” not plagued by the expense and limited scope of fluorination. 
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Building on prior studies demonstrating that certain silicone polymers exhibit not 
insignificant solubility in SC-CO2,30,31 these investigators have examined the effect 
of discrete, well-defined, silicon-containing functional groups on the solubility of 
alkylenediphosphonic acid derivatives.32–34 Although these compounds are well 
known as powerful and versatile An extractants,35–37 they are not especially soluble 
in SC-CO2.38 In initial experiments, a series of oligo(dimethylsiloxane)-substituted 
tetraalkyl gem-diphosphonates (Figure 11.1) were prepared and their compatibility 
with carbon dioxide evaluated under subcritical conditions. (Data from such experi-
ments, while obviously obtained at lower pressures than would be employed in SFE, 
are nonetheless indicative of the relative affinity of the various compounds for CO2.) 
These measurements showed that the presence of siloxane substituents enhances the 
affinity of gem-diphosphonates for CO2. Moreover, the enhancement was found to 
depend on the number of siloxane substituents (with increased substitution yield-
ing greater enhancement) and their structure. Attempts to extend this approach to 
the functionalization of diphosphonic acids, however, were only partly successful. 
That is, once prepared, the compounds were found to exhibit signs of decomposi-
tion upon standing, clearly an undesirable property for any prospective extractant. 
Nonetheless, an important point was made: that the concept of improving the affinity 
of a ligand for CO2 by incorporation of a simple (i.e., nonpolymeric) silicon-bearing 
substituent has merit.

In subsequent work, attention was directed to an alternative family of target 
molecules: di-[3-(trimethylsilyl)-1-propyl]-esterified alkylenediphosphonic acids 
(TMSP-esterified DPAs) (Figure 11.2). These compounds were chosen for con-
sideration for several reasons. First, commercially available materials could be 
employed for the esterification, reducing the expense of the final product. Also, 
the chemistry required for the synthesis, in contrast to that needed for the prepara-
tion of methylsiloxane-substituted compounds, is straightforward. Finally, separa-
tion of the trimethylsilyl functionality from the remainder of the molecule by a 
propyl group was expected to provide improved chemical stability. In fact, TMSP-
esterified DPAs were found to be sufficiently stable as to permit their use in con-
ventional SX systems comprising aqueous phases containing up to 8 M HNO3, as is 
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FIGURe 11.1 Representative oligo(dimethylsiloxane)-substituted tetraalkyl gem-diphos-
phonates (R1 and R2=methyl, ethyl, 2-ethylhexyl).
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the case for the analogous unsubstituted compounds. More importantly, as shown 
in Figure 11.3, which compares the results of dynamic transfer experiments for  
di-[3-trimethylsilyl)-1-propyl]-methylenediphosphonic acid (H2DTMSP[MDP]) 
with its 2-ethylhexyl (nonsilicon bearing) analog, H2DEH[MDP], the transfer 
(hence the solubility in SC-CO2) was found to be significantly greater for the silyl 
ester under the experimental conditions, even after correction (by application of 
molecular connectivity indices) for differences in the branching pattern of the two 
compounds. Overall, the silicon-functionalized material is roughly a factor of 10 
more soluble than would be anticipated based on branching alone. In fact, its mea-
sured solubility, 0.054 M at 60ºC and 200 atm pressure, is adequate for application 
in SC-CO2. Clearly then, discrete, monodisperse, silicon-based functional groups 
can markedly improve the compatibility of alkylenediphosphonic acids with CO2. 
Because this work is only in its early stages, however, it remains to be seen if silicon 
functionalization represents an inexpensive, “generic” alternative to fluorination for 
the enhancement of ligand/extractant solubility in SC-CO2.
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FIGURe 11.2 Representative di-[3-(trimethylsilyl)-1-propyl]-esterified alkylenediphospho-
nic acids (n=1–6).
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11.2.4  SuPerCritiCal Co2 Solubility of “Conventional” 
eXtraCtantS—reviSited

As already noted, examination of the behavior of a variety of conventional compl-
exants suggests that only modest solubility in SC-CO2 can be expected for typical 
nonfluorinated compounds. In 1993, however, Levy et al. reported that tri-n-butyl 
phosphate (TBP) can serve as a phase modifier in the SFE of polar organic analytes.33 
Because TBP (diluted in an appropriate diluent) is well known as an extractant for 
the removal of Ans (e.g., U and Pu) and certain FPs (e.g., lanthanides) from acidic 
aqueous media and because TBP had been shown to synergize the extraction of vari-
ous metal ions (e.g., Th4 +  and UO2

2 + ) from solid and liquid matrices by fluorinated 
ß-diketones into SC-CO2,40,41 it was quickly recognized that it should be possible to 
extract these same metal ions into TBP-modified SC-CO2.42 That is, in this instance, 
SC-CO2 would serve as a diluent, in analogy to a conventional organic solvent. To 
test this concept, the extraction of a series of lanthanides from various acidic, nitrate-
containing aqueous phases was examined.42 When initial experiments showed that 
none of the test elements could be extracted from 1 M HNO3 even with 30% v/v 
TBP-modified SC-CO2, an aqueous phase comprising a mixture of 6 M HNO3 and 
3 M LiNO3 was adopted, as these conditions represent those for which maximum 
extraction is observed in conventional systems. Under these optimized conditions, 
near-quantitative extraction could be achieved for certain of the lanthanides (e.g., 
Sm3 +) if thenoyltrifluoroacetone (TTA), a second extractant that serves as a syner-
gist, was added. The authors attributed the modest extraction efficiencies typically 
observed to the likelihood that the temperatures and pressures employed were inad-
equate to ensure that the system was in the supercritical state.

Later work by Lin et al. overcame this problem by bubbling SC-CO2 through 
a vessel containing TBP upstream of the extraction vessel.43 Using this approach, 
super-saturation of the fluid phase by the extractant was avoided and a supercritical 
phase containing ca. 11% (on a molar basis)44 of TBP was consistently obtained (at 
60ºC and 120 atm pressure). This TBP-saturated CO2 was then employed to extract 
uranyl and thorium ions from nitric acid solutions of various concentrations. The 
extraction of both ions increased with rising aqueous acidity, consistent with the 
extraction reactions observed in conventional systems (e.g., TBP-dodecane), such as 
that shown here for uranium:

 UO NO TBP UO (NO ) (TBP)2 aq aq org org
2

3 2 3 2 22 2+ −+ + →  (11.2)

Moreover, under a particular set of conditions, the extraction efficiencies for the 
SC-CO2 system were typically found to be very similar to the corresponding values 
in dodecane. The strong correlation between the SFE and conventional SX results 
for the two ions suggests that the solvation behavior of SC-CO2 is similar to that of 
dodecane for the TBP system. Substitution of a stronger Lewis base, such as triph-
enyl- (TPPO), tributyl- (TBPO), or trioctylphosphine oxide (TOPO) for TBP, gener-
ally yielded higher extraction efficiencies for both uranium and thorium. For both 
TBPO and TOPO, in fact, extraction was nearly quantitative over the entire range of 
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acidities examined (0.1–6.0 M HNO3). Synergistic systems comprising mixtures of 
either TBP or TPPO and TTA yielded similarly high values.

Subsequent work by some of these same investigators45 revealed that the uranyl 
nitrato-TBP complex, UO2(NO3)2·2TBP, is itself extraordinarily soluble in SC-CO2 
under certain conditions, thus providing a partial explanation for the relatively effi-
cient extraction of uranium by TBP observed. In particular, UV-visible spectroscopic 
measurements carried out over a range of temperatures (40ºC–60ºC) and pressures 
(100–300 atm) demonstrated that concentrations comparable to those encountered in 
the waste streams for the PUREX process (0.13–0.47 M in the organic phase) are read-
ily achievable. Not unexpectedly, the complex solubility was found to vary markedly 
with both temperature and pressure. Specifically, higher fluid densities were accompa-
nied by greater complex solubility, with the relationship between the two parameters 
(except at very high pressures) being well-described by the Chrastil model:46

 log S = k log D + C (11.3)

where S is the complex solubility (in g/L), D is the density of the SFC (in g/L), and 
k and C are constants related to the average number of solvent molecules associated 
with the metal complex and the enthalpy of solvation, respectively.

Since these reports, it has been shown that solubility in SC-CO2 is not only a char-
acteristic of TBP and a few trialkylphosphine oxides, but also of a variety of organo-
phosphorus reagents, most notably bis(2,4,4-trimethylpentyl)phosphinic acid and its 
dithio- and monothio- analogs, available commercially as Cyanex 272, Cyanex 301, 
and Cyanex 302, respectively.47 SFE studies of FP lanthanides from buffered (pH 3) 
aqueous phases employing these reagents have shown that all are effective for the 
extraction of the heavy lanthanide ions (Z ≥ 69), with the sulfur-containing reagents 
exhibiting higher selectivity for these ions compared with Cyanex 272, whose oxy-
gen donor atoms lend it (not unexpectedly) significant affinity for nearly all of the 
lanthanides.

Taken together, the results of these studies clearly demonstrate that efficient 
extraction of metal ions into SC-CO2 (in particular, An and FP ions) need not require 
functionalization (in particular, fluorination) of the ligand employed. Rather, cer-
tain inexpensive, “off-the-shelf” extractants unexpectedly provide adequate metal 
complex solubilization and satisfactory extraction efficiency. This strongly suggests 
that large-scale SFC-based schemes for An and FP separations might indeed be 
practical.

11.2.5  SuPerCritiCal fluid-baSed aPProaCHeS to 
nuClear fuel reProCeSSing

In fact, the first description of such a scheme, involving the application of SFE to 
spent nuclear fuel reprocessing, appeared shortly after publication of these results. 
Specifically, Smart et al.48 outlined two possible approaches to SC-CO2-based repro-
cessing. In the first, dubbed the “wet SF-PUREX process,” SC-CO2 merely serves as 
a replacement for the organic solvent (i.e., a normal paraffinic hydrocarbon) used in 
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the conventional PUREX process. Such an arrangement has several potential advan-
tages over its conventional analog, among them faster mass transport, higher rates of 
extraction, and tunable metal ion extraction efficiency.49 In addition, replacement by 
SC-CO2 of the normal paraffinic hydrocarbons typically used eliminates the need 
for disposal of degraded organic solvent, thus, reducing secondary waste generation. 
Obviously, however, since nitric acid is required to dissolve the spent fuel, this pro-
cess would still produce acidic, high-level aqueous waste. In the second approach, 
referred to as “dry SF-PUREX” (Figure 11.4), the need for an initial dissolution of 
the spent fuel in nitric acid would be eliminated by direct solubilization of uranium 
and plutonium from their respective oxides into SC-CO2. That such an approach 
may be feasible was suggested by the results of a series of earlier studies by Wai and 
coworkers. These investigators had shown that UO2(NO3)2(TBP)2 has an unexpect-
edly high solubility in SC-CO2 (ca. 0.42 M at 40°C and 200 atm).45 In a subsequent 
report, they showed that UO3 could be dissolved in SC-CO2 by employing a syner-
gistic combination of HTTA and TBP, forming UO2(TTA)2(TBP)2:50

 UO3 S + 2HLSCF + TBPSCF → UO2(L)2TBPSCF + H2O (11.4)

where HL is a fluorinated ß-diketone. Although this reaction was not found to 
be effective for the dissolution of UO2, other related work showed that nitric acid 
itself forms a highly soluble 1:1 complex with TBP in SC-CO2,51 a complex read-
ily prepared simply by mixing TBP with a concentrated nitric acid solution in the 
appropriate proportions.49 Subsequent investigation demonstrated that this com-
plex can oxidize UO2 to the hexavalent state, leading to formation of highly soluble 
UO2(NO3)2(TBP)2.52 Thus, a TBP-HNO3 complex can effect the direct dissolution of 
UO2 in supercritical carbon dioxide:

 3UO2 S + 8TBP ⋅ HNO3 SCF → 3UO2(NO3)2 (TBP)2 SCF 
 + 2TBPSCF + 2NO + 4H2OSCF (11.5)

SC-CO2

Spent fuel

UO2(NO3)2(TBP)2

TBP recovery

Fission
products

TBP-HNO3extractant

UO2

FIGURe 11.4 A “dry” process for the reprocessing of spent nuclear fuel using SC-CO2.
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Alkali, alkaline earth, and a number of transition metals are not extracted by this 
complex into SC-CO2.49 Similarly, experiments examining the behavior of various 
FP oxides (e.g., ZrO2, MoO3, RuO2, and CeO2) under the same conditions have led to 
the conclusion that with the exception of Nd, decontamination factors of 400 or more 
(vs. uranium) can be readily obtained for all common FP elements.53 The TBP-nitric 
acid adduct thus exhibits significant extraction selectivity for uranium.

One potential limitation of the “dry” process is that the rate of UO2 dissolution 
is slow.54 In an effort to remedy this, Wai et al. investigated the effect of ultrasonic 
irradiation on the kinetics of solubilization of UO2 by the TBP-HNO3 complex.55 
Prior work by this same author had established the utility of ultrasound in improv-
ing the rate of dissolution of UO3 in SC-CO2 containing a mixture of 4,4-trifluo-
ro-1-(2-thienyl)-1,3-butanedione (HTTA) and TBP.54 In the absence of ultrasound, 
only a small fraction (< 10%) of the UO3 initially present was found to dissolve, 
even when an hour of dynamic extraction (T = 60°C; P = 150 atm) was preceded by a 
static extraction step specifically designed to enhance the solubilization. The same 
sequence performed in the presence of ultrasound (i.e., by immersing the extrac-
tion vessel in an ultrasonic bath), however, yielded nearly 90% solubilization of the 
oxide, a result attributed by the authors to removal from the oxide surface of the 
UO2(TTA)2(TBP)2 complex formed, thereby allowing further reaction of the oxide 
with TTA to take place more efficiently. The rate of dissolution of UO2 powder by 
the TBP-HNO3 complex is similarly increased upon irradiation.55 That is, while ca. 
5% (the exact percentage varying with the precise form of the TBP-HNO3 complex 
employed) of the UO2 originally present (as a coating on glass beads) was extracted 
in the absence of ultrasound, recoveries of 77–90% were observed under the same 
conditions (20 minutes of dynamic extraction) upon application of ultrasound, repre-
senting an order of magnitude increase in dissolution efficiency. The dissolution data 
were found to be modeled by an equation of the form:

 E = 100 (1 − e −λt) (11.6)

where E is the recovery efficiency (in percent), λ is the recovery rate constant (in 
min–1), and t is the extraction time (in minutes). From a rate-constant value, the cor-
responding “dissolution half-life” can be calculated, and from this, an estimate of the 
time required for complete dissolution made (by assuming that this will require five 
half-lives). From the results obtained, it appears that complete dissolution requires 
30–60 minutes of contact time. Consideration of the possible steps involved in the 
dissolution process led the authors to conclude that the effect of ultrasound is likely 
the result of improved transport of the UO2(NO3)2(TBP)2 complex formed from the 
surface of the glass beads to the SC-CO2 arising from the increase in interfacial 
contact area caused by sonification.

Since publication of this work, Japanese researchers have undertaken an effort to 
demonstrate the feasibility of direct dissolution of UO2 from spent nuclear fuels by 
the TBP-HNO3 complex in SC-CO2.49 Ultimately, the project is directed at the extrac-
tion of both uranium and plutonium from mixed oxide fuels and from irradiated 
nuclear fuel. Ideally, soluble uranyl and plutonium nitrate complexes will form and 
dissolve in the CO2 phase, leaving the FPs as unwanted solids. As in the conventional 
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PUREX process, recovery of uranium and plutonium, in this case from the SC-CO2 
phase, would be accomplished simply by contact of the phase with water.

Although there is considerable evidence that these schemes will ultimately prove 
to be feasible, at this point, they remain largely conjectural. Of particular note in this 
context is the work of Samsonov et al.,56 in which the solubility of a variety of An 
oxides (UO2, UO3, U3O8, PuO2, NpO2, and ThO2), both alone and in mixtures, was 
determined in SC-CO2 (T = 65°C; P = 250 atm) containing the TBP-HNO3 complex. 
In all cases, uranium was found to be extracted quantitatively via the expected route: 
oxidation to the hexavalent state and formation of the highly soluble UO2(NO3)2(TBP)2 
complex in the SC-CO2 phase. In contrast, the extraction efficiencies of Pu, Np, and 
Th were found to be extremely poor (< 0.1%), both from individual oxides and mix-
tures with UO2. Curiously, no attempt was made to identify conditions suitable for the 
extraction of both uranium and plutonium (if indeed such conditions exist), an obvi-
ous first step in any proposed SCF-based replacement for the PUREX process. It is 
worth noting, too, that although the schemes described generally represent an oppor-
tunity for waste-stream reduction, none constitutes an entirely “green” approach to 
spent-fuel reprocessing. Even the proposed “dry SF-PUREX process,” for example, 
will result in the generation of a large volume of aqueous, nitric acid-containing strip 
solution for uranium recovery. Design of a more environmentally benign approach 
to spent-fuel reprocessing will require new methods for the recovery of uranium and 
the concomitant recycling of the TBP extractant. If, for example, UO2(NO3)2(TBP)2 
could be converted to UO2 in SC-CO2 and the TBP regenerated, the dry process 
would be rendered both more economically viable and environmentally acceptable. 
Reports indicating that metal ß-diketonates can be reduced to the metallic state in 
SC-CO2

57,58 (e.g., low-temperature reduction of copper hexafluoroacetylacetonate by 
hydrogen in the presence of a palladium catalyst) strongly suggests that the required 
conversion and extractant recycle might indeed be feasible.

11.3 IonIC LIQUIDs (ILs)

11.3.1 baCkground

ILs comprise a relatively new and in many respects, remarkable class of solvents. 
Although described as early as 1914,59 it is only since 1992, with the first report of 
air- and water-stable ILs,60 that the potential of these compounds in chemical sepa-
rations has come to be widely appreciated. Since this time, studies by a number of 
authors have detailed both the physicochemical properties and the tremendous range 
of potential applications of these materials.61–65 Given the enormous structural diver-
sity exhibited by ILs, it is difficult to provide a simple, yet all-encompassing definition 
of the term. Briefly, however, ILs typically comprise any of a wide range of bulky, 
(usually) asymmetric organic cations paired with any of a number of inorganic (e.g., 
halides, PF6

–) or organic (CF3SO3
–) anions.66 Stated another way, ILs can be thought of 

as low-melting, (usually) organic analogs of classical molten salts. The wholly ionic 
nature of these solvents imparts them with a number of unique properties vis-à-vis 
conventional molecular solvents, most notably a near-absence of vapor pressure, an 
ability to solubilize a wide variety of solutes, and (often) an extraordinary degree of 
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thermal stability, and it is properties such as these that have drawn the attention of 
those considering their use as solvents for An and FP separations. The appeal of ILs 
in this application is readily apparent. Their miniscule vapor pressure eliminates the 
possibility of the fugitive emissions that plague processes based on volatile organic 
solvents (VOCs). Similarly, the ability to solubilize a variety of solutes provides for 
flexibility in process design and the possibility of high solvent loadings, while the 
high thermal stability suggests that ILs might readily withstand the rigorous condi-
tions associated with reprocessing applications, thereby reducing the need for sol-
vent cleanup and thus, secondary waste generation.

Interestingly, it is the partitioning behavior of an important FP, radiostrontium, 
which was the subject of one of the first extraction studies performed with ILs. In 
1999, Dai et al.67 examined its partitioning behavior between water and a variety of 
dialkylimidazolium-based ILs containing the crown ether dicyclohexano-18-crown-6 
(DCH18C6), an extractant previously demonstrated to selectively complex stron-
tium ion.68 For most of the ILs studied, extraordinarily high values of the strontium 
distribution ratio (DSr, defined as [Sr]org/[Sr]aq) were observed, exceeding 104 in one 
instance, far larger than those observed for any conventional (i.e., molecular) organic 
solvent under the same conditions. Not only was strontium extraction found to be 
efficient, but also readily tunable. That is, by varying either the substituent on the 
imidazolium cation or the nature of the IL anion, significant changes in the magnitude 
of the DSr value observed could be effected. Thus, the tunable structure of the IL was 
found to translate into tunable performance as an extraction solvent. Shortly after 
this initial, highly encouraging report, Visser et al.69 extended the work of Dai67 to 
encompass three different crown ethers (18-crown-6, DCH18C6, and di-tert-butylcy-
clohexano-18-crown-6 (DtBuCH18C6)), three different 1-alkyl-3-methylimidazolium 
hexafluorophosphate ILs of systematically varying hydrophobicity ([Cnmim + ][PF6

–], 
with n = 4, 6, or 8), and a variety of aqueous phases containing either mineral acids 
or metal salts (e.g., Al(NO3)3). In many of the systems examined, the results obtained 
were precisely those anticipated based on the known extraction behavior of strontium 
with the same crown ethers dissolved in molecular organic solvents. For example, as 
expected, extraction was found to be more efficient for the di-tert-butylcyclohexano-
substituted crown ether than for DCH18C6. Similarly, under a given set of conditions, 
DSr was found to fall as the chain length of the 1-alkyl-3-methylimidazolium salt (n in 
Cnmim + ) increased, much as it does for a homologous series of conventional solvents 
(e.g., alcohols). In other instances, however, the results were entirely unanticipated. 
For example, the extraction selectivity for strontium over cesium was poor, despite 
known differences in the tendency of 18C6 and its derivatives to form complexes 
with the two ions.68 Along these same lines, for extraction from nitric acid solution 
by DtBuCH18C6 into [C4mim + ][PF6

–], the extraction efficiency for strontium was 
observed to decline to a minimum at ca. 1 M HNO3, then increase again, a behavior 
not observed in any conventional solvent, for which increasing DSr values normally 
accompany rising acid concentrations. The following year, Bartsch and coworkers70 
observed yet another peculiarity in the behavior of ILs as diluents for metal ion extrac-
tion. That is, unlike extraction into conventional organic solvents (e.g., 1-octanol), for 
which a change in aqueous-phase anion is typically found to yield a significant change 
in the efficiency of extraction of a variety of cations by crown ethers, a change in 
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anion was found to have no appreciable impact on alkali metal ion partitioning into 
[C8mim + ][PF6

–]. It is the subsequent investigation of these peculiarities that has led to 
important insights into metal ion partitioning into ILs and to an indication of their 
viability as “drop-in” replacements for conventional solvents (i.e., VOCs) in SX pro-
cesses for the recovery of Ans and FPs.

11.3.2  fundamental aSPeCtS of metal ion Partitioning  
into ioniC liQuidS

In 2001, for example, Dietz and Dzielawa71 carried out a systematic comparison of the 
extraction of strontium ion by DCH18C6 into several [Cnmim + ][Tf2N–] ILs (where 
Tf2N– = bis[(trifluoromethyl)sulfonyl]imide) with that seen for an analogous series of 
n-alcohols. Unexpectedly, extraction into the ILs was found to differ in several impor-
tant respects, among them the relationship of extraction efficiency to organic-phase 
water content, the effect of increasing aqueous-phase nitric acid concentration on the 
efficiency of strontium extraction, the influence of aqueous-phase anion (e.g., Cl– vs. 
NO3

–) on extraction efficiency, and the effect of extractant loading on the aqueous 
solubility of the organic phase. Of particular note among these was the difference in 
the shape of the nitric acid dependency of DSr, which declined with rising acidity for 
the ILs, while increasing for the alcohols over the same range. Taken together, these 
results clearly indicated that the process by which strontium is extracted into an IL 
cannot be the same as that observed in a conventional solvent, for which partitioning 
of a neutral strontium nitrato crown ether complex is observed:

 Sr NO DCH18C6 Sr(NO ) DCH18C6org 3 2
2

32+ −+ + ⋅   oorg  (11.7)

(Here the “org” subscript designates an organic phase species, while the absence 
of a subscript corresponds to a species present in the aqueous phase.) Rather, the data 
are consistent with an ion-exchange process by which a 1:1 strontium-crown ether 
complex is exchanged for the cationic constituent of the IL:

 Sr(DCH18C6)2+ + 2[Cnmim+] [Tf2N–]   
 [Sr(DCH18C6)2+] [Tf2N–]2 + 2Cnmim+ (11.8)

Subsequent work by the same authors,72 who employed EXAFS and ion chroma-
tography to determine the structure of the extracted species in a representative n-al-
cohol and IL, revealed that while a neutral complex bearing two axial nitrate anions 
is extracted into 1-octanol, a cationic 1:1 strontium-DCH18C6 complex in which the 
axial positions are occupied by water molecules is the predominant partitioning spe-
cies in [C5mim +][Tf2N–]. Therefore, it is apparent that the difference in the mode of 
strontium ion partitioning in the two systems has as its origin the differing nature of 
the extracted species in the two solvents, with the ionic medium favoring the parti-
tioning of a charged species.

Follow-up work by a number of other authors concerning the extraction of various 
Ans and FPs by crown ethers, calixarenes,73,74 aza-crown ethers,75 and organophosphorus 
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reagents76 has, almost without exception, found that the use of a neutral extractant in 
combination with a dialkylimidazolium IL leads to cation exchange as the predomi-
nant mode of metal ion distribution. In addition, in those instances in which informa-
tion has been obtained regarding the extracted species, its form in the IL has been 
found to differ from that seen in the conventional organic solvent. The extraction of 
uranyl ion from acidic nitrate media into a “TRUEX-like” diluent comprising CMPO 
in a TBP-modified IL (i.e., [C4mim +][PF6

–] or [C8mim +][Tf2N–]), for example, has been 
shown to involve partitioning of the cationic complex UO2(NO3)(CMPO) + ,76 while a 
neutral UO2(NO3)2(CMPO)2 complex is extracted into conventional, dodecane-based 
TRUEX solvent.76 It has been noted that the solvation of ionic species should be more 
favorable in an IL than in a conventional diluent.67 Thus, it is not surprising that cat-
ionic complexes are often found to predominate in IL systems.

It can be argued that the apparent prevalence in the ILs of extracted complexes not 
observed in ordinary solvents opens up the possibility of novel, potentially more effi-
cient and selective extraction processes. Although in principle this is true, in actual 
practice, the partitioning of charged complexes leads to several problems that com-
plicate the design of workable extraction systems. First, the ion-exchange processes 
that are responsible for metal ion partitioning into an IL in these systems inevitably 
lead to contamination of the aqueous phase with one of the constituents of the IL, a 
problem both from the perspective of process economics and “greenness.” In addi-
tion, the nature of the dependency of DM upon nitric acid (i.e., nitrate) concentration 
in these systems is such as to favor extraction at low acidity, the conditions ordinar-
ily employed for the stripping of extracted metal ions from a loaded process solvent. 
This can make necessary the use of complexing agents for the recovery of extracted 
metal ions (e.g., EDTA or citric acid, which have been used by Nakashima et al.77 to 
remove extracted lanthanides from CMPO in [C4mim + ][PF6

–]) or even render strip-
ping difficult or impractical. Finally, it has recently been reported that in certain 
systems, the extraction of both neutral and charged complexes can occur, their rela-
tive importance determined by process conditions.78 The result in this case can be a 
rather complex dependency of DM on aqueous-phase composition. In the extraction 
of uranyl ion into [C5mim + ][Tf2N–] by TBP, for example, rising nitric acid concentra-
tion is initially accompanied by falling DU values until ca. 1 M HNO3 is reached. At 
higher acidities, DU increases with increasing aqueous acidity. The result is (interest-
ingly) a U-shaped (i.e., parabolic) acid dependency for which uranium extraction is 
equally efficient at both high and low acidities and stripping is possible only over a 
narrow range of nitric acid concentrations.79 Clearly, the design of a workable ura-
nium extraction process employing such a system would not be straightforward. (It 
is interesting to note that such a complex dependency is not observed for TBP in the 
analogous PF6

– IL.80 The use of hexafluorophosphate-based ILs, however, is widely 
regarded as impractical, given the tendency of the anion to degrade to form hydro-
fluoric acid.81)

11.3.3 overComing tHe limitationS of ilS aS eXtraCtion SolventS

It is apparent that the problems associated with the direct substitution of ILs for 
conventional organic diluents in extraction processes involving neutral extractants 
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are not insignificant. There exists, however, considerable incentive to overcome 
them. That is, aside from the general characteristics of ILs that make them seem-
ingly well-suited to application as extraction solvents (noted above), ILs exhibit sev-
eral additional properties that make them good candidates for use in An and FP 
separations. For example, initial investigations by several authors have shown that 
1,3-dialkylimidazolium salts are comparatively radiation resistant, and thus experi-
ence little degradation even after exposure to high doses of α, β, and γ radiation.82,83 
Seddon and coworkers,82 for example, have reported that less than 1% of the chlo-
ride and nitrate forms of these ILs decomposed after being subjected to a 400 kGy 
radiation dose. Such results indicate that the stability of these ILs is comparable to 
that of an aromatic molecule such as benzene, a not unexpected observation given 
the presence of an aromatic imidazolium ring in the IL. Most notable is that this 
stability far exceeds that of, for example, the TBP/kerosene mixtures that constitute 
the basis of the PUREX process. In addition, ILs are (in certain important respects) 
safer solvents for the processing of nuclear materials than are conventional solvents, 
including water. Their extraordinarily low vapor pressure (and resultant nonvola-
tility) has already been noted. Many ILs are also nonflammable and combustion 
resistant. Finally, the likelihood of a criticality accident in an IL is less than in an 
aqueous solution, a result of the lower hydrogen to nonhydrogen atom ratio of the IL 
and the accompanying lesser ability of the IL to moderate neutrons, thus lowering 
the probability of fission and raising the system’s critical mass. It has been reported, 
for example, that plutonium has an infinite critical mass (meaning that no critical-
ity accidents can occur as the solution volume is increased) at concentrations in 
[C2mim + ][BF4

–] of ≤ 1000 g/L, two orders of magnitude higher than the correspond-
ing value in water.84

Given all of this, it is not surprising that much effort has recently been directed at 
overcoming the limitations of ILs as solvents for An and FP separations employing 
neutral extractants. In particular, attempts have been made to reduce or eliminate 
loss of the IL cation or anion to the aqueous phase (i.e., to suppress ion-exchange 
processes) and to identify conditions under which the partitioning process associated 
with metal ion extraction into an IL is the same as that observed in systems employ-
ing conventional organic diluents. Progress (albeit modest) has, in fact, been made 
toward addressing both of these challenges.

It is evident from Equation 11.8 that the ion-exchange process by which the IL 
cation is lost to the aqueous phase should be increasingly disfavored as the hydropho-
bicity of the cation (as reflected in the value of n in Cnmim + ) increases. Work by the 
author78,85 in which the extraction of strontium ion and the co-extraction of nitrate 
anion into a series of [Cnmim + ][Tf2N–] ILs containing DCH18C6 was evaluated as 
a function of n showed that for the C5-IL, the amount of coextracted nitrate is far 
less than the amount of strontium ion transferred, and is thus insufficient to produce 
a neutral strontium-crown ether-nitrato complex, an observation consistent with ion 
exchange as the dominant mode of partitioning. Increasing n, however, is accompa-
nied by increasingly significant nitrate coextraction, as would be expected for a shift 
from ion exchange to neutral complex extraction. Also consistent with such a shift 
is a change in the slope of the nitric acid dependency of DSr with increasing n, from 
decreasing DSr with rising [HNO3] (for n = 5) to increasing DSr with rising acidity 
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(for n = 10).78 In the latter case, in fact, the acid dependency strongly resembles that 
observed for n-alcohols, for which extraction of a neutral strontium-nitrate crown-
ether complex is well-established.71

Fluorination of the alkyl side chains of the IL cation has also been suggested as 
a means of increasing its hydrophobicity, thereby favoring extraction of the neutral 
strontium-nitrato crown-ether complex (Equation 11.7). Accordingly, partially fluori-
nated analogs of C5−, C8−, and [C10mim + ][Tf2N–] have also been evaluated as solvents 
for the extraction of radiostrontium from acidic nitrate media.86 Unexpectedly, these 
solvents are no more effective at suppressing ion exchange than is simply length-
ening the alkyl chain. Moreover, DSr values are often significantly less than those 
observed in the nonfluorinated ILs under the same conditions. The diminution of ion 
exchange in these systems thus comes at the price of reduced extraction efficiency.86 
Nonetheless, taken together with the results of studies of increasing IL cation chain 
length, these results suggest that the problem of IL loss to the aqueous phase (i.e., ion 
exchange) can readily be overcome. More recent results, however, indicate that this 
may not always be the case.

In experiments designed to explore the generality of observations made for stron-
tium ion,71 the partitioning of a representative monovalent ion, Na + , was studied 
under the same conditions.87 The results obtained revealed the presence of a previ-
ously unidentified pathway for cation partitioning into an IL. More to the point, they 
showed that simply increasing the IL cation hydrophobicity is not always adequate to 
rule out the possibility of an ion-exchange process. The presence of this alternative 
path for extraction was indicated by the absence of an effect of IL cation hydropho-
bicity on the shape of the nitric acid dependency of DNa. That is, for both [C5mim + ]
[Tf2N–] and its C10-analog, DNa was found to decline with increasing nitric acid con-
centration. In fact, at high acidity, the dependencies were virtually superimposable, 
indicating that precisely the same process is taking place in the two solvents. When 
infrared spectroscopy revealed the presence of a DCH18C6-H3O +  adduct in the IL 
phases, it became evident that this process comprises a second form of ion exchange 
in which sodium ion is exchanged for the crown-complexed acid:

 Na + + DCH18C6-H3O +
org  H3O + + Na-DCH18C6 +

org (11.9)

Such a reaction would obviously not be influenced by IL cation chain length, but 
rather by the propensity of the crown ether to form a hydronium ion adduct. Clearly, 
too, this process does not result in the direct loss of the IL cation to the aqueous 
phase. The preconditioning process (i.e., contact of the IL phase with nitric acid solu-
tion prior to attempts to extract sodium ion) leading to the formation of the crown 
ether-hydronium ion adduct, however, results in the dissolution of the IL phase:

 H3O +  + DCH18C6org + Cnmim + Tf2N–
org   

 DCH18C6-H3O + Tf2N–
org + Cnmim +  (11.10)

Thus, the “extractant-mediated” ion-exchange process (Equation 11.9) can result 
in substantial indirect solubilization losses of the IL cation. In fact, at sufficiently 
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high acid concentrations, increasing concentrations of the crown ether in the IL phase 
are accompanied by a corresponding increase in the dissolution of the IL in the aque-
ous phase. Were this behavior confined solely to DCH18C6 and related crown ethers, 
it would not be especially troubling. Recent work by the author in which the effect 
on IL solubilization of the presence of various neutral organophosphorus reagents 
(e.g., TBP, tributylphosphine oxide), however, indicates that extractant protonation 
and the increased IL cation solubility in the aqueous phase that accompanies it, may 
represent a general characteristic of IL-neutral extractant combinations.88 Of course, 
the adverse impact of this process, like that of the direct exchange of a metal-extrac-
tant complex for the cationic constituent of the IL (Equation 11.8), can be reduced 
(although not completely eliminated, it appears) by the use of ILs incorporating rela-
tively hydrophobic (n ≥ 10 in Cnmim + ) cations. Attention to extractant basicity (with 
weakly basic extractants being less prone to protonation and exchange) and, in the 
case of DCH18C6, stereochemistry89 (with trans- forms of the crown ether less sub-
ject to these same problems) has also been demonstrated to be of value in diminish-
ing its effect.

Luo et al.90 have described yet another approach to reducing the impact of ion 
exchange in metal ion extraction by neutral extractants in ILs, one which relies on 
modifying neither the structure of the IL nor the properties of the extractant. Instead, 
a “sacrificial” species that transfers in preference to the IL cation upon metal ion 
extraction (thereby reducing loss of the IL) is added to the IL phase. Ideally, the 
sacrificial species should exhibit no affinity for the extractant (in order not to inter-
fere with extraction of the metal ion of interest) and be more hydrophilic than the IL 
cation (in order to favor its loss to the aqueous phase upon metal ion transfer). Tests 
with sodium tetraphenylborate indicate that its addition to a solution of a calix-crown 
ether in [C4mim + ][Tf2N–] reduces the loss of the IL induced by cesium extraction by 
nearly one-quarter with no adverse effect on the efficiency of cesium extraction.

11.3.4 aCidiC eXtraCtant-il SyStemS

It is reasonable to conclude that the problems which plague IL-based An and FP 
extraction systems employing neutral extractants could be avoided simply by focus-
ing instead on the use of acidic extractants. For these, a neutral (and thus extractable) 
species can be formed without the need for coextraction of a matrix anion (e.g., 
nitrate). That is, the extractant alone can both generate the requisite hydrophobic 
metal complex and satisfy the charge-neutralization requirement. It is interesting to 
note, however, that the few published reports describing the behavior of acidic extrac-
tant-IL combinations relevant to reprocessing applications indicate that they can be 
affected by problems similar to those seen for systems based on neutral extractants. 
In an examination of the extraction of lanthanides (e.g., Eu3 + ) by the well-known 
extractant 2-thenoyltrifluoroacetone (HTTA) into [C4mim + ][Tf2N–], for example, 
Jensen et al.91 found that anion exchange also represents a possible mechanism for 
metal ion transfer into an IL. In particular, the slopes of the extractant and acid 
dependencies of DEu at constant perchloric acid and HTTA concentration, respec-
tively, are consistent with the partitioning of Eu(tta)4

–, a conclusion supported by 
both UV-visible spectroscopy and EXAFS measurements. In addition, the absence 
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of measurable cation coextraction indicates that this anionic complex is exchanged 
for the anionic component of the IL (i.e., Tf2N–).

In contrast, in a subsequent study of the extraction of uranium by bis-(2-ethyl-
hexyl)phosphoric acid (HDEHP) and of Ans (e.g., Am3 + ) and lanthanides by Cyanex 
272, Cocalia et al.92 found through a combination of radiotracer partitioning mea-
surements, UV-visible spectroscopy, and EXAFS investigations that both the gen-
eral extraction behavior and metal ion coordination environment of the investigated 
ions are the same in either [C10mim + ][Tf2N–] or dodecane. In either solvent, for 
example, uranyl ion is extracted by a pair of H-bonded extractant dimers, while 
the extraction of Am requires three such monodeprotonated dimers. Thus, despite 
obvious differences in structure between dodecane and the IL, in this instance, the 
two diluents behave nearly identically in many respects as extraction solvents. It is 
important to note, however, that higher metal ion distribution ratios were observed 
in dodecane than in the IL. (In the case of Am extraction from dilute nitric acid, 
the difference was nearly a factor of 10.) Thus, the unique solvation environment of 
the IL does not necessarily lead to enhanced extraction efficiency. Equally impor-
tant to note is the fact that this study employed a relatively hydrophobic IL, one for 
which prior work with strontium extraction by DCH18C6 (described above) would 
have suggested that similarities to the behavior of a conventional solvent are to be 
expected. Taken together with the results of Jensen91, these results suggest that the 
mechanistic complications (i.e., ion exchange and the concomitant IL solubiliza-
tion losses) arising from the use of ILs bearing relatively short alkyl side chains as 
diluents (e.g., Cnmim + , with n ≤ 8) are not confined to systems employing neutral 
extractants.

11.3.5 taSk-SPeCifiC ioniC liQuidS (tSilS)

In contrast to conventional SX systems, in which the solvent (diluent) and extractant 
constitute distinct entities, ILs offer the possibility of incorporating an extracting 
moiety into either the cationic or anionic component of the solvent. Since the first 
description of such “task-specific” ILs (TSILs) by Davis et al.93 in 2001, a number of 
examples of this unique class of solvents have been prepared and characterized,94,95 
among them several TSILs capable of the extraction of Ans.96–98 Davis, for exam-
ple, has described the synthesis of a phosphonamide IL in which a phosphine oxide 
group (such as that seen in CMPO) is appended to the imidazolium cation. Although 
the extraction of tri-, tetra-, and hexavalent Ans using the hexafluorophosphate form 
of the TSIL is very efficient, it has also been found to be both nonselective and pH 
independent,96 clearly problematic from the perspective of the design of a workable 
extraction process. Subsequent work by Ouadi et al.97 also employed an imidazolium 
substructure onto which was grafted an extracting moiety, in this case, a 2-hydroxy-
benzylamine functionality. Evaluation of the resultant TSIL as an extractant for 
americium, either neat or as a solution in C4mim + Tf2N–, showed that maximum 
extraction is achieved at a pH of ca. 10. At lower pH values, the TSIL is mainly in 
its LH3

 +  (acidic) form, while at higher pH, the solubility of the TSIL in the aqueous 
phase becomes significant. In both cases, the result is reduced extraction efficiency. 
Thus, the TSIL is not suitable for the extraction of Am (and by analogy other Ans) 
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from acidic media, as would be required in nuclear-fuel reprocessing applications. 
In addition, given that the metal ion partitioning data are consistent with an ion-
exchange process in which an anionic Am complex is exchanged for the anionic 
constituent of the IL, it is evident that this system will be plagued by the same sort of 
solubilization losses encountered with more “conventional” ILs.

An additional potential limitation of TSILs has become apparent as the result 
of recent investigations of the uranium extraction behavior of a novel class of ILs 
comprising a quaternary ammonium cation bearing phosphoryl groups.98 That is, 
in two of the three systems examined, a simple mixture of TBP in a conventional 
IL was found to yield significantly better results (in terms of uranium extraction 
efficiency) than those obtained using the analogous TSIL. Thus, the effort required 
to functionalize the IL cation (or anion) with an extracting moiety may often not be 
worthwhile. It seems reasonable to conclude from the few results available to date 
that TSILs, while seemingly offering much promise, remain unproven with respect 
to their applicability in the design of novel An and FP separation processes. Much 
work, in fact, remains to be done to establish the relationship between TSIL struc-
ture and extraction performance and to evaluate the practical utility of these unique 
solvents in large-scale separation applications.

11.4 ConCLUsIons

It is apparent from the foregoing discussion that both ILs and supercritical carbon 
dioxide do indeed offer promise as alternative solvents in the reprocessing of spent 
nuclear fuel and the treatment of nuclear wastes. It is equally apparent, however, 
that considerable additional work lies ahead before this promise can be fully real-
ized. Of particular importance in this context is the need for an improved under-
standing of the fundamental aspects of metal ion transfer into ILs, for a thorough 
evaluation of the desirability of extractant functionalization of ILs, and for the 
development of new methods for both the recovery of extracted ions (e.g., ura-
nium) and the recycling of extractants in supercritical CO2-based systems. Only 
after such issues have been addressed might these unique solvents reasonably be 
expected to provide the basis of improved approaches to An or FP separations.

ReFeRenCes

 1. Horwitz, E. P.; Schulz, W. W. Solvent extraction in the treatment of acidic high-level liq-
uid waste: Where do we stand? In Metal Ion Separation and Preconcentration: Progress 
and Opportunities, eds. A. H. Bond, M. L. Dietz, and R. D. Rogers, American Chemical 
Society, Washington, DC, 1999, pp. 20–50.

 2. Dietz, M. L.; Horwitz, E. P. Combining solvent extraction processes for actinide and 
fission product separations. In Science and Technology for Disposal of Radioactive 
Tank Waste, eds. W. W. Schulz and N. J. Lombardo, Plenum Press, New York, 1998,  
pp. 231–243.

 3. Nash, K. L.; Lumetta, G. J.; Clark, S. B.; Friese, J. Significance of the nuclear fuel cycle 
in the 21st century. In Separations for the Nuclear Fuel Cycle in the 21st Century, eds. 
G. J. Lumetta, K. L. Nash. S. B. Clark, and J. I. Friese, American Chemical Society, 
Washington, DC, 2006, pp. 3–20.

59696.indb   635 7/14/09   9:37:59 PM



636 Ion Exchange and Solvent Extraction: A Series of Advances

 4. Wai, C. M.; Gopalan, A. S.; Jacobs, H. K. An introduction to separations and processes 
using supercritical carbon dioxide. In Supercritical Carbon Dioxide: Separations and 
Processes, eds. A. S. Gopalan, C. M. Wai, and H. K. Jacobs, American Chemical Society, 
Washington, DC, 2003, pp. 2–8.

 5. Huddleston, J. G.; Griffin, S. T.; Zhang, J.; Willauer, H. D.; Rogers, R. D. Metal ion sep-
arations in aqueous biphasic systems and using aqueous biphasic extraction chromatog-
raphy. In Metal Ion Separation and Preconcentration: Progress and Opportunities, eds. 
A. H. Bond, M. L. Dietz, and R. D. Rogers, American Chemical Society, Washington, 
DC, 1999, pp. 79–100.

 6. Dietz, M. L., Recent progress in the development of extraction chromatographic meth-
ods for radionuclide separation and preconcentration. In Radioanalytical Methods at the 
Frontier of Interdisciplinary Science, eds. C. Laue and K. Nash, American Chemical 
Society, Washington, DC, 2004, pp. 161–176.

 7. Wai, C. M.; Waller, B. Ind. Eng. Chem. Res. 39, 4837, 2000.
 8. Dietz, M. L. Sep. Sci. Technol. 41, 2047, 2006.
 9. Nash, K. L. Twenty-first century approaches to actinide partitioning. In Separations for 

the Nuclear Fuel Cycle in the 21st Century, eds. G. J. Lumetta, K. L. Nash. S. B. Clark, 
and J. I. Friese, American Chemical Society, Washington, DC, 2006, pp. 21–40.

 10. Alexandratos, S. D.; Ripperger, K. P. Ind. Eng. Chem. Res. 37, 4756, 1998.
 11. Dietz, M. L.; Horwitz, E. P.; Bond, A. H. Extraction chromatography: Progress and oppor-

tunities. In Metal Ion Separation and Preconcentration: Progress and Opportunities, 
eds. A.H. Bond, M.L. Dietz, and R.D. Rogers, American Chemical Society, Washington, 
DC, 1999, pp. 234–250.

 12. Nii, S.; Masutani, M.; Takeuchi, H. Extraction of heavy metal ions using encapsulated 
extractant-impregnated resins. In Solvent Extraction for the 21st Century (Proceedings 
of ISEC ‘99), Vol. 2, eds. M. Cox, M. Hidalgo, and M. Valiente, Society of Chemical 
Industry, London, 2001, pp. 1279–1283.

 13. Seddon, K. R. Kinetics and Catalysis 37, 693, 1996.
 14. Darr, J. A.; Poliakoff, M. Chem. Rev. 99, 495, 1999.
 15. Phelps, C. L.; Smart, N. G.; Wai, C. M. J. Chem. Ed. 73, 1163, 1996.
 16. Jessop, P. G.; Leitner, W. Supercritical fluids as media for chemical reactions. In 

Chemical Synthesis Using Supercritical Fluids, eds. P. G. Jessop and W. Leitner, Wiley-
VCH, New York, 1999, pp. 9–13.

 17. Gawenis, J. A.; Kauffman, J. F.; Jurisson, S. S. Anal. Chem. 73, 2022, 2001.
 18. Laintz, K. E.; Wai, C. M., Yonker, C. R.; Smith, R. D. J. Supercrit. Fluids, 4, 194, 

1991.
 19. Laintz, K. E.; Wai, C. M.; Yonker, C. R.; Smith, R. D. Anal. Chem. 64, 2875, 1992.
 20. Lin, Y.; Brauer, R. D.; Laintz, K. E.; Wai, C. M. Anal. Chem. 65, 2549, 1993.
 21. Alfassi, Z. B.; Wai, C. M. Preconcentration Techniques for Trace Elements. CRC Press: 

Boca Raton, FL, 1992.
 22. Tang, J.; Wai, C. M. Anal. Chem. 58, 3233, 1986.
 23. Erkey, C. J. Supercrit. Fluids 17, 259, 2000.
 24. Ashraf-Khorassag, M.; Combs, M. T.; Taylor, L. T. J. Chromatogr. A 774, 37, 1997.
 25. Wai, C. M.; Wang, S. J. Chromatorgr. A 785, 369, 1997.
 26. Smart, N. G.; Carleson, T.; Kast, T; Clifford, A. A.; Burford, M. A.; Wai, C. M. Talanta 

44, 137, 1997.
 27. Wai, C. M.; Kulyako, Y.; Yak, H. K.; Chen, X.; Lee, S. J. Chem. Comm. 2533, 1999.
 28. Horwitz, E. P.; Dietz, M. L.; Fisher, D.E. Solvent Extr. Ion Exch. 9, 1, 1991.
 29. Horwitz, E. P.; Dietz, M.L.; Fisher, D.E. Solvent Extr. Ion Exch. 8, 557, 1990.
 30. DeSimone, J. M.; Maury, E. E.; Menceloglu, Y. Z.; McClain, J. B.; Romack, T. J.; 

Combes, J. R. Science 265, 356, 1994.
 31. Hoefling, T. A.; Enick, R. M.; Beckman, E. J. J. Phys. Chem. 95, 7127, 1991.

59696.indb   636 7/14/09   9:38:00 PM



Neoteric Solvents as the Basis of Alternative Approaches 637

 32. McAlister, D. R.; Dietz, M. L.; Stepinski, D.; Zalupski, P. R.; Dzielawa, J. A.;  
Barrans, R. E., Jr.; Hess, J. N.; Herlinger, A. W. Sep. Sci. Technol. 39, 761, 2004.

 33. Dietz, M. L.; McAlister, D. R.; Stepinski, D.; Zalupski, P. R.; Dzielawa, J. A.;  
Barrans, R. E., Jr.; Hess, J. N.; Rubas, A. V.; Chiarizia, R.; Lubbers, C.; Scurto, A. M.;  
Brennecke, J. F.; Herlinger, A. W. Recent progress in the development of supercriti-
cal carbon dioxide soluble metal ion extractants: Solubility enhancement through 
silicon functionalization. In Nuclear Waste Management: Accomplishments of the 
Environmental Management Sciences Program, ed. T. Zachry, American Chemical 
Society, Washington, DC, 2006, pp. 250–267.

 34. Dzielawa, J. A.; Rubas, A. V.; Lubbers, C.; Stepinski, D. C.; Scurto, A. M.; Barrans, R. E.,  
Jr.; Dietz, M. L.; Herlinger, A. W.; Brennecke, J. F. Sep. Sci. Technol., 43, 2503, 2008. 
In press.

 35. Chiarizia, R.; Horwitz, E. P.; Rickert, P. G.; Herlinger, A. W. Solvent Extr. Ion Exch. 14, 
773, 1996.

 36. Chiarizia, R.; Herlinger, A. W.; Horwitz, E. P. Solvent Extr. Ion Exch. 15, 417, 1997.
 37. Chiarizia, R.; Herlinger, A. W.; Chang, Y. D.; Ferraro, J. R.; Rickert, P. G.; Horwitz, E. P.  

Solvent Extr. Ion Exch. 16, 505, 1998.
 38. Herlinger, A. W.; McAlister, D. R.; Chiarizia, R.; Dietz, M. L. Sep. Sci. Technol. 38, 

2741, 2003.
 39. Levy, J. M.; Dolata, L.; Ravey, R. M.; Storozynsky, E.; Holowczak, K. A. J. High Res. 

Chrom. 16, 368, 1993.
 40. Lin, Y.; Wai, C. M.; Jean, F. M.; Brauer, R. D. Environ. Sci. Technol. 28, 1190, 1994.
 41. Lin, Y.; Wai, C. M. Anal. Chem. 66, 1971, 1994.
 42. Laintz, K. E.; Tachikawa, E. Anal. Chem. 66, 2190, 1994.
 43. Lin, Y.; Smart, N. G.; Wai, C. M. Environ. Sci. Technol. 29, 2706, 1995.
 44. Page, S. H.; Sumpter, S. R.; Goats, S. R.; Lee, M. L. J. Supercrit. Fluids 6, 95, 1993.
 45. Carrott, M. J.; Waller, B. E.; Smart, N. G.; Wai, C. M. Chem. Commun. 373, 1998.
 46. Addleman, R. S.; Carrott, M. J.; Wai, C. M. Anal. Chem. 72, 4015, 2000.
 47. Smart, N. G.; Carleson, T. E.; Elshani, S.; Wang, S.; Wai, C. M. Ind. Eng. Chem. Res. 36, 

1819, 1997.
 48. Smart, N. G.; Wai, C. M.; Phelps, C. Chem. Brit. 34, 34, 1998.
 49. Wai, C. M. Reprocessing spent nuclear fuel with supercritical carbon dioxide. In 

Separations for the Nuclear Fuel Cycle in the 21st Century, ed. G. J. Lumetta,  
K. L. Nash, S. B. Clark, and J. I. Friese, American Chemical Society, Washington, DC, 
2006, pp. 57–67.

 50. Carrott, M. J.; Wai, C. M. Anal. Chem. 70, 2421, 1998.
 51. Wai, C. M.; Lin, Y.; Ji, M.; Toews, K. L.; Smart, N. G. Extraction and separation 

of uranium and lanthanides with supercritical fluids. In Metal Ion Separation and 
Preconcentration: Progress and Opportunities, eds. A. H. Bond, M. L. Dietz, and  
R. D. Rogers, American Chemical Society, Washington, DC, 1999, pp. 390–400.

 52. Samsonov, M. D.; Wai, C. M.; Lee, S.-C.; Kulyako, Y.; Smart, N. G. Chem. Commun. 
1868, 2001.

 53. Shimada, T.; Ogumo, S.; Sawada, K.; Enokida, Y.; Yamamoto, I. Anal. Sci. 22, 1387, 
2006.

 54. Trofimov, T. I.; Samsonov, M. D.; Lee, S. C.; Smart, N. G.; Wai, C. M. J. Chem. Technol. 
Biotechnol. 76, 1223, 2001.

 55. Enokida, Y.; El-Fatah, S. A.; Wai, C. M. Ind. Eng. Chem. Res. 41, 2282, 2002.
 56. Samsonov, M. D.; Trofimov, T. I.; Vinokurov, S. E.; Lee, S. C.; Myasoedov, B. F.; Wai, 

C. M. Dissolution of actinide oxides in supercritical carbon dioxide modified with vari-
ous organic ligands. In Proceedings of the International Solvent Extraction Conference 
2002, ISEC 2002, eds. K. C. Sole, P. M. Cole, J. S. Preston, and D. J. Robinson, SAIMM, 
Johannesburg, South Africa, 2002, pp. 1187–1192.

59696.indb   637 7/14/09   9:38:00 PM



638 Ion Exchange and Solvent Extraction: A Series of Advances

 57. Blackburn, J. M.; Long, D. P.; Cabanes, A.; Watkins, J. J. Science 294, 141, 2001.
 58. Wai, C. M.; Ohde, H.; Kramer, S. United States Patent 6,653,236; 2003.
 59. Walden, P. Bull. Acad. Sci. St. Petersburg 405, 1914.
 60. Wilkes, J. S.; Zaworotko, M. J. J. Chem. Soc. Chem. Commun. 965, 1992.
 61. Adams, C. J.; Earle, M. J.; Seddon, K. R. Chem. Commun. 1043, 1999.
 62. Karodia, N.; Guise, S.; Newlands, C.; Andersen, J. Chem. Commun. 2341, 1998.
 63. Fuller, J.; Carlin, R. T.; Osteryoung, R. A. J. Electrochem. Soc. 144, 3881, 1997.
 64. Earle, M. J.; Seddon, K. R. Pure Appl. Chem. 72, 1391, 2000.
 65. Zhao, D.; Wu, M.; Kou, Y.; Min, E. Catal. Today 74, 157, 2002.
 66. Olivier-Bourbigou, H.; Magna, L. J. Mol. Catal. A 182/3, 419, 2002.
 67. Dai, S.; Ju, Y. H.; Barnes, C. E. J. Chem. Soc. Dalton Trans. 1201, 1999.
 68. Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Breuning, R. L. Chem. Rev. 91, 1721, 1991.
 69. Visser, A. E.; Swatloski, R. P.; Reichert, W. M.; Griffin, S. T.; Rogers, R. D. Ind. Eng. 

Chem. Res. 39, 3596, 2000.
 70. Chun, S.; Dzyuba, S. V.; Bartsch, R. A. Anal. Chem. 73, 3737, 2001.
 71. Dietz, M. L.; Dzielawa, J. A. Chem. Commun. 2124, 2001.
 72. Jensen, M. P.; Dzielawa, J. A.; Rickert, P.; Dietz, M. L. J. Am. Chem. Soc. 124, 10664, 

2002.
 73. Shimojo, K.; Goto, M. Anal. Chem. 76, 5039, 2004.
 74. Sieffert, N.; Wipff, G. J. Phys. Chem. A 110, 1106, 2006.
 75. Luo, H.; Dai, S.; Bonnesen, P. V. Anal. Chem. 76, 2773, 2004.
 76. Visser, A. E.; Jensen, M. P.; Laszak, I.; Nash, K. L.; Choppin, G. R.; Rogers, R. D. Inorg. 

Chem. 42, 2197, 2003.
 77. Nakashima, K.; Kubota, F.; Maruyama, T.; Goto, M. Ind. Eng. Chem. Res. 44, 4368, 

2005.
 78. Dietz, M. L.; Dzielawa, J. A.; Laszak, I.; Young, B. A.; Jensen, M. P. Green Chem. 5, 

682, 2005.
 79. Dietz, M. L; Stepinski, D. C. Talanta 75, 598, 2008.
 80. Giridhar, P.; Venkatesan, K. A.; Srinivasan, T. G.; Rao, P. R. V. J. Radioanl. Nucl. Chem. 

265, 31, 2005.
 81. Swatloski, R. P.; Holbrey, J. D.; Rogers, R. D. Green Chem. 5, 361, 2003.
 82. Baston, G. M. N.; Bradley, A. E.; Gorman, T.; Hamblett, I.; Hardacre, C.; Hatter, J. E.;  

Healy, M. J. F.; Hodgson, B.; Lewin, R.; Lovell, K. V.; Newton, G. W. A.; Nieuwenhuyzen, M.;  
Pitner, W. R.; Rooney, D. W.; Sanders, D.; Seddon, K. R.; Simms, H. E.; Thied, R. C. 
Ionic liquids for the nuclear industry: A radiochemical, structural, and electrochemical 
investigation. In Industrial Applications for Green Chemistry, eds. R. D. Rogers and K. 
R. Seddon, American Chemical Society, Washington, DC, 2002, pp. 162–177.

 83. Allen, D.; Baston, G.; Bradly, A. E.; Gorman, T.; Haile, A.; Hamblett, I.; Hatter, J. E.; 
Healey, M. J. F.; Hodgson, B.; Lewin, R.; Lovell, K. V.; Newton, B.; Pitner, W. R.; 
Rooney, D. W.; Sanders, D.; Seddon, K. R.; Sims, H. E.; Thied, R. C. Green Chem. 4, 
152, 2002.

 84. Harmon, C. D.; Smith, W. H.; Costa, D. A. Radiat. Phys. Chem. 60, 157, 2001.
 85. Dietz, M. L. Fundamental aspects of metal ion transfer into ionic liquids: Implications 

for the design of ionic liquid-based solvent extraction systems. In Proceedings of 
the DAE-BRNS Biennial Symposium on Emerging Trends in Separation Science and 
Technology, SESTEC, Delhi, India, 2008, pp. 5–11.

 86. Heitzman, H.; Young, B. A.; Rausch, D. J.; Rickert, P.; Stepinski, D.; Dietz, M. L. 
Talanta 69, 527, 2006.

 87. Dietz, M. L.; Stepinski, D. C. Green Chem. 7, 747, 2005.
 88. Rickert, P. G.; Stepinski, D. C.; Rausch, D. J.; Bergeron, R. M.; Jakab, S.; Dietz, M. L. 

Talanta 72, 315, 2007.
 89. Dietz, M. L.; Jakab, S.; Yamoto, K.; Bartsch, R. A. Green Chem. 10, 174, 2008.

59696.indb   638 7/14/09   9:38:00 PM



Neoteric Solvents as the Basis of Alternative Approaches 639

 90. Luo, H.; Dai, S.; Bonnesen, P. V.; Buchanan, A. C., III; Holbrey, J. D.; Bridges,  
N. J.; Rogers, R. D. Anal. Chem. 76, 3078, 2004.

 91. Jensen, M. P.; Neuefeind, J.; Beitz, J. V.; Skanthakumar, S.; Soderholm, L. J. Am. Chem. 
Soc. 125, 15466, 2003.

 92. Cocalia, V. A.; Jensen, M. P.; Holbrey, J. D.; Spear, S. K.; Stepinski, D. C. Rogers,  
R. D. Dalton Trans. 1966, 2005.

 93. Visser, A. E.; Swatloski, R. P.; Reichert, W. M.; Mayton, R.; Sheff, S.; Wierzbicki, A.; 
Davis, J. H.; Rogers, R. D. Chem. Commun. 135, 2001.

 94. Davis, J. H., Jr. Working salts: syntheses and uses of ionic liquids containing func-
tionalized ions. In Ionic Liquids: Industrial Applications for Green Chemistry, eds.  
R. D. Rogers and K. R. Seddon, American Chemical Society, Washington, DC, 2002, 
pp. 247–258.

 95. Davis, J. H., Jr. Chem. Lett. 33, 1072, 2004.
 96. Gutowski, K. E.; Bridges, N. J.; Cocalia, V. A.; Spear, S. K.; Visser, A. E., Holbrey, J. D.;  

Davis, J. H., Jr., Rogers, R. D. Ionic liquid technologies for utilization in nuclear-
based separations. In Ionic Liquids IIIB: Fundamentals, Progress, Challenges, and 
Opportunities – Transformations and Processes, eds. R. D. Rogers and K. R. Seddon, 
American Chemical Society, Washington, DC, 2005, pp. 33–48.

 97. Ouadi, A.; Gadenne, B.; Heseman, P.; Moreau, J. J. E.; Billard, I.; Gaillard, C.; Mekki, 
S.; Moutiers, G. Chem. Eur. J. 12, 3074, 2006.

 98. Ouadi, A.; Klimchuk, O.; Gaillard, C.; Billard, I. Green Chem. 9, 1160, 2007.

59696.indb   639 7/14/09   9:38:00 PM



59696.indb   640 7/14/09   9:38:00 PM



641

Index

A

Accelerator driven system (ADS), 3
Acids, 7, 25, 30, 77–78, 90, 138, 160, 162, 

333–335, 359, 363–364, 394–395, 
406–409, 456, 533

acetohydroxamic, 12, 142
acidity adjustment, 134–135
amides, 465, 470
concentrations, hydrochloric, 538–539, 546
lactic, 24, 166–167, 453–454, 492
scrub HNO3, 148, 152–153, 160

Actinides, 3, 10, 12, 14–18, 20, 23–25, 30–31, 
33, 618–619, 623, 629, 634

analyses, 522, 538, 545
cations, 128–129, 265, 387, 395
chemical separations of, 505
compositions of scrubbing and 

stripping in, 19
elements, 66
extraction, 12, 15–18, 70, 75–77, 

82, 144, 251, 634
adamantyl calix[n]arene-

CMPO, 271–273
beta-diketones, structures of, 70
calixarene picolinamide, 276–279
calixarenes bearing phosphine 

oxide moieties, 252–254
CMPO-calix[6,8]arenes, 273–274, 

279–283
compounds bearing CMPO 

moieties, 254–266
constant, 76
dendritic calixarenes, 276
dendritic octa-CMPO-calix[4]

arenes, 274–275
magnetic particles bearing 

CMPO calix[4]arenes, 276
narrow-rim CMPO calixarenes, 266–271
octa-CMPO-calixarenes, 273
ternary adduct formation constants of, 79
trivalent actinides, 121–122
two-phase constants, 70, 76

hexavalent, 67, 70, 72–73, 77, 132, 540
intergroup separation of, 20, 22, 24
ions, 16, 67–69, 76–78, 97, 154–155, 494

extraction of, 69, 77
hexavalent, 67, 71–72
SFE studies on, 99

oxides, 98
partitioning of, 100, 102, 375, 494
separation of, 18–19, 97–98, 102, 

200, 251, 438, 482
by calix[6]arenes bearing mixed 

functional groups, 284–285
TEVA-resin, 547–549
TRU-resin, 539–545
UTEVA-resin, 545–547

SFE studies on, 99
solvent extraction of, 78

Adamantyl calix[n]arene-CMPO, 271–273
Advanced nuclear fuel cycles

advanced fuel cycle initiative (AFCI), 
3, 8, 23, 88, 120, 134

energy systems, 205, 310
and systems, 153

Advanced reprocessing, 1, 23–24, 31, 35
AFCI, see Advanced fuel cycle initiative (AFCI)
Alamine, 77, 80
Alcohols, 159, 223, 233–237, 310, 402–403, 412, 

414–415
ALH, see Annular liquid height (ALH)
ALINA process, 164–165; see also Two-cycle 

processes
Aliquat-336, 77, 100–101, 125, 418, 518, 

525, 528–529, 532, 547
Alkali

cations, 210–211, 215–216, 218–221, 
233, 285, 331, 340–341, 353

complexation data, 208
ligands for log K modeling for 

complexation, 341
single-ion transport values of, 217
thermodynamic parameters, 210

complexes, 214, 216, 340
metal cations, 225, 245

Alkaline
earth cations, 245–246, 285
earth metal cations, 225, 249, 328

p-Alkoxy calix[6]arene hexa(di-N-ethyl)amide, 
245–246, 294

Alkyl substituents, 489–490
Americium (Am), 8, 16–17, 96–97, 102, 134–136, 

155, 251, 258–259, 262–264, 276–277, 
283–285, 362–365

Am(III)-ADPTZ complex, 155
Am(III ) separation by calix[6]arenes bearing 

mixed functional groups, 284–285
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distribution ratio of, 161, 268–269, 469
DMDBTDMA hot test, 147
extraction of, 137, 271–272, 276, 

362, 365, 458, 474
ALINA process, 165
behaviors, 94, 138
CYANEX 301, 164
enthalpies of, 131–132
by HDHP-DMDOHEMA mixtures, 172
irradiation influence, 473
nitric acid concentration, 138
once-through process, 160
PUREX process, 120
radiolysis effect on, 459
rates, 145
recovery yields for, 133
scrubbing, 144–145
solvent recycle process, 161
stripping, 156, 366

recovery of, 167
separation, 199–200

ability of, 23
Cyanex 301, 88
GANEX process, 31
hydrometallurgical processes, 31
intergroup, 20–22
polyazaheterocyclic ligands for, 346
TALSPEAK process, 31
TRU-Resin column for, 524

spiked surrogate spent-fuel 
dissolution solution, 154

transmutation of, 18
and transuranic elements (TRUs), 2–3

Amide-based radio-resources treatment with 
interim storage of transuranics 
(ARTIST), 32, 34–35, 149

for advanced fuel cycle 
conceptual flowsheet, 33

Amides
acid, 465, 470
calixarenes, 293–294
extractants, 149, 400, 402, 429, 471–472, 

485, 491
degradation products, 460–461
effect of degradation on extraction 

behavior, 461–463
extraction of fission products, 463–464
factors governing degradation, 461
influence of monoamide structure, 461
removal of degradation products, 464

Ammonium bioxalate, 543, 545
Ammonium oxalate, 547, 549
AMUSE code in United States, 6
An(III)/Ln(III) separation; see also Two-cycle 

processes
ALINA process, 164–165
Am(III)-ADPTZ complex, 155

bidentate neutral organophosphorus 
compounds, 133–137

bis(triazinyl)bipyridines, 161–162
bis(triazinyl)pyridines, 157–161
carbamoylmethyl phosphine 

oxidederivatives, 137–138
di-iso-decylphosphoric acid 

process, 141–145
diphosphine dioxides, 141–142
DMDBTDMA, 145–146
DMDOHEMA, 146–149
extractant structures investigated 

at laboratory scale for, 175
intergroup separation

nitrogen donors for, 22
soft-hard hybrid donors, 24
sulfur donors for, 20

ligands/extractants selection, 123
malonamides, 145
nitrogen donor extractants, 154–157
parameters for, 122–123
phosphate and phosphonate 

derivatives, 131–132
soft N-donor polyazine extractants, 158
soft S-donor dithiophosphinic acidics, 163
sulfur-donor extractants, 162–164
TALSPEAK process, 166–167
TODGA process, 149–154
trialkyl-phosphine oxides process, 132–133
UNEX process, 138–141
ZEALEX process, 165–166

ANL, see Argonne National 
Laboratory (ANL)

ANN, see Artificial neural network (ANN)
Annular centrifugal contactor, 566; 

see also Contactor design 
and operation

2-cm annular centrifugal contactor, 
mixing zone of, 567

2-cm annular centrifugal 
contactor, view, 568

25-cm contactor housing, side view of, 571
25-cm contactor housing, top 

side view of, 570
12-cm contactor housing, top view of, 570
4-cm contactor, operating four-stage 

view of, 572
4-cm contactor rotor, inside top 

view of, 570
25-cm contactor rotor, inside view of, 569

Annular centrifugal contactors, 8, 125, 
564, 566, 579, 597, 600, 603, 
607–608, 611

Annular liquid height (ALH), 576–577, 598
Antimony (Sb), 198, 229, 551

distribution ratios of, 137
Applicability domain (AD), 322, 327, 353
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Aqueous processes developed around 
world, 174

Argonne 2-cm contactor, 582–583
Argonne model for universal solvent 

extraction (AMUSE), 6, 12
Argonne National Laboratory (ANL), 564, 

580, 587, 604–605, 612
contactors, 565, 585–588, 610

Artificial neural network (ANN), 319, 
322, 325, 337

ARTIST, see Amide-based radio-resources 
treatment with interim storage 
of transuranics (ARTIST)

Aryl subtituents, 490
Associative neural network (ASNN), 325, 

335–337, 343, 347–349
ATALANTE facility, 23–24, 135, 163
Atoms

augmented, 324, 348, 350
phosphorus, 260–261, 265, 273

Automated fluidic radiochemical 
separations, 523–524

fission product separations in flow 
systems, 525

Automated process monitoring, 549–551
Automated radiochemical separation, 519, 552
Automation approaches

fluidic methods
flow injection (FI) analysis, 519
and sequential injection fluidic 

automation approaches, 520
sequential injection separation 

fluidic system, 521
SI methodology, 520–521
SI separation system, 521–522

robotic instrumentation, 522
Zymark robotic arm system, 523

b

BAMA process, 149
Barium (Ba), 154, 165, 246, 534–535
BATP, see Bis-annulated-triazine-

pyridine (BATP)
BEHSO, see Bis-2-ethylhexylsulfoxide 

(BEHSO)
Beta-diketones, 68–71, 78, 81
Bidentate neutral organophosphorus 

compounds (BNOPCs),  
133–138, 142; see also Two-cycle 
processes

Bidentate oxygen-donor extractants, 128–129
Bis-annulated-triazine-pyridine (BATP), 158
Bis(crown)calix[4]arenes, 291–292

extraction results, 212
stoichiometry of, 212–213

Bis-2-ethylhexylsulfoxide (BEHSO), 76

Bis(triazinyl)bipyridines (BTBP), 22–23, 
122, 129, 158, 161–162, 384; 
see also Two-cycle processes

Cyme 4-BTBP, 475–477
CyMe4-BTBP process flowsheet, 163

Bis(triazinyl)pyridines (BTPs), 129, 157–161, 
474–476, 490–491; see also 
Two-cycle processes

Bis (2,4,4-trimethylpentyl)-dithiophosphinic 
acid (HBTMPDTP), 163–165

BOBCalixC6 ligand, 29
based solvent system, 480–481

Branched-chain D2EHIBA, 95
Branched monoamides structure, 14
BTBP, see Bis(triazinyl)bipyridines (BTBP)
BTPs, see Bis(triazinyl)pyridines (BTPs)
Bulk-liquid membrane (BLM), 100

C

Calixarenes, 27, 195–197, 201–202, 208–209, 
211, 215–217, 227–222, 224–225, 
227–231, 237–239, 245–249, 
259–250, 260–261, 264–263, 
265–267, 269–273, 276–277, 
279–283, 285–284, 294, 297–299, 
361–363, 479–481, 491–493

1,2-alternate, and 1,3-alternate, 202
bearing aromatic groups in crown ether loop

complexation and extraction 
results, 214–217

behavior under irradiation, 230
identification of nitro derivatives, 231–232
MD computation, 233

calix[4]arenes
complexation data, 208
and conformations, 203

calix-CMPO, 261
calix-crowns, 25, 29, 207, 212, 221, 237, 370
cavity, 202, 212, 220, 258
and conformations, 203
degradation products, 479
diisopropoxy, 226, 229–230
fluorescent calixarenes, 229
influence

of diluent, 480
on extraction behavior, 481–482

lipophilic, 222, 233
MD computation, 217–218
mono crown, 207–212
parent calixarenes, 204–206
phase modifier for, 233–238
photosensitive calixarenes, 223–224
quantitative data, 479–480
structure, 202

CALIXPART program, 3
Capacity factors, 519, 529, 538–539
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Carbamoyl-methylphosphine oxide (CMPO), 
14–15, 24–25, 30, 74, 76, 99–100, 
204, 251–252, 254, 261–262, 265, 
276, 280–281, 433, 630; see also 
Two-cycle processes

calixarenes, 259, 282, 285
derivatives, 137–138
groups, 259, 276, 279, 281, 283, 363
molecules, 254, 256, 258
units, 273, 279–280

Carbon dioxide, 98, 618–619, 621
Carboxylic acids, 22, 69, 129–130, 146, 155, 157, 

166, 244, 271, 361, 365, 449–450, 
460–461, 463–465, 467–468, 470

Carrier concentration, 100, 226–227
Cation-exchange extraction of trivalent 4f 

and 5f elements, 129–130
Cation exchangers, 129–130, 143, 156, 204
Cation extraction, 205, 225, 277, 281, 285
Cations alkali, 210–211, 215–216, 218–221, 233, 

285, 331, 340–341, 353
complexation data, 208
ligands for log K modeling for 

complexation, 341
single-ion transport values of, 217
thermodynamic parameters, 210

Caustic-side solvent-extraction (CSSX) 
process, 29, 240–243

flowsheet, tests of, 579
Cavitands, 308–309
CCD, see Chlorinated cobalt dicarbollide (CCD)
CELGARD 2500 membrane, 225
Centrifugal contactors, 565

applications
nuclear waste, cleanup and 

segregation of, 604–605
spent nuclear fuel, reprocessing 

of, 603–604
China

four-stage 1-cm annular 
centrifugal contactor, 611

GFRP annular centrifugal contactor, 612
glass-fiber reinforced plastic (GFRP), 610
INET annular centrifugal 

contactors, 611–612
countercurrent pilot plant tests for, 139–140
design principles for, 597

aqueous and organic solvent pair, 598
bottom drains, 595
cleaning, 601
emulsion formation, 597
evaporative losses, 601–602
large contactor, 25-cm contactor 

operating single-stage, 596
mixing, 597–598
multistage design and operation, 591–594
purge air, 594–595

radiation, 602–603
siphon formation, 599–600
support frame, 594
temperature control, 595–596
three liquid phases, 600–601
zero-point analysis, 598–599

France, 605
1.2-cm Annular centrifugal 

contactor, 607
four-stage 36-cm centrifugal 

contactor, 606
liquid entry, 573

2-cm contactors, end of bank, 574
liquid exit for, 586–587
mixing zone, 575–576, 578

caustic-side solvent-extraction (CSSX) 
flowsheet, tests of, 579

12-cm annular centrifugal 
contactor, variations in, 577

motor, 589
SRL and ANL contactors, 587–588

multistage design and operation
design, 589–591

separating zone and contactor 
scale-up, 580–581

four vertical vanes, 584–585
LW radius, 585–586
more-dense phase flows, 584
operating curve for, 582–583

single stage, 573
Cesium (Cs), 25–26, 29–30, 134–135, 195–197, 

200–202, 204–233, 238–245, 
360–362, 364–365, 374–375

binding, 212, 221–223, 236
cations, 213, 227, 234
coextraction of, 196, 204, 230, 250
complexation, 208, 213, 216, 231
distribution ratios, 205, 215, 481
extraction, 25, 195–196, 204, 212, 215, 

238, 362, 368–370, 633
from acidic high-activity level waste, 238
from alkaline high-activity level 

waste, 240–243
bis(crown)calix[4]arenes, 212–213
calixarene mono crown, 207–212
by calixarenes bearing phosphine 

oxide moieties, 253–254
compounds bearing CMPO moieties, 254
dihydrocalix[4]arene, 218–219
enlarged calix[4]arene crown-6, 219–221
extraction chromatography, 229
fluorescent calixarenes, 229
ion-selective electrodes (ISE), 224–225
liquid-liquid extraction systems 

for, 26–27
parent calixarenes, 204–206
photosensitive calixarenes, 223–224
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in presence of excess of sodium, 209
proton-ionizable calix[4]arene, 221–223
with simulated and actual 

waste, 238–240
simultaneous, 244, 361, 371
strength, 221, 233, 236
structure of extractants used for, 28

ions, 222
liquid strontium and cesium, separation 

of, 26–27
nitrate, 218
permeability through supported 

liquid membranes, 228
picrates, 216, 231
removal, 29, 201, 205, 215, 240, 244
transport

supported liquid membranes 
(SLM), 225–229

CFCs, see Consolidated flow concepts (CFCs)
Chelating extractants, 69–71
Chemoinformatics, 321
China

four-stage 1-cm annular 
centrifugal contactor, 611

GFRP annular centrifugal contactor, 612
glass-fiber reinforced plastic (GFRP), 610
INET annular centrifugal 

contactors, 611–612
TRPO + CYANEX, 175

Chlorinated cobalt dicarbollide (CCD), 30, 
34, 88, 138–141, 156, 277, 359, 
361–364, 374, 431

CCD/PEG process, 30–31
mixture of, 362–363

CHON principle, 21
CMPO, see Carbamoyl-methylphosphine 

oxide (CMPO)
Cobalt dicarbollide

chlorinated, 30, 138, 361
and Ph2-CMPO used in UNEX process, 139

CODESSA PRO software, 323–324
Co-extraction (COEX) process, 8, 34–35, 174
Coextraction of light alkali and 

f-element ions, 284
COMET, see Complexation of metals (COMET)
Complexation of actinide, 67–68
Complexation of metals (COMET), 319, 325, 327

program, 347
Complexes

metal-extractant, 410, 416
metal-ligand, 7, 11, 35, 330

Compounds, carbonyl, 445–447
Consolidated flow concepts (CFCs), 31–32
Contactor design and operation, 565

annular centrifugal contactor, 566
2-cm annular centrifugal 

contactor, mixing zone of, 567

2-cm annular centrifugal 
contactor, view, 568

25-cm contactor housing, side 
view of, 571

25-cm contactor housing, top 
side view of, 570

12-cm contactor housing, top view 
of, 570

4-cm contactor, operating four-stage 
view of, 572

4-cm contactor rotor, inside top 
view of, 570

25-cm contactor rotor, inside 
view of, 569

Contactors, 86, 139, 149, 238, 241, 382, 431, 
564–565, 571–576, 581–582, 584, 
587–589, 593–595, 597–601, 
603–606, 608–612

CINC license, 576
operation, 573–576, 578, 587, 593, 600–601, 

603
rotor, 571, 573, 578, 580, 583, 586–589, 591, 

593–594, 597, 602, 606, 609, 611–612
bearings, 593–595, 609–610

stages, 572–573, 575, 578, 587, 589, 591–595, 
601, 605, 608

Continuous-and stopped-flow detector traces 
for automated SI separation, 531

Cosan calixarenes, 304–305
Cosurfactant, 383
Covalence degree, 126–127, 155
Crown ethers, 25–26, 78–79, 201–202, 

216–217, 220, 230–231, 244–245, 
307, 334–335, 343–345, 360–361, 
364–365, 368–372, 477–478, 
628–629, 632–633

complexes of, 340, 344–345
stability constant assessment, 345

Cryptands, 331, 333, 335
CSSX, see Caustic-side solvent-

extraction (CSSX) process
Curium (Cm), 8, 14, 17–21, 24, 78, 88–89, 120, 

144–149, 153, 156, 158, 171–172, 252, 
258, 265, 360, 366, 470, 604

distribution ratios of, 268–269
DMDBTDMA hot test, 147
extraction, 258

once-through process, 160
rates, 145
recovery yields for, 133
scrubbing, 144–145
solvent recycled process, 161
by TRUEX solvent, 134

recovery of, 167
separation, 199–200

Cyanex 301, 88
GANEX process, 31
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hydrometallurgical processes, 31
TALSPEAK process, 31

and transuranic elements (TRUs), 2–3
CYANEX 301 process, 162–164; see also 

Sulfur-donors

D

DAAP, see Diamylamyl phosphonate (DAAP)
Danesi model of mass transfer, 226–227
DAPEX process, 77
Databases on metal

complexation, 327–328
extraction, 328–329

Decontamination factors (DFs), 73, 121, 136, 
139, 146, 148–149, 153, 158, 166–167, 
169, 171, 240, 464, 547–548, 590–592

Degradation mechanism
influence of diluent on, 485–486
radiolytic degradation of pure extractants

amides, 485
di(2-ethylhexyl) phosphoric 

acid, 484–485
phosphates/phosphonates, 484
tri-butyl phosphate (TBP), 482–484

DEHPA, see Di (2-ethylhexyl) phosphoric 
acid (DEHPA)

Dendrimers, 301–302
calixarenes, 303

Dendritic calixarenes, 276
Dendritic octa-CMPO-calix[4]arenes, 274–275
Density functional theory (DFT) 

calculations, 127
Design principles for centrifugal contactor, 597

and applications, 565, 567, 569, 571, 573, 
575, 577, 579, 581, 583, 585, 587, 589

aqueous and organic solvent pair, 598
bottom drains, 595
cleaning, 601
emulsion formation, 597
evaporative losses, 601–602
large contactor, 25-cm contactor 

operating single-stage, 596
mixing, 597–598
multistage design and operation, 591–594
purge air, 594–595
radiation, 602–603
siphon formation, 599–600
support frame, 594
temperature control, 595–596
three liquid phases, 600–601
zero-point analysis, 598–599

Detector traces, 530
DGA extractant, 552
DHDA, see Dihexyldecanamide (DHDA)
DHOA, see Dihexyloctanamide (DHOA)
Dialkoxy calix[4]arene-crown-6 for cesium, 202

Di (alkoxy) calix[4]arene-monocrown-6, 
synthesis, 212

N,N-Dialkyl amides
degradation

and extraction behavior, 461–464
factors governing, 461
influence of monoamide structure, 461
products, 460–461

as extractants, 93–95
Dialkyl phosphoric acids

degradation products from radiolysis
HDEHP systems, 452

di(2-ethylhexyl) phosphoric 
acid systems, 452

influence of
aqueous phase, 453
degradation, 454
diluent, 453
type of irradiation, 453

removal of degradation products 
from spent solvents, 455

DIAMEX, see Diamide extraction 
(DIAMEX) process

Diamide extraction (DIAMEX) process, 
15–16, 21–22, 199, 262, 360; 
see also One-cycle processes

DIAMEX HAR process flowsheet, 148
DIAMEX-SANEX/HDEHP 

process, 170–173
diamide structure evolution, 145
flowsheet with organophosphorus 

acid regeneration, 368
Diamylamyl phosphonate (DAAP), 82
Dibenzocrown-7, 216
Dicarbollides extractants, 203
DIDPA, see Di-iso-decylphosphoric 

acid (DIDPA) process
Di (2-ethylhexyl) phosphoric acid 

(DEHPA), 68, 452–455
Diglycolamides, 16–17

degradation products, 470–471
factors governing degradation

aqueous phase, 471
diluent, 472
effect of degradation, 472
extractant structure, 473–474
irradiation dose, 472

Dihexyldecanamide (DHDA), 74, 76, 82–83, 94
Dihexyloctanamide (DHOA), 29

DHOA-n-dodecane system, 82–83
Dihydrocalix[4]arene, 218–219
Di-iso-decylphosphoric acid (DIDPA) process, 

17–19, 122, 124, 142–144, 149, 173
countercurrent semihot test, 144
four-group partitioning process scheme, 143

2,2-Dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-
octanedione (FOD), 619–620
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N,N′′-Dimethyl-N,N′-dibutyl-pentyl 
malonamide (DMDBPMA), 15–16, 
18, 23–25, 31, 33, 75, 99, 146, 160, 
163, 365–368, 410, 413, 434, 466

reverse micelle, 392
N,N′-Di-methyl-N,N′-di-n-butyl-

tetradecylmalonamide 
(DMDBTDMA), 75–76, 100, 102, 
145, 262, 384–386, 388–391, 393–398, 
401, 404, 410, 413, 416–417, 435

Di-n-butyl phosphoric acid (HDBP), 
81, 88, 364, 441

Di-n-hexylphosphoric acid (HDHP), 365–366
Di-n-octylsulfoxide (DOSO) as extractant, 77
Dinonylnaphthalene sulfonic acid 

(HDNNS), 80, 156, 365
Dioctyloxy-calix, 205, 216
Dipex extractant, 552
Diphenyl-(dibutylcarbamoylmethyl) phosphine 

oxide (Ph2Bu2-CMPO), 138
Diphosphine dioxides, 141–142; see also Two-

cycle processes
Dipropoxy-calix, 216
Distribution ratios of lanthanides, 265, 268–270
Dithiophosphinic acids, 20–21, 163–165, 388, 

433, 456, 460, 490
Diverter valve, 521–522, 530–531
DMDBPMA, see N,N′′-Dimethyl-N,N′-dibutyl-

pentyl malonamide (DMDBPMA)
DRAGON software, 323–324
Dry process for reprocessing of spent 

nuclear fuel using SC-CO2, 625
DtBu18C6 extractant, 29

e

Eight-stage 4-cm centrifugal contactor 
with face-mounted motors, 588

Emulsion formation, 597
Enlarged calix[4]arene crown-6

calix[4]arene propylene-crown-6, 219–220
thiacalix[4]arene, 220–221

EURATOM Framework Program, 164
EUROPART program, 3
Europe

DIAMEX + BTP/DIAMEX + ALINA in, 175
Europium (Eu)

complexation measurements of, 263
complexes of, 265–266
coordination numbers, 261
distribution ratios for, 156, 252, 

260, 272–275
Eu:calix-CMPO stoichiometry, 270
extraction

Am/Eu selectivity, 203, 279–282, 474
by HDHP-DMDOHEMA mixtures, 172
in NTFB and dichloromethane, 271

percentage of, 253
radiolysis effect, 457

partitioning, 633
removal efficiencies, 139
separation

Am(III)/Eu(III) separation factor, 
156, 163, 363

polyazaheterocyclic ligands for, 346
uncomplexed Eu(CCD)3 salt, 277
X-ray crystal structure of, 16

Extractants
acidic, 633–634
acronyms and formulae, 432–438
amides, 149, 400, 402, 429, 460, 471–472, 

485, 491
amphiphilic properties, 385–389
analytical methods, 439–440
bidentate oxygen-donor, 128–129
chelating, 69–71
conductivity effects on, 398–399
DGA, 552
N,N-dialkyl amides, 93–95
dicarbollides, 203
Dipex, 552
for extraction of Cs and Sr, 28
Flory–Huggins description, 397–398
formulation of solvent and radiolytic 

stability, relation between
nature of substituents, 489–491
organic phase composition, 491–492
oxygen atoms, presence of, 488–489

HDEHP, 24–25, 31, 125, 163, 166, 259, 
365–366, 374, 384, 386, 388, 391, 
396, 432, 452–455, 482, 484–485, 
488, 492, 494, 536, 634

macrocyclic
crown ethers, 477–479

mediated ion-exchange process, 632–633
microstructure of concentrated phases of

lamellar structure in concentrate 
regime, 415–417

liquid crystalline state and solid in 
third phase, 417–419

nitrogen donor, 154–157
organophosphorous, 82
phase diagrams, 389–390
phase splitting, 394–396
radiolytic degradation of

amides, 485
di(2-ethylhexyl) phosphoric acid, 484–485
phosphates/phosphonates, 484
tri-butyl phosphate (TBP), 482–484

self-assembling properties of, 390–394
in silico design, 347

monoamides, 348–349
phosphoryl-containing 

podands, 349–350
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soft N-donor polyazine, 158
solvating, 71–77
stability, 492
sticky hard-sphere description, 396–397
sulfur-donor, 162–164

Extracted species spectroscopic studies, 80–81
Extraction, 15–18, 251

adamantyl calix[n]arene-CMPO, 271–273
beta-diketones, structures of, 70
calixarene picolinamide, 276–279
calixarenes bearing phosphine 

oxide moieties, 252–254
chromatography, using, 525, 527
CMPO-calix[6,8]arenes, 273–274

with mixed functionalities, 279–283
compounds bearing CMPO 

moieties, 254–266
Cs and Sr, 368–369, 374
cycles, 90, 95, 360, 368, 375, 451–452
databases, 319, 328–329
dendritic calixarenes, 276
dendritic octa-CMPO-calix[4]arenes, 

274–275
DIAMEX, 385–386, 388–389, 392, 401
DMDOHEMA, efficiency of, 146, 

165, 401, 409, 419, 448, 468, 472, 
578, 620, 623–624, 627–629

factor, 589–590
liquid-liquid processes, 238, 431
liquid/liquid systems, 4, 6, 11, 403, 409, 519
magnetic particles bearing CMPO calix[4]

arenes, 276
mechanisms, 36, 69, 72–73, 128–129, 

172, 284, 368, 374, 386
narrow-rim CMPO calixarenes, 266–271
octa-CMPO-calixarenes, 273
ruthenium, 459, 464
synergistic, systems, 78, 80
ternary adduct formation constants of, 79
trivalent

actinides, 121–122
lanthanide, 387

two-phase constants, 70, 76
uranium, 3, 91, 197, 284

Extraction chromatography (EC), 65, 96–97, 
102, 167, 229, 519, 522, 524–525, 
527–528

Extraction constant, 76
Extraction solvents limitations, 630–633

F

Fast breeder reactor (FBR), 2, 13, 32–33
FBR, see Fast breeder reactor (FBR)
f Elements solvent extraction 

thermodynamics, 126–129
FIAS-200 and FIAS-400 FI systems, 529

Fischer criterion, 326
Fission products (FPs), 2, 29, 31–35, 92, 95, 

100, 119–122, 134–136, 142–143, 
152–153, 155, 165–166, 168–170, 
172–174, 176, 242–244, 254, 279, 
365–366, 447, 523, 525–526, 532, 
540–541, 604, 617–618

fission product extraction (FPEX), 
29, 244, 371

repartition of, 198
strontium and barium

p-alkoxy calix[6]arene hexa(di-N-ethyl)
amide, 246–249

p-t-Butyl calix[n]arene (di-N-alkyl)
amide and Calix[n]arene (di-N-alkyl)
amide, 245–246

strontium (90Sr), 532
acid concentrations, comparison of, 535
automated SI separation, detector 

traces for, 534
extraction-chromatographic method 

for, 533
HDEHP, 536
multisyringe FI separation 

system design, 536
Pu and Ba, removal of, 535
Sr-Resin, 534–535
Sr-Resin separations, 536

technetium (99Tc), 525
actinide separations in flow 

systems using, 527–528
continuous-and stopped-flow 

detector traces for, 531
extraction-chromatographic 

approach for, 528–529
extraction chromatographic 

separation of, 530
renewable separation-column 

approach for, 532
separations in flow systems, 526
TEVA-Resin, 529–530

Flory–Huggins description, 397–398; see 
also Extractants

Flow injection (FI), 519–520, 522–524, 528, 543
analysis, 519
system, 522, 524–525, 527, 540, 542, 547
system using, 527–529

Flow rate, 149, 162, 520, 544, 571, 580–583, 
586, 591–592, 598–599

zero-point, 598–599
Flow reversals, 520, 522, 536–537
Fluidic methods

flow injection (FI) analysis, 519
and sequential injection fluidic 

automation approaches, 520
sequential injection separation 

fluidic system, 521
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SI methodology, 520–521
SI separation system, 521–522

Fluorescent calixarenes, 229
Fluorination of alkyl side chains of IL, 632
Fluoropole-732, 139, 141, 170
Four-stage 4-cm contactor, 572
FPEX, see Fission product extraction (FPEX)
France

centrifugal contactor in, 605
1.2-cm Annular centrifugal 

contactor, 607
four-stage 36-cm centrifugal 

contactor, 606
Fuel, 8–10, 13, 31–33, 85–86, 88–89, 98, 

102, 120, 134, 144–147, 197–199, 
430–431, 625

reprocessing, 36, 66, 72, 85, 87, 89, 
91, 199, 430

scheme, 85

G

GANEX concept, 31
GANEX with single cycle DIAMEX-

SANEX process conceptual 
flowsheet, 33

Generic TRUEX Model (GTM), 12
Gen reactor types, 31–33, 35
GETAWAY descriptors, 323–324
GFRP annular centrifugal contactor, 611–612
Global Nuclear Energy Partnership (GNEP), 

3, 8, 31, 88, 130
GNEP, see Global Nuclear Energy 

Partnership (GNEP)
GNEP (AFCI) project, 8
GTM, see Generic TRUEX Model (GTM)

H

Hard-sphere, approaches, 393, 395–397, 399
HAW, see Highly-active waste (HAW)
HBTMPDTP, see Bis (2,4,4-trimethylpentyl)-

dithiophosphinic acid (HBTMPDTP)
HDBP, see Di-n-butyl phosphoric acid (HDBP)
HDEHP, see Di (2-ethylhexyl) phosphoric 

acid (DEHPA)
HDHP, see Di-n-hexylphosphoric acid (HDHP)
HDNNS, see Dinonylnaphthalene sulfonic 

acid (HDNNS)
Heavy metal, 600
HEDTA, see N-(2-Hydroxylethyl)

ethylenediamine-N,N′,N′-triacetic 
acid (HEDTA)

HFM, see Hollow fiber modules (HFM)
HFNDX, see Hollow-fiber nondispersive 

extraction (HFNDX)
HFSLM technique, 100–101

High-level liquid waste (HLLW), 
34, 133, 174, 200, 375, 455

High-level waste (HLW), 2–3, 17, 25, 73–74, 
240–242, 359–360, 369–370, 604

Highly-active waste (HAW), 131, 141, 
144, 170, 199, 201, 230, 285

HLLW, see High-level liquid waste (HLLW)
HLW, see High-level waste (HLW)
HNO3 extraction, 398, 459
Hollow fiber modules (HFM), 149, 165
Hollow-fiber nondispersive extraction 

(HFNDX), 100–101
HPBI, see 3-Phenyl-4-benzoyl-5-isoxazolone 

(HPBI)
HPMBP, see 1-Phenyl-3-methyl-4-benzoyl-5-

pyrazolone (HPMBP)
HTP, see Hydrogenated tetrapropene (HTP)
HTTA, see 2Thenoyl trifluoroacetone (HTTA)
Hydrogenated tetrapropene (HTP), 145–147, 

150–153, 158, 170, 172
Hydrolysis, 67
Hydrometallurgy

applicable principles of solvent 
extraction, 124–126

Hydrophilic complexants usage, 23–25
N-(2-Hydroxylethyl)ethylenediamine-N,N′,N′-

triacetic acid (HEDTA), 147, 149, 
151–152, 169–170

N-(2-Hydroxylethyl)ethylenediamine-
N,N′,N′-triacetic acid 
(HEDTA), 15, 19, 24, 366

I

Individual structure-complexation 
property models, 343

Inductively coupled plasma mass 
spectrometer (ICP-MS), 517

INET contactors, 611–612
Inorganic acids extraction and 

polarizability, 406–409
Intergroup separation of An(III)/Ln(III)

nitrogen donors for, 22
soft-hard hybrid donors, 24
sulfur donors for, 20

Ionic liquids (Ils), 218, 627–629
acidic extractant, 633–634
cation, 631–633, 635
extraction solvents, limitations of, 630–633
metal ion partitioning, fundamental 

aspects of, 629–630
phase, 632–633
task-specific ionic liquids (TSILs), 634–635

Ionizable 1,2 crown calix[4]arenes, 293
Ion-selective electrodes (ISE), 224–225
iPr-BTP process flowsheet at CEA 

Marcoule, 160
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Iron (Fe), 142, 147, 154, 470
coextraction, 158
extraction, 15

back-extraction, 364
CYANEX 301 solvent, 164
stripping, 171–172
yields of, 165

as fission products, 140
third-phase formation, 132
uptake behavior of, 97

Irradiation, 85, 94, 98, 136, 154, 162, 201, 
230–232, 241, 263, 369, 431, 438–443, 
446–448, 450, 452–453, 455–456, 
458–459, 461–464, 468, 470–474, 
478–481, 484, 491–492, 494, 626

dose, 442–443, 456, 462–464, 468, 472, 
474, 478–479, 481, 491–492

ISIDA package, 324
Isomers, 73, 93, 207, 224, 231, 372, 

441–442, 446
Isopar, 25, 165–166, 198, 234, 240–241, 

243–244, 363, 368, 371, 580, 602

J

Japan, 607, 609
DIDPA + DIDPA, 175
four-stage 8.4-cm centrifugal 

contactor, 608
JESS, see Joint expert speciation 

system (JESS )
Joint expert speciation system (JESS ), 328

L

Lanthanides
binders, 340
cations, 259, 261, 266, 269, 331, 343
chemical properties of, 66, 126, 206, 

352, 359–360, 455
compositions of scrubbing and 

stripping in, 19
extraction, 15–18
ions, 331, 366, 624
lightest, 259, 279
separations, 18
series, 258–259, 265, 273
X-ray structure of lanthanide 

calixarene complex, 260
Leave-one-out (LOO) technique, 326
LFER, see Linear free energy 

relationships (LFER)
Ligand

acidity, 222, 249
acyclic, 70, 344
auxiliary, 78–79
basicity, 78–79

inventory, 78, 96, 102
ligands/extractants selection, 123
polyazaheterocyclic, 346

Light alkali and f-element ions 
coextraction, 284

Light water reactors (LWRs), 2, 8
Limiting organic concentration (LOC)

values, 5, 7, 31, 73, 82–83, 91–94, 389–390, 
399–400, 402–405, 407, 409, 
412–413, 415

Linear free energy relationships (LFER), 322
Liquid alkanes, 482
Liquid wastes, 96, 204, 360, 368, 382, 464
Lithium (Li), 206–208, 214, 217, 225, 332
LOGKEST program, 346–347
Log Kex, see Extraction constant
Log K modeling ligands used, 341
Long-lived nuclides partitioning goals, 9–10
LOO, see Leave-one-out (LOO) technique
LWRs, see Light water reactors (LWRs)

M

Machine-learning methods
artificial neural network, 325
k-nearest neighbors, 325
multiple linear regression (MLR ), 325
support vectors machine (SVM), 325

Macrocyclic extractants
crown ethers

degradation products, 477–478
influence of diluent, 478
influence on extraction 

behavior, 478–479
Magnetically assisted chemical 

separation, 101–102
Magnetic particles bearing CMPO calix[4]

arenes, 276
Magnetic particles, impregnated, 96–97, 

229, 516, 519, 532, 534, 536–537, 
539, 545, 551

Malonamides (MAMs), 15–16, 348, 464
degradation products from radiolysis, 465
DIAMEX process, 470
DIAMEX-SANEX process, 470
effect of degradation

extracting properties, 468
hydraulic behavior, 468–470
removal of degradation products 

from spent solvents, 470
factors governing degradation, 465, 467
hydraulic behavior, 468–470
influence of structure, 467–468
quantitative data, 465

Materials, extraction-chromatographic, 516, 
518–519, 534, 536, 538, 541, 547

Maximal Margin Linear Programming, 340–341
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Medium activity waste, 200–201
Membrane-based separation studies, 100–101
Membranes based on calixarene crown-6

solid membrane, 229
transport of cesium by means of supported 

liquid membranes (SLM), 225–228
Metal binders, 342
Methylisobutyl ketone (MIBK), 77
MIBK, see Methylisobutyl ketone (MIBK)
Micelles, 4, 7, 16, 77, 151, 228, 320, 383, 385, 

387, 391, 393, 395–407, 409–411, 
413–416, 419

stability and shape transitions, 409
modifier and supramolecular 

structure, 412–415
packing parameter, 410–412

Microemulsions, 403
Microstructure of concentrated phases 

of extractants
lamellar structure in concentrate 

regime, 415–417
liquid crystalline state and solid in 

third phase, 417–419
Mikulin–Sergievskii–Dannus’ model, 137
Minor actinides (MAs), 2–3, 8, 31–32, 35, 360, 

362, 365–366, 370, 372, 374
extraction of, 145, 238, 362, 365, 372
separation of, 360, 362, 365

Mixer-settler studies, 95; see also Thorium (Th)
Modeling of complexation and 

extraction, 208–209
chloroform solution, 211
extraction of alkali cations from pure water 

to pure chloroform, 211–212
gas phase, 210
simulation in vacuo with and without 

counterion nitrate, 212
water solution, 210–211

Molarity, 82, 387–388
Molecular modeling approach, 11–12
Molybdenum (Mo), 15, 17

coextraction of, 146, 149
from PUREX raffinate, 170

decontamination, 137
distribution ratios for, 262
distribution ratios of, 136
extraction, 148, 152

CYANEX 301 solvent, 164
with HDEHP, 166
stripping, 171

as fission products, 122, 140, 142
processes for removal, 24
scrubbing, 147

Mono crown calix[4]arenes, 286–290
Monodentate oxygen phosphorus, 128
Motor/rotor assembly, 586–589, 593–594, 

601–602, 609–610

MOX fuel reprocessing, 29
Multielement separation FPEX process, 29

CCD/PEG process, 30
UNEX process, 30–31

Multistage contactors, 591
Multisyringe separation system, 537

n

Narrow-rim CMPO calixarenes extraction 
of actnides, 266–271, 299

adamantyl calix[n]arene-CMPO, 
271–273, 300

CMPO-calixarenes possessing more 
than four CMPO units

CMPO-calix[6,8]arenes, 273–274
dendritic calixarenes, 276
dendritic octa-CMPO-calix[4]arenes, 

274–275
magnetic particles bearing CMPO 

calix[4]arenes, 276
octa-CMPO-calixarenes, 273

Neodymium (Nd), 132, 151
complexes with CMPO, 137
decontamination, 167
distribution ratios, 470
distribution ratios for, 263
extraction, 400

diamide/dodecane, 404
extractability, 412
TODGA-dodecane/Nd(III) 

extraction system, 412
as fission products, 169, 229
loading capacity in TODGA in 

n-dodecane, 150
radiation effects on, 454

Neptunium (Np), 16–17, 84, 89, 98, 120, 132, 
138, 143, 153–154, 165, 167, 372, 
448, 523, 534, 540, 604, 627

behavior in PUREX process, 4
complexes of, 448
content of, 7
distribution ratios for, 251–252
extraction

behavior of, 81
from nitric acid medium, 76–79, 136
spiked surrogate spent-fuel 

dissolution solution, 154
hydrometallurgical processes, recovery 

from, 31–35
extraction behaviors, 138
neptunium plutonium extraction 

(NPEX), 12, 31, 88
reduction by acetohydroxamic 

acid (AHA), 12
reduction/complexation, 12
separation, 199–200
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oxidation states of, 67
radiotoxicity of, 131
for redox reactions, 4
salt-free reagents for, 88
separation of, 543–549
stripping of, 133, 136, 144–145
and transuranic elements (TRUs), 2

Neutral extracting agents, 128
Neutral organo phosphorous 

compounds (NOPCs), 128
Neutral oxygen-donor extracting agents, 128
NEWPART program, 3
Niobium (Nb), 77, 262
NIST Standard Reference Database, 327
Nitric acid extraction, 80, 166, 215
Nitrogen donors, 14, 21–23, 474

degradation effects, 474
diluent, 476
extractant structure, 475

degradation products, 474
ligands in synergistic mixtures with 

cation exchangers, 156
Nitro phenyl hexyl ether (NPHE), 205, 225
NMRD, see Nuclear magnetic relaxation 

dispersion (NMRD)
NOPCs, see Neutral organo phosphorous 

compounds (NOPCs)
NPEX process, 134
NPHE, see Nitrophenyl hexyl ether (NPHE)
nPr-BTP process flowsheet at CEA 

marcoule, 159
Nuclear energy, 1–2, 85, 88, 120, 130, 132, 163, 

328, 430, 607, 612
Nuclear fuel

cycle, 6, 35, 66, 68, 120, 130, 144, 611
reprocessing, 626–627

SC-CO2, dry process for, 625
Nuclear magnetic relaxation dispersion 

(NMRD), 263, 265, 270
Nuclear power, 1–2, 85, 88, 605
Nuclear reactors, 85, 120, 197, 200
Nuclear waste, 197–198

calixarenes crown-6 testing, 229–230
fission products recovery, 200
medium activity waste, 200–201
reprocessing, 198–199
separation of

cesium and strontium, 200
minor actinides, 199–200

Nuclides, 2–3, 8, 21, 198–199, 201, 244, 275, 
359–361, 374–375, 455

Nuclides extraction
by mixture of acids and neutral compounds

CCD and additives, 361–364
crown ethers with acids, 364–365
organophosphorus acids with neutral 

extractants, 365–366

by mixtures of neutral extractants
crown ethers mixture, 368–370
crowns and calixarenes, 370–372
crowns and neutral organophosphorus 

compounds, 372–373

o

Octyl (phenyl)-N,N-di-iso-butylcarbamoylmethyl 
phosphine oxide

degradation products, 457–458
effect of degradation, 458
influence of CMPO structure, 460
influence of diluent, 458
removal of degradation products, 459

OECD/NEA’s Thermochemical Database, 11
Oligomers, 306
OMEGA project, 8
One-cycle processes

An(III ) from PUREX raffinates, 
separation of

DIAMEX-SANEX/HDEHP 
process, 170–173

SETFICS process, 167–170
On-line analyzer for continuous monitoring, 550
On-line column separation, 529
On-line separation, 539, 548
Open-architecture radiochemical 

analyzer workstations, 552
Organic extractant phases, 383, 387, 403, 409, 419
Organic ligands, 68, 98, 134, 327, 329, 331, 

338–340, 343, 346
Organophosphorous extractants, 82, 91, 93
Oxidation state, 66–67

P

PALADIN process test flowsheet, 367
Palladium (Pd)

decontamination, 137
distribution ratios for, 262
distribution ratios of, 137
extraction, 148, 152

CYANEX 301 solvent, 164
as fission products, 122
scrubbing, 147

Parent calixarenes, 204–206
PAREX code in France, 6
PARTNEW collaborative project, 149
PARTNEW program, 3
PCMSO, see Phenyl-N,N-

dibutylcarbamoylmethyl 
sulfoxide (PCMSO)

Perkin–Elmer Model FIAS-400, 522
Phase separation

liquid/liquid, 396, 402
mobile, 516
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3-Phenyl-4-benzoyl-5-isoxazolone (HPBI), 
70, 78–79

1-Phenyl-3-methyl-4-benzoyl-5-pyrazolone 
(HPMBP), 70, 78–79

Phenyl-N,N-dibutylcarbamoylmethyl 
sulfoxide (PCMSO), 76

Phosphine oxide calixarenes, 295–296
Phosphoryl-containing podands, 349–350
Photosensitive calixarenes, 223–224
Picolinamide calixarenes, 304
Picolinamides, 22
PIM, see Polymer inclusion membranes (PIM)
Plutonium (Pu), 3–4, 7, 32–35, 66–68, 70, 

127, 132–133, 136–138, 143–145, 
149, 154, 449; see also Plutonium 
uranium reduction extraction 
(PUREX) process

COEX process, coextraction of, 8
complexation of degradation products 

of TBP with, 88
extraction

mechanism, 72–79, 81–102
spiked surrogate spent-fuel 

dissolution solution, 154
from fission products and minor 

actinides, 120
hydrometallurgical processes, 

recovery from, 31
isotope separations in flow systems, 529
reduction by acetohydroxamic acid 

(AHA), 12
reduction/complexation, 12
as remainder of TRUs, 2
separate elution of, 540

Plutonium uranium reduction extraction 
(PUREX) process, 2, 12, 32, 
71–72, 86–89, 91, 94, 120, 145, 167, 
198–199, 201, 204, 215, 238, 251, 
262, 360, 430, 439, 446–448, 450, 
482, 604–605, 624–625, 627, 631

behavior of Tc in, 6–7
goal for, 5
HNO3-HNO2 systems, 7
improved process, 6
plant-scale application steps, 5–6
R&D issues, 5
and recent developments, 86–89
recovery

tributyl phosphate (TBP) in 
tetrapropylene hydrogenated (TPH)/ 
isopar L, 198

U-product specification, 7
Polarizability, 126, 403, 405–407
Polyazaheterocyclic ligands for Am and 

Eu separation, 346
Polymer inclusion membranes (PIM), 100
Polytetrafluoroethylene (PTFE) membrane, 100

Praseodymium (III) extraction behaviors, 138
PrepLab liquid handling system, 522
Process monitors in nuclear field, 553
Proliferation resistance (PR), 2, 8, 31–32, 35
Promethium, 372
Proton-ionizable calix[4]arene, 221–223
Proton-ionizable families (BC21–BC23) 

and (MC36–MC41), 223
PTFE, see Polytetrafluoroethylene 

(PTFE) membrane
Pulse radiolysis, 482–483, 485, 493
PUREX, see Plutonium uranium reduction 

extraction (PUREX) process
2,6-Pyridinedicarboxamide derivates for 

UNEX process, 141
Pyridinium calixarenes, 294
PYROREP program, 3

Q

QSAR/QSPR model, 321
Quantitative relationships between structure 

and metal-binding affinity
empirical correlations

complexation, 329–332
extraction, 332

Quantitative structure-activity (property) 
relationships (QSAR/QSPR) models

descriptors types, 323–324
of different classes of complexants and 

extractants, 332–346
and 3D modeling approaches, 353
machine-learning methods

artificial neural network, 325
k-nearest neighbors, 325
multiple linear regression (MLR ), 325
support vectors machine (SVM), 325

selection and validation, 326–327
strategies for, 353

R

Radial basis function neural network 
(RBFNN), 325, 340, 348–349

Radiochemical analysis, 516–517, 523–524, 
549–550, 552

separation methods
classic, 516
column-based, 516–517
requirements for, 517

Radiolysis, 15–16, 22–23, 123, 146–147, 159, 
161, 172, 232, 430–431, 438–443, 
445–447, 452–453, 455–456, 
458–459

degradation of extractant systems
amide extractants, 460–474
CMPO extractants, 457–459
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dialkyl phosphoric acids, 452–455
organophosphorus 

compounds, 440–452
sulfur donors, 456–457
trialkyl phosphine oxides 

(TRPO), 455–456
products, 441, 443, 446–447, 453, 

458, 478, 486–487
quantification, 440
stability, 5, 15, 123, 154, 161–162, 438, 456, 

462, 467, 473, 475–477, 488–491
Radiolytic degradation of pure extractants; 

see also Degradation mechanism
amides, 485
di(2-ethylhexyl) phosphoric acid, 484–485
phosphates/phosphonates, 484
tri-butyl phosphate (TBP), 482–484

Radiolytic degradation of TBP
C–C bond scission, 483
C–H bond scission, 484
C–O and P–O bond scission, 483
complexing ability of degradation 

products, 448
compounds from diluent degradation, 449
concentration, 446
density and viscosity of organic phase, 450
effect of

atmosphere, 447
temperature, 444–445

factors governing, 442–443
flash and fire point, 450
interfacial properties, 450
irradiation

dose and dose rate, 443–444
source, 443

minor radiolytic compounds, 449
nature of diluents, 445–446
nitric acid concentration, 446, 486–487
physicochemical properties of 

degradation products, 450
presence of metallic salts, 447
qualitative analysis, 440–442
quantitative aspects, 442
removal of degradation products from 

spent solvents, 450–451
Radionuclide, 359–361, 375, 516–517, 521, 

532, 549, 551–552
extraction, 375
sensors, 532, 552

Radiostrontium, 628, 632; see also 
Strontium (Sr)

Radiotoxicity, 2–3, 120, 131, 198–199, 382, 532
Rare earth elements (REEs), 132, 360
RBFNN, see Radial basis function 

neural network (RBFNN)
Renewable separation-column approach, 

531–532, 542

Reprocessing/partitioning, 
classification scheme, 34

Resin, extractive scintillating, 537
Reverse micelles, 4, 7, 16, 77, 151, 383, 

391, 393, 395–396, 400–407, 
409–411, 413–416

Rhodium (Rh), 22, 198, 200
and transuranic elements (TRUs), 2

Rigidified CMPO calixarenes, 299
RMSE, see Root-mean square error (RMSE)
Root-mean square error (RMSE), 326
Rotor

body, 567–569, 589, 595, 609
diameter, 575–577, 580–581, 585, 597, 606
housing, 569, 573, 576
spinning, 565, 574, 576, 579, 586–587

Rubidium (Rb), 198, 206–212, 214–215, 
217, 224–225

Rurthenium (Ru), 17, 147–149, 152–154, 
158, 170, 449, 459, 551

coextraction, 146
distribution ratios for, 262
as fission products, 122
and transuranic elements (TRUs), 2

Russia, 609
twenty-six-stage 3.3-cm centrifugal 

contactor, 610

s

Salt extraction and influence of 
polarizability, 403–406

Saltstone process requirement, 240
Samarium (Sm)

decontamination, 167
distribution ratios for, 259, 263, 268–269
extraction, 258
as fission products, 169

SANS, see Small-angle neutron scattering (SANS)
SAR, see Structure-activity relationships (SAR)
SASSE, see Spreadsheet algorithm for stagewise 

solvent-extraction (SASSE)
SCF extraction (SFE), 620
SCFs, see Supercritical fluids (SCFs)
SciFinder Scholar, 328
SEDATA database for solvent extraction of 

metal ions, 328
Separating zone and contactor scale-up, 580–581; 

see also Centrifugal contactors
four vertical vanes, 584–585
LW radius, 585–586
more-dense phase flows, 584
operating curve for, 582–583

Separation methods
of actinides

by calix[6]arenes bearing mixed 
functional groups, 284–285
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TEVA-resin, 547–549
TRU-resin, 539–545
UTEVA-resin, 545–547

americium, 199–200
approaches

requirements for separations in 
radiochemistry, 517

solid-phase separation materials for 
radiochemical analysis, 518–519

behavior, 66, 76
column, 519–522, 531, 533, 537, 

542–544, 552
renewable, 532, 536

curium, 199–200
factors, 157, 163, 246, 254, 273, 

453, 457, 470
material, 519, 531, 542, 552–553
microphase, 419
neptunium, 199–200
processes

advanced, 199
radiochemical analysis, 516, 532, 

542, 549–550
solid-phase separation materials for 

extraction chromatography, 518–519
radiochemistry, requirements

inductively coupled plasma 
mass spectrometer (ICP-MS), 517

separation science, 494
strontium, 200
technologies, 3–4, 31, 35

SEPHIS code, 137
SEPSYS database project, 328
Sequential injection (SI), 440, 520–524, 

530–531, 533, 536–537, 540, 543, 
551–552

fluidic automation approaches, 520
separation fluidic system, 521

Sergievskii–Dannus’ equation, 137
SETFICS process, 167–170; see also One-cycle 

processes
flowsheet

on highly active feed, 169
on PUREX raffinate, 168

SFE, see Supercritical fluids (SCFs)
Silicon-functionalized ligands as supercritical 

fluid-soluble complexants
oligo(dimethylsiloxane)-substituted 

tetraalkyl gem-diphosphonates, 621
SIMPSEX code in India, 6
Single-element separation

calix-crowns, 25, 29
crown ethers, 25
diglycol amides, 29

Single-ion transport values of alkali metal 
ions, 217

Single-stage 25-cm contactor, 596

Siphon formation, 599–600
SLMs, see Supported liquid membranes (SLMs)
Slovafol-909 metals, 362–363
Small-angle neutron scattering (SANS), 4, 7, 

83, 151, 164, 228, 390–391, 393–395, 
401, 404, 418–419

SANS spectra of DMDBTDMA, 394
Small-angle X-ray scattering (SAXS) 

technique for analysis, 4
SMF, see Substructural molecular 

fragment (SMF)
SMF descriptors, 343
SNF, see Spent nuclear fuel (SNF)
Soft-hard hybrid donors, 23
Soft N-donor polyazine extractants for An(III)/

Ln(III) separation, 158
Soft S-donor dithiophosphinic acidics for 

An(III)/Ln(III) separation, 163
Software for prediction of stability 

constants, 346–347
Solid-phase separation materials for 

radiochemical analysis, 518–519
Solvate extraction

An(III)/Ln(III) separation by, 130–131
mechanism of trivalent 4f and 5f 

elements, 127–129
of trivalent 4f and 5f elements, 127–129

Solvating extractants, 71–77
Solvent-extraction, 404, 564–565, 575, 579, 

585, 589, 595–596, 601, 603–604, 
609, 617

database for, 329
flowsheets, 12, 564, 601, 603–604
industrial applications of, 382
processes, 617–618
studies, 68

chelating extractants, structural 
representation of, 69

by ion pairs, 77–78
solvating extractants, 71–74
synergistic extraction, 78–80

Solvent eXtraction Database (SXD) 
software, 329

Solvent-extraction systems for 
reprocessing evolution, 5

advanced processes, 8
consolidated flow concepts of 

advanced reprocessing, 31–35
molecular modeling approach, 11–12
novel extractants and processes, 12, 

14–18, 20–25, 29–31
PUREX process, 6–8

Spent nuclear fuel (SNF), 1
elemental compositions of, 13
radionuclides in, 199
radiotoxicity of, 198
reprocessing, 85–86
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comparison in process, 91
PUREX process and recent 

developments, 86–89
thorium fuel reprocessing, 89–91

SPIN program, 8
Spreadsheet algorithm for stagewise solvent-

extraction (SASSE), 12, 242, 591
worksheet, 591

SREX process, 25, 29, 243, 360, 479
Stability constants, 89, 224, 263, 322, 324, 327, 

329–331, 338–341, 344, 346–347
estimator, 347
of europium complexes with wide-rim 

CMPO calix[4]arenes, 255
Stage efficiency, 134, 244, 572, 575–576, 

578–579, 591, 596–597, 608–609, 611
Sticky spheres model, 4
Stripping solutions, 126, 140, 227
Strontium (Sr), 98, 102, 139–140, 150–151, 

153–155, 165, 361, 372, 604, 609, 
628–629, 632

coextractant for, 362
complexes, 248
Cs-Sr combined extraction process, 30
Cs-Sr vitrified fraction, 374
distribution ratios for, 248, 361, 371
extraction of, 25, 154, 243–246, 270, 

361, 371, 620, 629, 631
by CCD/PEG process, 31
by crown mixture, 370
data for, 369
liquid-liquid extraction systems 

for, 26–27
structure of extractants used for, 28
synergistic effect in, 29–30

fission product separations in flow 
systems, 526

liquid strontium and cesium, separation 
of, 26–27

recovery of, 88
removal from acid solutions, 25
separation, 32, 200, 360
Sr/Na selectivity, 245
Sr-Resin extraction chromatographic 

separation, 524
Strontium (90Sr), 532; see also Fission 

products (FPs)
acid concentrations, comparison of, 535
automated SI separation, detector 

traces for, 534
extraction-chromatographic method for, 533
HDEHP, 536
multisyringe FI separation system 

design, 536
Pu and Ba, removal of, 535
Sr-Resin, 534–535
Sr-Resin separations, 536

Structure-activity relationships (SAR), 321
Substructural molecular fragment 

(SMF), 324, 340, 343, 345
Sulfonamides, 310
Sulfur-donors; see also Two-cycle processes

of dithiophosphinic acid type, 18, 20–21
extractants, 162–164

chemical composition, 456–457
effect of degradation, 457
influence of structure on, 456

Supercritical carbon dioxide (SC-CO2), 
618, 625, 635

Supercritical fluids (SCFs), 618
Fluorinated ligands as supercritical fluid-

soluble complexants, 619–620
nuclear fuel reprocessing, 626–627

SC-CO2, dry process for, 625
SC-CO2 solubility of, 623–624
silicon-functionalized ligands as 

supercritical fluid-soluble 
complexants, 620

di-[3-(trimethylsilyl)-1-propyl], 
representative and percent 
recovery of, 622

oligo(dimethylsiloxane)-substituted 
tetraalkyl gem-diphosphonates, 621

supercritical fluid extraction (SFE), 36, 
97–100, 102, 620–621, 623–624

Super-DIREX process, 98
Supported liquid membranes (SLMs), 

100, 102, 227, 229, 262
Support vector regression (SVR), 325
SVR, see Support vector regression (SVR)
SXFIT model, 6
Synergistic extraction, 78–80, 244, 254, 

277, 360, 449, 463–464
N-donor ligands in, 156
synergistic system process flowsheet, 157

t

TALSPEAK, see Trivalent actinide-lanthanide 
separations by phosphorus-reagent 
extraction from aqueous komplexes 
(TALSPEAK)

Target nuclides, 8, 360
Task-specific ionic liquids (TSILs), 634–635
TBOPDA, see N,N,N′,N′-Tetrabutyl-3-oxa-

pentanediamide (TBOPDA)
TBP, see Tri-n-Butyl phosphate (TBP)
TcyHP, see Tricyclohexyl phosphate (TcyHP)
Technetium (Tc), 17, 148–149

distribution ratios, 250
extraction, 5–7, 12, 17, 99, 142, 148–149, 

250, 359, 529, 604
affinities for, 154
coextraction, 31
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from soil samples, 524
without cesium coextraction, 250–251

as fission products, 142
fission product separations in flow 

systems, 525
and PUREX process, 5

behavior in, 6–7
separation of, 12

Technetium (99Tc), 525; see also Fission 
products (FPs)

actinide separations in flow systems 
using, 527–528

continuous-and stopped-flow detector 
traces for, 531

extraction-chromatographic
approach for, 528–529
separation of, 530

renewable separation-column approach 
for, 532

separations in flow systems, 526
TEVA-Resin, 529–530

TEHOPDA, see N,N,N′,N′-Tetra (2-ethylhexyl)-
3-oxa-pentanediamide (TEHOPDA)

Ternary adduct formation constants of 
actinide, 79

N,N,N′,N′-Tetrabutyl-3-oxa-pentanediamide 
(TBOPDA), 154

N,N,N′,N′-Tetra (2-ethylhexyl)-3-oxa-
pentanediamide (TEHOPDA), 154

N,N,N′,N′-Tetrahexyl-3-oxa-pentanediamide 
(THOPDA), 154

Tetraphenylborate (TPB), 201
Tetravalent actinide ions, 67, 70, 74, 79
TEVA-Resin, 524, 529–532, 536, 538, 

547–549, 551
THECOMAC database, 328
2Thenoyl tri fluoroacetone (HTTA), 68–70, 

78–79, 625–626, 633
Thermal ion mass spectrometry (TIMS), 523
Thiacalix[4]arene, 202, 220–221, 250
Third-phase formation (TPF), 4–7, 15–16, 

24, 29, 35–36
studies, 81–84

THOPDA, see N,N,N′,N′-Tetrahexyl-3-oxa-
pentanediamide (THOPDA)

THOREX, see Thorium extraction 
(THOREX) processes

Thorium (Th), 417
complexes of, 448
distribution behavior of, 95
extraction of, 80, 90, 252, 256

efficiencies, 627
at high ligand-to-metal ion 

concentration ratio, 72
percentage of, 253
by 2-thenoyltrifluoroacetone 

(HTTA), 68

trialkylphosphates for, 73
TRUEX solvent, 133

isotopes analysis in ocean sediments, 547
oxidation states of, 66–67
reprocessing and fabrication stages, 102
separate elution of, 540
separation, 73, 93
separation behavior, 76
third-phase formation in, 83
Th(IV)-TBP system, 403, 415
Th-LOC values, 83
thorium extraction (THOREX) 

processes, 91
features of, 89
Mixer-settler studies, 95
TBP-based, 93

TRU-Resin column separations for 
determination in natural waters, 543

U/Th separation, 93
U/Th transport, 100
variation and nitric acid transport, 101

TODGA, see Tridentate N,N,N′,N′-tetraoctyl-3-
oxapentanediamide (TODGA)

TOPO, see Trioctyl phosphine oxide (TOPO)
TPB, see Tetraphenylborate (TPB)
TPF, see Third-phase formation (TPF)
Trans-uranium extraction (TRUEX), 12, 14–16, 

20, 25, 31, 74, 88, 122, 124–125, 129, 
131, 133–138, 154–155, 166–167, 
173, 175, 251, 360, 457–458, 491, 
597, 605, 630

Trialkyl-phosphine oxide (TRPO) process, 17, 
30, 73, 122, 124, 128, 131–133, 164, 
173, 175, 455–456, 611–612

degradation products from 
radiolysis, 455–456

effect of degradation, 456
Tricyclohexyl phosphate (TcyHP), 82
Tridentate N,N,N′,N′-tetraoctyl-3-

oxapentanediamide (TODGA)
derivatives, 153–155
process, 149–151

flowsheet, 152
TODGA/TBP process flowsheet, 153

2-(3,5,5-Trimethylhexanoyl-amino)-4,6-
di(pyridin-2-yl)-1,3,5-triazine (TMH 
ADPTZ), 157

Tri-n-Butyl phosphate (TBP), 2, 68, 131, 
360, 383, 440, 482, 539, 623

amide, 485
aqueous nitric acid phase on radiolytic 

degradation, influence of, 486–487
concentration, 90, 446
decomposition of, 445–446, 483
di(2-ethylhexyl) phosphoric acid, 484–485
effect of inhibitors on 

degradation, 487–488
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influence of
diluent on degradation, 485–486

phosphates/phosphonates, 484
radiolytic degradation

C–C bond scission, 483
C–H bond scission, 484
C–O and P–O bond scission, 483
complexing ability of 

degradation products, 448
compounds from diluent 

degradation, 449
concentration, 446
density and viscosity of organic 

phase, 450
effect of atmosphere, 447
effect of temperature, 444–445
factors governing, 442–443
flash and fire point, 450
interfacial properties, 450
irradiation dose and dose rate, 443–444
irradiation source, 443
minor degradation products, 449
minor radiolytic compounds, 449
nature of diluents, 445–446
nitric acid concentration, 446, 486–487
physicochemical properties of 

degradation products, 450
TBP-HNO3 complex, 98
TBP/n-dodecane system, 6, 395

Trioctyl phosphine oxide (TOPO), 251
Trivalent actinide-lanthanide separations by 

phosphorus-reagent extraction from 
aqueous komplexes (TALSPEAK), 
12, 17, 23–24, 31, 122, 125, 129, 
135, 163, 166, 170, 173, 175, 366, 
452, 454, 492

Trivalent actinides, 126–127
extraction, 76, 273

Trivalent 4f and 5f elements
cation-exchange extraction, 129–130
properties of, 126–127
separation, 121
solvate extraction mechanism, 127–129

Trivalent lanthanides, 126–127
TRPO, see Trialkyl-phosphine oxide 

(TRPO) process
TRUEX, see Trans-uranium extraction 

(TRUEX)
TRU-Resin, 524, 527, 538–546, 552
TSILs, see Task-specific ionic liquids (TSILs)
Twenty-six-stage 3.3-cm centrifugal 

contactor, 610
Two-cycle processes

An(III)/Ln(III) separation
ALINA process, 164–165
bidentate neutral organophosphorus 

compounds, 133–137

bis-triazinyl-bipyridines, 161–162
bis-triazinyl-pyridines, 157–161
carbamoylmethyl phosphine 

oxide derivatives, 137–138
di-iso-decylphosphoric acid 

process, 141–145
diphosphine dioxides, 141–142
DMDBTDMA, 145–146
DMDOHEMA, 146–149
extractant structures, 175
ligands/extractants selection, 123
malonamides, 145
nitrogen donor extractants, 154–157
parameters for, 122–123
phosphate and phosphonate 

derivatives, 131–132
sulfur-donor extractants, 162–164
TALSPEAK process, 166–167
TODGA process, 149–154
trialkyl-phosphine oxides 

process, 132–133
UNEX process, 138–141
ZEALEX process, 165–166

U

UNEX, see Universal extraction (UNEX)
United States

TRUEX + TALSPEAK in, 175
Universal extraction (UNEX), 30, 124, 131, 

138–141, 173, 362, 374
process flowsheet, 140

cobalt dicarbollide and Ph2-CMPO 
used in, 139

2,6-pyridinedicarboxamide 
derivates for, 141

Uranium (U)
analysis, 69, 524
branched-chain amides for separation, 75
complexes of, 448
distribution behavior of, 95
extraction, 3, 12, 68, 73, 76, 88–89, 284, 

382, 597, 603, 630, 635
behavior of, 79
cycle, stage-analysis data of DHOA 

and TBP in, 94
TBP for, 82
TRUEX solvent, 133

isotopes analysis in ocean sediments, 547
oxidation states, 66–67
Pu flow and, 2
recovery, 71, 100, 627

tributyl phosphate (TBP) in 
tetrapropylene hydrogenated 
(TPH)/ isopar L, 198

reprocessing and fabrication stages, 102
separation behavior, 76
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TRU-Resin column separations for 
determination in natural waters, 543

uranium-selective extraction, 12
233U separation from irradiated 232Th, 75
U/Th separation, 93
U/Th transport, 100
variation and nitric acid transport, 101

UREX+ solvent-extraction process, 134
UREX+ demonstration run by ANL, 

TRUEX process flowsheet, 135
UREX+3 for processing of LWR spent 

fuel conceptual flowsheet, 32
UTEVA-Resin, 523, 528, 538, 544–547

V

Valence state, groups, 540–541, 543
Vapor pressure osmometry (VPO), 385, 387, 410
VOC, see Volatile organic solvents (VOCs)
Volatile organic solvents (VOCs), 628
VPO, see Vapor pressure osmometry (VPO)

W

Waals attractions, 395, 401
Water

coextracted, 391, 396, 406–407
complexation stability constants, 322
deionized, 225, 227, 370, 456
dimethoxy-p-tert-butylcalix[4]arene-

crown-6 in, 210
extraction constants, 322
extraction percentages of alkali 

picrates from, 207
molecules, 68, 78, 142, 217, 345, 394
organic-phase and acid organic 

concentration, 408
phase, 213, 233, 348, 366
pseudo-binary phase diagram, 397
quaternary phase diagram of, 389

Weir
air-controlled, 585, 588, 610
less-dense-phase, 599, 602
more-dense-phase, 581, 585–586, 

599, 610–611
radius, 581, 586

Wet process phosphoric acid (WPPA) 
process, 73

Wide-rim calixarenes bearing, 279
Wide-rim CMPO calix[4]arenes and 

oligomers, 296–298

extraction of actnides
by CMPO linear oligomers, 254–256
by diphosphine wide-rim 

calixarenes, 265–266
by rigidified wide-rim CMPO 

calixarenes, 264–265
by sulfur derivatives of wide-rim 

CMPO calixarenes, 265
by wide-rim CMPO 

calixarenes, 256–262
by wide-rim N-methylated CMPO 

calixarenes, 262–264

X

XAS, see X-ray absorption spectroscopy (XAS)
X-ray absorption spectroscopy (XAS), 84–85
X-ray and neutron scattering data 

for DMDBTDMA, 393

Y

Yttrium, 136, 148–149, 158, 170–171, 536

Z

Zdanovskii–Mikulin rule, 137
ZEALEX process, 165–166; see also Two-

cycle processes
Zero-point analysis, 598–599
Zirconium (Zr)

coextraction of, 146, 149
complexation of degradation products 

of TBP with, 88
distribution ratios of, 136, 262
extraction, 136, 139, 146, 148, 150–152, 366

acid dependence, 136
and back-extraction, 364
with HDEHP, 24, 166
from nitric acid medium by TBP/n-

octane, 83–84
as fission products, 77, 122
processes for removal, 24
salt of dibutylphosphoric acid 

(Zr-DBP), 363–364
scrubbing, 147
synergistic extraction of, 449
Zr-HDBP complexes, 448

Zymark robotic arm system, 523; see also 
Automation approaches

Zymate II laboratory robot, 523
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