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ABSTRACT OF THE DISSERTATION 

 

 

An Investigation of Aggregation in Synergistic Solvent Extraction Systems 

 

 

By 

 

Andy Steven Jackson 

 

Doctor of Philosophy in Chemical Engineering 

 

University of California, Irvine, 2017 

 

Associate Professor Mikael Nilsson, Chair 

 

 With an increasing focus on anthropogenic climate change, nuclear reactors present an 

attractive option for base load power generation with regard to air pollution and carbon 

emissions, especially when compared with traditional fossil fuel based options.  However, used 

nuclear fuel (UNF) is highly radiotoxic and contains minor actinides (americium and curium) 

which remain more radiotoxic than natural uranium ore for hundreds of thousands of years, 

presenting a challenge for long-term storage.  Advanced nuclear fuel recycling can reduce this 

required storage time to thousands of years by removing the highly radiotoxic minor actinides.  

Many advanced separation schemes have been proposed to achieve this separation but none have 

been implemented to date.  A key feature among many proposed schemes is the use of more than 

one extraction reagent in a single extraction phase, which can lead to the phenomenon known as 

"synergism" in which the extraction efficiency for a combination of the reagents is greater than 

that of the individual extractants alone.  This feature is not well understood for many systems 

and a comprehensive picture of the mechanism behind synergism does not exist. There are 

several proposed mechanisms for synergism though none have been used to model multiple 

extraction systems. 
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 This work examines several proposed advanced extractant combinations which exhibit 

synergism: 2-bromodecanoic acid (BDA) with 2,2':6',2"-terpyridine (TERPY), tri-n-

butylphosphine oxide (TPBO) with 2-thenoyltrifluoro acetone (HTTA), and dinonylnaphthalene 

sulfonic acid (HDNNS) with 5,8-diethyl-7-hydroxy-dodecan-6-oxime (LIX).  We examine two 

proposed synergistic mechanisms involving and attempt to verify the ability of these mechanisms 

to predict the extraction behavior of the chosen systems. These are a reverse micellar catalyzed 

extraction model and a mixed complex formation model.  Neither was able to effectively predict 

the synergistic behavior of the systems.  We further examine these systems for the presence of 

large reverse micellar aggregates and thermodynamic signatures of aggregation.  Behaviors 

differed widely from system to system, suggesting the possibility of more than one mechanism 

being responsible for similar observed extraction trends.   
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CHAPTER 1: INTRODUCTION 

 

1.1 Nuclear Energy and the Nature of Used Nuclear Fuel 

 Nuclear reactors provide an attractive option for base load power generation as air 

pollution and carbon emissions are minimal when compared with traditional fossil fuel based 

options. These are desirable properties, given the ever-increasing demand for energy on a global 

scale, due to both industrial and domestic use, and the increasing global focus on anthropogenic 

climate change.  Nuclear reactors create energy by taking advantage of the fission of heavy 

atoms, most often that of uranium which has been enriched in the fissile isotope uranium-235.  

Fission is the process in which the nucleus of an atom is split into two lighter nuclei, resulting in 

two new atoms being formed.   

235
U + neutron → fission products + 2.5 neutrons + 200 MeV 1.1 

 Equation 1.1 depicts the fission of uranium as is common in nuclear power reactors.  An 

incident thermal neutron is absorbed by the uranium nucleus.  The resulting nucleus is unstable 

and splits into two lighter nuclei, known as fission products, and also releases on average 2.5 

neutrons and approximately 200 MeV of energy primarily as kinetic energy of the fission 

products.  The fission products are often unstable and undergo radioactive decay while seeking 

stability.  In addition to causing a fission event, an incident neutron may be captured by uranium 

(either 235 or 238) and form a heavier isotope without undergoing fission.  This resulting heavier 

nuclide may then capture another neutron in a process known as successive neutron capture or 

undergo radioactive decay due to instability.  In commercial nuclear reactor fuel, this 

combination of processes leads to the presence of the elements plutonium, neptunium, 
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americium, and curium.  The elements neptunium, americium and curium are often referred to as 

the minor actinides (MA).   

 The minor actinides, along with many of the fission products, are highly radioactive 

which presents a unique problem in managing used nuclear fuel (UNF) that is no longer useful in 

a reactor.  As many of the components may remain radioactive for thousands to hundreds of 

thousands of years[1], care must be taken in handling and storing this material.  Once UNF has 

been removed from a reactor, there are two options for its management: an open fuel cycle where 

the UNF is disposed of in a repository without any reprocessing or recycling and a closed fuel 

cycle, where at least some of the useful portions of the fuel are separated for further use[2,3].  It 

should be noted that even with a closed fuel cycle, a final repository is still needed as 

reprocessing does not allow for complete reuse of the UNF.   

 The constituents of UNF vary depending upon several factors including the length of use 

of the fuel, referred to as burnup, and the initial contents of the fuel, largely whether fissile 

plutonium isotopes were present or absent.  Figure 1 depicts a generic UNF composition 

reproduced from a recent report from the Blue Ribbon Commission on America’s Nuclear Future 

(BRC)[1].  Fission products are a category comprised of almost one-third of the periodic table in 

detectable amounts[3].  Important fission products include iodine-131, technetium-99, cesium-

137, and strontium-90 largely due to the volatility/mobility and/or the toxicity associated with 

exposure to these isotopes.  Also of important consideration are the lanthanide series elements 

which will be discussed in a later section. 
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Figure 1.1: Typical constituent makeup of UNF. Figure reproduced from [1].   

 The longevity of UNF is problematic with regard to its eventual storage in a geological 

repository. The BRC notes that if controls and management are not carried out properly, a 

significant hazard exists due to exposure to radiation and potential release of radionuclides from 

the repository[1].  Ingestion radiotoxicity is often used as a measure of the potential hazard posed 

by UNF to human populations as the release of radioactive material from a repository could 

unknowingly lead to potential ingestion of UNF components.  Magill et al.[4] discuss the nature 

of radiotoxicity in depth as well as its calculation and its relation to burnup.  Figure 2 is adapted 

from fuel burnup calculations performed by Magill et al. and shows radiotoxicity under several 

different reprocessing scenarios for UNF.   UNF reprocessing and aspects of a closed fuel cycle 

are to be discussed in greater detail in the next section.  It is apparent from examination of Figure 

1.2, however, that removal of uranium for reuse and removal of the minor actinides from the 

material for use in advanced fast neutron breeder reactors result in not only a significant 

reduction in time required to reach background radiotoxicity levels, but also results in a 

significant reduction in volume of waste requiring disposal in a geological repository.   
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Figure 1.2: Effect of partitioning and transmutation on ingestion radiotoxicity of UNF.  Reference to amount of 

natural uranium needed to make one ton fresh nuclear fuel.  Figure reproduced using data from[4].  

1.2 Current Used Nuclear Fuel Reprocessing  

 The reduction in time required to store UNF in repositories due to the removal of the 

uranium, plutonium and minor actinides is clearly shown in Figure 2.  The reduction affects not 

only the time of storage but also the storage volume for such material. This requires successful 

selective separation of the actinide components from the rest of the UNF.  Uranium and in some 

cases a mixture of uranium and plutonium may be used to create fresh nuclear fuel and the minor 

actinides may be used as fuel in proposed fast neutron breeder reactors.  This would result in the 

conversion by fission from long half-life actinides to shorter half-life fission products and in turn 

contribute to the reduction in the long term radiotoxicity as can be seen from the curve denoted 

by "Used Fuel After P&T" in Figure 2[1,5].   

 Currently employed and proposed reprocessing methods rely on solvent extraction to 

selectively separate the UNF components of interest. Solvent extraction utilizes extraction 

reagents to facilitate the transport of solutes between two immiscible liquid phases. Separation is 

achieved due to a difference in affinity for certain solutes over others present.  Typically, an 
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aqueous phase containing a solute or solutes of interest is contacted with an immiscible organic 

phase containing an extraction reagent meant to complex with and move the targeted solute(s) 

from the aqueous phase to the organic phase. Figure 3 depicts such a process in an idealized 

manner.   

 

Figure 1.3: Idealized depiction of a solvent extraction scheme. Blue represents the aqueous phase initially 

containing the solutes of interest, and yellow the organic phase containing the extractants.   

One may then define the distribution ratio, D, as the ratio of the concentrations of solute present 

in the extract phase (organic) divided by the raffinate (aqueous).  Its use is ubiquitous throughout 

solvent extraction to describe the behaviors of extraction systems.   

 In the realm of nuclear fuel reprocessing, the PUREX (Plutonium, Uranium, Reduction, 

EXtraction) process is the only commercially practiced solvent extraction process[1,5,6].  In this 

process, UNF is first dissolved in a concentrated nitric acid solution with the solid uranium and 

plutonium oxides becoming aqueous nitrates according to Equation 2[7].    

                                              1.2 

 

Extraction then takes place through the use of tributyl phosphate (TBP) to selectively complex 

with and extract uranium and plutonium from the aqueous nitric acid phase to an organic phase 

of approximately 30%TBP in kerosene[5,6,8].  The remaining components of the UNF are then 

left in the aqueous nitric acid phase.  Originally developed at Oak Ridge National Laboratory for 

use in the Manhattan Project, the process has been refined and additional safeguards included in 



6 

 

order to reduce proliferation concerns. This includes avoiding the separation of plutonium as a 

pure stream by either retaining it in the aqueous phase (known as UREX) or mixed with part of 

the extracted uranium (known as NUEX)[9].   

 The extraction of uranium and plutonium selectively is attributed to the stability of the 

U(VI) and Pu(IV) oxidation states in solution, for which TBP is known to form stable 

complexes.  TBP shows no or little affinity for ions for the actinides in (V) or (III) valence 

states[10].  Table 1 shows the difference in distribution ratios for uranium and plutonium with 

respect to the (IV) and (VI) oxidation states. 

Table 1.1: Distribution Ratios for uranium and plutonium in a 2 M HNO3/30%TBP extraction system.  Reproduced 

with data from[10].   

 Uranium Plutonium 

Oxidation State IV 1.2 8 

Oxidation State VI 15 2.1 

 

  The extraction of U(VI) by TBP is shown in Equation 3, with a bar over a species 

denoting its presence in the organic phase.  Similarly, plutonium is extracted as the complex 

Pu(NO3)4(TBP)2.  The uranium and plutonium may then be individually stripped from the 

organic phase by first reducing Pu(IV) to Pu(III) as is the case in the traditional PUREX process 

or the plutonium may be left in a mixed state as in UREX or NUEX[9]. Uranium is then stripped 

from the loaded organic phase by contact of the loaded organic phase with a dilute nitric acid 

aqueous phase, effectively reversing the reaction shown in Equation 3. 

   
        

               
          1.3 
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1.3 Advanced Used Nuclear Fuel Reprocessing  

 The extraction of uranium and plutonium from UNF is a necessary first step in closing 

the fuel cycle.  Technology for such reprocessing currently exists as PUREX, and its derivatives, 

and is practiced on a commercial level in several countries throughout the world. It was practiced 

in the United States for a brief period in the 1970's prior to deferment of the practice in 1977 by 

President Jimmy Carter citing proliferation concerns.  In order to completely close the fuel cycle, 

however, recovery of the radiotoxic and long lived minor actinides for transmutation to shorter 

lived fission products in fast neutron breeder reactors is necessary. To date, no processes have 

been operated on a commercial scale for advanced separations beyond the U/Pu reprocessing 

step, though there have been demonstrations of UREX+ systems on a kilogram quantity scale 

using genuine nuclear fuel[11-14].  In addition, a great deal of research has been done on solvent 

extraction systems capable of dealing with post PUREX or UREX process streams for the 

purpose of further separating UNF components, namely the minor actinides and lanthanides.   

 The separation of the minor actinides and lanthanides is not a trivial task and is 

considered by some to be the most challenging obstacle to be overcome in advanced fuel 

reprocessing. This is due in large part to the very similar chemical behavior observed between 

the lanthanides and transplutonic actinides (Am, Cm, etc.) namely in ionic radius and valence 

states exhibited in UNF reprocessing conditions.  The transplutonics up to the element nobelium 

and the entire lanthanide series exhibit trivalent oxidation states as the most stable in acidic, non-

complexing aqueous solutions[7,15].  It is possible to oxidize americium up to Am(VI) and this 

has been used as the basis for separations in a few cases, though in the absence of a strong 

oxidant these higher states are unstable and tend to undergo reduction or disproportionate into 

multiple valence states, making this approach unsuitable for separation processes[16,17].   
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 In the United States, perhaps the most well-known and studied advanced solvent 

extraction scheme is TALSPEAK (Trivalent Actinide Lanthanide Separation by Phosphorus 

reagent Extraction from Aqueous Komplexes).  This process was developed in the 1960's at Oak 

Ridge National Laboratory and is based upon the extraction of the lanthanides from an acidic 

aqueous medium using an acidic organophosphorus extraction reagent.  It also makes use of a 

complexing reagent in the aqueous phase to selectively hold the minor actinide species in the 

aqueous phase[18].  Extraction is typically accomplished through the use of di-(2-ethylhexyl) 

phosphoric acid (HDEHP) and the retention of the actinides in the aqueous phase is 

accomplished with the use of diethylenetriamine-N,N,N',N'',N''-pentaacetic acid (DTPA).  It is of 

note, however, that the chemistry of the TALSPEAK process is remarkably complex and a 

buffered (lactate or citrate buffers are used) aqueous phase is required for the extraction and 

holdback reagents to work as an effective extraction system.  Attempts to simplify this system by 

substituting other components have been the subject of ongoing research efforts [19-21] though 

the process has yet to be implemented on an industrial scale.  

 The TALSPEAK process is not the only advanced separation scheme to be considered 

and in fact, a wide variety of extraction schemes have received a great deal of attention from 

various research programs throughout the world, with an extensive review of the systems under 

consideration by Lumetta et al. in 2010[22].  Notable examples in the United States include the 

ALSEP (Actinide-Lanthanide SEparation Process) system[23,24],  the TRUEX (TransUranium 

EXtraction) process[25,26], and the TRUSPEAK process, which combines certain aspects of 

both TALSPEAK and TRUEX[27-30].  European efforts have focused on extraction processes 

that include various schemes known as SANEX (Selective ActiNide EXtraction)[31-34], 

GANEX (Group ActiNide EXtraction)[35,36], and DIAMEX[37,38].  This list is, of course, not 
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exhaustive and there are many other extraction systems that have been considered since the 

introduction of the PUREX process, some of which will be discussed in a later section.  Table 2 

summarizes general information about several proposed extraction schemes related to the target 

ions, the extractant(s) and aqueous complexants used, etc. 

 The systems presented represent several decades of research into advanced fuel 

separation and some of the systems presented are no longer in consideration for use in processes 

as better options have become available or research focuses have shifted due to problems 

presented with a particular system.  Many of the systems considered, however, employ multiple 

extraction reagents, often in an attempt to increase selectivity or to coextract ions of interest for 

selective stripping in subsequent processing steps.  Multiple extractant systems still being given 

research interest include the TRUSPEAK and ALSEP systems in the United States, and the 

GANEX systems in Europe.  The use of multiple extractants can often result in unexpected and 

strange behavior in the extraction of metal ions, and such behavior is to be discussed in the 

following section.   
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Table 1.2: Summary of advanced extraction schemes for actinide-lanthanide separation as part of a closed nuclear 

fuel cycle.   

Extraction System Extractant(s) 
Aqueous 

Complexants 

 Target 

Extracted Ions 
References 

 

TALSPEAK 

 

HDEHP DTPA Ln from An [3,18,39] 

 

ALSEP 

 

 

HEH[EHP] (2-ethylhexylphosphonic acid 

mono-2-ethylhexyl ester) or HDEHP 

 

TODGA (N,N,N′,N′-

tetraoctyldiglycolamide) 

 

DTPA Ln from An [23,24] 

TRUEX 

 

octyl(phenyl)-N,N-

diisobutylcarbamoylmethylphosphine 

oxide(CMPO) 

 

TBP (as a "phase modifier") 

 

 

An and Ln from 

post PUREX 

streams 

[25,26] 

TRUSPEAK 

 

CMPO 

 

HDEHP or HEH[EHP] 

 

HEDTA OR 

DTPA 

An from Ln by 

coextraction and 

selective 

stripping 

[27-30] 

SANEX 

 

2,6-bis(5,6-dialkyl-1,2,4-triazin-3-

yl)pyridines (BTP's) 

 

 
An from Ln 

after DIAMEX 
[31-33] 

GANEX 

 

bis-triazin-bipyridine (BTBP) 

 

TBP 

 

 

 

An from LN 

 

[35,36] 

DIAMEX 
N,N'-dimethyl-N,N'-dioctyl-hexylethoxy-

malonamide (DMDOHEMA) 
 

 

An and Ln from 

post PUREX 

streams 

 

[37,38] 

SANEX - I 

 

BDA (2-bromodecanoic acid) 

 

TERPY (2,2',6',2''-terpyridine) 

 

 An from Ln [34,40] 

 

 

HTTA (2-thenoyltrifluoroacetone) 

 

TBP or TBPO (tributylphosphine oxide) or 

TOPO (trioctylphosphine oxide) 

 

 An from Ln [41-45] 
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1.4 Synergism in Solvent Extraction 

 The effects of the combination of multiple extractants in a single organic phase have been 

studied extensively since researchers during the very early work done on uranium extraction 

noted enhancement in extraction efficiencies due to the addition of TBP to an organic phase 

already containing HDEHP[46].  This enhancement was noted as a "synergistic enhancement" of 

the extraction of the uranium (VI) ion and opened the doors to the study of a new phenomenon in 

solvent extraction systems.  Later, the combination of other reagents were studied, notably 

HTTA and TBP or TBPO by Irving and Edgington[45,47].  Synergy was shown for these 

combinations of extractants as well.  Figure 4 shows behavior of a synergistic extraction system 

with a combination of the two extractants displaying greater extraction efficiency than either of 

the extractants alone.  

 

Figure 1.4: Extraction data for UO2
2+

 from 0.01 M nitric acid by total 0.02M HTTA and TBP or TBPO in 

cyclohexane.  Figure reproduced with data from Irving and Edgington[45] 

 Combinations of HTTA and neutral organophosphorus reagents were extensively studied 

and mechanisms for the observed enhanced extraction were proposed[41,42,44,48].  Equation 
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1.4 gives a generalized extraction mechanism similar to those proposed as a result of the work 

done by Irving and others.   

                        1.4 

 

Shown is the metal complexed to acidic extractant anions, A
-
, at the interface between the 

organic phase and aqueous phase with hydration waters present filling the remaining 

coordination sites.  The neutral extractant reagent, S, then displaces the waters, resulting in 

increased lipophilicity of the complex increasing its solubility in the organic phase.   

 The study of other multicomponent extraction systems also revealed similar synergistic 

behavior.  Of the advanced extraction schemes shown in Table 1, the HTTA:neutral 

organophosphorus, TRUSPEAK, and SANEX-I processes have been shown to possess 

synergistic behavior.  Other combinations have been reported in literature, though such systems 

are either not related to the nuclear fuel cycle, such as the work done by Osseo-Asare[49-52], or 

have not been a serious consideration in the realm of UNF reprocessing.  Mixed complex 

formation has been the main consideration for the mechanisms and extracted complexes among 

these systems as well.  In particular Hagström et al.[34] suggest a mechanism whereby an acidic 

extraction reagent forms an aqueous soluble complex with a metal ion and a neutral reagent is 

then able to form a multitude of adducts with the complex resulting in increased organic phase 

solubility.  Similarly, Tkac et al. were able to show that distribution ratios could be predicted 

with reasonable certainty in a mixed component system comprised of CMPO and HDEHP with a 

similar mechanism as well as identify several mixed extractant complexes that were present.   

 The use of solvent extraction techniques is not limited to UNF reprocessing and has 

found use in hydrometallurgy as well as other fields.  While using a combination of 
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dinonylnaphthalene sulfonic acid (HDNNS) and anti-5,8 diethyl-7-hydroxy-6-dodecanone oxime 

(the active extractant in LIX63, referred to here as LIX, a commercially available extraction 

reagent) to investigate separating nickel and cobalt, synergistic trends were noticed by Osseo-

Asare and Keeney[49].  Further investigation by interfacial tension measurements revealed that a 

reverse critical micelle concentration (CMC) was seen for HDNNS in the μM range[49].  

However, a significant shift to higher concentrations was seen in the combined HDNNS and LIX 

system. This suggested an association between the two extractants which was verified 

spectroscopically[49]. Further synergistic enhancement seen in the combination of the two 

reagents was only seen once the CMC had been reached. This suggested an extraction 

mechanism in which a reverse micelle of at least one of the reagents was present in the organic 

phase during extraction.  Later work showed that LIX molecules were likely solubilized by the 

HDNNS micelles which suggested the presence of a mixed micelle[52].  This finding is further 

supported by earlier work from Van Dalen et al. which showed that HDNNS reverse micelles 

may also solubilize HDEHP molecules in a manner similar to that found by Osseo-Asare[53].  

The extension of such concepts to the systems being considered for UNF reprocessing has not 

been explicitly made, with literature sources discussing higher order aggregation in such 

systems, to be covered in the following section[54-57].   

 

1.5 Aggregation in Solvent Extraction 

 Many extraction reagents used in solvent extraction processes possess surface active 

properties, which can lead to the formation of reverse micellar type aggregates in the organic 

phase, where the amphiphilic nature of the molecules orient the polar heads into a hydrophilic 

core and the lipophilic tails are oriented outward into the non-polar diluent.  Figure 1.5 
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represents one such structure, with the filled circles representing the polar headgroups of 

amphiphilic molecules and the straight lines represent the non-polar tails. The space encircled by 

the headgroups may solubilize water, leading to the formation of a microemulsion, which may 

also incorporate anions from the aqueous phase including metal ions, in its polar core[57].  The 

formation of large reverse micellar type aggregates and stable water-in-oil microemulsions in the 

organic phase of solvent extraction systems is likely to have a significant impact on the 

performance of a particular extraction reaction and as such a greater understanding of the roles 

and mechanisms at play with regard to aggregation are imperative in understanding solvent 

extraction.   

 

Figure 1.5: 2-dimensional representation of a reverse micellar aggregate often present in solvent extraction 

processes 

 Previous work of note includes that of Healy et al. [41,48] which focused heavily on the 

distribution of metals, though water content of the organic phase was also investigated for the 

purpose of determining the hydration of the extracted metal complexes. Results showed that 

there was an exceptionally low water content in organic phase contacted with a metal containing 

aqueous phase, suggesting that the extracted metal complexes were almost completely 

anhydrous.  Further, the water content of organic phases with and without metals was extremely 

low, suggesting the absence of microemulsions and, by extension, reverse micelles.     

 As mentioned in the preceding section, Osseo-Asare and Van Dalen performed more 

extensive work on the solubilization of extraction reagents within the micelles of other reagents 
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largely through the use of vapor pressure osmometry techniques.  These studies focused largely 

on the interaction of the two extraction reagents, but the overall behavior of the system and the 

potential impact of the solubilization phenomena on the extraction efficiency is left largely 

untouched.  More recent work on the potential synergistic nature of the combined TPB:HDBP 

(dibutylphosphoric acid) system[56,58] for the extraction of dysprosium examined structural 

aspects of the aggregates formed using the x-ray scattering technique SAXS (Small Angle X-ray 

Scattering) coupled with physiochemical properties of the system in attempts to draw 

conclusions on the nature of large organic phase aggregates and the connection of these 

structures to the possible synergistic extraction behavior of the system.  Results showed that 

while there were significantly larger aggregates present in the mixed TBP:HDBP system than for 

either component alone, and that an extraction mechanism involving micellization is likely, the 

synergistic nature of the extraction of dysprosium in this system is not certain and the enhanced 

extraction may be due to HDBP alone.  

 

1.6 Dissertation Overview 

 The study of aggregation in solvent extraction systems and its potential impact on the 

observed synergistic phenomena and processes as a whole provide an interesting starting point 

for study of advanced UNF reprocessing schemes.  As outlined above, there have been 

recent[29,56,58] and not so recent[49,51,52,54] studies related to formation and potential role of 

large reverse micellar aggregates in solvent extraction systems.  The available literature sources 

tend to limit focus to single extraction systems though a comprehensive overview of aggregation 

behavior in solvent extraction has also been written[57].   
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 The work presented in the following chapters of this dissertation examines the possible 

link between the formation of aggregates in the organic phase and the synergistic extraction of 

several solvent extraction systems shown in the literature to display synergy in the extraction of 

metal ions.  A systematic approach was used to examine each solvent extraction system under 

consideration and was as follows: 

1. Chapter 2 presents an overview of the experimental techniques used throughout the 

dissertation to investigate the solvent extraction systems studied.    

2.  Chapter 3 presents an initial survey of reagent combinations present in literature to 

ensure reproducibility of the extraction behavior already shown.  Extraction behavior 

provided a baseline to ensure that during the further examination of properties of the 

selected systems, behavior was consistently in line with what has been already 

established.  Also presented is an analysis of extraction behavior using traditional 

synergistic mixed extractant complexes.  Distribution ratios calculated from the 

described models are compared with experimental values obtained from the survey.    

3.  Investigation of the physiochemical properties of the systems selected from the 

preceding chapter serve to investigate the presence or absence of aggregation and 

microemulsion formation.  Chapter 4 presents and discusses results from the systems 

under investigation. 

4. Chapter 5 serves to introduce investigations of the thermodynamic properties of 

extraction reagent interaction utilizing the well-studied HDNNS:LIX system in an 

attempt to judge the potential usefulness of these techniques for future investigations 

of multicomponent extraction systems.   
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 Conclusions regarding the nature of aggregation and synergism are then presented and 

recommendations regarding the future directions of these types of investigations are then made.   
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CHAPTER 2: EXPERIMENTAL TECHNIQUES AND METHODS 

 

2.1 Introduction to Experimental Techniques and Methods 

 The experimental determination of the presence of reverse micellar aggregates and 

microemulsions in the organic phase of solvent extraction systems and, more generally, the 

aggregation of amphiphilic molecules in non-aqueous, non-polar media is not a recent revelation 

nor is the realization that such processes may occur during and have significant impact on the 

behavior of the extraction of solutes. In fact, these topics have been of interest for many years 

[51,52,54,59-67] though a comprehensive study across multiple extraction systems of the effect 

of aggregation on solvent extraction processes and the complexes formed is lacking.  It therefore 

becomes immediately apparent that the study of only the extraction behavior of the metal ions is 

simply not enough to be able to describe the behavior of a particular extraction system.  

Unfortunately, this remains the primary consideration among literature devoted to solvent 

extraction in the context of UNF reprocessing.   

 The physiochemical properties indicative of reverse micellar aggregate formation and 

thermodynamic studies of extractant interaction presented in the subsequent sections and 

chapters were selected based upon availability of techniques in our laboratory as well as those of 

historical and practical use in determining the presence of such aggregates in non-aqueous, non-

polar diluents.  It is, however, of importance to first verify that the metal extraction behavior of 

the selected systems is in agreement with that presented in the literature and is studied under the 

same conditions as that of the physiochemical properties and thermodynamic analysis to follow.  

The remaining sections of this chapter are then laid out to cover the necessary topics as follows: 

metal extraction behavior and necessary techniques for the study of the extraction behavior, 
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physiochemical properties indicative of reverse micelle formation, and calorimetric 

investigations of extractant interaction in non-aqueous, non-polar diluents.   

 

2.2 The Study of Relevant Metal Ion Extraction 

 The study of metal ion extraction in biphasic solvent extraction systems requires 

knowledge of the concentrations of the metal in each phase in order to calculate the distribution 

ratio as defined in Chapter 1.  Given the interest in separating the Ln and MA in post PUREX 

raffinates it follows that the metal ions studied in this work must be representative of what one 

may expect to encounter in such a process.  Since the primary interest in this work is to verify the 

synergistic nature of solvent extraction systems and not to focus heavily on the actual separation 

behavior of proposed systems with regard to MA and Ln, the use of either group of metals is 

appropriate for the subsequent work.  The lanthanides were chosen for this purpose due to the 

relative ease of handling compared to the minor actinides which are highly radiotoxic, long lived 

elements requiring specialized handling techniques. In some cases, the separation of the MA and 

Ln was of interest, and both were used in cases where noted.   

 Once the lanthanides were chosen as representative metal ions for the study of solvent 

extraction systems, consideration of available techniques and the particular metal species to be 

used present the next obvious choices to be made.  Dysprosium was chosen as a representative 

lanthanide ion due to its similar chemical properties to most of the Ln fission products, its known 

presence (although low) in UNF[15], as well as the relative ease with which its concentration 

may be measured using neutron activation analysis (NAA), which was chosen in conjunction 

with Dy. There were cases in which NAA was not appropriate and in these cases, europium, as a 

radiotracer, was used as a representative of the lanthanide series. 
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 NAA is a technique which relies upon the absorption of an incident neutron by a target 

nucleus to produce an unstable, radioactive nucleus.  The decay of the unstable nucleus can then 

be quantitatively analyzed using radiation detection techniques such as gamma ray spectroscopy 

using a high purity germanium (HPGe) detector.  This technique is extremely useful in the 

analysis of elements that have relatively high neutron capture cross sections.  In the case of 

dysprosium in this work, natural dysprosium was irradiated at the UC Irvine 250 kW TRIGA


 

reactor to produce the short-lived (half-life = 2.33 hours) isotope Dy-165.   

 For some systems, the presence of additional elements such as chlorine or bromine limits 

the use of NAA due to the short-lived isotopes produced and the high concentrations in which 

such elements may be present, which results in especially high activities and leads to difficulties 

in the detection of the isotopes of interest.  This was especially true in the case of the SANEX-I 

system which uses a brominated extractant at concentrations up to 1 M.  In such cases a 

europium radiotracer was used containing Eu-152 (half-life = 13.516 years) and Eu-154 (half-life 

= 8.593 years) which was produced at the UC Irvine TRIGA


 reactor by irradiating Eu2O3 solid 

followed by dissolution of the oxide in nitric acid to make a stock solution of known activity.  

The Eu was produced using a long irradiation time not suitable for the measurement of 

individual samples in the way that dysprosium allows.   Small aliquots of the Eu-stock were then 

added to the aqueous extraction phases before the extractions were carried out.  Analysis was 

conducted using either an HPGe or a sodium iodide (NaI(Tl)) detector.   

 The general overview presented in this section is intended only to serve as a means to 

better understanding the reasoning behind the choices made in the techniques used with regard to 

solvent extraction studies.  Specific experimental conditions and considerations are presented 

alongside the results shown in the following chapter as these differ from system to system.   
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2.3 Physiochemical Properties 

 The study of the aggregation of amphiphilic molecules in non-polar diluents by 

physiochemical properties of the bulk solution presented in the following chapters has been 

based upon properties which have historically been used in literature. Three physicochemical 

properties were chosen here after careful evaluation of literature and are as follows: equilibrium 

organic phase water content, equilibrium organic phase nitrate ion content (as a nitric acid 

aqueous phase was used in all cases), and interfacial tension between the aqueous and organic 

phases at equilibrium.  Brief explanations of why each property was chosen, how the techniques 

were used to measure each property, as well as results typical for each technique follow this 

paragraph.   

 2.3.1 Organic Phase Water Content 

 Equilibrium organic phase water content was chosen for several reasons. The availability 

of a laboratory apparatus allowing its measurement makes the technique attractive.  It is used 

with the general understanding that the measurement of the amount of water present in the 

organic phase at the extraction equilibrium point is likely due to the extent of reverse micelle 

formation due to the amphiphilic nature of the extractants present in the organic phase[57] as 

well as the extremely low solubility of water in aliphatic solvents often used for solvent 

extraction experiments.  This is due to the polar core formed by the head groups, as shown in 

Figure 1.5, which in many cases has the ability to solubilize large amounts of polar solvent.  The 

technique used to measure the water content is Karl Fischer titration which allows for precise 

and quantitative determination of water content.  Water amounts are measured by injection of a 

solution of interest into a Karl Fischer titration solution contained in two compartments separated 

by an ion permeable barrier. Two electrodes, an anode and a cathode are in separate 
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compartments, with the solution to be analyzed being injected into the anode compartment.  

When current is applied to the electrodes, a series of reactions summarized by the overall 

reaction steps shown in Equations 2.1 and 2.2 take place, consuming water in the process.   

                               2.1 

                    
  2.2 

 In the reactions shown above, B represents a base, ROH an alcohol and all other species 

are represented by their chemical symbols.  ROH is often methanol, and B varies depending 

upon the reagent used, though modern Karl Fischer reagents often make use of imidazole.  As 

shown, one mole of iodine is consumed per mole of water, generating two moles of electrons, 

allowing a coulombmetric determination of the titration endpoint.  The consumption of the sulfur 

trioxide base complex in reaction 2.2 serves to ensure a completion of reaction 2.1 by shifting the 

equilibrium right. These reactions have been used extensively since its introduction as an 

analytical technique and the reactions shown are now generally accepted[68,69], with 

standardization and availability of commercial reagents commonplace.  Reagents used in this 

work for water content analysis were checked for accuracy using commercially available 

standardized water containing organic solutions meant for this purpose.  Information specific to 

the apparatus used as well as Karl Fischer reagents may be found in the Chapter 4, section 4.3, 

presented alongside the results.   

 2.3.2 Organic Phase Nitrate Ion Uptake 

 The extractants used in many processes have the ability to extract not only the solutes of 

interest (in the case of UNF, metals) but also other species present in the aqueous phase.  These 

additional species are typically water, which was covered in the previous subsection, and acidic 

or ionic species such as nitric acid or nitrate ions as PUREX and similar systems have a nitric 



23 

 

acid based aqueous phase.  If acidic or ionic species are extracted to a great extent by the 

extraction reagents present, the extraction of both metals and water can be affected.  It is also 

known that nitrate ions can take part in the extracted complexes of metal ions in some advanced 

reprocessing schemes[29].  Such processes have been given some attention in the 

literature[58,70,71] and techniques allowing determinations of nitrate ion content are fairly well 

established, namely potentiometric titration of aqueous washes of the equilibrium organic phase 

and ion chromatographic determinations of similar washes.   

 This work makes use of ion chromatography for additional ion and acid uptake data as 

the use of potentiometric titrations can be difficult when using acidic extractants which 

deprotonate during complexation with solutes and may deprotonate further upon contact with an 

aqueous wash.  Ion chromatography is a generally well accepted technique for such 

determinations and as with other techniques presented in this work, commercially available and 

standardized solutions were used as references for ion content determinations.  Again, specific 

apparatus and reagent information can be found alongside the presented results in section 4.4.   

 2.3.3 Interfacial Tension 

 Given the amphiphilic nature of many extractants in use in practiced and proposed UNF 

solvent extraction schemes, it follows that potential surface active properties may be of some 

importance to the overall performance of a particular system and may also be an indicator of the 

extent of aggregation present in the organic phase. Work initially done by Osseo-Asare on 

solvent extraction of nickel and cobalt[51,67] made use of the measurement of interfacial tension 

to first describe the aggregation phenomenon that was taking place in the organic phase.  

Interfacial tension has also been applied to similar extractants by others as in the work of Al-

Diwan et al.[64] which examined the interfacial properties of hydroxyoxime extractants in terms 
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of the interfacial availability of extractants and the potential implications of such properties on 

rates of extraction.   

 

Figure 2.1: Nickel extraction data and interfacial tension data for the combination of HDNNS and LIX in n-hexane.  

Figure produced using data from[67]and[51].  Note that lines are present only to help guide the eye and that arrows 

point to the correct vertical axis for a particular data set.  

 Figure 2.1 depicts the extraction of nickel using HDNNS and LIX as performed by 

Osseo-Asare et al. superimposed with interfacial tension data collected  using the Du Nüoy ring 

method on the same combination of extractants[51,67].  Several points are worth noting with 

regard to the combination of the two data sets.  The first point of note is that upon addition of 

LIX to the system, the CMC shifts approximately four orders of magnitude higher in 

concentration as shown by the shift between the red and blue circles, suggesting, as stated in 

Chapter 1, that there is a strong association between the two extractants.  Second, is that the 

CMC, shown by the inflection point of sigmoidal curve depicted by blue circles, is the point at 

which the extraction curve begins to sharply increase and deviate from the mostly linear 

extraction behavior seen before and up to the CMC.   

 The application of interfacial tension in the present work is to examine the extent of 

aggregation in a manner similar to that performed in the work of Osseo-Asare.  As the overall 
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goal is to establish potential connections between the formation of reverse micellar aggregates 

and the synergistic nature of several different extraction systems, establishing the degree to 

which such processes are taking place is paramount.  Tension data is obtained  through the use of 

a force tensiometer with the Du Nüoy ring method, using correction factors (known as the 

Harkins and Jordan factor) from Huh and Mason[72] though these corrections are performed by 

software associated with the manufacturer of the instrument used.     

 

Figure 2.2: Picture showing a Du Nüoy ring beneath the surface of a liquid.  The ring is suspended from a hook 

which is attached to a torsion balance.  The large white cylindrical sample stage is moved down, resulting in a force 

on the ring, which is used to calculate interfacial and surface tension.  

 The ring tensiometry method relies upon the measurement of the maximum force 

required to detach a ring from a liquid-liquid or liquid-air interface.  Figure 2.2 depicts the 

detachment of a ring from a liquid film as is common in the Du Nüoy ring tensiometry method.  

The surface tension can then be calculated using Equation 2.3[72] where γ represents surface or 

interfacial tension, R is the radius of the ring, a is the radius of the wire the ring is made from, f 

is the correction factor, known as the Harkins and Jordan factor, which is a function of the 

quantities shown in Equation 2.3, and V is the volume of liquid raised above the interface at the 

point the maximum force has been reached.  
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  2.3 

  

 The accuracy of the apparatus and the rings used were verified by the measurement of the 

surface and interfacial tension of several pure liquids.  As with other physiochemical properties, 

information specific to the instrumentation and software used for measurement is presented 

alongside the results in section 4.5.    

 

2.4 Thermodynamics of Extractant Interaction 

 In the study of multiextractant solvent extraction systems, a multitude of properties about 

the system must be taken into consideration.  This includes not only aspects of the systems once 

the extraction of metal ions has been accomplished but also includes investigations of the 

prearrangement of the extractants in the organic phase.  If one is to believe in the reverse 

micellar extraction schemes such as that proposed by Osseo-Asare[67], it must then be 

established that indeed a mixed micelle is formed prior to the extraction taking place.  Van Dalen 

and Osseo-Asare established that the formation of such mixed micelles are possible using vapor 

pressure techniques and Van Dalen also extended this concept to include an early attempt at 

calorimetric measurements to estimate the thermodynamic parameters of the formation as 

well[50,53].    

 The technique of isothermal titration calorimetry (ITC) has potential uses in the 

investigation of the thermodynamic parameters governing the formation of mixed extractant 

complexes due to its flexible nature in controlling the ratios of the extractants to be mixed. 

Controlling the ratios of extractants could reveal the consistent or inconsistent stoichiometric 

ratios under which the extractants interact, whether or not mixed micelles of extractants are 
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formed.  Work by Tkac et al.[29] provides an example of extractant interaction without the 

presence of reverse micelles.  This then means that ITC alone is not a viable technique to judge 

the nature of interactions between extractant molecules but can indeed be a valuable tool when 

paired with data obtained from other techniques.  ITC is used in Chapter 5 of this thesis to 

evaluate the viability of the technique for the measurement of thermodynamic parameters of 

interest in mixed extractant systems in which reverse micelles are known to exist.  The technique 

can then be judged for its usefulness in the future study of mixed extractants.   

 

Figure 2.3 Simplified ITC. Major components shown 

 Figure 2.3 depicts a simplified version of a typical ITC instrument.  A pair of well 

insulated cells denoted the sample cell and the reference cell are contained within the instrument.  

The reference cell is filled with diluents of the same type to be used in the experiments.  A 

stirring apparatus and needle representative of that to be used in the sample cell is also placed 

into the reference cell.  The sample cell is initially filled with one extractant known to form 

reverse micellar aggregates.  A stirring device is then placed into the cell as is a syringe which is 

used to inject small aliquots of a solution containing the second extraction reagent. The amount 

of energy that the calorimeter is then required to add to the sample cell or not to add to the 

sample cell to maintain a minimal temperature difference between the two cells is a direct 

measurement of the total enthalpy of the changes taking place within the cell.  Spacing in time 



28 

 

between injections is chosen such that the calorimeter’s output signal is allowed to return to a 

baseline value that is kept constant throughout the duration of the experiment.  Careful planning 

of experiments allows for the subtraction of the enthalpy of certain processes such as heats of 

dilution of molecules into the diluent which in turn allows for the calculation of the actual heats 

of interaction between the two extraction reagents taking place.   

 The results presented in Chapter 5 provide an overview and analysis of ITC as a 

technique providing potential utility in the understanding of a single synergistic solvent 

extraction system. Thermodynamic parameters are discussed and calculations of values from the 

data are shown and the difficulties in obtaining such values to high precision due to knowledge 

of the stoichiometry of interactions are presented.  The potential usefulness of the technique for 

obtaining thermodynamic parameters is then discussed and recommendations for the use of the 

technique in application to additional synergistic solvent extraction systems are made. 

 

2.5 Conclusions 

 The selection of experimental techniques used to probe the nature of synergistic extraction 

systems was discussed with regard to the relative importance of the knowledge to be gained from 

each technique and its connection to the nature of synergy.  A general overview of each 

technique was presented in an attempt to demonstrate the scientific validity of each with a brief 

literature review demonstrating the historical use of the technique in the context of solvent 

extraction.  The next three chapters presented in this thesis present the results and specific 

parameters and experimental conditions associated with each of the techniques presented here.  

Conclusions about the overall nature of synergistic extraction are then drawn in the final chapter 
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and recommendations with regard to the study of multiextractant solvent extraction systems are 

presented.
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CHAPTER 3: SURVEY AND OVERVIEW OF POTENTIAL 

SYNERGISTIC REAGENT COMBINATIONS 

 
 

3.1 Introduction 

 Chapter 3 presents an overview of solvent extraction systems from both an experimental 

and theoretical perspective.  A presentation is made first of the results of a screening survey of 

potential synergistic reagent combinations.  A discussion of previous solvent extraction studies 

from the literature accompanies the results of each combination in addition to an analysis of the 

extraction behavior seen in this study.  An attempt is then made to validate the classical view of 

synergism, presented in Chapter 1, Section 4, by calculating the distribution ratios of metal ions 

according to this mechanism, using values for the various equilibria presented from literature. An 

overview of the work of Osseo-Asare [49,51,67,73,74] and the nature of reverse micellization 

and its potential effect on synergistic extraction is then presented, using relationships to attempt 

to calculate distribution ratios in a manner similar to that in which micellization in the organic 

phase is taken into account. Conclusions are then drawn with respect to the study and nature of 

the synergistic effect by solvent extraction studies.   

 

3.2 Experimental Procedures 

 The purpose of the survey of synergistic extraction reagent combinations is to establish 

that the behavior of the metal extraction is indeed synergistic and to aid in choosing extraction 

systems for the further studies of physiochemical properties, to be presented in Chapter 4.  The 

general procedure was the same for all extraction experiments performed.  Extractions were 

carried out using binary combinations of extractants at room temperature using either 
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dysprosium or europium as the metal ion to be extracted. Stock solutions of Dy(NO3)3 or 

Eu(NO3)3 were prepared from solid Dy2O3 or Eu2O3, which were obtained from Michigan Metals 

and Manufacturing at 99.999% purity. In the case of Eu2O3, the solid was first activated by 

irradiation in the UC Irvine 250 kW TRIGA


 reactor.  This avoided unnecessary side activation 

products and allowed a more pure radiotracer solution to be obtained.  Solution preparation was 

then continued with the radioactive solid. Dissolution was accomplished by boiling the 

appropriate solid in concentrated HNO3 until no solid was visible.  A solution of 0.001M HNO3 

was then added and was repeatedly evaporated by boiling at total of three times.  For Dy the final 

solution was made using 0.001M HNO3 to a final volume such that the concentration of 

lanthanide ion was approximately 0.1 M.  For Eu, the final solution was diluted to a known 

volume, from which aliquots could be taken to produce working solutions with appropriate 

activities.  Stock solutions were assayed to verify final metal concentration.  For Dy(NO3)3, this 

was performed using ICPMS (inductively coupled plasma mass spectrometry).  The Eu(NO3)3 

working solution was assayed by counting on an efficiency calibrated HPGe in conjunction with 

ICPMS.  Aqueous phases were then prepared by first preparing an acid solution appropriate for 

the system under consideration.  In most cases, a constant ionic strength was maintained in the 

aqueous phase through an excess background concentration of ammonium, potassium, or sodium 

nitrate.  In most cases, conditions were taken from literature sources.  In the case of Dy 

extraction, a 10
-4

 M solution of Dy(NO3)3 was used as the extraction aqueous phase and was 

prepared from a stock solution.  In the case of Eu extraction, the blank aqueous solution was 

added to the vials to be used for extraction and a small aliquot of a working solution prepared 

from the stock Eu(NO3)3 (known as a “spike”) was added in an amount such that the activity of 

the phases after extraction was appropriate for counting.  Americium-243 was used in a similar 
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manner to the europium tracer though a small aliquot from a stock solution was diluted to make a 

working solution.  Am was analyzed on an HPGe detector.   

 Organic phases were prepared by dissolving the appropriate amount of each extraction 

reagent in the appropriate diluent.  Each organic phase was first contacted with an equal volume 

of a blank aqueous phase in a process known as pre-equilibration.  This pre-equilibration step 

minimized volume changes seen at equilibrium due to the potential extraction of water and acid 

into the organic phase.  Metal ion extraction was then carried out using equal volumes of pre-

equilibrated organic and aqueous phases containing metals described in the preceding paragraph.  

Both pre-equilibration and extraction were carried out by shaking for 15 minutes on a vortex 

mixer followed by 5 minutes of phase disengagement by centrifugation at 3000 rpm.  Materials 

for the preparation of the organic phases were obtained at the purities and from the sources 

described in the following paragraph. 

 N-dodecane was obtained from either Alfa Aesar or TCI at greater than 99% purity. Tert-

butyl benzene (TBB), HDEHP, and TBPO were obtained from Alfa Aesar, with TBB at greater 

than 99% and TBPO at 97%.  HDEHP was at 97% purity and was purified to greater than 99% 

using a copper precipitation method[75].  TOPO at 99+% purity, HDBP at 97% purity, TERPY 

at 98% purity, and BDA at 96+% purity were obtained from Sigma Aldrich.  CMPO was 

obtained at 96% purity from Marshallton Laboratories.  HTTA was obtained at 99% purity from 

Chem-Impex International.  Due to a relatively short shelf life and sensitivity to air and light, 

HTTA was purified by sublimation onto a dry ice cold finger under vacuum at 45°C prior to each 

use.  With the exception of HDEHP and HTTA, all extraction reagents and diluents were used as 

received without further purification.   
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 Analysis of the metal ion content for the calculation of distribution ratios was carried out 

by first sampling equal volumes of each organic and aqueous phase.  Samples from the 

extractions utilizing the Eu radiotracer were then sealed in vials and counted on a Packard Cobra 

NaI(Tl) detector.  Dy containing extraction phases were irradiated at the UC Irvine 250 kW 

TRIGA


 reactor for one hour to produce Dy-165 as described in Chapter 2.  Samples were then 

analyzed by counting the corresponding gamma ray at 94.7 keV using a Canberra HPGe detector 

of either 40% or 30% relative efficiency. Samples containing both Eu and Am were analyzed 

using an HPGe detector by counting corresponding gamma ray peaks at 121.8 keV and 123.1 

keV for Eu-152 and Eu-154, respectively, and 74.7 keV for Am-243.  Analysis of bromine 

distribution in experiments to investigate the distribution of the extractant BDA was carried out 

in a similar manner as metal distribution experiments.  Samples of each aqueous and organic 

phase were placed into neutron activation vials and irradiated for 10 minutes at 250 kW in the 

UC Irvine TRIGA


 reactor.  Samples were left in the core for approximately 20 hours to allow 

short lived products to decay.  Gamma ray spectroscopy was used as described above to 

determine distribution ratios of bromine by counting peaks for Br-82 at 776 keV.   

 

3.3 Solvent Extraction Studies – Results 

 The following subsections present the results from a survey of several extraction reagent 

combinations to be considered for further physiochemical property studies to be presented in 

Chapter 4. Subsections are broken down into individual combinations of reagents where specific 

experimental conditions are described and results are discussed in detail.  Metal ions used are 

lanthanides in all cases except in the HTTA:TBPO combination where the behavior of 

americium is investigated as well.   
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 3.3.1 CMPO and HDEHP, the TRUSPEAK Combination 

 As stated in Chapter 1, the advanced reprocessing scheme known as TRUSPEAK 

combines the extractants CMPO and HDEHP or HEH[EHP] from the TRUEX and TALSPEAK 

processes, respectively, in a single organic phase for the coextraction of minor actinides from an 

aqueous phase to be separated in a successive step via stripping with an aqueous complexing 

reagent such as DTPA.  This section deals with the extraction step of the process utilizing CMPO 

and HDEHP, the molecular structures of which are shown in Figure 3.1.   

 

(a) 

 

(b) 

Figure 3.2: Structures of (a) di-(2-ethylhexyl)phosphoric acid (HDEHP) and (b) octyl(phenyl)-N,N-

diisobutylcarbamoylmethlyphosphine oxide (CMPO) 

 

 Combinations of HDEHP and CMPO have been shown in literature sources to exhibit 

synergistic extraction behavior for both trivalent actinides and lanthanides[28,30,76-78].  The 

provided literature sources were mainly concerned with the separation of americium from 

europium as a demonstration of actinide -lanthanide separation and as such included an aqueous 

complexant in the aqueous phase to selectively hold back the americium from extraction as well 

as a citrate or lactate buffer to control pH as it plays a significant role in extraction, much as it 

does in the TALSPEAK scheme [3,39].  As the study of this system in the work presented in this 

thesis was concerned with the synergistic extraction behavior of the system and not its ability to 

separate MA and Ln, a slightly simplified system was opted for.  Results of extraction studies are 

shown in Figure 3.2. 
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Figure 03: Extraction plot for the extraction of dysprosium from a non-buffered nitric acid aqueous phase by 0.1 M 

total CMPO and HDEHP in n-dodecane.  The aqueous phase composition is either 2 M HNO3 or 0.2 M HNO3 with 

1.8M NH4NO3, as show n in the legend.   Note that lines are present only to guide the eye and do not represent any 

modeling or prediction. 

 Of particular note in Figure 3.2 is the absence of the synergistic trend seen in the 

aforementioned literature sources.  There are two likely possibilities for this significant 

difference. The first is the somewhat higher acid concentrations used here compared to that used 

in the synergistic extractions shown in literature (approximately pH=3.6).  The second is the 

absence of an aqueous complexing reagent, though the latter is likely not a significant influence 

on the extraction behavior when the organic extractant is varied, as its primary purpose is for 

actinide holdback.  It is still relatively interesting to note that while a synergistic extraction trend 

is not seen, the behavior of the dysprosium extraction is still largely nonlinear.   Extraction trends 

at high CMPO fractions are similar at both acid conditions, the extraction of the metal is 

relatively insensitive to the acidity at the acid concentration ranges studied and the low metal 

concentration used here.  The value of the distribution ratio is approximately 10, which is almost 

two orders of magnitude higher than that seen in the lactate buffered system studied by Lumetta 

et al.[78].  The absence of synergistic behavior under the conditions used here, whatever the 

reasoning may be, makes the system unsuitable for further consideration.  Water uptake studies 
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were undertaken for comparison with synergistic systems, however, and the results will be 

presented in Chapter 4.   

 3.3.2 TOPO and HDBP  

 The combination of a neutral solvating reagent and an acidic chelating reagent is 

relatively well studied and many combinations of related compounds have been undertaken. 

Recent works include the combination of TBP and HDBP [56,58] for which synergism has been 

proposed and the aggregation of the extractants studied using Small Angle X-ray Scattering 

(SAXS).  It is well known that in synergistic systems in which an organophosphate extractant is 

present, extraction efficiency for a given metal ion can be expected to increase if the 

organophosphate is replaced with an organophosphine oxide[45,47].  Here we examine a 

common organophosphine oxide extractant, TOPO, along with the dialkyl phosphoric acid, 

HDBP, shown in Figure 3.3, in a combination similar to that used for previous TBP: HDBP 

studies[56,58].  

 

(a) 

 

(b) 

Figure 3.3: Structures of (a) tri-n-octylphosphine oxide (TOPO) and (b) dibutylphosphoric acid (HDBP) 

 

 Figure 3.4 shows results from extraction studies at two different aqueous phase nitric acid 

concentrations and at constant extractant concentration with varying ratios (a technique known as 

continuous variation).  The results shown differ significantly from the TBP:HDBP system 

studied in other literature sources[56,58]. This difference is likely explained by the order of 

magnitude lower concentration of extractants used with data shown collected at 0.1 M total 

concentration. Again, the acidic extractant shows significantly higher extraction at the lower acid 
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concentration which subsides once the neutral reagent is introduced. The 2 M acid concentration 

shows relatively insignificant extraction across the entire range of extractant ratios compared to 

the 0.2 M condition.  As with the CMPO:HDHEP system, the absence of synergistic trends under 

the conditions shown makes this system unsuitable for further consideration in this work.   

 

 

Figure 0.4: Extraction plot for the extraction of dysprosium from nitric acid aqueous phase by 0.1 M TOPO and 

HDBP in n-dodecane.  Note that lines are present only to guide the eye and do not represent any modeling or 

prediction. 

 

3.3.3 TOPO and HDEHP 

 Given the non-synergistic nature of the TOPO:HDBP extraction system shown in the 

preceding subsection and the known synergistic nature of trialkylphosphine oxide and 

organophosphoric acid extraction reagents, the study of another system, shown to be synergistic 

in the literature[45,79], of a combination of the aforementioned extractant types is justified.  The 

system chosen to examine the combination of such systems to a further extent is the TOPO and 

HDEHP, structures of which may be seen in Figures 3.3 and 3.1, respectively.  Conditions under 
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which the extraction was performed are taken from the work of El-Kot[79] and are given in the 

caption for Figure 3.5.   

 

Figure 0.5: Extraction plot for the extraction of europium from 0.01M hydrochloric acid by 0.01M HDEHP and 

TOPO as indicated in benzene.   

 

 As with other extractant combinations examined thus far, synergistic extraction trends are 

not seen in the TOPO:HDEHP system. The observed decrease in distribution ratio as the 

concentration of TOPO is increased is likely attributed to the formation of an adduct between 

TOPO and HDEHP, effectively rendering the HDEHP not available for the extraction of 

Europium.  This system, under the conditions shown, was noted in previous literature to be 

synergistic[79].  As the trends found in the work by El-Kot were not reproducible in this study 

and synergism was not observed, the system was also deemed not suitable for further study.   
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3.3.4 BDA and TERPY, SANEX-I 

 

(a) 

 

(b) 

Figure 3.6:  Structures of (a) 2-bromodecanoic acid (BDA) and (b) 2,2':6',2''-terpyridne (TERPY) 

 The SANEX-I system(see Table 1.2) utilizes BDA and TERPY, seen in Figure 3.6,  in 

tert-butylbenzene to selectively extract the minor actinides from the lanthanides.  Work done 

early in the development of the system by Hagström et al.[34] showed that at a constant 

concentration of TERPY, a variation in the concentration of 2-bromodecanoic acid would 

produce  a synergistic effect, with either extractant alone showing negligible extraction of either 

lanthanides or actinides.  However, extraction was significant with the combination of both 

extractants, specifically for the actinides over the lanthanides, with significant separation seen 

between them.  The extraction plot shown in Figure 3.7 depicts the extraction of europium by the 

SANEX-I combination of extractants.   
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Figure 0.7: Extraction plot for the extraction of europium from 0.01M nitric acid, 0.99 M sodium nitrate by 0.02 M 

TERPY and BDA as indicated in tert-butylbenzene.  Shown is extraction data collected under the same conditions as 

Hagström et al.[34]. 

 

 As also shown by Hagström et al.[34], the extraction of Eu rises quickly upon the 

addition of BDA to the system.  At higher BDA concentrations than those shown, the extraction 

trend begins to follow that of BDA as if there were no additional extractant present in which the 

distribution ratio increases linearly with increasing BDA concentration.  This suggests that there 

is a strong interaction of some sort between the two extractants up until BDA is in such excess 

that this interaction no longer dominates the extraction behavior.  A mechanism based upon 

traditional synergistic views of mixed complex formation was proposed by Hagström et al.[34]  

This mechanism is to be discussed in greater detail in section 3.4.   

 The presence and reproducibility of the observed synergistic trends makes this system 

suitable for further study in the next section and succeeding chapter.   

3.3.5 HTTA and TBPO 

 The combination of HTTA and an organophosphorus extraction reagent is considered by 

many to be the classical synergistic extraction system and has been studied extensively since at 
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least the early 1960's[44,45,47,48,80-83].  The system was originally investigated for use in the 

extraction of uranium though synergy in other metals including the lanthanides and minor 

actinides was found as well.  The work presented in this subsection and the remaining portions of 

this thesis makes use of HTTA and TBPO, structures for which are found in Figure 3.8.  The 

presented work investigates the extraction of the lanthanides dysprosium and europium and the 

minor actinide americium.  

 

(a) 

 

(b) 

Figure 3.8:  Structures of (a) tri-n-butylphosphine oxide (TBPO) and (b) 2-thenoyltrifluoroacetone (HTTA) 

 Results from the continuous variation of HTTA and TBPO for the extraction of 

dysprosium are shown in Figure 3.9.  The extraction trend matches well with that seen by Irving 

and Edgington[45,47] albeit with slightly lower distribution ratios due to differences in the 

extraction of dysprosium and uranyl.  The presence of synergistic trends and repeatability of 

results makes this system suitable for further consideration and study. As such, this system will 

be the subject of discussion in the next section of this chapter and in the chapter to follow, along 

with the BDA:TERPY system.  
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Figure 0.9: Extraction plot for the extraction of dysprosium from 0.1 M nitric acid, 0.9 M ammonium nitrate by 

0.1M HTTA and TBPO total in n-dodecane. 

 

 The method of continuous variation lends itself to studying the possible form of 

complexes at the point of maximum extraction if a mechanism where mixed complexes are 

formed such as that shown in Equation 1.4.  It does not, however, lend itself to examining the 

potential interfacial phenomena at play if the system is to move toward large aggregate and 

microemulsion formation. This is more easily examined in an experimental set up such as that 

shown in the study of the BDA:TERPY system where one extractant is held constant and the 

other is gradually increased over a concentration range of several orders of magnitude. In order 

to be able to compare this type of extraction experiment with data to be collected in a later set of 

physiochemical property experiments, such an extraction was carried out using europium and 

americium radiotracers.  Results are shown in Figure 3.10.   
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Figure 0.10: Extraction plot for the extraction of europium and americium from 0.1 M nitric acid, 0.9 M ammonium 

nitrate by 0.05 M HTTA and TBPO in n-dodecane for each metal ion alone in the initial aqueous phase and 

combined in the initial aqueous phase.  Note that lines are present only to guide the eye and do not represent any 

modeling or prediction. 

 

 The results presented in Figure 3.10 show several different sets of extraction data.  The 

points which show the Eu and Am "only" labeled data refer to extraction experiments which 

were carried out on only one metal ion at a time.  No others were present in either phase during 

the experiments.  The sets labeled "combined" represent the distribution ratios for a system in 

which both europium and americium were present and extracted simultaneously. Of note is the 

suppression of the Am distribution ratios in the presence of Europium.  It is quite likely that this 

effect is a result of a significant difference in concentration between the two radiotracers used, 

with americium having no non-radioactive carrier present and europium having a significant 

portion due to its creation using NAA.  The concentration of americium in the radiotracer 

solution was estimated using an HPGe calibrated for counting efficiency and europium 

concentration was analyzed by ICPMS.  It was found that the concentration of Am in the initial 

aqueous extraction phase was approximately 0.060 μM and that the initial Eu concentration was 

approximately 75 μM.   
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 3.3.6 HDNNS and LIX 63  

 

(a) 

 

(b) 

Figure 3.11:  Structures of (a) dinonylnaphthalenesulfonic acid (HDNNS) and  

(b)  5,8-diethyl-7-hydroxy-dodecan-6-oxime (LIX 63). 

 The system under consideration during the development of the idea of reverse 

micellization catalyzing the extraction of metal ions utilized HDNNS and the active extractant in 

LIX 63, shown in Figure 3.11.  These extractants were being studied for the separation of nickel 

and cobalt.  Figure 3.12 shows results obtained utilizing these reagents in n-dodecane to extract 

nickel from a nitric acid and potassium nitrate containing aqueous phase.  A radiotracer of Ni-63 

was utilized and analyzed using a liquid scintillation counter, Beckman Coulter model LS6500.   

 

Figure 0.12: Extraction plot for the extraction of nickel from 0.1 M nitric acid, 0.9 M potassium nitrate by 0.05 M 

LIX 63 and varying HDNNS in n-dodecane. 

 

 The results obtained are very much in line with those gathered by Osseo-Asare [51] albeit 

somewhat lower, though this is likely an affect from switching the diluent from hexane to 

dodecane.  Error bars represent one standard deviation and are covered by the data points.  Given 
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the extensive work on physiochemical properties obtained previously for this system, it was 

deemed unnecessary to examine them further in the present work.  Due to the extensive data 

available, however, the system was chosen for calorimetric studies to be presented in Chapter 5 

in an evaluation of isothermal titration calorimetry for use in the study of extractant interactions 

in the organic phase of solvent extraction systems.  

 

3.4 Estimation of Europium Distribution Ratios and Other Behaviors 

 3.4.1 Estimation of Distribution Ratios by Reverse Micellar Method 

 The first chapter of this dissertation presented two opposing views regarding the nature of 

synergism in solvent extraction. These two views are generally: (1) the traditional view which 

revolves around the formation of mixed complexes and is generally unconcerned with the state 

of the extractants beforehand and (2) the idea proposed by Osseo-Asare which includes a 

mechanism involving the catalysis of extraction due to the presence of reverse micelles and 

microemulsions in the organic phase.  The mechanism proposed by Osseo-Asare resulted from a 

rather simple observation of the overlap in behavior of the extraction data and interfacial area 

data as measured by interfacial tension[67].  This idea was later expanded into a proposed 

mechanism which included both pure micelles of one extractant species (in the case shown 

below, HDNNS, denoted by HD) and active synergic mixed species micelles (a combination of 

HD and LIX, with LIX denoted by H2Ox) for extracting metallic species as depicted in 

Equations 3.1 and 3.2, respectively[51].    

                          
                   3.1 

                                                   
                              3.2 
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 It is readily apparent that such equations are not especially useful in attempting to 

calculate the concentrations of extracted species due to the nature of such equations accounting 

for multiple stoichiometric possibilities in the complexes shown. Osseo-Asare further refined the 

proposed mechanism in a later publication[74],  which provided detailed steps for the extraction 

mechanism and provided equations for each step, shown below. This also included the notion 

that the observed distribution ratio was the sum of two different distribution ratios due to the 

complexation of one extraction reagent alone and the complexation of the extractant and a 

synergist.  The general steps are outlined below along with the appropriate equations shown as 

Equations 3.3 to 3.8 for the proposed equilibrium constants as defined by Osseo-Asare[74]. Note 

that the subscripts reflect those originally used; x, m, and b refer to the aggregation number of 

the surfactant, the reversed micelle pseudophase (proposed by Osseo-Asare), and the bulk 

organic phase, respectively.  

1. Aggregation of the surfactant, HA: 

   
       

     
 3.3 

2. Partitioning of the synergist, HL, between the bulk organic phase and the reversed micellar 

pseudophase:   

    
     

     
 3.4 

 

3. Transfer of metal M
z+

 to the organic phase by reaction with surfactant HA in the bulk 

organic phase: 

    
        

   

          
 

 3.5 

 

4. Partitioning of the metal complex, MAz formed in step 3 from the bulk organic phase to 

the reversed micellar pseudophase:   

    
           

 

            
 3.6 
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5. Reaction in the micellar pseudophase of HL with the MAz complex to form a mixed 

extractant complex of varying stoichiometry: 

    
           

     
 
      

 3.7 

 

 

6. Partitioning of the mixed extractant complex between the bulk organic phase and the 

reverse micellar pseudophase: 

    
                

 

                 
 3.8 

 The distribution ratio can then be calculated by performing a mass balance around the 

metal in the organic phase, shown in Equation 3.9.   Of note is the fact that the derived 

expression is the combination of two distribution ratios: Do, which is the distribution ratio due to 

the surface active extractant (shown by the first two terms) only and Dm, the distribution ratio in 

the presence of both extractants (shown by the third and fourth terms).   

                                                
              

   3.9 

 

Upon insertion of the values for the concentration of the species shown in Equations 3.3 to 3.8 

into Equation 3.9, Equation 3.11 is the resulting expression for the observed distribution ratio.  It 

should be noted that this requires the assumption that the volume of the water present in the 

reverse micellar pseudophase is significantly smaller than the total volume of the pseudophase 

which allows the calculation of the volume of the reverse micellar pseudophase as shown in 

Equation 3.10.  Also, any reactions involving the metal in the aqueous phase are assumed to be 

absent, though this is known to be false[84,85].  It is also assumed that HL, the non-surfactant 

reagent, does not affect the aggregation characteristics of HA, the surfactant extractant, though 

this is also known to be false in the case of some extractant combinations[50,67].   
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          3.10 

In Equation 3.10, vs is the molar volume of the surfactant like extraction reagent, Cs is the 

concentration of the surfactant like extractant, and Vo is the total volume of the organic phase.   

     
     

 
         

         
 
 

 
          
        

 
                  

 
  

 
   

         

        
 
 

 
                  

 
    

                     
 

3.11 

 The distribution ratios obtained by Osseo-Asare using the preceding equations show 

similar behavior qualitatively to the experimental distribution ratios obtained though were not 

able to be fit to experimental values through fitting procedures. It is also somewhat unclear as to 

how such parameters were chosen as fitting data by manipulation of so many parameters would 

seem difficult at best as only vs, Cs, Vo, and [H
+
] are known parameters.  The others must be 

adjusted. It is also unlikely that parameters related to a micellar pseudophase, such as the 

partition coefficient of the synergist, PHL, between the bulk organic phase and the reverse 

micellar pseudophase, would be able to be determined by experiment.  Also unmentioned in the 

context of the reversed micellar pseudophase model is speciation of the complexes and 

aggregates formed during extraction. Only distribution ratio plots are published which does not 

account for the actual concentration values for each species expected to be present in the 

extraction process.   
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Figure 4.13: Results from the calculation of observed distribution ratios and the constituent distribution ratio 

components from Equation 3.11 using the values shown in Table 3.1 in the column labeled "Value for Model 

System." Values are not fitted to experimental data but show a similar trend in Dobs to that noted in experimental 

studies.  Trends shown are calculated here and not simply reproduced from the results of Osseo-Asare.   
  

 Results from the calculation of distribution ratios for a generic model system proposed by 

Osseo-Asare[74] using equations 3.3 to 3.11 are shown in Figure 3.13.  Values for the 

equilibrium constants shown in the equations are those chosen by Osseo-Asare[74] and are 

shown in Table 3.1.  The additional values in the next two columns are those found for the 

BDA:TERPY and TBPO:HTTA systems, respectively.   
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Table 3.3: Equilibrium constant values used for Figures 3.9 model system (from [74]), 3.14 BDA:TERPY and 3.15 

TBPO:HTTA 

Symbol Description 

Value For 

Model 

System[74] 

Value for 

BDA:TERPY 

Value for 

TBPO:HTTA 

Kx 
Reverse micellization 

constant 
10

25 
100 10 

Kco 

Equilibrium constant 

for formation of MAz 

complex in bulk 

organic phase 

0.1
 

1.56×10
-10

 1.40 × 10
-6 

Kso 

Equilibrium constant 

for solubilization of 

MAz into pseudophase 

1 500 50 

Kc1 

Equilibrium constant 

for formation of mixed 

extractant complex 

0.1 0.008 0.0047 

Ks1 

Equilibrium constant 

for solubilization of 

mixed complex into 

pseudophase 

0.01 1.00×10
-9

 1.00×10
-12

 

PHL 

Partition coefficient for 

HL between bulk 

phase and pseudophase 

1000
 

3280 2 

vs 
Molar volume of 

surfactant extractant 
0.35 0.2076 0.2695 

x 
Aggregation number of 

surfactant 
10 5 2 

y 

Stoichiometric 

coefficient for reaction 

of HL with MAz 

complex 

3 2 2 

z 

Charge on M
z+ 

(also 

stoichiometric 

coefficient for MAz 

complex) 

2 3 3 

 

 A subsequent attempt at fitting the model presented in Figure 3.13 to the experimental 

data shown in Figure 3.12 resulted in extremely poor results.  The number of unknown 

parameters ( all equilibrium, stability, and partition constants) makes this task especially difficult 
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and it is quite likely that many of the necessary equilibrium constants are not measureable by 

experiment.  It is evident from a comparison of the two figures that the synergistic point in the 

data occurs at an HDNNS concentration several orders of magnitude higher than is predicted by 

the model given the chosen parameters.  It is entirely possible that the simplifying assumptions 

necessary to be able to obtain an expression for the distribution ratio do not accurately reflect the 

actual behavior of the combined extractant system.  The two largest contributors to the incorrect 

prediction of the extraction behavior are likely the assumption that the aggregation 

characteristics are the same for the surfactant alone and the surfactant in the presence of the 

additional extractant, and the absence of additional aqueous metal containing complexes.  Both 

are discussed in the preceding paragraphs.  

 In an attempt to fit extraction data from other systems to a similar model as that proposed 

for the reverse micellar catalyzed model proposed by Osseo-Asare, the results from a fit attempt 

to the BDA:TERPY data shown in Figure 3.7 was attempted.  The same issues that accompanied 

the attempt for the generic case explored by Osseo-Asare were present, namely that there are a 

large number of unknown parameters that must be found (Kx, Kco, Kc1, Ks1, PHL) in order for a fit to 

be accomplished and experimental values for the proposed mechanism parameters are unlikely to 

be able to be measured.  Also, a fit to a model consisting of large number of unknown parameters 

is often suspect as any number of parameter combinations may result in appropriate looking fits 

to the data.  Results from a fitting attempt are shown in Figure 3.14 with values used for the fit 

shown in Table 3.1.  It is worth noting that the trend for Dobs does not show the expected 

synergistic behavior.  While the trend for Do shows the expected behavior[34], the synergistic 

trend is lost in Dm.   
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 The calculation of distribution ratios using the reverse micellar catalyzed model for the 

HTTA:TBPO system resulted in an equally poor fit and results are shown in Figure 3.15.  

Attempts were first made to manually adjust the unknown parameters so that the trend was 

similar to that seen experimentally and in the initial calculations performed by Osseo-Asare.  

Error was then minimized between the calculated Dobs values and the experimental D values.    

Again, the trends from the best fit are not representative of the trends seen experimentally though 

the linear increase in Do is likely similar to that expected experimentally.  The indication of 

aggregation in these systems is discussed in further detail in the following chapter.   

 
Figure 5.14:   Fit of the model proposed by Osseo-Asare to the BDA and TERPY synergistic extraction system.   
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Figure 6.15:   Fit of the model proposed by Osseo-Asare to the TBPO and HTTA synergistic extraction system.   

 

3.4.2 Estimation of Distribution Rations by Traditional Mixed Complex Formation 

 In contrast to the mechanism proposed by Osseo-Asare, Hagström et al.[34] proposed a 

mechanism for the 2-BDA and TERPY SANEX-I extraction system which included only two 

phases: one aqueous and one organic.  As experimental work continued on the SANEX-I system, 

values necessary for the calculation of distribution ratios using a method similar to that proposed 

by Hagström et al. were measured and such a calculation became possible depending upon the 

specific conditions chosen.  In the context of this work, conditions were chosen such that they 

matched the experimental conditions in the preceding section as close as possible.  Results for 

the extraction of europium using the SANEX-I combination are shown in Figure 3.6.  Based 

upon the experimental results done in this work and the results and proposed mechanism given 

by Hagström et al., Equations 3.12 through 3.27 were used to in an attempt to calculate 

distribution ratios for the extraction of europium by 2-BDA (symbolized by HA) and TERPY 

(symbolized by L). Table 3.2 displays the constants used in the equations, a brief description of 

each constant and the source for each constant.   
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 It is first necessary to consider the behavior of the extractants alone in the organic phase.  

2-BDA is well known to form dimers and can, in a monomeric form, be transferred to the 

aqueous phase[86]. These processes are described in Equations 3.12 and 3.13, respectively.    

       
       

     
 3.12 

     
    

    
 3.13 

Once HA is transferred to the aqueous phase, it may become deprotonated and form complexes 

with metals, such as europium, that are present in the aqueous phase.  These processes can be 

described using an acid dissociation constant and a series of stability constants for the complexes 

formed.    

Dissociation of the acidic extractant: 

        
        

    
 3.14 

 

Stability constants for the formation of extractant:metal complexes (assumes a trivalent metal 

species given that trivalent europium was used in this work): 

      
      

         
 3.15 

 

    
  

    
  

          
 3.16 

 

     
     

          
 3.17 
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These metal complexes may then be transferred to the organic phase: 

      
     

     
 3.18 

One must also consider the transfer of the additional extractant, L (TERPY), from the organic 

phase to the aqueous phase.  In the case of TERPY, it is also well known that once transferred to 

the aqueous phase, protonation of nitrogen occurs, for which stability constants have been 

measured, resulting in an aqueous soluble complex[87].   

    
   

   
 3.19 

 

    
     

       
 3.20 

 

    
    

   

        
 3.21 

 

    
    

   

        
 3.22 

It is then often postulated that once the transfer of the MA3 complex to the organic phase has 

taken place, an adduct with L results in the synergistic trend seen.  It is possible for the adduct 

formed to be of several compositions with respect to L, as reflected by the "n" in Equation 3.23.    

Unfortunately, literature values for such an equilibrium constant do not exist and have not been 

experimentally determined.  

      
        

         
 3.23 
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It is also necessary to consider the presence of metal-nitrate complexes known to be present in 

the aqueous phase as this is likely to affect the ability of the metal to be extracted to the organic 

phase.  Stability constants are known for the addition of up to two nitrates to europium[84,85].   

 

       
     

   

         
  

 3.24 

 

       
        

  

        
 3.25 

 

Results for calculations performed using the above described extraction scheme are shown in 

Figure 3.16.  The distribution ratio is simply calculated as the ratio of the sum of all metal 

containing species in the respective phases, shown in Equations 3.26 and 3.27.  Equation 3.26 is 

shown for the possible existence of two different mixed complexes forming as there is some 

ambiguity in the literature about the existence of these complexes[34,88].   

                                3.26 

 

                         
              

            
   3.27 
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Figure 7.16:   Fit of the model suggested by the traditional view of synergism and proposed by Hagström et al. [34] 

using values provided in Table 3.2.  Additional values not provided but shown in equations were fit to the 

experimental data by error minimization. The black circles represent experimental data, as shown in Figure 3.7 

while the rest represent calculated distribution ratios containing the extracted complexes and adducts as noted in the 

accompanying legend.  

 

 The results presented in Figure 3.16 represent several scenarios resulting from the 

previously defined equations.  As  is evident from the results, the fit not including TERPY, noted 

as "MA3 Only" in the legend and shown as a red line, shows a  linear increase in distribution 

ratio not unlike that seen experimentally by Hagström et al.[34] though the slope of the 

calculated values is not nearly as steep as those seen empirically.  The remaining three fits 

include the following complexes:  MA3 and MA3L, MA3 and MA3L2, and all three complexes 

together plus an adduct formed as HA-L which can be distributed between both phases.  The 

reason for the inclusion of the aqueous soluble adduct species is to be discussed in the following 

paragraphs.  It is of note that the existence of both the MA3L and MA3L2 complexes is predicted 

to be present in the extraction of europium by slope analysis presented in other work [34,88]. 

The ambiguous nature of the complex formation provides a significant difficulty in attempting to 

calculate distribution ratios as a dominant species cannot be assumed and both cases must be 

considered when attempting to fit the data.  As presented, there is a significant difference in 
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calculated distribution ratio between the calculations containing complexes MA3L and MA3L2.  

The inclusion of an aqueous soluble adduct results in a fit with the lowest overall error of those 

scenarios considered here.  However, the synergistic nature of the extraction is lost in this case.    
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Table 3.2: Constant values used for the calculation of distribution ratios using Equations 3.10 to 3.27 

Symbol Description Value Reference 

KdimHA 

Dimerization constant for 2-

bromodecanoic acid in tert-

butyl benzene 

278 [86] 

KdHA 

Distribution coefficient for 

2-bromodecanoic acid in 

tert-butyl benzene 

799 [86] 

KacidHA 
Acid dissociation constant 

for 2-bromodecanoic acid 
3.18 × 10

-3 
[86] 

      
Stability constant for metal-

BDA complex formation 
5.012 × 10

13 
[88] 

    
  

Stability constant for metal-

BDA complex formation 
7.943 × 10

18 
[88] 

     

Stability constant for metal-

BDA complex formation 
1.0 × 10

22 
[88] 

KdMA3 

Distribution coefficient for 

transfer of neutral MA3 

complex to the organic phase 

3.50 × 10
-1 

[88] 

KdL 
Distribution coefficient for 

TERPY in tert-butyl benzene 
100 [89,90] 

    
Stability constant for first 

protonation of TERPY 
1.62 × 10

3 
[90] 

    
Stability constant for second 

protonation of TERPY 
1.12 x 10

6 
[90] 

    
Stability constant for third 

protonation of TERPY 
7.24 × 10

7 
[90] 

       
Stability constant for 

formation of metal nitrate 

complex 

2.04 [91] 

       
Stability constant for 

formation of metal nitrate 

complex 

1.143 [91] 

 

Table 3.3 presents the adjusted parameter values used to obtain the fits shown in solid lines in 

Figure 3.16.  Values were obtained by minimizing the error between calculated and experimental 

distribution ratio values.   
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Table 3.3: Parameter values adjusted for the calculation of distribution ratios using Equations 3.10 to 3.27 

Parameter Description Value for MA3L Fit 
Value for MA3L2 

Fit 

Value for Aqueous 

soluble Fit 

KA3L 

Equilibrium constant 

for addition of first 

TERPY to extracted 

complex 

1.08×10
7 

2.38×10
7 

2.48×10
7 

KA3L2 

Equilibrium constant 

for addition of 

second TERPY to 

extracted complex 

 2.45×10
13 

1.00×10
10 

KHAL 

Equilibrium constant 

for formation of 

adduct between 

BDA and TERPY 

  1.00×10
7 

KD HAL 

Distribution 

coefficient for BDA 

and TERPY adduct 

  1.00×10
7
 

 

It is worth noting that it is not only necessary to keep track of distribution ratios of the metal in 

the case where they are to be calculated; it is also necessary to monitor the distribution ratios of 

the extractants as well as the concentrations of species proposed by a given model.  This is 

especially true in the case where there are multiple extractants present.  The distribution of 

extractant molecules between the organic and aqueous phases in solvent extraction systems has 

been of some consideration in other work[90,92].  These previous studies, however, were 

concerned with the transfer of TERPY to the aqueous phase, which is known to be significant 

depending upon the conditions of the aqueous phase, namely pH. A model for the distribution of 

TERPY as the only extractant present initially in the organic phase was derived by Andersson et 

al. and is derived again here using Equations 3.19 to 3.22 and presented in Figure 3.17.  Figure 

3.17 also shows a comparison between the cases in which TERPY is alone in the initial organic 

phase and when it is combined with BDA.  
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Figure 8.17:  Distribution of TERPY shown as a function of aqueous phase acid concentration.  Green diamonds 

represent data collected by Andersson et al.[89,90], the black line represents the model as derived in Equations 3.28-

3.34 and the blue circles represent data collected by Nilsson and Ekberg[92].   

 

 Utilization of the equilibria presented in Equations 3.19 to 3.22 allows for the calculation 

of the expression shown in Equation 3.28. The distribution ratio is simply the ratio of the sum of 

all TERPY species present in the respective phases, as defined previously.   

       
   

                           
 3.28 

 The results shown in Figure 3.17 are quite surprising in that the presence of BDA appears 

to enhance the transfer of TERPY to the aqueous phase over the range of acid concentrations 

shown.  This odd behavior then suggests that if an adduct is indeed forming and being 

transferred to the aqueous phase, the bromodecanoic acid distribution should then show a similar 

trend.  Data on the distribution of BDA and other selected properties are known, though these 

were only measured for BDA alone in a tert-butylbenzene organic phase[86,88].  Figure 3.18 

presents distribution data for the TERPY:BDA combination of extractants versus the negative 

logarithm of the equilibrium acid concentration, in a similar manner to that shown for TERPY.  

Data was collected via neutron activation analysis as described in the previous chapter and in 
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Section 3.2. Figure 3.19 presents the same distribution data as Figure 3.18 but versus the initial 

organic BDA concentration instead.  This allows for a comparison between the experimentally 

obtained values and the distribution of BDA calculated from the speciation found in the 

calculations made using Equations 3.12 to 3.27 including the aqueous soluble complex.   

  

Figure 9.18:  Distribution of BDA between a tert-butylbenzene organic phase and a nitric acid aqueous phase.  

Error bars represent one standard deviation from replicate samples.  Conditions are the same as in Figure 3.16.  

Model shown is that derived by Nilsson et al.[86] and is for comparison as the model is for a system with only BDA 

present.  
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Figure 10.19:  Distribution of BDA between a tert-butylbenzene organic phase and a nitric acid aqueous phase.  

Error bars represent one standard deviation from replicate samples. Experimental and calculated values shown for 

comparison.   

 

 The data presented in Figure 3.18 shows a similar trend to that seen for BDA distribution 

without TERPY present[86] though the distribution ratio values are much higher, especially at 

higher acid concentrations.  This is opposite the change seen in the TERPY distribution ratio 

seen in Figure 3.17, which is much lower than predicted when in the presence of BDA.  Figure 

3.19 demonstrates the under-prediction of BDA distribution in all three presented cases and also 

exemplifies the need to examine the behavior of multiple components in a scenario where 

distribution ratios are to be calculated from a proposed mechanism or model.  Also of note is the 

relatively insignificant difference seen between the calculated distribution ratios across the three 

scenarios considered.  This is likely due to the optimization of parameters such that error was 

minimized for the distribution ratio differences while maintaining the correct total concentration 

for BDA though not necessarily its distribution and speciation. The greater realization is that any 

number of species chosen to describe the given system may or may not be present and a 

significant amount of additional work is needed to determine the existence of such species. 



64 

 

 In a manner similar to the results shown in Figure 3.16, Figure 3.20 shows the results 

from calculations performed for the HTTA:TBPO system, experimental data for which is shown 

in Figure 3.10.  The derivation of expressions allowing the calculation of distribution ratios is 

essentially identical to that shown in Equations 3.12 to 3.27.  Table 3.4 contains the equilibrium 

constants used and references for the constants.  Error minimization was employed to adjust the 

unknown parameter (KdMTTA3 ) to give the best possible fit of the proposed model to the data. 

 

 
Figure 11.20:  Distribution of europium between an n-dodecane organic phase and a nitric acid aqueous phase, 

utilizing an initial organic phase concentration 50mM HTTA with varying TBPO as shown.  

 

 The distinct lack of a synergistic nature to the calculated curve shown in Figure 3.20 

suggests a significant problem with regard to the calculations performed.  The approach was 

similar to that shown in the BDA and TERPY system as shown by the included parameters in 

Table 3.3.  The values reported and used are all for the proposed system except for the 

dimerization constant, which is reported for TBP  as given by Vo et al.[93] due to the lack of 

such values available for TBPO.  It is unlikely that a small change in the dimerization constant 

would result in a significant change in the calculation results. What is instead suggested by the 
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deviation from the experimental behavior is a significant difference in mechanism or organic 

phase behavior from that observed in the BDA and TERPY system.  

Table 3.4: Constant values used for the calculation of distribution ratios for HTTA and TBPO using Equations 3.10 

to 3.27 

Symbol Description Value Reference 

KdimS Dimerization constant TBPO 1.68 
[93] (note value is for TBP 

as TBPO values were not 

available) 

KdHA 

Distribution coefficient for 

HTTA between dodecane 

organic phase and aqueous 

phase 

5 [94] 

KacidHA 
Acid dissociation constant 

HTTA 
6.3 × 10

-7 
[80,95] 

        
Stability constant for metal-

HTTA complex formation 
1.00 × 10

6 
[80] 

      
  

Stability constant for metal-

HTTA complex formation 
1.00 × 10

12
 [80] 

       

Stability constant for metal 

HTTA complex formation 
3.98 × 10

17
 [80] 

KdMTTA3 

Distribution coefficient for 

transfer of neutral M(TTA)3 

complex to the organic phase 
3.94 × 10

-3 

Not available, fit to 

minimize error between 

experimental and 

calculated distribution 

ratios 

          
Stability constant for 

addition of one TBPO to 

MTTA3 complex 
3.63 × 10

5 
[96] 

           
Stability constant for 

addition of two TBPO to 

MTTA3 complex 
3.98 × 10

8 
[96] 

       
Stability constant for 

formation of metal nitrate 

complex 

2.04 [91] 

       
Stability constant for 

formation of metal nitrate 

complex 

1.143 [91] 

 

As before, the errors between the experimental distribution ratios and the calculated distribution 

ratios were minimized by adjusting the unknown parameters.  It was also assured during this 

process that the total concentration of metal calculated was in line with that measured 

experimentally as was the total concentration of each extractant.  In the case of the HTTA:TBPO 
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system, only one parameter was allowed to vary as experimental values for the others are 

available in the literature, as shown. This leaves little flexibility in adjustment of the calculated 

distribution ratios for error minimization. The linear trend seen in the calculated values more 

closely resembles the trends shown by a single extractant rather than a synergistic combination.  

It is likely then that the proposed HTTA:TBPO mechanism does not accurately represent the 

processes taking place.  It is also likely that, given the wide range of literature sources and time 

periods over which the constant values were collected, erroneous values may be present or the 

values may not accurately reflect the system for which the experimental data shown in this work 

was collected.  

  

3.5 Conclusions 

 The observation of synergistic trends for several solvent extraction systems reveals 

significant inconsistencies among literature sources, necessitating the repetition of experiments 

to verify expected behavior prior to further examination of solvent extraction systems.  The 

predictable and reproducible behavior of the BDA:TERPY and HTTA:TBPO systems makes 

these ideal candidates for comparison with the HDNNS:LIX63 system used by Osseo-Asare to 

formulate a model based on a reversed micellar influenced extraction mechanism.  A re-

derivation of the expressions used by Osseo-Asare and a subsequent attempt to fit the 

expressions to the experimentally obtained data yielded extremely poor fits, suggesting that the 

model needs further refinement if it is to be considered for explanation of the observed 

synergistic trends.  It may also suggest that the proposed mechanism describes the observed 

behavior poorly.   
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 A treatment of the experimental data with a traditional mixed complex formation model 

which does not take into account large aggregate formation yields significantly better results for 

the BDA :TERPY system.  Such a treatment also yields poor results for the HTTA:TBPO system 

and in fact shows a lack of synergy in the calculated distribution ratio values. This suggests that 

perhaps two separate mechanisms are needed to describe the two systems, and a direct 

comparison of synergistic systems is an inappropriate assessment of the observed behavior.  

Further studies on the HTTA:TBPO and BDA:TERPY systems are presented in the following 

chapter to probe the properties of the organic phase that may play a role in determining metal 

extraction behavior. 
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CHAPTER 4: PHYSIOCHEMICAL PROPERTIES OF SELECTED 

REAGENT COMBINATIONS 

 

4.1 Introduction 

 Chapter 4 builds upon the two solvent extraction systems chosen in Chapter 3, 

BDA:TERPY and HTTA:TBPO, for additional study beyond the initial survey of systems shown 

in the previous chapter.  Presented here are results from investigations of physicochemical 

properties of the organic phase of each of the solvent extraction systems which may indicate the 

presence or absence of large reverse micellar aggregates or microemulsions. The findings 

presented here are important to consider given the extremely inconsistent behavior seen in the 

preceding chapter with regard to the comparison of predicted distribution ratio data.  First, a brief 

explanation of experimental procedures is included to familiarize the reader with the specific 

techniques used in the remainder of this chapter.  An overview of the literature findings on each 

of the techniques accompanies the individual sections dedicated to each of the corresponding 

techniques.  Conclusions are then drawn with regard to the microemulsion and reverse micellar 

behavior of the organic phase based upon the evidence presented in the preceding sections.   

 

4.2 Experimental Methods 

 In order to build upon the extraction work presented in Chapter 3, the conditions under 

which the results presented in this chapter must be examined under the same conditions as those 

used for the work presented previously.  Extractions were therefore performed in the same 

manner as those presented in the preceding chapter though instead of using radiotracers only 

stable lanthanides were used here.  Reagents used were the same as listed in Chapter 3 unless 
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otherwise noted.  Surface tension measurements were performed using an Attension Sigma 700 

force tensiometer with a platinum DuNüoy ring of 9.545 mm radius.  Data was collected using 

OneAttension software which utilizes Harkins-Jordan factors as calculated by Huh and 

Mason[72].  The tensiometer was calibrated using a calibration weight provided by the 

manufacturer.  The surface tension of absolute ethanol and >99% n-dodecane were measured to 

ensure proper values were obtained.  Organic phase water content measurements were performed 

by Karl Fischer titration using a Metrohm model 831 KF Coulometer controlled with Tiamo 2.0 

software and using Fluka Hydranal
®

-Coulomat AG-H reagent.  The apparatus was checked for 

accuracy using Fluka Hydranal
®
 Water Standard 1.0 which is standardized to contain 1 mg of 

water per 1000 mg of solution.  Organic phase nitrate ion content was measured by ion 

chromatography (IC).  Data was collected using a Metrohm 940 Professional IC Vario 1 

controlled by MagIC Net 3.0 software.  Calibration curves were prepared using Metrohm 

provided standards for nitrite and nitrate ions. 

 

4.3 Water Extraction 

 The effort to determine or disprove the presence of reverse micelles and microemulsions 

in the organic phase of solvent extraction systems requires the study of properties of the organic 

phase that may be indicative of such aggregates.  The water content of the organic phase is one 

such property, as solubilization may occur inside the polar core of reverse micelles (see Figure 

1.5)[53,59,61,97].   The Karl Fischer titration method for determining water content is discussed 

in detail in Chapter 2. The water content properties of the TERPY:BDA and HTTA:TBPO 

systems are markedly different from each other as shown in Figures 4.1 and 4.2 
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 It is evident from examination of Figure 4.1 that there is significant water uptake into the 

organic phase and that for both the BDA only and TERPY:BDA systems, it is nearly identical, 

suggesting that BDA is the component responsible for the entirety of the water uptake seen.  This 

is in line with the ideas proposed in the extraction model from the work of Osseo-Asare. 

However, the water content is quite low, especially when compared with that seen elsewhere in 

literature[58] for other potential synergistic extractant combinations, though it is worth noting 

that the total extractant concentration was varied continuously at total 1 mol/L concentration in 

the cited work, with water concentrations up to 0.4 mol/L.  The extractant concentrations in the 

present work are, in general, much lower.   

 The shown concentrations of water are generally higher than the expected concentration 

of the target metal present in the organic phase, suggesting that the water present is likely not due 

only to hydration of the metal ion.  This is also shown by the BDA only points, in red squares, as 

a target metal ion was not present in the initial aqueous phase, revealing that the water 

concentration is nearly the same for both cases.  This suggests that BDA is responsible for the 

observed water extraction.  Given its surfactant like structure (see Figure 3.6(a)), it is likely that 

the water is extracted in the form of a reverse micelle.  It is of course necessary to collect 

additional data in order to fully understand the organizational nature of the molecules and 

potential macromolecules present within the aqueous phase.  Some of this data will be presented 

in the following sections.  Additional recommendations to fully understand the system are 

covered in the Chapter 6.   
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Figure 4.12: Organic phase water content for the BDA: TERPY and BDA only extraction systems. Conditions are 

the same as shown in Figure 3.7    

 

 
Figure 4.2: Organic phase water content for the HTTA:TBPO reagent combination. The total extractant 

concentration is 0.1M over the ratios shown along the horizontal axis. Conditions are the same as in Figure 3.9.   

 

 The data shown in Figure 4.2 differs markedly from that presented in the preceding figure 

for the BDA: TERPY system.  The blue data points labeled "Contacted Org Phase" show the 

water content of the organic phase after extraction.  The concentration in these samples is very 

low, approximately one order of magnitude lower than the expected metal ion concentration at 

the highest distribution ratio.  They also follow a similar synergistic trend as that seen in the 
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dysprosium extraction data shown in Figure 3.9.  There are then two likely conclusions to be 

reached from examination of this dataset.  The first is that the low water content indicates that 

there is likely no reverse micellization taking place or large aggregates forming that contain a 

significant amount of water within the structure.  The second conclusion is that due to the 

synergistic nature of the water uptake, it is likely that the water seen in the organic phase is due 

to incomplete dehydration of the metal ions extracted, with approximately one in ten metal ions 

exhibiting this behavior given the order of magnitude difference in the metal ion and water 

concentrations.  

.  Of note, is that both data sets contain HTTA and TBPO. This was done as interesting behavior 

was seen in the combined system, especially the uncontacted organic phases in which TBPO 

dominates the water uptake due to its hygroscopic nature.  Aside from these differences, the 

difference in the data sets shown in Figure 4.2 displays an interesting trend and points to an 

interesting effect when exploring the water content of extraction system organic phases.  

 Also of interest is the significant difference seen between the uncontacted organic phase 

and that which has been subjected to extraction. The initial water content is significantly higher 

than that after contact in all cases except that in which only HTTA is present.  This is likely due 

to the hygroscopic nature of TBPO leading to the inclusion of water in the organic phase. This 

water is then removed from the organic phase during extraction.  This preferential exclusion of 

water from the organic phase upon extraction exhibits the equilibria that can exist in such 

systems and how such equilibria control not only the metal ion extraction processes but the 

nature of all species present in the system.   

 While water uptake serves as a quick and relatively reliable indicator of possible reverse 

micellization and microemulsion formation, it is certainly not exhaustive.  Other techniques are 
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needed in order to effectively conclude anything with regard to the potential speciation of a 

given extraction system.  Several additional techniques are covered in the remaining sections of 

this chapter which are part of an attempt at providing a more complete picture of the relevant 

properties and behaviors of synergistic extraction systems.  

 

4.4 Nitric Acid Extraction 

 The extraction of mineral acids, such as nitric acid, within the context of solvent 

extraction processes is relatively well defined and has been known for some time [98-100], with 

recent work examining the potentially synergistic TBP:HDBP system[58].  The extension of 

such ideas to additional and more advanced extraction systems is not often considered though it 

can be shown in the case of TBP based extraction systems that there is considerable extraction of 

acids from the aqueous phase[100].  As covered in Chapter 2, ion chromatography was chosen to 

analyze the nitrate content of the organic phase by first washing the post contact organic phases 

in triplicate with nanopure water.   

 Significant difficulty was encountered in attempting to measure the nitrate ion uptake for 

the HTTA: TBPO and BDA: TERPY systems, though the BDA: TERPY system presented the 

most significant difficulties. This is due in large part to the exceptionally low uptake of nitric 

acid by both systems.  Figure 4.3 depicts the nitrate ion concentration for the HTTA: TBPO 

system.  Nitrate concentration is very low for this system, especially when compared with the 

results seen by others for TBP and HDBP.  This is likely due to the relatively low acid 

concentration initially in the aqueous phase as enhanced extraction is noted when it is increased 

[58].  The behavior shown is somewhat surprising given the relatively low water uptake shown 

for the same system.  Chiarizia et al.[100] attempt to explain the uptake of nitric acid by a 
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mechanism in which the acid is present in the polar core of a reversed micelle containing 4-6 

extractant molecules (TBP).  This also results in a more significant water uptake than that seen 

for the TBPO: HTTA data shown in Figure 4.2.   The synergistic nature of the extraction is also 

lost in the nitrate ion study, suggesting that extracted nitrates are in the form of nitric acid and 

are not associated with a metal ion, which is in opposition to the case with the water extraction.  

The nitric acid extraction is also heavily dominated by TBPO over HTTA, which is not 

particularly surprising given the known affinity of neutral organophosphorus extraction reagents 

for mineral acids.   

 

Figure 4.3: Organic phase nitrate ion content for the HTTA:TBPO reagent combination. The total extractant 

concentration is 0.1M over the ratios shown along the horizontal axis. Initial aqueous phase nitric acid concentration 

is 0.1 M. 

 

 Measurement of the nitrate ion content of the BDA: TERPY system organic phases 

proved to be significantly more problematic than that of the HTTA: TBPO system.  Multiple 

attempts were made to measure these values over the range of conditions for which the metal ion 

and water extraction was observed.  The results indicate that little to no nitrate or nitric acid 

extraction occurs over the range of conditions studied.  Several dilution ratios were used for 
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sample preparation and even at the lowest dilution values for sample preparation nitrate ions 

were below the detection limit of the instrument used.  In short, the nitric acid or nitrate ion 

uptake in the BDA: TERPY extractant combination is very low at the conditions studied (these 

conditions are the same as for the previously presented BDA: TERPY results) and results in 

undetectable levels by ion chromatography.  As such, no figure is provided here for the 

extraction of nitric acid by this system.  There are several possibilities for the exceptionally low 

acid extraction:  1) the low initial nitric acid concentration in the aqueous phase and 2) the 

reversal in roles for the acid and neutral reagents between the HTTA: TBPO and BDA: TERPY 

systems.  The second possibility involving role reversal is interesting to consider in the context 

of the observed behavior.  It is noted that while nitric acid has a relatively high affinity for 

extraction by TBP, its extraction by acidic organophosphorus reagents, such as HDBP, is 

considerably lower[58].  In a system such as the BDA: TERPY combination, the acidic 

component is far in excess of the neutral component and the neutral component is relatively 

dilute and at a constant concentration under the conditions studied.  A more detailed study than 

that presented here is necessary to completely understand the acid extraction behavior and would 

likely include a macromolecular study utilizing scattering techniques similar to that done 

elsewhere[56,71].   

 The inclusion of nitric acid into the organic phase of the studied solvent extraction 

systems yields two surprisingly different results.   These differences may lie in the somewhat 

different initial aqueous phase conditions that each system requires to obtain the expected metal 

extraction results.  It may also be due to the very different nature of the extractants themselves, 

with the neutral reagent (TERPY) in the BDA: TERPY system being far less concentrated than 

the neutral reagent in the HTTA: TBPO system.  It is clear, however, that acid extraction is 
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something that must be accounted for in the comprehensive study of solvent extraction schemes 

of interest, as it is potentially responsible for occupying significant quantities of available 

extractants.   

 

4.5 Interfacial Tension 

 Surface and interfacial tension have long been used in interfacial chemistry as indicators 

of the extent of aggregation of amphiphilic molecules.  An overview of previous interfacial 

tension work as applied to solvent extraction processes was given in Chapter 2.  Experimental 

information with regard to the results presented here is given in section 4.2.  Again, work 

focused on the BDA: TERPY and HTTA: TBPO extraction systems.  Figures 4.4 and 4.5 contain 

the interfacial tension data as collected using a force tensiometer and the Du Nüoy ring method.  

As with the previously presented physiochemical property data, the two systems display 

markedly different behavior. An attempt to explain the observed behavior is presented here.   

 

Figure 4.4: Interfacial tension values for BDA: TERPY in tert-butylbenzene.  Aqueous phase is 0.01M HNO3 

0.99M NH4NO3 with initial 0.0001M Eu(NO3)3. Organic phase is 0.02M TERPY and BDA as shown in t-

butylbenzene. 
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 Typical reverse micellar behavior viewed using interfacial tension as an indicator with a 

well-defined CMC is presented in Figure 2.1 and was collected by Osseo-Asare while working 

with HDNNS and LIX.  Similar behavior may also be seen for normal micellar behavior using 

other surfactants[60]. Indicative of micellization is the sudden reduction in interfacial tension, 

which is due to the interface becoming saturated with surfactant molecules, after which micelles 

or reverse micelles are formed, depending upon the polarity of diluent under consideration[101].  

The data presented in Figure 4.4 for BDA with and without TERPY present in the organic phase 

shows some characteristics of reverse micellar aggregation and some characteristics of the 

absence of such aggregation.  In the case of the BDA data, it appears as though only the first 

portion of a typical CMC curve is observed up to a concentration of 1 M BDA and perhaps if 

additional data were collected beyond this point, a CMC may be found around or beyond 1 M.  

However, such a concentration is almost unreasonable to consider for a CMC, especially when 

compared with CMC values known for other surfactants in nonpolar diluents[50,101].  It is also 

worth considering that the concentration of pure BDA is approximately 4.8 M meaning at such 

high BDA concentrations, one is approaching the behavior of pure BDA and not necessarily the 

behavior of BDA in a diluent such as tert-butylbenzene.  The data for the combined BDA: 

TERPY system shows an almost linear trend not too different from that shown for the surface 

tension measurements using BDA only.  This combined extractant data appears to have lost the 

possible CMC like properties seen in the BDA only system. However, the limited data points 

taken may be restricting the true behavior of the system.  Availability of materials and the 

relatively large volumes required for force tensiometry measurements did not allow for the 

collection of additional data points, especially beyond 1 M as the amounts of BDA required were 

prohibitive.   
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Figure 4.5: Interfacial tension values for TBPO: HTTA in n-dodecane.  Aqueous phase is 0.1 M HNO3, 0.9 M 

NH4NO3 with initial 0.0001 M Eu(NO3)3. Organic phase is 0.05 M HTTA and TBPO as shown in n-dodecane. 

 Data collected for the TBPO and HTTA synergistic extraction system is shown in Figure 

4.5.  There are several relatively interesting points to this data, especially when compared with 

the previously shown BDA and BDA: TERPY data.  Perhaps the most interesting is the fact that 

the interfacial tension values begin to approach a value of zero at the highest concentrations of 

TBPO, suggesting that at no point during the experiments did the interface of the two liquids 

become saturated with TBPO molecules. This made measurement of interfacial tension 

especially difficult in this region as meniscus rupture (complete ring detachment from the 

aqueous/organic interface) was easily achieved and resulted in measurements being aborted by 

the OneAttension software.  This is due to the necessity of the ring to remain at the interface for 

the entirety of a particular set of measurements.  The low surface tension values also make 

measurements at higher TBPO concentrations impractical as it appears that values keep 

decreasing with a linear trend up to the points shown, with those being already exceptionally 

difficult to measure.  The practicality of measurements at higher TBPO concentrations is also 
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challenged by the solubility of TBPO in n-dodecane which appears to be somewhere below 0.4 

M as was discovered while performing Eu and Am extractions shown in Figure 3.10.    

 The potentially CMC-indicative shape of the BDA data in Figure 4.4 is not present in the 

TBPO only data shown in Figure 4.5. It is possibly present in the HTTA: TBPO combination, 

shown by the red data points, though this is not necessarily possible to determine given the 

relatively flat shape of the curve, and the relatively few data points.  While it is possible to argue 

that more data points may reveal better the behavior of the extractants with regard to interfacial 

tension, the fact that the values are relatively unchanged from the TBPO only curve in the points 

shown coupled again with the solubility limits of TBPO in n-dodecane make this unlikely.   

 The study of the interfacial tension of the BDA: TERPY and HTTA: TBPO systems 

presented unique difficulties in each case.  While the existence of a CMC was not found 

explicitly in either case, the possibility of the existence of reverse micelles in the organic phase is 

not entirely ruled out by the measurement of interfacial tension alone as there are possible 

characteristics of their existence present.  Unique problems with solubility of extractants and the 

apparent disappearance of interfacial tension values as surfactant concentration was increased 

complicated greatly the ability to effectively study the systems under consideration using 

interfacial tension as a tool.  While the results may appear inconclusive on the basis of interfacial 

tension alone, it is necessary to consider all of the data collected on physiochemical properties in 

order to draw effective conclusions.  

 

4.6 Conclusions 

 The study of several different physiochemical properties of the selected BDA: TERPY 

and HTTA:TBPO systems from Chapter 3 reveal the rather complex nature of multiextractant 
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solvent extraction systems.  The selected properties, organic phase water content, organic phase 

nitric acid content, and interfacial tension, were chosen due to laboratory access and potential 

ability to reveal the presence or absence of reverse micelles in the organic phase. The results 

from this series of experiments are somewhat difficult to interpret but in general point to two 

distinct results: the BDA: TERPY organic phase is likely to include reverse micelles of BDA 

while HTTA: TBPO is not likely to include any reverse micelles.   

 These conclusions are drawn from the large presence of water in the BDA: TERPY 

organic phase and the curvature seen in the interfacial tension values, suggesting a possible 

beginning to the saturation of the interface by BDA molecules.  In contrast, the extremely low 

water uptake by HTTA and TBPO which also follows the synergistic metal ion extraction trend, 

coupled with the interfacial tension measurements which appear to show no signs of saturation of 

the interface as the solubility limit of TBPO is approached, point to an alternative conclusion for 

this system. The nitric acid extraction as measured by ion chromatography proved more 

problematic in obtaining a comparison of the two systems as it was not possible to measure the 

uptake of the BDA and TERPY system.  The HTTA and TBPO system, however, showed 

behavior similar to that seen elsewhere while using TBP and HDBP as extractants[58] as the 

neutral organophosphorus reagent was largely responsible for the observed acid extraction.   

 While suggestions about the extent of aggregation may be made from the careful study of 

selected physiochemical properties, other more robust techniques are required to truly observe 

the structure of the organic phase at a molecular level.  X-ray scattering techniques and neutron 

scattering techniques have shown promise [55,56,58,71,102] in such areas and are likely an 

appropriate direction to go towards for the direct study of aggregation in solvent extraction 

organic phases. 
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CHAPTER 5: CALORIMETRIC STUDY OF REVERSE MICELLIZATION 

AND SYNERGISTIC INTERACTIONS 

 

5.1 Introduction  

 Isothermal titration calorimetry (ITC) is an experimental technique that allows the direct 

measurement of the enthalpy of chemical or physical changes that take place during the course of 

an experiment within the calorimeter.  The technique is especially popular for investigating 

ligand-metal complexation in biological systems [103-105] but has also found use in examining 

the extraction properties of metals of interest in solvent extraction processes for UNF [106-109].  

A simplified diagram of an ITC is shown in Figure 2.3 and is accompanied in Chapter 2 by a 

detailed explanation of the technique.   

 The purpose using of ITC in the current study is to explore the possibility of extending 

uses from examining the complexation of metal ions in a single extractant system to a system 

where multiple extractants are in use and may be acting synergistically.  Work by Zalupski and 

Nash[107], Grimes et al.[108], Charbonnel et al.[109] have pushed the boundaries of ITC in 

solvent extraction to allow for the measurement of extraction enthalpies for metal ions in two 

phase systems using several different single extractants.  The goal of the work presented here is 

to be able to verify the thermodynamic properties of reverse micelle formation in a nonpolar 

diluent by first using a well-studied surfactant, bis(2-ethylhexyl) sodium sulfosuccinate (Aerosol 

OT, AOT) and to then extend the developed experimental methods to a relatively well studied 

synergistic extraction system consisting of HDNNS and LIX63.   

 This work could then be the foundation for future experiments which would examine 

directly the thermodynamic signatures of synergistic and other extraction systems containing 
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multiple extractants or complexing species.  The first step in moving towards this ultimate goal is 

to begin by examining the formation of aggregates by use of AOT within the organic phase.  The 

results from such investigations are presented first before moving on to multiple extractant 

systems.  The calorimetric investigation of the formation of reverse micelles has been presented 

in a somewhat limited manner in the literature[110,111] with results yielding a well-defined 

CMC.   Results are often compared in appearance to the thermodynamic investigation of the 

formation of micelles in an aqueous medium[112,113] though the driving forces for the 

formation of such aggregates is likely to be significantly different than for those formed in a 

nonpolar medium.  In fact, Ruckenstien and Nagarajan [114] argue that a well-defined CMC for 

reverse micelles does not exist as there is no strong tendency which favors the formation of large 

aggregates over the formation of small aggregates.   

 The investigation into a multiple extractant system consists in the present work of 

examining the ways in which the extractants interact solely in the organic phase prior to 

extraction of metals or other species taking place.  For this purpose the HDNNS and LIX system 

was chosen.  The reverse micellization properties of HDNNS are fairly well defined in the 

literature [50,62,115,116] and there is evidence for solubilization additional molecules by these 

reverse micelles[52,53].  This investigation serves as a first step in utilizing ITC as a tool for 

further investigations into synergistic extraction systems and examines the nature of the 

interactions between the extractants in the organic phase.   

 

5.2 Experimental Methods 

 The data presented in this chapter were collected using a TA Instruments NanoITC 

isothermal titration calorimeter fitted with 24 karat gold sample and reference cells.  Data was 
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collected using NanoAnalyze software from TA Instruments while the ITC was controlled by 

ITC Run, also from TA Instruments.  All data was collected at 25°C unless otherwise noted.  The 

calorimeter was calibrated using the well-defined complexation of barium with 18-crown-6 

ether.  This was performed by injecting an aqueous solution of BaCl2 into an aqueous solution of 

18-crown-6 ether and measuring the enthalpy of complexation.  The calorimeter was adjusted 

until the enthalpy value for the reaction was in agreement the accepted value of -34.1 kJ/mol for 

this complexation reaction[117].     

 AOT was purchased from Sigma Aldrich at ≥99% purity and was stored under vacuum 

over a phosphorus pentoxide due to the slightly hygroscopic nature of AOT.  BaCl2, 18-crown-6, 

n-dodecane, n-octane, and n-nonane were also obtained from Sigma Aldrich all at ≥99% purity.   

HDNNS was obtained as sample of NACURE from King Industries and was purified to ≥98% 

using the procedure outlined by Danesi et al.[118].  LIX63 was obtained as a sample from BASF 

and the active anti-isomer of the extractant, 5,8-diethyl-7-hydroxy-6-dodecanone oxime, was 

isolated using the nickel sulfate based procedure described by Tammi[119].  Purity was not 

determined in the case of the LIX due to the absence of an established procedure for doing so. 

However, the appearance of the two isomers differs greatly, according to Tammi[119] with the 

anti isomer being a white solid and the inactive syn-isomer being an oily yellow liquid.  The 

product used in this work had a solid white appearance.   

 The general procedure for the investigation of reverse micelle formation using AOT 

consisted of injecting a solution of concentrated AOT into the experimental cell of the 

calorimeter which contained initially a pure diluent matching that of the AOT solution.  The 

experiments involving the interaction of HDNNS and LIX were carried out by injecting a 

solution of LIX into the experimental cell of the calorimeter which contained a solution of 
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HDNNS of concentration appropriate for the formation of reverse micelles based upon literature 

sources.  The resultant heats for each injection were then recorded by the NanoITC and RunITC 

software. 

 

5.3 Results 

 5.3.1 Reverse Micelle Formation using AOT in Nonpolar Diluents 

 Results presented in this subsection are from the investigation of reverse micelles from 

the experiments described in section 5.2.  The determination of the presence of reverse micelles 

using ITC proved difficult and repeatability of experiments was difficult to achieve using the 

described apparatus.  An overview of the results for several different diluents follows, along with 

an explanation attempting to address the difficulties encountered during this set of experiments.   

 
Figure 5.13: Representative thermogram for the injection of 4mM AOT into n-dodecane at 25°C.  Each peak 

represents a single injection.  The shown injection sizes are 10µL each at 5 minute intervals.     

 

 Figure 5.1 shows a typical set of raw data for an ITC experiment as obtained directly 

from a calorimetric experiment.  The heat rate shown on the vertical axis is the energy required 

to maintain a minimal temperature difference between the sample and reference cells, as 
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explained in Chapter 2.  The negative values shown in Figure 5.1 represent endothermic enthalpy 

values as the calorimeter is required to supply energy to the experimental cell to maintain the 

minimal temperature difference.  The individual peaks present in such results are usually 

integrated so that the total energy required to maintain the minimal temperature difference per 

injection is known.  These types of results are shown in Figure 5.2 and are what will be presented 

throughout the remainder of this chapter.  Knowledge of the energy per injection then allows the 

calculation of the total enthalpy per mole of surfactant injected.  These are the values that are 

displayed in Figure 5.2.  The data in Figure 5.1 is the raw data integrated to yield the data set 

shown as blue dots. The additional data sets presented in Figure 5.2 represent replicate 

experiments using the same initially prepared solutions and at the same conditions.  It should be 

noted though that it is an accepted practice to disregard the first point in a titration based 

calorimetric experiment such as this.  This is done in large part due to the quite long equilibration 

period required before an experiment can begin.  This allows the temperature difference between 

the experimental and reference cells to reach an appropriate minimum difference.  During this 

equilibration, diffusion from the tip of the syringe submerged in a pure diluent can be significant 

enough to affect the first and in some cases the second injection to a noticeable extent.  For this 

reason, though the full data sets are presented for completeness here, it is advisable to not 

consider the first data points as real data representative of the system under consideration.   
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Figure 5.2: Integrated enthalpy data for the titration of 4mM AOT in n-dodecane into n-dodecane at 25°C. Data 

shown is what results from integration and correction for surfactant concentration from the data in Figure 5.1.  

Replicates are for the same conditions and same solution conditions; data set names only reflect dates of acquisition.   

 

 It is notable upon examination of Figure 5.2 that there is significant difference between 

the replicate data sets suggesting that the data suffers from issues with reproducibility.  The trend 

is very similar for all data sets shown, however, values for enthalpy per mole AOT injected vary 

widely between the sets.  Similar trends were seen when fresh solutions were prepared.  

Moreover, the trend seen for AOT here is not unlike that seen in the work of Majhi and 

Moulik[120], though no real evidence of a CMC is discernible in this work as it was in that of 

Majhi and Moulik.  A CMC is usually evidenced in calorimetric data by a rapid change in 

enthalpy over a narrow concentration range much like that seen by Majhi and Moulik.  The 

change here, however is considerably more gradual, with the exception of the check mark like 

shape seen with the first data point.   

 The work by Majhi and Moulik [120] explores the self-association of AOT in several 

non-aqueous, non-polar diluents, such as octane and isooctane, though n-dodecane is absent from 

the list of diluents considered in that work. The interest of exploring AOT in n-dodecane in this 

thesis is due its ubiquitous nature in the field of solvent extraction and its availability for this 
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particular set of experiments.  Little difference was expected in the behavior between n-dodecane 

and n-octane.  However, the results for AOT in n-dodecane showed no evidence of aggregation 

like that seen in the work by Majhi and Moulik while also appearing to suffer from a lack of 

repeatability for the same solution under the same conditions.  In order to more closely match the 

experiments performed by Majhi and Moulik additional experiments were carried out in n-octane 

and n-nonane using solutions of similar AOT concentration and injection sizes.  Figure 5.3 

shows results from experiments using 30 mM AOT injected into a pure diluent, n-octane or n-

nonane, at 25 °C.   

 
Figure 5.3: Integrated enthalpy data for the titration of 30mM AOT in n-octane or n-nonane into the respective pure 

diluent at 25°C.  Injection sizes are reflected in the accompanying key. Data from Majhi and Moulik [120] has been 

reproduced and shown for comparison.   

 

 The data shown in blue circles in Figure 5.3 is data from a replication of the experiment 

performed by Majhi and Moulik[120], while the data from their original paper is shown in black 

pentagons.  This work is much closer to the 2 µL injection data set than to the direct replicate 

data set.  It also displays a quite similar trend to that seen in our experiments, though that may be 

due to the scale shown. Subsequent differentiation of the data sets collected for this work do not 

yield a CMC. Figure 5.5 below show an example of data that has a clear CMC.  However, 
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differentiation of the data collected by Majhi and Moulik does yield a minimum much like that 

seen in Figure 5.5, though it is relatively early in the injection sequence, happening at 

approximately 0.56 M AOT.  It is unclear why this experiment would not be redone so that the 

CMC is reached closer to the middle of an injection series, with smaller changes in 

concentration, to yield a more precise calculation of the CMC that is observed, as is common 

practice. 

   The other two data sets are for n-octane and n-nonane with 2 µL injections in an attempt 

to examine the validity of the results gained from the 4 µL injection experiments.  It is inherently 

clear that there is a lack of not only the evidence of the reverse micellization but also in the 

reproducibility of the experiments in the systems under study. Of note is the switch from an 

endothermic enthalpic signal seen in the n-dodecane systems shown in Figure 5.2 but also a 

significant difference among what should be relatively similar results.  Majhi and Moulik 

mention that the data shown in their work is exothermic in nature which is seen for the octane 

and nonane data presented here but is opposite of that which is seen for the dodecane 

experiments in Figure 5.2. The lack of repeatability and the absence of replicate determinations 

in the work of Majhi and Moulik[120] and Mukherjee and Moulik [111] suggest that the work of 

Ruckenstein and Nagarajan may have validity in the claim that a well-defined CMC such as that 

which is present for aqueous based systems may not exist.  It also calls into question the use of 

calorimetry in the current study and whether this method is of any use in the determination of 

CMC values.  In an attempt to validate the calorimetric technique, a determination of the CMC 

of AOT in water was carried out.  This measurement has been carried out using numerous 

techniques and the CMC is relatively well defined and understood [112,113].   This data is 
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shown in Figure 5.4 and the derivative plot used for the determination of the CMC is shown in 

Figure 5.5.   

 

 
Figure 5.4: Integrated enthalpy data for the titration of 25mM AOT water into the water at 25°C.  Injection size is 

10µL.   

 

 
Figure 5.5: Derivative of data in Figure5.4. Used for determination of CMC. 

 

 The subsequent treatment of the data shown in Figure 5.4 using the method described by 

Majhi and Moulik is shown in Figure 5.5.  A distinct minimum is seen in Figure 5.5, 

corresponding to the rapid change seen in the enthalpy per mole of AOT value seen in Figure 
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5.4.  The value obtained for the CMC of AOT in water from the treatment of Figure 5.5 is 2.05 

mM.  This is very near the accepted literature value of approximately 2.7 mM as determined by 

surface tension and calorimetry[113].  This verifies that the calorimeter in use for this work is in 

fact functioning correctly and it is likely the odd behavior seen for reverse micellar systems are 

not due to the instrument.  

 5.3.2 Calorimetric Investigation of the HDNNS and LIX63 Interaction 

 The formation of reverse micellar formation is merely one method in which the 

calorimetric technique may be used to probe synergistic solvent extraction systems.  Given the 

reverse micellar mechanism for synergy proposed by Osseo-Asare, outlined in Chapter 3, in 

which the non-surfactant like extractant is transferred to the reverse micellar pseudophase, this 

process is likely to have some enthalpic change associated with it.  A study by Van Dalen et al. 

[53] found that reverse micelles of HDNNS were capable of intercalating organic acids, namely 

HDEHP. This work relied upon the assumption that the internal volume of the reverse micelles 

was large enough to solubilize up to three HDEHP molecules.  In addition, the reported enthalpy 

values for the intercalation of HDEHP by HDNNS are assumed to be due to this solubilization 

happening completely during a process in which HDEHP is continually titrated into a solution of 

HDNNS reverse micelles.  Hence the intercalation of the molecules by HDNNS is happening in 

a quantitative manner and the measured heats are due to the complete solubilization of the 

HDEHP up until the point that HDEHP is no longer being added to the system.   

 Osseo-Asare continued the examination of the solubilization of LIX by HDNNS using 

vapor pressure osmometry (VPO) to study molecular weights of aggregates in a hexane 

solution[52].  This study found that HDNNS could intercalate a range of LIX molecules from 0.6 

to 7 per HDNNS reverse micelle, depending upon the HDNNS concentration. Calorimetry is 
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used in this section to further probe the HDNNS and LIX interaction in n-dodecane.  The 

methods used are detailed in section 5.2 and in Chapter 2.   

 

 
Figure 5.6: Enthalpy data for the injection of solutions containing 4 mM, 6 mM, or 8 mM LIX into 1mM HDNNS 

in n-dodecane at 25°C.  Injection sizes are 10µL.  

 

 Figure 5.6 displays data collected for the injection of LIX into a 1 mM solution of 

HDNNS.  Unlike the previous experiments examining the reverse micellization of AOT, the 

experiments undertaken here showed excellent repeatability and offer at least some insight into 

the interactions taking place during the course of the experiment. The first major point of note 

with respect to the HDNNS and LIX experiments is the agreement between several experimental 

conditions showing the same response in enthalpic values in Figure 5.6.  The characteristic 

"check mark" shape seen is consistent across a range of concentrations of the LIX titrant solution 

indicating that the changes taking place within the calorimeter during the experiment are 

consistent and predictable.  The shape of the enthalpy data suggests that an interaction between 

HDNNS and LIX is taking place until the concentration of LIX is approximately 0.75 mM after 

which point the values abruptly change and the enthalpy values show a behavior not unlike 
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dilution.  This behavior is especially apparent in the 8 mM data which tails off at high LIX 

concentrations.  The value of 0.75 mM LIX corresponds to approximately 4 LIX molecules per 

HDNNS reverse micelles with an aggregation number of 7, which is shown by Van Dalen and 

Osseo-Asare to be the aggregation number under the given conditions[52,62].   

 Beyond simple analysis of the data, it is often possible to model calorimetric data and 

attempts were made in this work to do so.  Rao[106] presents an analysis on fitting calorimetric 

data to  known equilibria for the complexation of actinides in aqueous solutions.  This is 

accomplished by using least square analysis on Equation 5.1, shown below.  Equation 5.1 states 

that the total heat evolved at each injection step is the sum of the change in moles of each species 

assumed to be present multiplied by the enthalpy for each reaction taking place involving each 

species.  This means that there is a separate change in molar value and enthalpy value for the 

solubilization of each LIX molecule by an HDNNS reverse micelle.  

 

                

 

 5.1 

 

                             5.2 

Equation 5.2 represents a series of equilibria which describe the continued solubilization of LIX 

by an HDNNS reverse micelle.  For the fit shown in Figure 5.7, 3 LIX molecules are assumed to 

be solubilized.  The above equations are used in conjunction with Equation 5.3, the Van't Hoff 

Equation, in order to calculate the enthalpy values necessary to satisfy Equation 5.1.  Note that R 

is the universal gas constant, T is the temperature at which the titration is carried out, K is the 

equilibrium constant for the addition of a LIX to the LIX:HDNNS aggregate, and S is the 

entropy for the addition of a LIX to the aggregate.   
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              5.3 

 

 
Figure 5.7: Fit for data for 6 mM LIX injected into 1 mM HDNNS assuming solubilization of 3 LIX molecules per 

HDNNS reverse micelle.  Points indicate experimental values and the line indicates the resultant fit.    
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Table 5.4: Parameter Values Obtained from Fitting Data in Figure 5.7 using Equations 5.1 and 5.2. 

Parameter Description Value Units 

K1 
Equilibrium constant for addition of first LIX to an 

HDNNS reverse micelle 
1.65 - 

K2 
Equilibrium constant for addition of second LIX to 

an HDNNS reverse micelle 
5.39 x 10

9 
- 

K3 
Equilibrium constant for addition of third LIX to an 

HDNNS reverse micelle 
6.25 x 10

10 
- 

S1 
Entropy contribution to the addition of first LIX to 

an HDNNS reverse micelle 
1.42 x 10

9 
J/mol/K 

S2 
Entropy contribution to the addition of second LIX 

to an HDNNS reverse micelle 
-5.23 x 10

6 
J/mol/K 

S3 
Entropy contribution to the addition of third LIX to 

an HDNNS reverse micelle 
8.16 x 10

2 
J/mol/K 

H1 
Enthalpy for the addition of first LIX to an HDNNS 

reverse micelle 
-4.23 x 10

11 
J/mol 

H2 
Enthalpy for the addition of second LIX to an 

HDNNS reverse micelle 
1.56 x 10

9 
J/mol 

H3 
Enthalpy for the addition of third LIX to an HDNNS 

reverse micelle 
-1.82 x 10

5 
J/mol 

  

 Examination of Figure 5.7 reveals a model that shows the trend of the total heat evolved 

for each injection fairly well, though slightly offset from the actual data set.  However, 

examination of the parameter values in Table 5.1 are quite different.  The predicted enthalpy 

values reach hundreds of GJ/mol, which is nothing if not ridiculous.  Also, enthalpy and entropy 

values switch signs for each LIX solubilized in succession.  This is also unlikely as the 

exothermic or endothermic nature of such an interaction is unlikely to change by 15 orders of 

magnitude from the solubilization of one LIX to the solubilization of a second LIX.  As such, 
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further results are not shown here as they were highly variable and the values shown in Table 5.1 

do not accurately represent data for replicate experiments. 

5.4 Conclusions 

 Calorimetric analysis of reverse micellization of AOT in aliphatic diluents proved 

difficult to replicate and obtain thermodynamic and CMC values from.  The work presented in 

subsection 5.3.1 falls more into line with that presented by Ruckenstein and Nagarajan[114] 

which argues against the existence of a well-defined CMC in reverse micellar systems. A 

significant effort was undertaken to attempt to replicate reverse micelle CMC experiments from 

literature though this did not prove feasible.  Experiments carried out on the normal micellization 

of AOT in water yielded results that agree well with accepted literature values for CMC.  

 The use of calorimetry to study the interaction of extractants in synergistic systems has promise 

but requires significant input from additional experiments to be a viable experimental technique 

for further study.  The results of the HDNNS and LIX calorimetric study are repeatable and show 

interesting behavior but reveal nothing about the organization of the extractants at the molecular 

level.  In order to obtain this level of information, it is likely that scattering techniques such as x-

ray scattering and neutron scattering techniques would need to be employed. 
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CHAPTER 6: CONCLUSIONS 

 
 Solvent extraction processes used or being considered for use for used nuclear fuel 

separations are complex systems, especially with the use of multiple extraction reagents to 

facilitate effective lanthanide and minor actinide separations.  The interactions that take place 

with regard to the extractant molecules on a macromolecular scale may greatly influence the 

extraction behavior observed in the system.  This has been theorized by some to be responsible 

for the observed synergism in certain solvent extraction systems where multiple extraction 

reagents are in use.  The possible properties of a multiextractant solvent extraction system 

leading to synergism form the basis of exploration in this thesis.   

 A survey of potential synergistic systems lead to the choice of three systems for further 

consideration: BDA and TERPY, HTTA and TBPO, and HDNNS and LIX.  The selected 

systems were studied under similar conditions throughout the remaining portions of the work. An 

attempt at the calculation of distribution ratios was made using two different proposed 

mechanistic models.  These included a traditional synergistic model which involved the 

formation of mixed complexes and an absence of large aggregates and a model in which large 

reverse micellar aggregates were present and were treated as a separate pseudophase within the 

organic phase of the extraction system.  Results showed that the traditional synergistic 

calculations would predict synergistic behavior in the TERPY:BDA system, though not 

necessarily predict the correct distribution ratio values.  In the case of the HTTA:TBPO system, 

a synergistic trend was not accurately found with the traditional synergistic model.  The use of 

the model accounting for large reverse micellar aggregates performed poorly when fit to the 

experimental data.  Synergistic trends were not seen in the reverse micellar model over the range 

of conditions considered.   
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 The investigation of physiochemical properties that may be indicative of reverse micellar 

aggregation taking place within a given extraction system yielded drastically different results for 

the HTTA:TBPO and BDA:TERPY systems studied here.  Water uptake was exceptionally low 

for HTTA and TBPO and followed the same synergistic pattern as the metal ion uptake, 

suggesting any water seen was due to incompletely dehydrated metal ions.  In contrast, BDA and 

TERPY showed much more significant water uptake and a study of BDA water uptake alone 

showed a similar trend to the mixed system.  This suggests that the water uptake seen is due to 

solubilization by BDA alone.  It is possible that incomplete dehydration of metal ions exists in 

this system as well, though this would be impossible to see due to the large water uptake due to 

BDA. Surface tension proved especially difficult to measure and yielded no definitive answers 

with regard to the amphiphilic aggregation behavior. Likewise, the nitrate ion uptake was 

nonexistent for BDA:TERPY and very small in the HTTA:TBPO.   

 Calorimetric investigations also provided difficulties, with reproducibility examining 

AOT in non-polar diluents providing no answers with regard to its aggregation behavior.  

Experiments investigating the interactions of LIX with HDNNS reverse micelles showed 

consistent, stoichiometric interactions.  However, the attempts at fitting this data to a proposed 

model were complicated by the multitude of parameters needing to be fit and resulted in 

inconsistent and almost nonsensical values.   

 The resulting conclusions from the accumulation of data in the preceding studies are 

somewhat unclear.  Neither attempt at fitting empirical distribution ratios using thermodynamic 

equilibria or equilibria based upon aggregate formation was able to accurately predict the 

extraction behavior of the systems under study.  This suggests the existence of a phenomenon not 

currently considered nor studied in the available literature and experiments.  It could be that the 
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synergistic trends being observed that show similar behavior across a multitude of systems have 

very different underlying causes going from system to system. This point was made by 

Irving[45] quite early in the study of synergy.  Solvent extraction systems are incredibly complex 

and one may spend an entire thesis studying only one system.  The undertaking presented here 

where multiple systems are considered and compared proved to be incredibly difficult and 

careful study of systems on an individual basis may be more likely to elucidate desired 

information about the details necessary for a more complete understanding.  

 In order to gain a more complete understanding of the interactions taking place at a 

molecular and macromolecular level, the study of such systems must move beyond the study of 

macro quantities used in this work and by others up to this point.  To be able to observe such 

interactions directly, techniques based on x-ray scattering or neutron scattering provide excellent 

starting points.  However, such techniques are often expensive and do require highly specialized 

facilities to perform such work.  As such investigations on such a level would likely be limited to 

solvent extraction systems under serious consideration for implementation at an industrial 

process scale.   
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