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ABSTRACT

Implementation of advanced nuclear fuel cycles is criticalg¢astainable future for
nuclear energy production. Closed nuclear fuel cymteposing tdransmute longdived minor
actinide elements, such as americium, into shdicted nuclides using advanced reactoirsge
on the gparation of americium from tharithanidesThough many separation schemes have
been proposedhe physicochemical properties of the trivalent actinides and lanthgudesa

challenge to refining their efficiency for industrial application

The ALSEP (Actinide-Lanthanide SEParatipprocess is a relatively new separations
protocol whereby the Afiand Lr#* cations arg1) co-extracted from 3t M nitric acid into a
mixture of the extractants HEH[EHP3-ethylhexyl phosphonic acid moriethylhexyl ester)
and TEHDGA(N,N,N (N éetra(2ethylhexyl)diglycolamide)n n-dodecane, (2) scrubbed of
excess nitric acigvith a buffered aqueowsolution, and3) selectively strippedf americium by
a buffered aqueous phase contaimpotyaminopolycarboxylate ligand, commorii PA
(diethylenetriaminepntaacetic acid) dHEDTA (N-(2-hydroxyethyl)ethylenediamini®,N N 6
triacetic acid). Though ALSEP hdemonstratechany advantagesver its predecessqrthe
fundamental chemistry of thstrip stepremainsa cr i t i c al bottleneck to t

implementabn.

The body of work available for understanding equilibrium complexatmmthe kinetic
barriers in ALSEP is limitedAccurate interpretation of kinetic data begins vd#iiningthe
speciation of the metals, ligands, and extractants in@aase andtep.The equilibrium
characterization work presented heréhe first to provide definitive stoichiometry for the
metal extracting complex in ALSER addition, changes in complexation were probecbth b
buffered and wibuffered systems, over a broahge of process relevant acidities. A speciation
model of the metagxtractant complexes that describes the speciation transitions from start to

finish are also defined for the first time.

Finally, thekinetics of thestrip step was investigated usibgffered and selbuffered
EDTA (ethylenediaminetetraacetic acgt)lutions Rate laws were attained, arghctions
contributing to the ratémiting mechanism were suggestédaiditionally, EDTA was replaced
with the selfbuffering picolinic acidsubstitute derivative EDTAMpic (N-2-methylpicolinate



ethylenediamind\,N @\ ériacetic acid), to accesle stripping kinetics undéower pH

conditions. The evidence so far suggests that picolinate functionalization improves mass transfer
rates throughhe solublity of the picolinic acid substituted arand provide®ffective self

bufferingfor similar kinetic benefits to that seen in the standard ALSEP system.
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DEDICATION

Anl't 1 s not the critic who
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deeds could have done them better.
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who errs, who comes short again and again, because there is no effort without
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who knows great enthusiasms, the great devotions;

who spends himself in a worthy cause;
who at the best knows in the end the triumph of high achievement, and who at
the worst, if he fails, tdeast fails while daring greatly, so that his place shall

never be with those cold and timid

-Theodore Roosevelt
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CHAPTER 1
INTRODUCTION

1.1 Background

Implementation of advanced nuclear fuel cycles is critical tospi@nsustainable use of
nuclear energy. Closed nuclear fuel cycles based on partitioning and transmutation propose to
recycle uranium and plutonium from used nuclear fuel and then separate and transmute long
lived minor actinide elements to shortieed nuclides in fast reactors. The separation and
recycle of uranium and plutonium by the Plutonium Uranium Reduction EXtraction (PUREX)
process has been widely implemented since its inception because it is an effective and efficient
separation method. Unfortately, efficient chemical separation of the trivalent minor actinides
americium and curium from the lantharideh matrix the PUREX process leaves behind poses
a greater chemical separations challethge to thesimilar physicochemical propertie$ the
trivalent lanthanide (Ln) and actinide (An) iohslsolation of americium from the waste is a
particularly criticalstep towards easing the burden on nuclear waste repositories, as isotopes of
americium arg¢he primary contributors téhelong-term radiotoxicityof the wastence
plutonium has been removed from the used fuel. The transmutation of Am to-$ikeder
species requires removal of the lanthanides because stmtenidasotopes possess large
neutroncapturecross sections, causing them to act as neutron poisons, and thereby making the

transmutation process less efficient and less viable.

Liquid-liquid extraction has been the standard separations protocol for used nuclear fuel
and rare earth separations alike for quite some time Imotve past 60 years, a number of
solvent extractioprocessefor An/Ln separations have been propod@dmongstthem isthe
TALSPEAK (Trivalent ActinideLanthanide Separation by Phosphorous reagent Extraction from
Aqueous Komplexeg)rocessthe predecessor to many An/g@paration systems. It usée
acidic organophosphorous extratthis(2-ethylhexyl)phosphoric acid (HDEHP) as an An/Ln
extractant in the organic phaseéd an aqueous amipalycarboxylate (AC) ligand such as
DTPA (diethylenetriaminepentaacetic acid) or HEDTR(R-Hydroxyethyl)ethylenediamine
N,NNjNFriacetic acid to selectively hold back the minor actinides in a concentrated lactate
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Figurel.l Chemical structures for (A)€thylhexyl phosphonic acid mofethylhexyl
ester (HEH[EHP]) (B) bis(2ethylhexyl)phosphoric acid (HDEHRh (C) N,N,N (N é&etra(2
ethylhexyl) diglycolamide (TEHDGA), the extractanédevant to the TALSPEAK and ALSE
processesrganic phase

buffered aqueous phase while the lanthanides are extracted away into the organithihase.
framework has been successful at separatmigidesfrom lanthanide®ecause, while both
groups ofelemensr e consi dered hard acids according t
bases theory, thactinidesare slightly softer acids compared to tlathanidesgiving them a
greatertendency to preferentially binglith softer bases. Thushé¢ invention of the TALSPEAK
chemicalframework has inspirechore thar60 years of research &xploit the inherent benefits,
and toovercome the issues encounterethmoriginal TALSPEAKprocessThe undesirable
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steep pH dependencehgbited bythe original TALSPEAKformulationswas resolved ithe
Advanced TALSPEAKprocesgalso known as TALSQUEARS by replacing HDEHP witlthe
weaker acid extractartEH[EHP] (2-ethylhexyl phosphonic acid mofethylhexyl ester
Figurel.1), but to this day the kinetic limitations inherent to TALSPEAK chemistry remain a

challenge.

1.2 Motivatio n for the Invention of a Mixed Extractant Actinide-Lanthanide Separation
Process

There are a few goals central to the pursuit of new An/Ln separation processes and
flowsheets: a) simplicity, b) compact flowsheet, andftifiency. A process may only hawero
to three general steps but necessitate many stages of preparation, and then many more stages for
separation (in the case of TALSPEAK, Reverse TALSPEAK, and Advanced TALSRBAK)
then further preparation to enter a subsequent prdsase processamly do bulk separation,
like the separation danthanidesandactinidesirom other fission products in the TRUEX
process.n general, its more favorable if a process can make direct use of PUREX raffinate, do
a direct separation of theetinides and lathanides from the rest of the raffinagéed then

separate thactinidesfrom thelanthanidesll within one scheme.

One way this goal can be achieved is through the combinatiosobating extractant
and a acidic extractant inta singleorganic phae.By themselves, nitrogecontaining
solvating extractants like malonamides and diglycolamides allow for the exieattion of
trivalent lanthanides and actinides frefdREX raffinate but require low acid conditions to strip
the actinides with RC ligands. Without the use of salting out agents (e.g. NNk
lanthanides are stripped alongside the actiniti&se supplemental use of acidic
organophosiporous extractants such as HEH[EHIRH HDEHP(Figure1.1) with neutral
extractants circumvents the issue ofstappinglanthanidesvith theactinides while retaining
the advantage of a direct An/Ln extraction at high acidities.fdoed extractant systems are not
a new or foreign concept; beginning as early as 1@8&archera/eredescribing the synergism
exhibited byamixed system of acidic and neutral extractghtind more recently the French
explored mixed systems combiniagacidc extractant with malonamide extractants to

selectively stripactinideswithout simultaneously strippingnthanide®r requiringsaling out
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agens!! But theexact nature of synergistic extractionsuch systemias eluded researchers for
a long time'? #including aneveryrecentTALSPEAK derivativeof particular promis, the
Actinide-Lanthanide §Paration (ALSEP) Process

1.2.1 The Actinide-Lanthanide Separation Process

The ALSEP processas built on the principles of the Advanced &elerse
TALSPEAK processeswith the addition of a mixed extractant organic pHa3ée ALSEP
procesgossesses many characteristics are desirable for industrial sc&le/Ln separations
its chemistry performs robustly across a broad range of operating conditions, and it condenses
and streamlines An/Ln separations. In ALSEP, th&"And Lr#* cations are extracted together
directly from the PUREXprocesgaffinate (3- 4 M nitric acid) into am-dodecane organic phase
containing an acididialkylorganophosphorus extractant and a neutral diglycolamide extractant
(Figure1.1 for full structures andrigurel1.2, step (1): extraction)f*’ These two extractants
providea powerfuladvantage by supplyirextractioncapability at molar acid concentrations
andlower aidities. Acidic organophosphorowextractantgabbreviated as HA) partition metal
(M3 into the organic phag@ndicated by overbars)t low aciditiesdy the following

equilibrium,

O c0d PO 08 60O. (1.1)

Exchanging a acidicproton to create a metaktractant bondneans these extractamsrform
best at low aciditiedVhereas diglycolamidextractang (abbreviated as DGAEquire

counterion to form an extractable neutral complex

0 000dcOO P O 006 WU, (1.2)

and perform best when adequetscentrations of the métecounterionarepresentither
through high ionic strength or acidity.



Althoughseveraformulations ofALSEP wereconsidered, the most effectioeganic
phasdormulationof the ALSEP processses a mixture of the extractants HEH[BRd
N,N,NoNé&tetra(2ethylhexyl)diglycolamide (TEHDGA)which are shown ifigure1.1.18
Following extraction of th trivalent lanthanide and actinide cations from ca. 3 M kji\i@
organic phase is contacted with a scrub solution to adjust the acidity and remove minor
impurities(Figurel.2, step (2): scrub)Then, americium and curium are sebheely stripped
from the scrubbed organic phase by the addition&®P@ ligandsuch as DTPA oHEDTA to a
bufferedaqueous phag&igurel.2, step (3): strip)

The ALSEP process simplifies the separation of trivalent actinides blyicimm the
partitioning of trivalent felements and the AfiLn3* separation processes into a single
separation cycle, allowinir direct use of PUREX raffinate solutiansithough ALSEP

exhibits fastextractionrates anananyotheradvantages over its TAPEAK predecessorth)e
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Figurel.2 A simplified schematic of the thredep ALSEP process;eqt (1) the concomitan
extraction of trivalent actinides (orange spheres) and lanthanides (blue spheres) by a teri
complex of TEHDGA and HEH[EHP] from molar nitric acid, step (2) scrubbing of the met
loaded organic phase to remove extracted acid érade; and lastly, step (3) selective strippi
of actinides into a DTPA containing aqueous solution.



ALSEP strip stepconditions create a chemical environmiemtdamentallysimilar to that of the
TALSPEAK processand thuss alsokinetically hindered®?°In the practical implementation of
solvent extraction separations, the minimum necessary rate of partitionintated by the type

of equipment used for the separation. Centrifugal contact@technology engineered to

perform these separations efficieritlyequire fast extraction kinetics to make full use of their
high throughput. Optimal use of centrifugal tactors requires that separations equilibrate in
under 30 seconds, but the optimized ALSEP strip step in its original formulation falls short by
requiring approximately 100 seconds to reach equilibriumoyerarchingnechanistic
understanding of the cheaail reactions that limihe rates othese solvent extraction systems
still does not exist and this ultimately hinders itnprovement animplementatiorof these

processes

The purpose of the work in this thesis is to expand on the few available shadibave
rigorouslyprobed the kinetics of TALSPEAK process related chemtstgncompass systems
relevant to the ALSEP proce$6?® and specificallyto understand how the reaction mechanism
changes upon introduction of the buff€hepresence of two bulk phaséso stagnant diffusion
layers, the interfacial region as well as the interface itself, anchéraical gradients within
these zones makes experimentation and conclusive identification of specific extraction
mechanisms and their ralieiting steps very difficultThe work presented in this thesis began
by acknowledging the intrinsic challenges gflasic system kinetics and provides promising
tools to help parse the chemical reactions that ardinaiteng. A rigorous investigation into the
chemistry that bottlenecks TALSPEA#¢latedAn**/Ln3* separations is long overdumyt the
journey begins wh defining thespeciesn theorganicand aqueous phases at equilibrium.
Especially for the ALSEP organic phase, since the process is still relativelynakesther mixed
extractant systems being-defined provided little insight the organic phase extracting complex
had yet to be defineld?*

1.2.2  Equilibrium Studies

A review summarizing the available literature on mixed extractant systems combining an
acidic organophosphorous extractant with améextractant by Lumetta et alptureshe
complex nature odlefiningthese systemsarely do researchers actughyoduce a detailed
6



stoichiometry for metal complexes in the organic phases of the various mixed systems'$tudied
The focus of publications that have probed ALSEP process chemisgpéen aimed at

amalyzing the bullequilibriummetal species over a range of acid conditions relevant to the
extraction and stripping stages of the procég$Based on the usual behavior of the individual
extractantgshown in Equilibria 1.1 and 1.2} was thought that thequilibrium organic phase
complex containe@EHDGA alone in the inner coordination sphere of the metal conplExe
stoichiometry for TEHDGA was easibptained by radiotracer slope analysis for theawting
complex in equilibrium with molar quantities of nitric ackhd thoughthe literaturandicates a
stoichiometry of roughly two for the DGA molecules in the ALSEP organic phase metal
complex extracting from molar quantities of atid*thisis not thetheoreticathreeTEHDGA
molecules that extract trivalent cations when on its own in solutibwas expected then that
HEH[EHP] dependencies would exhibit an average slope of one to render the complex charge
neutral, bustoichiometries derived from radiotracer slope analysithe order of onbalf were

commonly seef*?°

While radiotraer slope analysis is a common and valuable technique for deriving
average stoichiometries for constituents involved in metal complexes, often times spectroscopy
can be used in tandem to qualitatively differentiate metal complexes. Neodymium and europium
are useful, frequently exploited, ngadioactive surrogates for americium in this regard, given
that neodymium is sizmatched with americium and europium is isoelectronic with americium.
Neodymium is optically active and possesses optical propertiesaihsd its sealled
hypersensitive transitions to change distinctly with subtle changes to its coordination
environment The benefit is similar with europiurbutrather than absorbance spectroscopy, it is
typically used tgrobe for water coordination ung fluorescence spectroscoiesearchersave
attempted to compare the ALSEP organic phase spectrum for neodymium with the spectra of
neodymium extracted into organic phases of the extractants individually, more specifically to
evaluate the similarity dhe neodymium ALSEP spectrum to the neodymium TEHDGA
spectrum. Unfortunately, many struggledyatherspectraor neodymium with TEHDGA alone
in n-dodecanelue to a strong propensifiyr the extractant to gather in large aggregates of
reverse micelles th@ause a second organic layefdon (referred to as a third phas€)nstead,
evidence fronthe comparison of thgpectra oheodymium complexed by, N, N N 6
tetraoctyldiglycolamide (TODGA3lone and in thALSEP systenwas referred to instead, and
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this datasupporeda 3:1 TODGA:metal complepatio.?® On the other hand, HEH[EHP] by itself
has demonstrated veryimmal extraction capability at molar acidities where it is thought to
extract by solvation rather théime usuatation exchange mechanistascribed in Equilibrium
1.1,%% but theevidencerom radiotracer slope analysi§the involvement of HEH[EHP] in the
innercoordination spheref these metal complexeaised questionabout the possibility of a
ternary complex, and in tuabout the mechanism of coordination by HEH[EldRYler

conditionsatypicalfor it to extract under

Prior to exploring the kinetic |imitations
equilibrium stoiciometry must be well definetd understand the prevalence of each of the
complexes formed within the ALSEP organic phase across thecVDditric acid rangeNot
only is this important texperiments varying acid concentration, but also to experimeaaits th
explore the kinetics of advanced ligands operable at higher aciities no researchers had
previously defined the equilibrium stoichiometry of tirganicextractioncomplexdue to
difficulties obtaining integral stoichiometry valuleg radiotraceslope analysiand in obtaining
a NOTEHDGA alone spectrum for comparison to aNASEP spectrumlt became necessary
to this thesis work t@xplore alternative methods for obtaining a value for the average
stoichiometry of HEH[EHP] in the ternary complard support that finding using an activity
corrected acid dependence to identify HEH[ EHP
computational analysis on various arrangements of the potential complex, and finally provide a
spectral comparison betweenetal complexation in ALSEP and metal complexation with only
TEHDGA ' Additionally, the speciation transitisfrom extraction testrip must be understood
to identify the importance of TEHDGA to the stripping organic equilibrium complex, and
pinpoint where TEHDGA becomes remaingelevant in the low to moderate acegjime,
because the objective of the final kinetic studies is to explore alternative aqueous ligands in a

higher acid regime.

1.3 Thesis Organization

This thesis will begin with an overview in Chapter 2 of solvent extraction reactions and
kinetics, includinghe anatomy of an extraction system, which covers basic concepts such as
experimental equipment and effects of solution components on extraction kinetics, and provides
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examples and explanations for the various kinetic regimes of solvent extraction.al inalfirof

the chapter provides a thorough review of the literature on biphasic lanthanide kinetics, starting
with simplified systems of just acidic organophosphorous extractants and an acidic aqueous
phase, builds up to include literature on similar sifigal systems that include buffer, and then
considers studies that include TALSPEAKe systems containing an APC ligand. It will also
cover the available literature on extractants similar in structure to DGA extractants, and
ultimately mixed systems. Cpters 3 and 4 consider the equilibrium species present in the bulk
organic phase during the ALSEP process. Defining these species and their spectral signatures is
important to being able to measure the kinetics and unravel the kinetic bottleneck in the
extraction process. Chapter 3 describes the research conducted to define the equilibrium
stoichiometry of the metadontaining organic phase species during the extraction step of the
ALSEP process step, while Chapter 4 is dedicated to expanding the equildbhramacterization
studies to define how the speciation transitions from the extraction through into the scrub stage
to give the source organic species for the ALSEP strip step. Armed with this information,
Chapter 5 examines the kinetics of an ALSEP sysising EDTA as the APC ligand is studied

in the presence and absence of citric acid buffer, and then compared tbudfeelig EDTA

derived ligand to provide a ratieniting reaction mechanism and demonstrate the effect of
agueous ligand modificatiomdhe extraction kinetics. Finally, Chapter 6 synthesizes the

findings from these papers and considers future directions for the work.



CHAPTER 2
RARE EARTH SEPARATIONSKINETICS AND MECHANISTIC THEORIES

Reproduced with permission froandbook on the Physiesxd Chemistry of Rargarths
Copyright © North Holland 2018
Gabriela A. Picag* ! and Mark P. Jensé?

2.1 Abstract

Pure rare earth materials are critical to many technologies ffazidrg industrial scale
solvent extractioprocesses are important to uedthg costs and meeting the demandthisf
growingand essentiahdustry Unfortunately, the similar chemical properties of the rare earths
make their separation difficult and time consumidgderstanding and optimizing the kinetics
of rare earth separans represents an often overlooked approach to increasing the throughput of
rare earth separations. However, the kineticolviesit extractiorcan bencredibly complex.

The presence of two bulk phases, stagnant diffusion layers, the interfacial eegwel as the
interface itselfmandates caref@xperimentatiomcross a wide range of conditioi® stimulate
kinetic studies of the rare earth separations, we provideemiew of liquidliquid extraction
chemistry relevant to rare earth separatjdhe equipment and methods for collecting kinetics
data and fundamental kinetic models for dealing with extractions controlled by diffusion or slow
chemical reactions. Published kinetic stugieailable for rare earth extractions using the most

viableand industrially applied systerase also reviewed and analyzed.
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2.2 Introduction

The distinct physical, chemical, and nuclear properties of the rare earth elements place
them at the heart of many modern technologies. These properties have been appreciated fo
decades in the production of iron, steel, and{pigiiormance alloys; in automotive catalytic
converters and as catalysts for hydrocarbon cracking; in the manufacture of glasses, optical
lenses, and lasers; and as an essential part of conventiondtBraptical displays. The unique
magnetic properties of th” Gd(lll) ion also make it ideal for applications in magnetic
resonance imaging, for example in the imaging contrast agents Omniscan and Magnevist, and as
the critical component in advanced, l@nergy consumption magnetic refrigeration. In addition,
the nuclear properties of particular rare earth nuclides are exploited in nuclear medicine, where
radioactivet>3Sm is used in the palliative drug Quadramet, and in nuclear energy production
where lathanides with high neutron capture creggtions are incorporated into nuclear fuel as
burnable poisons to extend the length of time the fuel can remain in the reactor. Beyond all these
applications, the rare earths also figure prominently in green etesmigyologies. Rare earths are
found in hightemperature superconducting wires, heghciency fluorescent and LED lighting,
rechargeable battery anodes, and the-figji permanent magnets used in the electric motors
and generators central to electrehicles and wind turbines. Each of these applications requires

specific rare earth elements or particular mixtures of rare earths.

However, the sources of rare earths for all these applications, rare earth bearing minerals,
are generally complex mixturdéisat contain varying amounts of multiple rare earth elements.
The natural abundances of individual rare ear
magnitude from the most abundant rare earths, Y and the light lanthanides La, Ce and Nd, to the
leastabundant, the heavy lanthanides Tm and'LiThe chemistries of individual rare earth
elements are broadly similar, which usually causes rare earth ions, especially yttrium and the
lanthanide elements, to follow each other tigio most chemical transformations and leads them
to accumulate together in nature. As a consequence, the distribution of individual rare earth
element abundances in most economically viable mineral deposits roughly track the general
trends of natural abuadce, although the rare earth phosphate mineral xenotime tends to be
enriched in the less abundant heavy rare earths. Because rare earth elements tend to occur
together in natural minerals, the production of pure rare earth elements for technological and
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scientific applications relies on efficient separations to isolate them from the mineral matrix as a

group and then to separate individual members of the series out of rare earth mixture.

Unfortunately, the same chemical similarities that cause rares¢artitcumulate
together in nature make separation and purification of individual rare earths difficult. Three
fundamental properties of the rare earths drive their chemical similarity. First, their chemical
bonds tend to be principally ionic in natidfeSecond, all the ramarths are most stable in
aqueous solution in the trivalent oxidation state. Third, onfy Bussesses a substantially
different ionic radius (88.5 pm for CN = 6) relative to the other rare earth elements {&mg., Y
104.0 pm, L& = 117.2 pm, and L3 = 100.1 pm for CN = 6}°. Together, these three chemical
properties cause yttrium and the lanthanides to partition together in chemical separations; only
scandium is easily separated from other trivalent rare earth ions. An exdrpie the
chemical similarities of the rare earths make it difficult to produce pure materials is apparent in
theearliest approadsto separatingndividual rare earth elementghich used fraction
crystallization. Isolation of spectrographically puralthm bromate from a rare earth ore was
reported to require a staggering 15,000 individual operatfo@ne to two recrystallizations of
the rare bromates could be accomplished in a day, providing a substantial bottleneck that limited
the availability of rare earth elements until fractional talization was replaced by more

efficient separation techniques.

The throughput of rare earth separations and the ease with which individual rare earths
could be isolated greatly increased when fractional crystallization was supplanted by ion
exchangelcr omat ogr ap h¥®andliqidchegaPd0psol vent) extrac
and 3%°%Idthese separatn techniques each individual separation step is generally more
selective for a given rare earth over the others than an individual crystallization operation, each
fractionation step can take place in seconds to minutes rather than days, and the nature of
chromatographic and liquililquid separations makes it far easier to combine many individual
separation steps into a single separation process that can produce high purity rare earths on the
order of hours to days rather than months or years. While bthlesd# separation approaches
remain in use for rare earths across the range of scientific and technological applications today
3943 chromatographic separations are most important for analytical separations of rare earths

while the scalability and comparatively high singlage separation factors of rare earth
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elements in particular solvent extraction systems make Hggued extraction the primary

method considered for the industrsalale separation of rare earths.

Except br rare earth elements such as Ce and Eu that can be oxidized or reduced from
the trivalent oxidation state under reasonable conditions, rare earth ions are separated based on
the subtle differences in the size of the different trivalent cations. Bedsud#ferences in
ionic radii of adjacent rare earth ions are small (ca. 0.002 nm), the thermodynamic selectivity of
any solvent extraction reagent for a given rare earth in a mixture of neighboring rare earths is
small. The best commercial reagents havawerage selectivity across all lanthanides of 2.3
kJ/mol, which corresponds to an average separation factor of 2.5. While this is far superior to the
separation factors encountered in most rare earth fractional crystallizations and sufficient for
effective solvent extraction separations, larger separation factors would shorten and simplify rare
earth recovery by reducing the number of repeated separation stages required to reach a
particular purity. Consequently, much fundamental science in rare eaatfatseps has been
targeted toward understanding and improving the thermodynamic selectivity of extraction
reagents and the implementation afiations on conventional solvent extracttbat allow easy

coupling of sequential separation steps to each &tfét’,

However, the kinetic aspects of raretbaeparations are at least as important as the
thermodynamic selectivity in determining the throughput of a separation process, and the
kinetics of a separation determines how long the system will take to achieve the optimum
selectivity between two or merrare earth species. Therefore, the kinetics of separation also
dictates how fast materials can flow through a separation system while achieving a desired level
of purity as well as the size and which types of separations apparatus are best suited to

supprting optimal material flows in the separation.

Given the importance of kinetics in practical separations, this review targets the chemical
kinetics of rare earth element separations, an area that does not appear to have been reviewed
previously. Becausef its importance in rare earth production, we will emphasize the kinetics of
rare earth solvent extraction and how kinetic studies can illuminate the specific mechanisms of
solvent extraction separation. Variations on traditional lidigjdid extraction such as supported
liquid membranes, extraction chromatography, centrifugal partition chromatography, and

microfluidic separations can also inform our understanding of solvent extraction kinetics.
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Although ion exchange chromatography remains an impaég@rations technique for rare

earth elements, fundamental kinetic studies of rare earth separations by ion exchange are scarce,
and future kinetic studies in that area are unlikely unless ion exchange chromatography reasserts
itself as the dominant apprdato industrialscale rare earth separations, as separation kinetics

are rarely an issue in employing analytical scale separations for the rare earths.

2.3 SolventExtraction Background

The flexibility and scalability of solvent extraction make it the nooshmon separation
process for recovery and purification of rare earths. Solvent extraction is a separations technique
that partitions materials between two liquid phases based on the relative solubility of a given
compound in the two liquid$§>. As such, solvent extraction represents a particular class of
heterogeneous chemical reactions, and the overall rate of a given solvent extraction separation
will be determined by the rate of the slowest chemicahgsical process in the overall
extraction. Here we briefly outline important facets of the technique as applied to the rare earth
separations to enable discussion of the kinetics of these separations. Additional general

information about rare earth sohteextraction can be found in several prior reviéig>254

When separating rare earth elements by soeemaction the materials targeted for
separation are the cations of the rare earth elements. In solvent extraction, one of the liquid
phases is usually an agueous solution (the aqueous phase), while the other phase is dissolved in a
waterimmiscible orgait solvent (the organic phase). Normally, the two liquids freely mix when
agitated, a process that greatly increases the contact area between the two phases and promotes
transfer of particular species between the two phésesldition to theorganicsolventitself
(also called the diluengnd thematerial to be separateithe organic phase generally contains
one or more extractantsolecules that promote the transfer of the desired material into the
organic phas¢hroughthe formation oheutral lipophiic complexes or iofairs.Many different
molecules have been used to separate rare earths by solvent extraction, intdotoig,a
ketones, neutral or acidic organophosphorus compobrdiketones, carboxylic acids, crown
ethers, and alkyl amineSheaqueous phase may also contain hattk or stripping reagents,
which are ligands thdrm hydrophilic complexes witparticular ions antiold those materials
in the aqueous phaskehe enomous number of possible combinations of organic solvents,

14



extractant molecules, and aqueous ligands dictates a general approach to understanding the
behavior of rare earth elements in solvent extraction and the features that drive the separation

kinetics n these systems.

2.3.1 Major Features of Rare Earth Extraction
2.3.1.1 Solvent Extraction Equilibria

The extractant plays a central role in liqliguid extraction because polyvalent metal
cations, such as the rare earth ions, and their common salts display pbiitysaiumost
conventional wateimmiscible organic solvents. The actual separation of materials by solvent
extraction arises directly from the selective transfer of materials between the aqueous and
organic phases. This phase transfer is usually coedralhd manipulated through a series of
chemical equilibria, generically depictedkigure2.1. The role of the extractants is to form
complexes that are more soluble in the organic solvent than in water, allowing the otherwise
unextratable rare earth cations to report to the organic phase. The degree of partitioning of a
rare earth between phases in solvent extraction is measured by the distributi@ defomed
asthe ratio of the total concentration of a particular rare eRrtim the organic phase to its total

corcentration in the aqueous phase, or

DR o [ﬁ]total
[R]total . (21)

We will use the notation that chemical species in the organic phase are written with an

overscore, for examp@ . The larger the distribution ratio, the more rare earth is extracted into

the organic phase. When the distribution ratio is greater than 1, the system is under extracting
conditions, while a distribution ratiess than 1 is considered to be under stripping conditions. In
addition, the selectivity of a separation for one rare earth element over another element, M, is

guantified by the separation factor,
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The farther the separation factor is from unity, the larger the separation.

Extractant molecules are conveniently divided in to three categories determined by the
nature of the metadxtractant complex and the overarching chatreguilibria that drive the
extraction reaction. Acidic extractants react with metal cations, basic extractants extract anionic
metal complexes, and solvating extractants extract neutral metal salts, for exampig B(NO
R(CIOs4)3. Such distinct divisiosm are not always straightforward, though. Acidic or basic
extractants will sometimes function as a solvating extractant if the acidity of the aqueous phase is

high enough to inhibit deprotonation of an acidic extractant or is low enough to hinder
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Figure2.1  Solution conditions for solvent extraction reactions. (a) Schematic of commc
solvent extraebn equilibria for the extraction of a trivalent rare earth ion from an aqueous
containing a water soluble ligand into an organic phase containing an extractant that ads
the interface. (b) Schematic distributions of water molecdlgs ¢rganc solvent moleculeg (
i 1), and extractant molecules-(- -) in the interfacial region with increasing distance from
aqueousorganic interface.
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protonaton of a basic extractant. Different types of extractants may also work in concert in a
synergistic solvent extraction systé€fr’. This is most common in mixtures of acidic and

solvating extractants and important for both rare earth and actinide ions.

Acidic extractants, particularly big-ethylhexyl)phosphoric acid (HDEHP) and its
phosphonic or phosphinic acid derivatives, are the most important extractants for rare earth
elements®4L The formation and extraction of hydropholace eartrcomplexes withacidic
extractants are driven laycationexchange mechanismwhesen e or mor e eHKtract a
is exchanged for the cation of intere&Since the common rare earth cations are tripositive, three
H* ions must be exchangedarthe aqueous phase for each trivalent rare earth ion extracted into
the organic phase and this usually means that three extractants will each loSendéidd to
a single rare earth cationhe majorequilibria neded for a usefiuhermodynamidesciption of
the etraction ofa trivalent rare earth cation®>Rby an acidic extractant, Ex, that is

preferentially dissolved in the organic phase

K

HEx —=2—= HEx (2.3
HEx — H" + Ex (2.4)
R* + 3HEX == REx +3H. (2.5)

Equilibrium 2.3 represents the partitioning of the extractant between the agueous and
organic phases, withquilibrium constanKp. Equilibrium 2.4 represents the ionization of the
extractant in the aqueous phase with the equilibrium coristaiihe overall extraction
equilibrium is represented Wyquilibrium 2.5 with an equilibrium constant d¢fex. The neutal,
lipophilic complex,REXxs, reports at least partially to the organic phase and three equivalents of
H™ are released to the aqueous phase to maintain charge neutrality in bothlphmasetical
extractionKp is usually large, on the order of 100 oor®, and the extraction is operated at

acidities that tend to disfavor a significant concentration ofrEthe aqueous phase. Whetf R
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is the only rare earth species in the aqueous phase, andsRE only rare earth containing
species in the organphase, the distribution ratio of rare earth R can be written in terms of the

extractant concentration in the organic phase and the acidity of the aqueous phase,

p=[REX] 4 [HEX
[R3+] [H +] 3

(2.6)

Rare eah extraction by acidic extractants is often influenced by other equilibria as well.
Prime examples of this are complexation of the rare earth in the aqueous phase and aggregation
of the extractant in the organic phase. If present, consideration of thellera is usually
essential to a proper thermodynamic description of the extraction equilibria. It is important to
note, however, while Equatio2s3-2.5 may represent a realistic description of the initial and
final states of a generic extraction byamidic extractant molecule, and they are valid
thermodynamic descriptions of the extraction processes, these equilibria may or not be directly
relevant to the kinetic description of the extraction process and they do not necessarily represent

the actual kemical mechanism of an extraction.

A second class of extractants, basic extractants sueltiasy or quaternary amisg
extract anionic complexes of the rare earBesic extractants tend to aggregate in the organic
phase and extract anionic rareteaomplexes based on simple electrostatic attraesdiquid
anion exchangers.hEir extractionchemistry is similar to that of solid imm exchange resingn
the case of tertiary amine extractants, the extractant must be protonated in ordertto extrac
anions which makesthe agueous phasgcidity an additional parameter that must be considered.
Because of the similar sizes and relatively uniform complexation chemistryf ah¥ Lr#* ions,
basic extractants are not particularly effective at separatitigidual rare earths from each
other. Rather, they are used to separate rare earths from other elements. For sghmipie,
extraction systems based e quaternary amingliquat 336 have been used for the difficult
group separation of the trivaleraire earths from trivalent actinidas anionic chloro or
thiocyanato complexes or as a synergist with acidic extractants for lanthanide extfzétion
Other anionic rare earth complexes, for example R(EQTAQy also be extracted by basic
extractants®.
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A generic extractioequilibriumfor an anion exchanging basic extractant, @nd the

rare earth complexes singly charged anions (e.g. N@r CI) is

R¥*+4 X + A" X" — A'RX, + X", (2.7)
which leads to the net extraction equilibrium
R+ 3 X + A'X" === A'RX, . (2.8)

If the equilibria for formation oA*X" in the organic phase can be neglectedRitichnd ARX4

are the only important rare earth containing spetiesdistritution ratio can be expressed as

_[ARX]]
[R*]

KX TIA X T . 2.9)

Because addition@gueous equilibriavhich produce unextractable species, such as

b,

R¥»+n X —=—=—

RX @0 (2.10)

commonly occur in these systerttse actual distribution ratio expression becomes

p=ARX] _ [A 13X ] Kex[><.:] iA X1 (2.12)
[Rlaa [R7IQA+& £[X1) @ +@ 4X1)

wherebn is the formation constafit of the complex R,&™* from R** andn X" ions and [Rital
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is the concentration of all the aqueous phase species cogteangnearth, R-or some elements
and ligandsthe anionicspecies extracted by amines are stable anionic complexes that exist in
the aqueous phase in the absence oéttractant For rare eartelementshowever, thenionic
complexesextractedftendo not exist in significant concentrations in tiepieougphase. In this
case the thermodynamic stability of the organic phase ion pRXApromotes formation of the

organic phase complex from other rare earth containing complexes.

The third type of exaictant molecule is the neutral, solvating extractant. Common
examples of solvating rare earth extractants are tributylphosphate or trioctylphosphine oxide and
their derivatives. Solvating extractants may be dissolved in an organic solvent or they hmy be t
solvent itself if the solvent molecules are sufficiently polar to interact with rare earth salts (e.qg.
methylisobutylketone or tributylphosphate). Because of the stringent requirement to maintain
charge neutrality in both the organic and the aqueousepbalvating extractants extract neutral
rare earth complexes or charge balanced ion pairs. In systems with a monovalent anion, transfer
of the rare earth between the phases by the solvating extractant, S, occurs according to the

general equilibrium

R¥*+3X +4mS—= RXS, (212
which gives a distribution ratio expression of
p = [RXSul K X 1S]™. (2.13)

[R*"]

As with basic extractants, the formatiohunextractabl&®X,®"* complexes according to Eq.

2.10 is common, and is accounted for in the denominator of the distribution ratio expression
similar to Eq.2.11. Nitrate, chloride, and perchlorate anions are the most common counter ions
used for rag earth extraction by solvating extractants, but hydrddderganic anion§*, and

synergistic acidic extractart$*’have been used to produce neutral complexes for rare earth
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extraction in solvating extraction systems as well.

2.3.1.2 Dynamics of the Solvent Extraction Process

While the thermodynamiequilibria of most properly functioning solvent extraction
systems depend on the composition of the bulk aqueous and organic phases, the actual separation
is a dynamic process that occurs when an ion pair or molecule moves from one phase to the

other, crgsing the boundary between the two liquid phases in a process called mass transfer.
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Figure2.2  Schematic of the different solution regicerscountered in a solvent
extraction and the concentration gradients encountered in a simplified, steady stat
extraction of a rare earth 2R by an acidic extractant, HEx. The reaction between th
earth and extractant takes place in a thin reacboe wvithin the interfacial region on t
agueous side of the interface.
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In considering the dynamics of rare earth solvent extraction, it is useful to define three different
regions in the aqueous and organic phases, the bulk aqueous and soiygioics, the aqueous

and organic diffusion layers, and the interfacial regligyre2.2). In the bulk aqueous or

organic phase, the properties of the solution, for example the dielectric constant; solvent density;
chemical potenéls; and activity coefficients are the same as those that would be observed in an
isolated solution with the same chemical composition. The diffusion layers are zones adjacent to
each side of the aqueeasganic boundary where the turbulent mixing of thaeous or organic

phase is strongly damped and concentration gradients of the rare earth species drive rare earth
transport across the layer through diffusive processes. In dilute solutions, the solution properties
of these diffusion layers, but not thencentrations of partitioning species, match those of the

bulk phase until the interfacial region is reached. The interfacial re§emsti¢n2.3.1.3 spans

narrow portions of the aqueous and organic diffusion layers and includesuthe@ary between

the two phases. As part of the diffusion layers, molecular transport is diffusion controlled in the
interfacial region, but the solution properties of the interfacial region reflect a progressive
transition from the properties of the bagueous phase to those of the bulk organic phase
(Figure2.1b). In a solvent extraction system, chemical reactions can occur in any or all of these
zones, while the diffusion layer and interfacial region control the physical trané@pecies

between the bulk aqueous and organic phases.

The rate of solvent extraction is, by definition, the rate of mass transfer between the
phases, and it is determined by the rate of the slowest processes in the solvent extraction system.
The ratedetermining step of a given liquldjuid extraction system could occur at any point in
the set of interactions that define that extraction process in either the bulk aqueous or organic
phases, the diffusion layers, or the interfacial region. Becausatthefrinterphase mass
transfer depends on both chemical equilibria and diffusion of the extracted species, the rate
determining step could be a chemical reaction, diffusive processes, or a combination of the two.
Several different theoretical frameworks treating mass transport in solvent extraction éXist
% but theoverall understanding derived from the different approaches does not vary
substantially for most systemi8’% In the simplest of these models, the #ihlm model, different
diffusion coefficients and concentration gradients in the stagnant films on the aqueous and
organic sides of thenierface couple to the unique solution compositions in the interfacial region
to determine the maximum rate at which a given chemical species will move from one bulk
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solution to the other.

Focusing on the physical process of transferring a given ratesgsaties across the
agueousorganic interface, the rate of diffusive mass transport under steady state conditions can

be treated in terms of Fickds First Laws as

joldn _, diR]

A dt Rodx (2.14)

wherel is the flux,A is the interfacial area is the number of moles of the rare earth speRies
transferred across the interface, [R] is the concentration of that species at distancée

phase boundary, arl# is its diffusion coefficient. Since ttdiffusion coefficients of a given

species can be considered constant for a given chemical composition, temperature, and pressure,
the only ways to increase the mass transfer rate at a given bulk [R] are to increase the interfacial
area or decrease the tkmess of the aqueous or organic diffusion layers adjacent to the interface,
both of which can be accomplished by efficiently mixing the phases.

Although the aqueous and organic phases often can be efficiently and rapidly mixed,
which eliminates diffusioof the chemical species within the stirred bulk phases and greatly
increases the interfacial area, the interface presents a physical barrier to complete mixing within
the aqueous or organic phases of practical, macroscopic solvent extraction §Yy5tefssa
consequence, thin diffusion layers of largely stagnant solution form on both sides of the interface
regardless of the degree of mixing. Other theories account for greater degrees aitturbule
mixing in the diffusion layer8”®®"3 but the overarching concepts are similar. These diffusion
layers typically appear to bei 1100 mm thick, with the layer thickness beingluenced by the
mixing rate as well as the viscosity and density of the aqueous and organic solutions. Though
thin, the diffusion films are much thicker than either the size of the diffusing molecules or the
interfacial region, therefore the rate of malilar diffusion across the films often is comparable
to or even longer than the rate of the chemical reactions in the solvent extraction sigs#em (
infra). Even in the most vigorously mixed conventional extraction systems, a thin diffusion layer

remainsand the diffusion rate through these layers sets an upper limit on the extraction rate with
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the time required to cross a diffusion layer of thickndsshich is given by*

t="—. (219

The rare earth containing molecules or ion pairs that partigdtween the aqueous and organic
phases typically have diffusion coefficients on the order ofilD0° cn?/s ”>78 implying that a

rare earth complex typidsrequires approximately 0.0G1100 seconds to cross the diffusion

layer. This is comparable to or slower than the rates of many chemical reactions, particularly
reactions of the rare earth elements. Thus, the diffusion rate is often a significabutonto

the rate of solvent extraction. The interplay between the diffusion rate and the rate of chemical
reactions of rare earths in determining the actual kinetics of mass transfer is discussed further in
Section2.4.2

The absace of diffusive effects and the presence of a diffusion layer of constant
thickness can be difficult to distinguih’® An interesting studto probe a purely diffusive
extraction systerwas costructed by Kandil and Choppifthat tracked the @saction of
trivalent Tmby dinonoylnaphthalenesulfonic acitihe two phases were not stirred, jassayed
for Tm contenbver approximately 20 hours, and three linear terms were necessary to fit the
experimental data. Kandil and Choppin conclude thaetkerms can be used to describe the
diffusive processeghe first of which occuri the interfacial filns and across the interface. The
second and third ternase taken talescribe diffusion irach ofthe bulk phasg which become

rate limiting when &teady state concentration gradient is established in the interfacial film.

The importance of diffusion in determining the rate of mass transfer varies greatly for
separations derived from conventional solvent extraction, such as extraction chromatograph
centrifugal partition chromatography, supported liquid membranes, and microfluidic liquid
liquid extraction because the efficacy of mixing varies widely in these systems. Diffusion
generally plays a larger role in supported liquid membranes or chramalog liquidliquid
extractions because the immobilized phases are not agitated in these techniques, which creates

comparably thick diffusion layers. On the other hand, a properly designed microfluidic slug
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extraction apparatus (see SectibB.2.5, with -slug dimensions on the order of 1®® or less,
eliminates considerations of diffusion by inducing higéfficient mixing of nanoliter volumes

with negligible diffusion layers in both phases of a ligliguiid extraction systerff.

2.3.1.3 The Aqueous organic Interface

Because the interfacial region near the aqu@nganic boundary is both part of the
diffusion layer and presents a chemical environment distinct from either the belbusoor
organic phases, the interfacial region often plays an outsized role in the rate of solvent extraction
separationg®.

The agueousrganic interface is often depicted as a flat, sharp transition between the two
phases; however both experimental and computational studies demonstrate that this model is
unrealistic at the molecular lev& 84, Instead, the interfacial region is better viewed as a zone of
progressrely changing chemical compositions that extends approximaiell0lnm into the
agueous and organic phaseg(re2.1). Leaving the bulk agueous phase and crossing the
interfacial region, an ion or molecule will generally encoumtereasing concentrations of the
organic solvent molecules and other hydrophobic molecules and decreasing concentrations of
water, solvated ions, and hydrophilic complexes. The concentrations of interfacially active
molecules, most notably the extractagenerally also change across the interfacial region,
reaching a maximum near the midpoint of the interfacial region. The width of the interfacial
region and the sharpness of the transition from the properties of the bulk aqueous phase to those
of the bulkorganic phase will vary depending on the nature of the solvents and the solutes as
well as the concentrations of interfacially active species (i.e. extractants or ligands) present in the
systenf?®, Because of these combined gradients in both the concentration of the diffusing
species and the properties of the solution, rigorous modeling oftraasport across the
interfacial area requires models more advanced than the simple two film model, but the limited
width of the interfacial region implies that the diffusioontrolled residence time within the
interfacial region will be short comparealthe overall residence time in the aqueous and organic

diffusion layers.

Nevertheless, the interfacial region can have a large impact on the kinetics of the
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extraction first because the interface presents an energic barrier to the transfer of speegs bet
phaseg3®and second because the chemical comiposiind associated solution conditions

encountered in the interfacial region enables formation of interfacial species that do not exist in

the bulk aqueous and organic phases. A key reasahni$ds the propensity ohanyextractant

moleculego concentate at the interfacd®. Extractantsire generally amphiphilias they are

composed obothpolarhydrophilic groupsiecessary for bindingpetal ionge.g.-POOH ;C=0,

=N-OH, ,larfdhonpolarhydrophobic groupsecessaryo solubilize the resulting complex in

the organic solventdn theinterfagal regionboth thehydrophilic and hydrophobic groups of the
extractantareable tointeract simultaneouslywih compati bl e sol vent mol e
polar functionalities are oriented toward the aqueous phase while hgp@adnar fit ai | so ar
oriented toward the oagic phase. The affinity of extractant molecules for this hybrid

environment makes it common for the interfacial region to be physically saturated with

extractant molecules or mefktractant complexes when the bulk concentration of extractant is

high enaigh to achieve useful distribution ratios. These interfacial assemblies, in turn, may

accelerate or retard the mass transfer between the phases depending on the specific properties of
the complex388

Interfacial complexes may also affect the rate of mass transfer through the rate of the
particular chemical reactions required to form a given interfacial complex, as observed in the
TALSPEAK solvent extraction separation of trivalent actisiffem lanthanide&’. The
complexes encountered in the interfacial region may be hybrid species intermediate between the
complexes observed in the bulk aqueous and organic pliagagjue species observed only in
the interfacial region, such as the ternary europium complex describdthyai®®, or they
may be interfacially active complexes that concentrate in the interfacial region but also exist in
either of the bulk phasé&&°:

2.3.1.4 Chemical Kinetic Considerations in Rare Earth Separation Chemistry

The chemistry of the rare earth elements is marked by the predominance of the trivalent
oxidation state, a consistent variation in oradii, and hard Lewis acid behavior that together
result in primarily ionic chemical bonds of varying strength across the rare earth series. Together
these chemical properties cause the rare earths to generally follow each other in chemical
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separationswhich enables straightforward separations of the rare earths as a group and makes
the separation of individual rare earths challenging. The fundamental solvent extraction
equilibria and mass transport processes for these separations outlined aboveeftzonedaries

for extractive separations of the rare earth elements, but the unique chemical properties of the
rare earths manifested in their solution and coordination chemistry also can influence the kinetics
of their solvent extraction separations byrmdiag the kinetics of the rate determining step of the

separation, or even changing the rate determining step altogether.

All rare earth ions are most stable in the trivalent oxidation state in aqueous solution.
Although organometallic complexes of divaleare earths and simple solid inorganic
compounds of a number of tetravalent lanthanides are well kffpwhey generally are not
stable in the air saturated aqueous solutions used for separations. Of these ions only tetravalent
cerium andlivalent europium are stable enough to have been exploited in solvent extraction
separations underlset conditions. The charge and size of rare earth cations enables them to
form moderately strong complexes with ligands in solutions, whether the ligands are simple ions,
dipolar solvent molecules, such as water, or more complex molecules containindgpassvis
donor groups welsuited to rare earth binding. When steric effects are not important, the
thermodynamic strength of the rare earth complexes with a given ligand generally increases with
decreasing cation size due to the greater charge densitysvh#tler rare earth ions. These
systematic thermodynamic differences are useful for separating individual rare earth ef&ments
but they also reflect differences in the rates of rare earth complexation and complex dissociation
that can affect the separation kineflé&’. For example, the steady increase in the equilibrium
constant for complexation of trivalent rare earth ions by CHftAans1,2-diaminocyclohexane
N,N,NONGtetraacetate) as the radii of the rare earth cations decFegsee@.3a) is due to an
order of magnitude increase the rate of the complex formation reaction and, more importantly, to
steady decreases in the rate constantsdibr the aciedependent and aciddependent
dissociation of the R(CDTAromplexes that each span approximately 4 orders of magnitude
(Figure2.3b).

The nature and energies of the valence electrons and unoccupied orbitals ofliare eart
ions alsacombine to make the rare earth cations favor formation of ionic chemical bonds with

ligands containing hard Lewis base donor atoms, especially oxygen. The combination of
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Figure2.3  Relationship between equilibrium and kinetic rate constants for trivalent ra
earthCDTA complexes. (a) The logarithmic elijorium constants for the reactidh

#$41z 2#$ 41 (A)increase steadily with increasing charge density caused by the
decreasing size of the rare earth cations. (b) The steady increase in the equilibrium cor
across the rare earths ismqmipally due to the steady decrease in the dissociation rate con
The rate constants for the formation2of# $ 4 ! (A) vary little between different rare earth
cations, while the rate constants for the acid independgrand acid catalyzeg()
dissociation oR # $ 4 ! decrease steadily with increasing charge density caused by the
decreasing size of the rare earth cations. Adapted from d&tavith ionic radii (Rator) for
coordination number &,

principally ionic bonding, large ionic radii, and the multiplicity offd#e and welkhielded #
valenceorbitals allowdanthanidecaions to form complexes thateanot constrained by the
familiar geometries (tetrahedral, octahedral, bipyramidal, etc.) encountered in transition metal
chemistry, and rare earth complexes witlordination numbers of 8 or 9 are commonly
encountered. More importantly for kinetics, though, the-dioectional ionic bonds of rare earth
complexes are generally labile and the ligand exchange reactions of these complexes often
proceed much more quigkthan the ligand exchange reactions of trivalent transition metal or

main group element catiofls
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Ligand exchange reactions are critical in solvent extraction because bare, uncomplexed
R3* cations do not exist in condensed phaRegher, the rare earths always occur in some
compound or complex. Even in a simple aqueous chemical reaction, suctRdOE"
actually signifies the fully solvated aqua cation of a rare eartry@# (h = 7 or 8 for S&'; 8
for Y3*; and 8 or 9dr Ln*") %%, Thus, the reaction of a rare earth cation with a ligand, L, in
agueous solution is actually a ligand exchange reaction where one or more alateles
originally associated with the rare earth cation are replaced by the ligand to form a hyerated R
complex. The exact reaction mechanism of such ligand exchange reactions (associative,
dissociative, associative interchange, or dissociative iraage) varies depending on the
specific metal cation, ligands and solvent involved, but in aqueous solution these sorts of rare

earth complexation reactions can usually be described by a general form of the Eigen mechanism
99

In the general Eigen mechanism, a sohasyiarated, or outer sphéP& metailigand
complex forms rapidly and the ligand replaces one or more water molecules coordinated to the
metal in a subsequent slow, ratetermining step. Focusing only on the water molealilestly

coordinated to a rare earth cation, this class of reaction can be summarized as
R(H,O) + L™ ==R(H,O), ~L" 5% RL(H, O+ x H,0. (2.16)

Since the ratgletermining step is the displacement of coordinated water niegeicuthe
transition from the solvergeparated rare eatligand complex, the rate of the overall ligand

exchange reaction is

_d kK [LIR(H 0) 7]
rate= dt[RL(HZO)h_x] 1+ K_[L] (2.17)

subject to the conditions [REA)>*--L] << [R(H20)>"] << [L], with Kosrepresenting the

equilibrium constant for the formation of the outer sphere compleXaswdki/k 1 %% For many
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metal ions, including the rare earth cations, the rate coristamhich determines the reaction

rate, often is observed to be largely independent ofghad but closely correlated to the

solvent exchange rate. This implies that the release of coordinated water from the intermediate

solventseparated metdigand complex, R(ED):>*--L, controls the complexation rate of ligand

L 192 The nondirectional electrostatic iedipole interactions between rare earth cations and

water molecules favor rapid water exchange rates both fdultiidnydrated aqua cations

(Figure2.4a) and for rare earthgand complexes that contain residual coordinated water

molecules igure2.4b). Therefore, the complex formation reactions of rare earth ions are
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geneally expected to be rapid for a wide range of complexing agents.

The reported lifetimes of the forward and reverse complexation reactions for a range of
rare earth ions with various ligands are compardedguare2.4c for aqueous dations containing

0.01 M ligand. The overall equilibria for such reactions,
R(H,Of + L"== RL(H,O}]+ X H,0 (2.18)

typically feature complex formation reactions, characterized by rate cokstartichare
substantially faster than the lifetime of these species in the solvent extraction diffusion region
(0.0011 100 seconds). The complex dissociation reactions (the reverse reactions characterized
by rate constark;) show a more complicated behavior. Asttoe forward reactions, the reported
dissociation lifetimes of many rare earth complexes are much shorter than the lifetime of the
species crossing the diffusion layers. However, for strongly complexing ligands with large
equilibrium constants ©107), sich as CDTA, the dissociation lifetimes of rare earth

complexes are often comparable to or even much longer than the time it takes for the species to
cross the diffusion regior{gure2.4c). This arises from the kinetic definition dfet equilibrium
constantK = ki /k:, which implies that a large equilibrium constant requires a reverse rate
constant that is much smaller than the forward rate constashfrom the fact that the water
exchange rate places an upper limit on the valle of

The rapid complexation kinetics of the rare earths are not limited to the aqueous phase.
Although the kinetics of organic phase complexation reactions have been studied far less than
reactions in aqueous solution, the same fundamental rare eartlsitiiegyoverns both the
agueous and organic phase complexes. Differences between reactions in the two phases arise
because the organic phases of solvent extraction systems usually cannot support the presence of
ionic species and, unlike water, many commageaaic diluent molecules do not interact directly
with the rare earths. This means that other reactions, for example the transfer of an acidic proton
between exchanging ligands, may be required to occur in concert with the ligand exchange
reactions. The exmanging organic phase ligands also will be present at much lower

concentrations than the aqueous concentration of water. Both of these conditions can hinder
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organic phase ligand exchange reactions. Nevertheless, the reported ligand exchange rates of rare

earth complexes in the organic phases (

Table2.1) are also fast compared to the diffusion limited mass transfer rates in solvent
extraction. The slower rates of HTTA exchange reported by Szabo et al. for yttrium complexes
appear to deve from the slow opening the-YTA chelate ring and transfer of the acidic proton
between the entering and leaving extractant molectleghe ligand exchange rates of neutral
extractants, such as TBP and CMPO, are consistent with the relatively short equilibration times
observed fof-element extractions by these ligandgjlesextractants that require longer to reach

equilibrium, e.g. HTTA, display much smaller rate constants.

Table2.1 Rate constants for extractant excharegetionf organic phase rare earth
complexes

Reacants Kex, St Solvent T, K Reference
La{H(DEHP)}s + (HDEHP) 1.3x1G  DIPB? 298 104
Sm{H(DEHP)}s+ (HDEHP) 1.8x13  DIPB? 298 104
Y(TTA)3(H20)2 + HTTA 44x16  CDCh 260 108
Y(TTA)3(TBP)(H:O) + HTTA 1.4x13  CDCl 268 103
Pr(NQs)s(TBP). + TBP 52x10¢  CDCl 300 105
Eu(NQs)s(TBP) + TBP 24x1¢  CDCl 300 10
Y(TTA)3(TBP)(H:O) + TBP  2.1x16  CDCh 268 108
La(NQs)s(CMPOR+ CMPO  25x13  CDCh 300 105
Pr(NQs)s(CMPO); + CMPO 1.3x10  CDCh 300 105
SM(NQ)3(CMPOj+ CMPO  89x10  CDCl 300 105

#1,3-diisopropylbenzene

2.3.2  Equipment for BenchtopLiquid -liquid Extraction Studies

Because of the fundamental importance of diffusion and chemical reactions in the
interfacial region to the kinetics of solvent edtion, methods for creating welefined
interfacial areas, controlling the hydrodynamics, and manipulating the width of the largely

stagnant diffusion layers adjacent to the interface are critical for quantitative mechanistic studies
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of solvent extractin. A variety of experimental approaches, such as$pgled stirring, constant
interfacial area cells, moving drops, rotating cells, and microfluidics, have been developed for
guantitative studies of solvent extraction kinetics. Studies of rare earfictextrhave used
experimental setups from each of the major approaches to probe the rates and chemical

mechanisms of extraction.

2.3.2.1 High-speed Stirring

The simplest approach for quantitative studies of lidigidid extraction kinetics is to
rapidly stir theaqueousorganic mixture to produce a suspension of small droplets of one phase
within a continuum of the other phase. This approach best approximates the mixing conditions
encountered both in laboratesgale solvent extraction investigations, where phase often
vigorously mixed by vortexing, and in most industsable rare earth separations, which employ

mixer-settlers.

The minimal apparatus for kinetic measurements via-sjgged stirring consists of a
reaction vessel, a method to rapidly and edpcibly stir the aqueotmrganic mixture, and a
means to determine the concentration of at least one partitioning species in either phase at
discrete times without interrupting the stirring. The mixing apparatus and reaction flask can be
quite simple ands usually comprised of a higgpeed motor with some version of a propeller
type stirrer in an appropriate glass vessel. The primary difficulty in implementing this approach
arises in sampling and analyzing the mixture. The simplest sampling systems senabigeiot
of the mixed phases at known time intervals and the agqueous and organic phases are separated
and analyzed offine by a suitable techniqd€®. More advanced systems, such as the AKUFVE
solvent extraction systeM’, continuously sample and analyze 8% %or both!1%112 of the
phases. An alternative approach for fast extraction reactions is rapid aquganis mixing in a
stoppesflow cell, which initially creates solution conditiossnilar to highspeed mixing*3,
and is suitable for spectroscopic meamest of the concentrations in the aqueous or organic

phases or the interface.

Although it can be easy to implement, the hegleed stirring approach to experimental

measurements of solvent extraction kinetics is limited by the difficulty of obtainingvenkn
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interfacial area and controlling the hydrodynamics on both sides of the intEffdoecertain

cases, the average drop sizd arterfacial area of the solvent extraction system can be
determined through separate sets of measurements on the system being'Stitbhedever,

even when the interfacial area can be measured, and the continuous phase is rapidly mixed,
efficient mixing within the droplets of dispersed phase remains problematic as it will be driven

primarily through drop coalescence and reformation.

2.3.2.2 Congant Interfacial Area Cells

The limitations of the higispeed stirring technique for determining the absolute kinetics
of a solvent extraction system are addressed in constant interfacial area cells. These types of
mass transfer cell are often collectiveéferred to as Lewis cells after the designer of the first
stirred constant area cell for liguliguid kinetic measurements®, despite important
modificda i ons and i mpr ove me n %2 They areenwst isy@ortaottoi gi n a |
laboratory studies of raregh separation kinetics, where they represent the majority of all
guantitativekinetic studies of rare earth extraction, rather than industtele separations
because their limited interfacial area impedes the mass throughput necessary for efficient

industrial applications.

In constant interfacial area cells, the two liquid phases are layered in a cylindrical
compartment where the aqueous and organic phases are both Bigued4.5). Because the
stirrers are far from the intexfe and the stirring speeds are chosen to maintain a quiescent
interface, the interfacial area is exactly determined by the geometric cross section of the contact
area between the phases. Advanced versions of the Lewis cell may contain removable inserts or
baffles to vary the contact area, independent countating stirrers for the aqueous and organic
phases, and mesh screéHs'%on either side of the interface. The screens are particularly
important to maintaining a still interface, and thus a-aefined interfacial area, at higher
stirring speeds. The screens intpirthe translational motion of the stirred bulk phases,
converting concerted flow in the stirred bulk phases to turbulent flow near the interface,
guenching the formation of vortexes, and suppressing ripples that would distort the interface.
The turbulenflow near the interface is essential to minimize the thickness of the diffusion
layers, but it also makes the interfacial hydrodynamics of most Lewis celifiitied!8,
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Nevertheless, efficient stirring in Lewis cells with screens makes effective diffusion layers as

thin as 10hm achievablé®.

Stirred constant interfacial area cells are generally believed to exhibit a particular
advantage for kinetic measurements of solvent extraction processes as they can diagmose wh

an extraction rate is controlled by diffusion. Because the interfacial area of a Lewis cell is

OPENINGS FOR TUBING TO
// FLOW THROUGH DETECTOR

24 X 24 MESH
SS SCREEN

Figure2,5 Diagram of the ARMOLLEX modified Lewis cell for solvent extraction kinetic
measurements. FrotARMOLLEX: An apparatus for solvent extraction kinetic measureme
P. Danesi, C. Cianetts. P. Horwitz, and H. Diamon&eparation Science and Technology
1982,17(7) pp. 961968, Taylor and Francisgprinted by permission of the publisher (Taylol
Francis Ltd http://www.tandfonline.com).
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constant, the changes in the extraction rate with stirring speed are attributable to changes in the
thickness of the diffusion layer. At low stirring ratesximg near the interface is comparatively
inefficient and the thickness of the diffusion layer is large, often large enough that the extraction
rate is diffusion controlled. Increasing the stirring rate improves the mixing throughout the
system, includingnear the interface, which decreases the thickness of the diffusion layers. It also
proportionately increases the rate of diffusamtrolled extractions. In some solvent extraction
systems, all the chemical reactions are so fast that the diffusion natelethe extraction rate
regardless of the stirring speed. In other solvent extraction systems, for example the extraction of
rare earths from nitric acid by HDEHP, increasing the stirring eventually leads to a region where
the mass transfer rate beconmetependent of the stirring speed, a phenomenon that could arise
from two sources. Either the diffusion layer has become so thin that the extraction rate is now
controlled by the kinetics of chemical reactions rather than diffusion, or the thickness of th
diffusion layer has become independent of stirring sp€ett is common to assume the former
case, but that assumption is not necessarily corfeamhd more complex studies are required to

differentiate between these two possibilities wkt@s condition is encountered.

2.3.2.3 Moving Drops

The moving drop technique for measuring extraction kinetics is closely related to the
continuous contact column extractors used for industrial separations. In this method-uniform
size, spherical drops of aques or organic phase fall or ascend through a vertical tube containing
the other (continuous) phase. A drop is formed at one end of the tube, detaching when it becomes
sufficiently large. Falling or rising through the column of the other phase, the disfanty
encounters fresh solution and its motion also provides turbulent mixing in the column. Extraction
occurs across the surface of the drop, and the mass transfer may be into or out of the drop
depending on the solute concentrations. After a partittalasit time determined by the length
of the liquid column, each drop joins a pool of collected drops at the opposite end of the tube that
can be sampled to determine the extraction rate. The degree of extraction in this apparatus can be
systematically &ried by changing the length of the column or the drop size.

While single drop methods are relatively simple to implement, they have been used
infrequently to study the kinetics of rare earth extractfdi?®. The fundamental drawbacks in
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applying this technique for quantitative kinetic studies are premature andgtiestion

extraction and the difficulty in modeling the hydrodynamics within the drops. Extraction begins
before drop detachment as s@mdrop formation starts and the two phases come into contact
and it continues, albeit more slowly, as long as the collected pool of drops is in contact with the
liquid column. This introduces uncertainty into both the interfacial area and the contggdiutm
rapid drop formation and continuous sampling of the collected drops can minimize this.
Mathematical treatments of extraction during drop formation have also been pré3o$ad

larger difficulty arises from the internal hydrodynamics of the dtép%’ Although movement

of the drop through the column creates turbulent mixing in the column phase, it has a much
smallereffect on mixing inside the drop, especially when surface active extractants are strongly
adsorbed at the interface. The range of extraction rates accessible to this technique are also
limited as discussed by Danesi et'&i.

2.3.2.4 Rotating Cells

Spent
Organic
Aqueous
Phase
Organic ; Phass
Bhase Extraction Separator
Channel
\ 7. & 8 V4 Vi V. 4V

7777
| /4

Figure2.6 ~ Schematic diagram of a microfluidic extraction system with a micrograph of
slugs of aqueous 0.01 M HEDTA in a continuous phase of 0.05 M tetra(2

ethylhexyl)diglycolamide/0.75 M HEH[EHRj/dodecane traversing a 26th diameter
microfluidic channel.
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A rotating disk drags solution along the disk surface, creating laminar flow that is
repleni shed with fresh sol ut The surfatelawavfthegdiskp ar a |
is well known, and the equations describing the hydrodynamic conditions can be solved exactly,
as is the case for the rotating disk electrode commonly used for electrochemical measurements.

To measure solvent extraction kiiest the disk is usually a thin hydrophobic or hydrophilic
membrane impregnated with one of the phases, though gels are also sometimes used. The mass
transfer rate between the phase immobilized in the disk and the opposite phase is measured, and
the thickress of the diffusion layer can be calculated from the Levich equétidiowever,

rotating cells have no comparable apparatus in industrial systems, and rarely have been applied

to sudy rare earth separations over the past 40 y&ars

2.3.2.5 Microfluidics

The most recently developed and highhpmising approach to measuring solvent
extraction kinetics employs microfluiditiannels to contact small volumes of aqueous and
organic phases with readily measurable interfacial areas. For kinetic measurements slugs, which
are cylindrical drops that completely fill the width of the channel, flow through a microfluidic
channel containg the other phaséigure2.6). Uniform-sized slugs are generated at a
consistent frequency as the carrier phase and slugs of the other phase flow through the
microfluidic channel. Mass transfer between the phases takes placetheresds of the slugs
where the two phases are in contdétand this interfacial area at the end of the slugs is directly
measurable using a microscope. The flow rate and length of the microfluidic channel determines
the residence time of each slug and thus the contact time between the phases. At the end of the
channel, the slugs are separated from the carrier phase, collected, pooled and sampled to
determine the extraction rate. Since the slug dimensions are snthi order of 100rm, each
slug contains approximately a nanoliter of solution and the specific interfacial area (the ratio of
the interfacial area to the drop volume) is orders of magnitude larger than the specific interfacial
area of a Lewis cell. Mosiiportantly, the hydrodynamics of the microfluidic systems are-well
defined. Unlike the moving drop technique, the small dimensions of the microfluidic slugs and
the contact between the slugs and the channel walls induce a very efficient, millisecend time

scale convective mixing in both phases that can eliminate significant diffusion layers on either
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side of the interface, so diffusion will not contribute to the observed mass transfer rates in a

properly configured systeffi.

2.4 SolventExtraction Kinetics

The kinetics of rare earth separations by solvent extraction are critical from two
perspectives. First, the throughput of a separation processti®lled by the number of
separation stages required to achieve the desired purity and the rate of mass transfer in each of
those stages; the faster the kinetics of separation the higher the throughput of a given separation
stage. Therefore, the kinetiof a given solvent extraction system determine the practicality and
ultimately the cost of purifying the rare earths from contaminants and producing individual rare
earths. Second, comprehensive studies of the extraction kinetics open a window ipéeifiee s
physical processes and chemical reactions that control the mass transfer with corresponding
insight into the mechanisms of a separation, which can provide specific approaches for tuning

the kinetics.

2.4.1 Effects of Solution Components on theExtraction Rates

The kinetics of solvent extraction cannot be generally predicted from the identity of the
rare earth and extractant involved. Even in systems that contain very few components, for
example rare earth; extractant; diluent; and acid, the extraetiewill often beaffected by the
counter ion, pH, and ionic strengib well

Within the organic phase, the diluent has multiple mechanisms for affecting the
extraction rates. It influences how extractants align at the interface, and how or if exgractant
aggregate. Diluent choice can also influe@g®, the minimum concentration to achieve
saturation at the interface. Increasingly polar diluents interact more strongly with extractants and
are also more inclined to align with water molecules at thefaer giving rise to an increase in
Cnmin (aliphatic < aromatic < chlorofornd$? 134 This is especially important in systems where the
ratelimiting step occurs at or near the interface. For extractants that compdeoabgn
exchange mechanism, aliphatic hydrocarbons have bett@nt#uent of choice because they

usuallyproduce the best extraction kinetics and highest distribution fatios
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Increasing the extractant concentrati®by far the most straightforward way to increase
the rae of extraction®¥138 but only up to a poirit particularly with cation exchaimyg acidic
extractantsAbove a certain concentratidhe increase in extraction ratéll plateau due to
saturation of the interface with unreacted extract&ht*>. Extractant choice is a balancing act
between fast kinetics (favored by more basic extractants) and fast stripping (favored by the more
acidic extractantsy?>4+145 A more recent approach to maintaining selectivity but improving
extraction kinetics is to create a mixed extractant system. The addition of a second extractant can
sometimes provide synergistic beihéfy extracting one rare earth faster than another that does

not receive synergistic benefff147

The acidity of the bulk aqueous phase and the interfacial region also infl@&mces
Increasing the pH while maintaining ionic strength increases the concentration of deprotonated
cation exchanging extractant at the interfd@egering Cmin but generally accelerating the rate of
extraction*>13¢ Eventually all the interfacially adsorbed extractant will be ionized and the effect
of increasing pH on the extraction rate will plateauch like the extractadteffect on the rate
123136140144148  Tnhe effect of pH on the rate is also
hydrocarbon diluents are used; as pH increases, diluent choice makes less of a diffetleece o
rate'*®. One important note to make is that the addition of HF to neutral extractant systems has
been shown to drastically decrease the kinetics of the sygtemithough the mechanism for this
effect is not etirely clear.

Addition of nonextracted rare earth complexing ligands to the aqueous phase, such as
aminopolycarboxylic acids, has been shown to decrease the extraction kinetics, but the inclusion
of carboxylic acid buffers into these solutions helparteliorate the slow kinetics although not
entirely?3151.152 |n the absence afholdback reagent, the buffer can have a negative effect on
the rate of extractiongphending on which buffer is chos&f %5, or it can promote dramatic
increases® 1°7in the extraction rate. Care must be taken to choose an appropriate pH as it can
sometimes decrease the rate of extraction, and some argue that pH is momninipamtwhich

carboxylic acid is chosei?

When tested afwe, increasing the rare earth concentration will increase the extraction
ratel36.:140.141,149.15161 1)t few studies have looked at the kinetic impact of mixtures of rare

earths on the separation kinetics. Efffects are system dependent; sometimes the addition of
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another rare earth into the solution inhibits the extraction rate of the other raré€acther

times a combination may enhance extracti@ywhile for others there is no effect at &2

Across the range of rare earths, depending on the extractant used, the rates might either increase
(HDEHP, HEH[EHP], Cyanex 302§0:153.163.164 decrease (malonamide8)from the light to

middle rare earths, with the correlation being affected by extractant basicity and catféh size

The relative position of the two rare earths being evaluated will dictate the relative injiec

extraction rates.

Increasing the ionic strength of the aqueous phase generally increases interfacial activity
132 thereby increasingk&raction®®. When it comes to the effects of counter ibig very
dependent on the hydration energy of the counter ions and the stability constants of the rare
earthcounter ion complexes. Chloride tends to play little to no role in enhancing extraction
kinetics7:168 while nitrate can enhance extraction rates measut&b§? even in systems
where the equilibrium complex does not incluniteate4315%170 contrary to the inaccurate
assumption that the kinetic effects do not need to be studied for components not involved in the

equilibrium complex 4173,

2.4.2  Kinetic Regimes of Solvent Extraction Reactions

Mechanistic kinetic studies of solvent extraction systems are complicated by the role of
diffusive processes in the rate of mass transfer (Se2i®h.3 and the presence of two liquid
phases. This can make it difficult to distinguish between alterative mechanisms in the extraction
of rare earths. Because of this conxjile parallel physicochemical information beyond the
simple rates of mass transfer is often more important for interpreting the kinetic data of solvent
extraction reactions than for conventional, single phase chemical reactions, though this
information ca be difficult to obtain in stirred systerhd. Fortunately, the kinetics of solvent
extraction displays many similarities to the kinetics of heterogenetalgsia and biphasic (gas
liquid, gassolid, liquidliquid, or liquid-solid) chemical synthesis. Comparisons with such
systems can be helpful for understanding the relative importance of diffusion and chemical
kinetics for a given rare earth solvent exti@c system and in formulating rate expressions and
chemical mechanisms, particularly when supported with other physical data. Numerous
examples of the forms the solvent extraction kinetic equations take for different types of rate
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limiting steps have beesummarized previousfy/128:17°

To emphasize the central role that diffusion plays in solvent extraction kinetics, solvent
extraction sepations are commonly categorized as occurring under one of three different
regimes. Extractions are considered urdifusion contro] when all the relevant chemical
reactions occur much faster than diffusive processes and the rates of diffusion hentitg of
mass transfer; und&metic contro) when diffusion is faster than one or more chemical reactions
and the rates of these slow chemical reactions control the rate of mass transfer; orixetler
diffusion and kinetic contrpthe most generabse of extraction reactions where both diffusion
and rate controlling chemical reactions occur at similar rates. Although these categories are
useful for organizing solvent extraction reactions, it is important to recognize that a given solvent
extractionsystem may transition between these different regimes depending on the mixing
conditions. Because the diffusion layer thickness, and thus the diffusion lifetime of a given
species, is altered by the mixing rate, the balance between the rates of diffosesses and
chemical reactions can be a function of mixing speed. A separation that is diffusion controlled at
slower mixing speeds can transition through the regime of mixed diffusion and chemical kinetic
control to pure kinetic control as mixing becomasre vigorous. Despite this, correctly
distinguishing between diffusion and kinetic control under a given set of conditions is essential
to the analysis of solvent extraction kinetics even though it is often difficult to conclusively

identify these diffeznt conditions even with supporting experimeitd 6177

2.4.2.1 Diffusion Controlled Extractions

When diffusion is the rate limiting step, consideration of extraction rates in the context of
film theory begins with Fickos | avig2mhi ch i s
Converting the number of moles being transferred to aerdration by dividing by the

appropriate volumey, yields

JART Ay dRL o5 2.19
Y
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which introduces the specific interfacial araa A/V, to the diffusion equations and relates the
flux, J, tothe kinetic rate of change in the concentration of rare earth R. For steady state
diffusion with linear concentration gradients across the thin, stagnant diffusion layer on the
agueous side of the interface (é=gure2.2),

Jo = de[R] =dRqR] dﬁm 2.20
dx Dx a.

a

where [R] indicates the interfacial concentration of species R in the interfacial zone on the
aqueous side of the interface, alds the thickness of the aqueous diffusion lag@milar
equations hold for diffusion on the organic side of the interface a$%wEbr the extraction of
rare earth R from the aqueous phase into the organic phase,

rate= forward rate  -reverse rate k( [Rf, - [I 221

dR]
dt

where the forward rate is the rate of transfer from the aqueous phase to the organic phase, with
rate constarkao, the reverse rate is the rate of transfer from the organic phase to the aqueous
phase with rate constakyd,, and the equilibrium constant for partitioning of species Ris

kao'koa. TO find the kinetic rate equation, the concentrations of all intatfapecies involved in

the extraction are obtained from the bulk concentrations, diffusion coefficients, and the thickness
of the diffusion layer by rearranging and solving the system of flux equations for the aqueous
and organic diffusionEg. 2.20) of al the relevant species in conjunction with the equilibrium

constant expressions relevant for a given extraction.

In this framework two general cases of diffusion controlled rare earth extractions can be
defined when the partitioning across the interfadast, (1) the extraction of a rare earth
containing complex or compound that is rapidly formed before it reaches the interfacial region,
or (2) the partitioning of a rare earth compound rapidly formed by a chemical reaction in the

interfacial region fronreactants that slowly diffuse. A third general case applies when the
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species that partitions between the phases is strongly adsorbed at the interface and the transfer
between phases is the rate limiting step; however strong adsorption at the inteyéamrady

undesirable for solvent extraction procesSes

2.4.2.1.1 Extraction Rates Controlled by Diffusion of Partitioning Species

The first general case of diffusi@montrolled extractions occurs when the partitioning
species is formed outside of the interfacial region and the rate is controlled by the diffusion of
that species to and away from the interfades Tould be the case for extraction of rare earth
ions by extractants with high aqueous solubility, such as acetylacédrieThe overall phase

transfer reaction fathe rare earth containing extracted specieExRs

R-EX —— R-EXx (2.22)

which is quantified by the equilibrium partition coefficieKt; and the concentrations ofBx in

the bulk organic and aqueous phases. In this general case, however, the rate is controlled by the
diffusion of aqueous f&x to the interface and of organic ph&s&x away from the interface.

The partitioning reaction at the interface,

R-EX —— R-EX (2.23)

is, by definition in this case, fast compared to the rate limiting diffusion reactions. Tieethato
interfacial partitioning reaction is in equilibrium and can be quantified by the bulk phase
equilibriumpartition coefficienp with

_[R'Ex]eq IR-EX]
°[REX, [REX]

(2.24)
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Recognizing that the difional fluxes on the aqueous and organic sides of the interface
are equal under steady state conditions and combign®.20 and2.24, the flux can be

expressed as a function of the bulk concentrations of the partitioning species in each phase,

_ Kp[R-EX]- [R-Ex]

J 7 7 (2.25)
Ko +
dR- Ex dﬁ(

wheredrexis the diffusion coefficient of HEx in the aqueous phasd, ., is the diffusion

coefficient of REx in the organic phase, adglandd, are thethicknesses of the aqueous and
organic phase diffusion layers, respectively. The extraction ratekof ¢an be expressed by
combiningEq.2.19,2.21 and2.25

AR o RE) K[RED) & =

2 2.2
a% [R-EX]- [R-EX]

¢ da/dR-Ex+ q/dﬁ( KD abldR—Ex+ J‘mﬁx

with the 1irst term from the flux expressioiq.2.25) corresponding to the rate constant for
diffusion-controlled partitioning of FEx from the agueous phase into the organic pHaseand
the second term frofag. 2.25 corresponding to the rate constant forplaetition of REx from

the organic phase into the aqueous phiasg (

The rate equation for extractions controlled by the diffusion of the partitioning species
(Eq.2.26) highlights an important link between the thermodynamic partition coeffikieof
the rare earth complex and the ratios between the diffusion coefficients and the thickness of the
diffusion layers in diffusiorcontrolled extractions. Whefp is very large, most of the-Bx
complex partitions into the organic phase at equilibrium an#&:tterm dominates the rate
expression withkao ~ 0k-ex/da. Thus, diffusion of the extracted speciesER in the aqueous

phase primarily determines the rate of extraction for a given specific interfacial are&wiben
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large. Conversely whelp is smal, very little R-Ex is extracted into the organic phase and the
koa term dominates the rate expression. In that case, the rate is primarily determined by diffusion

in the organic phase becaugg ~ d_ /d, under that condition. For quantitati studies where

diffusion-controlled extractions are suspected, determination of the diffusion coefficients of the
relevant species and measurement of the variation in the forward and reverse rate constants with

systematic variation of the diffusion laytaickness represent important supporting information.

2.4.2.1.2 Extraction RatesControlled by Diffusion of Reacting Species

The rate equations for a diffusi@ontrolled process require different considerations
when the extracted species is rapidly formed aear the interface and the extraction rate is
controlled by diffusion of the reacting species rather than the extracted complex. An example of
this would be the rapid formation and phase transfer of the complex formed between a rare earth

ion and an acidiextractant in the interfacial region,

R¥* +3 HEX —— R(Ex) +3H’ (2.27)

which is characterized by equilibrium constiggvalid both for the overall bulk extraction

equilibrium and the interfacial reamh such that

_[REXLfH TS [REX), JIH T
" [R¥JHEXI®, [R¥ JHEXT

(2.29)

The interfacial concentrations of each product and reactant in the equilibrium constant
expression can be derived frdfqg. 2.20 under the simplifying assuptions for the aqueous and

organic phases that,, =3d_,. =d, andd__ =3dg g =, however the resulting equation,
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_([R(EX),]1+34d,/d)([H] ®) d3d)°

N (2.29)
(R*1- Ja,/ d)(HEX] -J ¢3dy)°

yields a fourthdegree polynonail that is not readily reduced to a useful analytical solution for
the flux, as we achieved Hq. 2.25, without further simplifying assumptions. At low fluxes, the
higher order terms id that result from expanding and simplifying EX9 maybe neglecte

and the flux can be expressed as

KedR*IHEX]® - [R(EX)IH 1° _
Ko[HEXPd,/d + K [R*IHEX]* ¢ d, fH 1[R(EX)] [od, [H]° [ d.

(o]

(2.30)

If the total concentration of rare earths is much less than the concentration of extractant, the
second and third terms in the denoator of the simplified flux expression can be neglected,

giving

JdR™ _y & K JRYHEX] _ [REXJHT
dt K FEXId, d,+H1° ¢ d, KJFEXI® dd, M 1° L d,

, (2.31)

which demonstrates that the extraction rate is a function of the concentrations of each of the
reactng species and the products. This is unlike systems where the extraction rate is controlled
by slow diffusion of the extracted complexd. 2.26); however at constant extractant and acid
concentrations, EQ.31reduces to a form mathematically equivatenEq.2.26. Consequently,
distinguishing between these two diffusicontrolled mechanisms requires investigation of the

variation in extraction rate with changing reactant concentrations.

2.4.2.2 Kinetically Controlled Extractions

In contrast to diffusioftontmolled extractions, the rates of kinetically controlled
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extractions are determined by the rate of one or more slow chemical reactions. The extraction
rate of a kinetically controlled separation therefore is independent of the thickness of the

diffusion laye, when normalized for the interfacial area, and is also independent of the stirring
rate. The rate determining chemical reaction may occur in the bulk aqueous or organic phases, in
the stagnant diffusion layers near the interface, or at the interfalfedégending on the

specific chemistry of a given extraction system, and many different forms of the rate law and rate
expressions are possible depending on location and nature of the specific rate determining step.
Because rare earth elements are useatlisacted as neutral metal complexes formed with
extractants, complex formation reactions are often part of the rate determining step and the
agueous solubility and interfacial activity of an extractant can be particularly important to
determining wherehie rate determining step of kinetically controlled rare earth extractions take
place, and thus the ultimate form of the rate expression. If the rate determining reaction takes
place in the bulk aqueous or organic phases, the rate laws, rate expresdioai® apnstants

take the familiar forms observed in studies of solution complexation reactions that take place in
single phase systems and the extraction rate will be independent of the specific interfacial area, a.
If the rate determining reaction takgace in the interfacial region, which is often the case when

the hydrophilic rare earth cations react with hydrophobic extractant molecules, the interfacial

concentrations of the relevant species and the specific interfacial area entere¢kpregsios.

2.4.2.2.1 Extraction Rates Controlled by Reactions in the Bulk Aqueous or Organic
Phase

Extractions where the rate determining step occurs in the bulk agueous or organic phase
are easily diagnosed as these are the only extraction systems where the exttagson ra
independent of the specific interfacial area. The interactions of hydrated rare earth cations with
simple anions such as"@r NOs™ are usually very fast in the bulk aqueous phase (Section
2.3.1.9, but reactions with more owplicated ligands, such as extractant molecules with
appreciable aqueous solubility or Ahol dbacko
complex rare earths and hold them in the aqueous phase, are sometimes qtfite-Siamd can

be rate controlling in some instances.
The appropate rate expressions for extractions controlled by the bulk aqueous phase
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reaction between a rare earth cation and an aqueous soluble acidic extractant, for example the

sequence of equilibria with a rate determining step in EquilibA33

HEXx —— HEX (2.32)
R + HEX —kklé REX* +H' (2.33)
REX* + 2HEx —— REx +2H (2.34)
REx, — REx, (2.35)

have been previously described by Danesi &tal

Extraction rate can also be controlled by the rates of competing reactions in the bulk
phases. An example of this arises when the overall rate is determined by reversible dissociation
of an unextractable rare eatthand complex (RL) in the bulk aqueous phase.@.36) that is
coupled to a rapid mufstep extraction equilibriuntE(. 2.37), such as

RL —— R* +L (2.36)
R +3HEx —2= REx +3H’ (2.37)

2

with Kex = ko/k 2. If the concentration of Ris small and essentially constant, the steady state

approximation holds, artthe extraction rate can be fully represented as
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kK [HEX]*/[H '1° + k K JL]
kz[HEx]?’/[H 13+ k IL]

rate = k,, ([REx,]., {REX;] ) (REx)]., [REX;]) (2:39)

where[REX;]; is the organic phase concentration of the rare earth at,tamel[REX,], is its

equilibrium concentration. wheHEX] [[H] % is large, thekobsterm reduces tkobs= ki, while

kobsredu@s tokops= k2 when [@]3/[H 12 is small*®2

Similar sets of considerations would apply if the rate limiting reaction occurs in the bulk
organic phase, for example the reaction between an extracted rare earth complean&REx
synergist, S. In this case the rapid primary extraction equilibritom239), which is comprised
of multiple fast elementary reactions, would precede the rate limitingite@.40) when the

system operates under extracting conditions.

R +3HEx —— REx +3H' (2.39)
.
REx, +S == REx¢ (2.40)

Under the same steady state assumption employed above, the initial rate of this set of reactions

will be dominated by the forward extraction ratéRiExgs] is small. The initial rate can then be

expressed as

[R¥IHEX]ISI/[H 1°

rate= K[REX,J[§] =47 o

(2.41)

When a particular reaction in the bulk aqueous or organic phase is suspected to be rate
limiting, it is useful to comare the rate constants derived for the hypothesized rate limiting step
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from biphasic extraction experiments to the rate constant obtained for related reactions in a
monophasic aqueous or organic solution. Good agreement between the rate constantsrobtained
the biphasic and singjghase systems generally supports the assignment of the rate limit step and
the overall mechanism of the extraction.

2.4.2.2.2 Extraction Rates Controlled by Interfacial Reactions

Although rate limiting reactions that occur in the buifi@ous or organic phase often
yield readily solvable rate expressions, the rates of many kinetically controlled solvent extraction
reactions are experimentally determined to depend on the specific interfacial area and thus the
rate limiting step must invee reactions in the interfacial region. By themselves, metal ions are
poorly soluble in the nepolar low dielectric constant organic solvents favored for solvent
extraction. Many extractant molecules, on the other hand, are poorly soluble in the aqueous
phase as they are designed to form |Iipophilic
metal coordinating functionalities also tend to make extractants interfacially active, and many
extractants will adsorb at the interfaéé’*1"where they can reawith hydrated metal ions
present on the aqueous side of the interfeaggife2.1). This is distinct from the case defined by
Eq.2.32' 2.35because the formation of the extracted complex and the rate determining step

occur in the irgrfacial region rather than the bulk aqueous phase.

When the extraction rate is controlled by an interfacial reaction, the rate equations
include the interfacial concentrations of the various species (in units of mdes/orterface).
In our consideradn of diffusioncontrolled extractionsSection2.4.2.), the interfacial
concentrations are determined from the flux, the thickness of the diffusion layer, the diffusion
coefficient, and the concentration in the bulk ph&se 2.20). A different approach to
determining the interfacial concentrations is required when the concentrations are not tied to
diffusion, and treatments of interfacially controlled solvent extraction processes usually rely on
the Langmuir adsorption isotherim express the interfacial concentrations of species in terms of
their concentrations in the bulk aqueous or organic phases.

Idealizing the interface as addmensional plane between the phases, a molecule or ion,

A, adsorbed at the interface will be iguibrium with the bulk phases
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A—A (2.42)

with an adsorption constakband an equilibrium constaatKé= [A")/[A] buk. The reaction
may take place on either side of the inteefaAt a certain concentration of Aowever, the
interface will become saturated with A and addition of further A to the bulk phase will not
increaseA"]. This behavior can be described for a single species adsorbing from the bulk

organic phase by theabhgmuir Adsorption Law in the form

_ a,KA]

[A] T+ K[A] (2.43

wherea: is the interfacial concentration of A at saturation. This form of the Langmuir
Adsorption Law defines two distinct limiting conditions for interfacial adsorption. th{aﬁ]

<< 1, the interface is undersaturated &od2.43 redues to [A] & a2 K6[A] . Increasing the

organic phase concentration of A will increasé][A proportion to the produ@2Ké . Thus ,
rate of kinetically controlled interfacial reactions involving A as a reactant would be expected
increase with increasing the bulk organic phase concentration of A. On the other hanidpwhen

[A] >> 1,Eq.2.43reduces to [A & a2. Under this condition, the interface is saturated with A,

and increasing the bulk organic phasecentration of A has no effect on'JAWhen the

interface is saturated with A, the forward extraction rate therefore will be indepenc[é\dt of

These two limiting conditions define different forms for the extraction rate expnessi

Consider the following equilibria for the extraction of a rare earth cation with a rate
limiting interfacial reactionKq. 2.45) between the rare earth cation and interfacially adsorbed
extractant HEx where the interfacial adsorption of HEx is muadmgér than the adsorption of
its rare earth complex, REX as reported for HEDEP in toluetg.
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HEX —— HEX a.Ké

R + HEX —ka—\ REX* +H slow

-2

REX" + HEx —— REX" + HEX Kex

REX" + 2HEX == REX +2H Kexz

which together give the overall extraction reaction

R* +3HEx —= REX +3H Kex

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

From the rate determining steheexpression for the overall extraction rate can be written as

rate= a k[R*][HEX] -k{REx*[H])

(2.49)

for any value oKO[HEX] . Under ideal adsorption conditions [HE2 a2 KG[HEX] , While the

equilibrium constant expressions derived fraquilibria2.44,2.46, and2.47 can be combined

to express the interfacial concentration [REKin terms of the bulk aqueous acidity and the

organic phase conceations of RExand HEXx

_ a,K[REX]HT?
Ke)d.Ke>Q[HEX]2

[REX**"]
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which gives

a . — TREX.|[H']®
rate = agka, K[R*|[HEX] K,2,K [REXL][HZ ]
¢ Ke)dKe>Q[HEX]

(2.51)

As expected both the forward and reverse naeg with the bulk organic phase concentration of
extractant when the interface is not saturated with extractant. When the interface is saturated

with extractant, [HEX & a2z and Eq2.49 takes a different form

K ,@,[REX,][H']’
KeﬂKeﬂ[@]S

rate= agégaz[Re’*] (2.52
¢

At equilibrium, both Eq2.51 and2.52 reduce to the expected form of the equilibrium
constant for the overall reaction,

_k  IREXJHT®

ex k_2 m (253)

This simple example illustrates the most basic considerations in formulating rate expressions for
kinetically controlled extractions with a slow interfacial reaction. Many monaplex extraction
mechanisms for rare earths with different or even multiple interfacial rate limiting steps are
possible, and equations for treating the extraction kinetics for common cases can be found
elsewherg?817>

2.4.2.3  Extractions Controlled by Both Diffusion and Chemical Kinetics

Diffusion control ancchemical kinetic control of rare earth extraction each represent
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limiting cases of the most general form of solvent extraction kinetics, tballed mixed regime

where the rates of one or more chemical processes are similar to the rates of diffaks@n. In

mixed kinetic regime both diffusion and chemical reactions must be considered and solved
simultaneously when formulating the rate expressions and interpreting the rates of rare earth or
extractant transfer. Rigorous solution of the resulting equaarfsen complex enough that

physical insight into the extraction process from the rate equation is not feasible, if the
determination of a usable rate law is even possible. Studies in the mixed regime may also require
additional experiments in the puraliffusion or kinetic controlled regimes in order to quantify

these processes in the mixed regime.

Nevertheless, valid rate expressions can be derived for some simple mixed regime cases.
Danesi has derived the expression for extractions where the catgrislled both by diffusion
and a slow partitioning equilibrium of the extracted complex at the intéifathis corresponds
to a case related to the diffustoantrolled extraction discussed in Sectibd.2.1.lwhere
Equilibrium 2.23is slow. If the forward and reverse rate constant&tpl.23 arek; andk 1, the

resulting rate equatn will be

a K, K =
rate= ag [R-EX] -1 [R-Ex] (2.54)
B, 0 ok, g, 4 K O e, % Jlig 1+

This rate expression has an extra term in the denominator as comp@ace@.&6, but it
can only be distinguished from the purely diffuswntrolled proces considered in Section
2.4.2.1.1from rate measurements at different, known, diffusion layer thicknesses selected to

ensure that neither of the first two terms in the denominator are substantially larger than 1.

Hanson et al. coidered a different case in the mixed regitffevhere a metal cation

reacts with acidic extractant molecules in the aqueous phase according to the reaction

R*+3 HEx —— REx +3 H . (2.55)

-1
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The resulting rare earth complex then diffuses to the interface and partitions into the organic
phase. Considering this in the framework of mass transfer with simultaneous chemical,reaction
theinitial rate of transfer across the interface when there is little; RBke organic phase and

the reverse reaction can be neglected is:
rate=a, K'@[RExg] Ors: k[HT® . (2.56)

Notice that this expression ftre initial rate of forward mass transfer features a non
integral reaction order even though the chemical equilibria themselves would normally produce
integral orders in the rate law if this was a purely kinetically controlled reaction. Thus, the

observabn of nonintegral reaction orders may indicate reactions occurring in the mixed regime.

The simple examples considered above demonstrate that the kinetics of solvent extraction
are complex, and the rate expression is not necessarily a unique indi¢chtfactors
controlling the extraction rates. Care must be exercised to examine a range of concentrations and
conditions to ensure that derived rate laws are valid, that the extraction regime has been
identified, all possible supporting evidence is gatidl, and that alternate mechanisms are

considered when examining the extraction kinetics of rare earths.

2.5 Studies of Rare Earth Kinetics
2.5.1 Solvating Systems
2.5.1.1 Malonamides

Malonamides (MA) are characteristic to the DIAMESANEX processes used in Europe
for the separation of actinides from lanthanides in used nucleaiHigeire2.7). The chemical

equilibrium for this neutral extractant is:
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R*+3NQ, 8MA —= R(NQ,), (MA), (2.57)

The few exighg studies of rare earth extraction kinetics by malonamides have come to
conflicting conclusions and none pro@da rate law or proposie kinetic mechanism or rate
limiting step. The consistencies between papers show a higher extraction rate fdéhne lig
lanthanides; specifically La, Ce, and Pr, on the order of roughkyl®d m/s whereas
lanthanides heavier than Pr are in the range®k30’ m/s8% Weigl et al. and Charbonnel et

al. bah came to similar conclusions about relative extraction rates for (La, Ce, Pr); (Nd, Sm,

(0]
\/\/N N N \/\/\/\/N N\/\/\/\/
o O o O
N,N'-dimethyl- N,N'-dibutyltetradceyl malonic diamide; N,N'-dimethyl-N,N"- dioctyl-2-(2-hexyloxy-ethyl) malonic diamide;
DMDBTDMA DMDOHEMA

Figure2.7  Structures of malonamide extractants for rare earth elem

Eu); (GdLu) being roughly in the ratio of 6:2:1. Each of the three studies used different
apparatuses to study the kinetics, and two studies found the kineticdittusien controlled

130,185 Although Weigl et at® found a linear relationship between stirring and the rare earth

flux, Simonin et al**°did not with a rotatingmemarne cel | , and attri bute
to the limit of achievable diffusion layer thickness when using a l-guis cell*?%. No

consensus was achieved as to the location of thdimateng reaction further studies are needed

to better understand this technologically important extraction system. Europium extracted by
DMDOHEMA was studied alongside DMDBTDMA by Simonin et al.; DMDOHEMA was
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discovered to have slower extraction kinetics than DMDBTDMA under the experimental

conditions employed, but its reaction kinetics accelerate rapidly with imggamperature.

2.5.2  Acidic OrganophosphorusExtractants
2.5.2.1 General Properties

Organophosphorus extractants with one acidic proton, such as di(2
ethylhexyl)phosphoric acid (HDEHP):&thylhexyl phosphonic acid moneezhylhexyl ester
(HEH[EHPY]); and bis(2,4 Arimethylpentyl)phosphiic acid (Cyanex 272), are the most common

0 v\j\/o
[} 1
P

/\/j/\o‘ A 0/\(\/\ ﬁ’so/\(\/\
OH OH

Bis(2-ethylhexyl) phospheric acid; 2-cthylhexyl phosphonic acid mono-2-cthylhexyl ester;
HDEHP; D2EHP; DEHPA; P204 HEH[EHP]|; PC88A; P507; EHEHPA; IONQUEST 801

o] 0
" "
0’0 ]
OH OH
Di(2,4,4-trimethylpentyl)yphosphinic acid;
Cyanex 272; HBTMPP; BTMPPA

Bis(2,4,4-trimethylpentylymonothiophosphinic acid; Bis(2,4,4-trimcthylpentyl)dithiophesphinic acid;
Cyanex 302 Cyanex 301

Diisodecylphosphoric acid; DIDPA

S
1]

e e e e e e WD s T Y e e e N
OH

Didodecylmonothiophosphoric acid;
DDTPA

Figure2.8  Structures of acidic organophosphorug&stants for rare earth elements.
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extractants used for the separation of rare earth elements because of their unique ability to
discriminate between®Rions based on the regular changes in ion size between the rare earth
elementgFigure2.8). Under optimal conditions, acidic organophosphorus (HA) extractions of
rare earth ions proceed via a cation exchange equilibrium. At high acid concentrations these
extractarg also are capable of extracting @golvation mechanism (e.ggE2.12), but generally

do not achieve as high partitioning of the rare earths under those conditions.

In non-polar organic solvents, the acidic dialkylorganophosphorus extractants exist as
hydrogerbonded dimer$®, (HEx), over the range of practical concentrations employed for
extractions. When extractingne earths via the cation exchange mechanism, the ideal extraction

equilibrium is:

R¥+3(HEX), — R(HEx, ), +3H (2.59)

In the industrial purification of rare earths, the aqueous phases are usually mésgarique

acid solutions such as hydrochloric, nitric, sulfuric, or phosphoric acid. However, adding

agueous soluble ligands to a extraction system containing an acidic organophosphorus extractant
can increase the separation factor of specific rare eair$'f) or enable the separation of

trivalent actinide cations from the rare eaithauclear application$®’,

The acidic organophosphorus extractants (particularly HDEHP and HEH[EHR]) ha
been popular choices for rare earth extractions since their inception. Although the
dialkylphosphoric acids are more prone to hydrolytic degradation than their phosphonic and
phosphinic extractant analgdgiDEHP possesses excellent extraction charatt=ithat are
difficult to surpass. The phosphoric acid extractants are more acidithésisphosphonic and
phosphinic acid analogs, givitldDEHP the highest extraction powef the serieslt is also the
most surface active of the three types of aadganophosphorus extractait$*4 The
advantages of using more acidic extractants come in the formeaisger stripping, whicls

often desirable for industrial scale processes.
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2.5.2.2 PhosphoricAcid Extractants
2.5.2.2.1 Bis(2-ethylhexyl)phosphoric Acid (HDEHP)

Studies of the rare earth extraction kinetics of the dialkylphosphoric acid HDEHP find
the chemical reactions relevant to extraction or strippowyiring at the interfacevith the
experimentgenerallypresentingonsistent rate laws for the extriact The seminal work in the
kinetics of rare earth extraction by acidic organophosphorus extractants was conducted by
Danesi and Vandegritf®, who studied the forward and reverse partitioning rates #ffiam
mixtures of aqueous NaCl and HGI1a0 M ionic strength and acidities between 0.01 and 1.0 M
HCI by HDEHP inn-dodecane. The system contained no buffers, and the HDEHP dimers in the
organic phase were treated using activities rather than concenttéticrse data \@re
consistent with an interfacially controlled extraction, but a weak dependence of the extraction
rate on the stirring rate even at the highest achiesgigeds left the particular extraction regime
unclear. The extractant and acid dependence of the rates were determined over a wide activity
range, and the resulting datan&fit to both a diffusiorcontrolled model (ER.31) and a
kinetically controlled mdel with three sequential interfacial reactions. Both models fit the data
to some degree across the range of concentrations studied, but the kinetically controlled model
produced a significantly better fit to the acid dependence of the Eu strippingmestdow pH.

The proposed interfacial equilibria are

Eu*" + 2HDEHP —— Eu(DEHP)" + 2H (2.59)
Eu(DEHP} "+ HDEHP —— Eu(DEHR) + (2.60)

and
Eu(DEHP} + 3(HDEHP) —— Eu{H(DEHP) } +3HDEHF . (2.61)
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However, as triand tetramolecular reactions respectively, 260 and Eq2.62 are not likely to
represent true elementary reactions in the kinetic sense. Recognizing this, later worksaken b
the reaction irequilibrium 2.60 into two stepwise bimolecular reactions of interfacially adsorbed

HDEHP and regar&quilibrium 2.62 as a cascade of fast elementary stéps

The extractioaof Sm and Gd from nitrate solutions by HDEHP in kerosene have been
reported in a series of separate studies using the moving drop technique. Torkaman et al. studied
the extraction of Sm by the movingog techniqué*®. The Sm extraction was shown to proceed
by the usual edlibrium stoichiometry (Eq2.59) %°. The rate law with respect to Sm (first
order) is dependent on the edtant concentration in the first order, and on the proton
concentration in the inverse first order. The pH dependence experiments show a break in the
forward rate at pH 3.0 where the extraction rate begins to pjateauen slightly decrease
with increasing pH. This pattern of dependence between the pH and forward rate constant is
consistent with a mechanism where two rate determining steps in the interfacial region would
include an elementary reaction between Sm and interfacially adsorbed HDEHhe/hen
interface is saturated with protonated HDEHP. Such plateaus are cdiffnfsimilar plateau
in the dependence on the rare earth concentration was also observed at higher Sm concentrations.
The authors suggest that at 5 mM concentrationsimdueous phase, Sm has saturated the
interface and no longer contributes to the rate law. Since few studies investigate the rate
dependence on rare earth concentration, there are no other HHSHE systems known to
show this effect. Earlier studié¥®, found no nitrate dependence in the extractiguilibria, so
the rate dependence on nitrate was ignorddisnstudy without verification or consideration to
the possibility of catalysis. EHlefny and EIDessouky, on the other hand, did examine the
agueous nitratdependence of Gd extraction by HDEHP in kerosene and dischavérst order

dependence with rpsct to Gd>°for an overall rate law for the forward extraction reaction of

rate=2.24 310° [Gd* J[HDEHP][NQ ][H' ]* (2.62)

at 25 °C. The activation energy for Gd extraction, 11 kJ/maoaken to indicate diffusion

control of the extraction, and the formation of a 1:1:1 gadolinium:nitrate:extractant complex at
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the interface is postulated to be the slowest chemical reaction. This species is an intemasediate
the equilibrium extractedomplex does not contain nitrate and the exchange 6fi@nd into the
aqueous phase occurs for eacii'@uttracted. Using the same single drop technique, Torkaman
et al.12 obtains a different reaction order fof Ghverse 0.5 order) in the extraction of Gd by
HDEHP; however they neglected the potential for nitrate involvemeheimechanism because
nitrate is not involved in the composition of the final extracted sp&tieas indicated in
Section2.4.2.3 fractional reaction orders in solvent extian rate laws can arise for extractions
occurring in the mixed regime even if the elementary chemical reattiemselves do not
producefractional reaction ordersnd this could explain the inconsistencies in the rate laws for

Gd extraction.

The kiretics of La, Eu, and Gd extraction from agueous phosphate solutions by HDEHP
in kerosene (La) or benzene (Eu and Gd) have also been exdfiitidrhe equilibrium
analysis of these systems is questionable, as they conclude that rare earth phosphates are being
extracted into the organic phase. It does not appear that aqueous complexes between the rare
earths and HP£ or H.PQy were quantitatively considered in either the thermodynamic or the
kinetic analyses. The rate laws for both solvent systefrst order with respect to the rare
earth, first order with respect to HDEHP dimers and inversedider with respect to
phosphoric acid. The rataniting reaction for La extraction is believed to be the interfacial
formation of the 1:1:1 La:)PQy:HDEHP complex involving monomeric HDEHP and the
release of a proton to the aqueous phase. Daouddet @bt propose a rate limiting reaction for
the Eu or Gd extraction'§®,

The majority of solvent extraction kinetics studies to date have been conducted using
modified Lewis cells, Lewis cells, or the single drop technique. The very few kinetic surveys that
have used a holw fiber membrane extractor technique have produced results very different
from the majority of studies. Yoshizuka et’dF explored the extraction kinetics of Ho and Y
into HDEHP from nitrate media and derived a rate law that is first order for the rare earth
concentration, second order for extractant concentration and inverse second ordegarfiothe
concentration. Based on this the ratatrolling step is as the formation of the 1:3 R:(HEX)
complex from the 1:1 complex. Needless to say, these results lead one to question the specific
hydrodynamic conditions encountered in this experimeetinique.
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These kinetic studies of the rare eadfDEHP extraction system show that despite the
type of acid used, the rate law for rare earth extraction by HDEHP is generally first order in
extractant and inverse first order in acidhether the acidsiphosphoric, hydrochloric, or nitric
acid. The influence of the aqueous acidity on the rate law is to be expected since these ligands
functionbest in the regime where they operate by a cation exchange mechanism and increasing
the proton concentration ists mass transfer by pushing the equilibrium towards stripping
conditions. Researchers have often neglected invastgaitthe rate order of the acid anion
because it is not part of the ideal overall equilibrium expression, but such assumptions are
probdematic. This is particularly true for nitrate containing systems where nitrate anions are
sometimes experimentally observed even in the extracted complex with HEERRe
activation energies reported were low enough that the extractions can be considered likely to be
at least partially diffusiowontrolled. Thus, the consensus is tihatextractions occur in a mixed
regime where diffusiorcontrol is dominant and the rate limiting chemical reaction occurs at the
interface where the rare earth ions form complexes with the interfacially absorbed extractant

either as a monomer (i.e. REX or as a hydrogehonded dimer (i.e. R(HEX™).

2.5.2.2.2 DiisodecylphosphoricAcid (DIDPA)

Diisodecylphosphoric acid has been studied far less than HDEHP or HEH[EHP] despite
the structural similarities. Extraction with DIDPA proceeds by the same equilibrium
stoichiometry of three extractant dimers to one Nd (in the case of the study by Kondd%t al.
DIDPA exhibits higher extraction power than HDEHP and HEH[EHP] with the most complete
extraction occurring in aliphaticydrocarbon diluents. The kinetics of Nd extraction by DIDPA
was studiedn n-heptane, toluene, and benzene in a Lewis cell. The experiments found that the
initial extraction rates in a diffusiecontrolled extraction regime were different for the various
diluents and that the aliphatic diluentheptane, produced the fastest extraction rate. This
suggests interfacial chemical reactions are likely the rate determining chemical reactions as the
diluent choice would influence the alignment and saturatioheoéktractant at the interface,
thereby impacting the extraction rate.

This study also claims that |l igand concent
rate | awbs dependence to zero for these reage
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pH6s the rate | aw dependence is first order
aromaticsolventsand one half order in-heptane for pH, and 1.5 order for aromatics and half

order forn-heptane for the ligand concentration. Lastly, Nd vimg$ dérder in all conditions.

Under the lower pH and ligand concentration conditions the rate limiting step is the diffusion of
the complex in the organic phase. At high pH and ligand concentration, it is thought the rate
limiting step is the diffusion dlld in the aqueous phase (Sectiba.2.1.). The addition of a

sodium acetate buffer to the aqueous phase also could affect the rate law in ways not investigated
by the authors.

2.5.2.3 PhosphonicAcid Extractants

2-Ethylhexyl phosphonicad mono 2ethylhexyl ester (HEH[EHP]), the phosphonic acid
analog of HDEHP, is also highly surface active although it is less acidic than HDEHP. In
HEH[EHP], extractive power and selectivity are sacrificed for more consistent rare earth
extraction behavioacross a larger pH range and the ability to strip rare earths at lower acidity.
Chen and Wan?investigated the HEH[EHP]/kerosene extraction kinetics of Sm, Eu, and Gd
from hydrochloric aitl solutions using the higbpeed stirring AKUFVE apparatus. Much like
the results seen using a hollow fiber membrane extractor with HEH[EHiFjeptane or in
toluene!*? the extraction rates in kerosene increase across the lanthanide series. In fact, Kubota
et al. demonstrata direct proportionality between the rate constant for rare earth extraction by
HEH[EHP}n-heptaneand the equilibrium constant for the overall extraction reaction, which
would require the rate constant for the reverse reaction to be independentiefthg of the
rare earth{(Figure2.9) **2. Using the AKUFVE apparatus, Chen and Wang find identical rate
laws for the HEH[EHP] extraction of Sm, Eu, and Gd with the rare earth at first order, the
extractant at first order, and the proton at inverse fidgmisimilar to most studies of HDEHP
extraction using Lewis cells. As the rate of the forward reaction increases, the extraction appears
to proceed from a mixture of diffusion and kinetic control for Sm to the diffusiortrolled
regime for Eu and Gd, ba ratelimiting chemical reaction was not proposed. With the hollow
fiber membrane extractor Kubota et al. describe an unusual rate limiting reaationng in a
mixed diffusion and kinetically controlled regime whara neutral 1:2 rare earth:HEH[EPH
dimer complex adsorbed at the interfaR&x(HEX)', reacts with an additional HEH[EHP]
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Figure2.9  Overall forward ki) and reversekf) rate constants for the partitioning of trival
rare earths from an acetate buffered aqueous phase into HEHjEté¢pianeat T =303 K
using a hollow fiber membrane extractor. Data adapted ¥ém

dimerto form the final extracted complex,

REx, (HEx) + (HEx), — R(HEx, ), . (2.63)

The mathematical model of the syt derived from this proposed mechanismtfie
experimental data well across a range of solution conditions and rare earths, lending credence to
the model and suggestiimgportant differences between the kinetics inftiee flowing

AKUFVE and Lewis celsystems and a hollow fiber extractor

To understand the extraction kinetics under practical extraction conditions, Lu et al.
studied the extraction of Er by HEH[EHRJheptane at acidities and concentrations

representative of commercial separation prees'$*. Most notably, they find that extraction
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rates are higher in nitric acid than in hydrochloric acid media, indicating that nitrate benefits
mass transfer and further illustrating the importance alystg therate law dependence on the

acid anion. The extraction was found to be diffusion controlled for aqueous phases containing
either acid, and the results were consistent with studies of Er extraction at more dilute
HEH[EHP] concentration¥®. This study also examined the effect of perchlorate ions in a
hydrochloric acid aqueous phase compared to the kiadtler extraction in hydrochloric acid

alone. When the aqueous phase is comprised only of chloride media, the activation etergy hi
at a mixed regime process; but when perchlorate ion is introduced in addition to the HCI, the
activation energy is drastically reduced well into the diffusiontrolled regimé yet again
highlighting the importance of the anion in solution assistiity mass transfer. The authors
suggest that the rateniting reaction happens at the interface upon the encounter of Er with a
HEH[EHP] monomer. A slight change in the rate law emerges with the heavier lanthanides: the
dependence on extractant concerdratlecreases to half order. Li and Zhéffwpbtain different
results when evaluating the extraction of Er by HEH[EHP] in kerosene but the activation energy
is almost double the valueund by Yue et al. under similar conditions &mueousydrochloric

acid. Li and Zheng suggest the rate controlling step in their system is the diffusion of the
unsaturated complex from the interface to the bulk organic phase and that Er must dissociate
from a hydroxide anion to facilitate this process. The rate law is 0.2 order for Er and 0.84 order

for the extractant.

Rate laws have also been reported for extraction of the heaviest lanthanides Yb and Lu
from chloride solution$®”1*’by HEH[EHP]/90% heptane/10% isooctanol and
HEH[EHP]/kerosene, respectively. Both studies also suggest diffasianol of the rare earth
partitioning under these experimental conditions. Unfortunately, these studies suffer from
limitations that cast doubt on their specific findings. (1) Addition of polar organic solvents, such
as octanol, to the organic phasainterferewith the formation of HEH[EHP] dimers, but the
extraction equilibria and kinetic rate limiting steps presented for Yb are based on the persistence
of the extractant dimers in the Yb system. (2) A phthalate buffer is used to control the aqueous
pH in the Yb extractions without any mention of correcting the distributions ratios for the pH
dependence of ¥phthalate complex formation in the aqueous phase, or experiments to probe
the involvement of phthalate ions in the partitioning mechanism. (3) Both sprdgsse the
formation of thermodynamically stable complexes involving hydroxide ion as well as the
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involvement of rare earth hydroxide complexes in the interfacial region when the bulk agueous
pH is between 0.2 and 3.0. However, in this pH range aquarigarth hydroxide complexes

do not form &sufficient concentrations to affect the extraction process in any meaningful way.
The literature on the speciation of Yb and Lu hydroxides and the formation constants for
Ln(OH)?** is very clear in the assertitinat the formation of such species is minimal, with values
for the hydrolysis constants (Idg’) typically falling between7 and-8 depending on the precise
solution condition$®¥ 2%, |n fact, the formation of appreciable concentrations of mononuclear
rare earth hydroxides does nake place below a pH of 618201202 An argument could be

made that the pH in the interfacial region is substantially different than the bulk pH, or that the
hydrolysis constants in the interfacial region are different than the bulk hydrolysis constants, but
that will not affect the equilibrium stoichiometry of species in the bulk phases, as reported by
both research teams. In this light, the unique elementary reactions proposed for the chemical
extraction mechanism of Yb and Lu by HEH[EHP] must be treated skepfiealhy

2.5.2.4 TALSPEAK and Derivative Processes

The Trivalent ActinideLanthanide Separation by Fpbiorus reagent Epaction from
Aqueous Komplexes (TALSPEAK) process was invented by Weaver and Kappelman in 1964 to
separat the chemically similatrivalentactinides and rare earths. Since then, the fundamental
formulation of TALSPEAK has been adjusted and expandecetiethe advanced TALSPEAK
(or TALSQUEAK) process and the reverse TALSPEAK process. TALSRH&Kextraction
chemistry has also been exploited for the separation of individual rare earths. The traditional
TALSPEAK system is comprised of HDEHP in a Aoolar diluent, (usually di
isoprqoylbenzene on-dodecane) for the organic phase and an aqueous phase buffered with high
concentrations of particular carboxylic acids (usually lactic or citric acid) that also contains a
polyaminocarboxylic acid ligand (usualiiyethylenetriaminepentaacetic acidTPA) as a
holdback reagent. Under ideal conditions thisatesets of competing equilibria,

R*+3(HDEHP) —= R{H(DEHP) } +3H (2.64)
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and

R*+H DTPA™ —— R(H_, DTPAf™? +xH", (2.65)

whichtogethemproducegreater thermodynamic selectivity between different metal ions than
either complexant can achieve alone. Other versions of the general TALSPEAK concept include
advanced TALSPEAKwhich employs HEH[EHP] as the extractaatimprove the steep pH
dependence of traditional TALSPEAKInfortunately, switching the extractatitl not resolve

the slow mass transfer kinetics suffered by the original TALSPEAK process. Further
improvement tahe process came in the form of the msteép reverse TALSPEAK process,
whereby the actinides and rare earths are initially extracted togétheut aholdback reagent

in the aqueous phase, followed by selective stripping using the traditional TALS&dHASOUS

phase containing either DTPA or HEDTA. Since its inception, many different formulations of

this type of process have been studied.

Given the complexity of original TALSPEAK formulation, it is important to start with a
simplified system in order tonderstand thextractionkinetics. The first step was to understand
the kinetics of rare earth extraction by HDEHP and HEH[EHP] from acidic aqueous phases as
described above (Sectiof$.2.2and2.5.2.3. The extraction kinetics for several rare earths
could then be studied for aqueous solutions containing lactic acid or citric acid buffers into
HDEHP solutiong®138172173.203The rate laws for trivalent La, Ce, Pr, Nd, and Eu were all first
order for the rare earths and HDEHP dimer, and inverse first order for the proton concentration.
This is identical to the ta laws derived in the above general HDEHP/HEH[EHP] studies on the
light lanthanides. Unfortunately, these studies did not investigate the rate dependence on lactic
acid or citric acid, citing earlier work that claims to find no lactate in the extractepleo*>®
even though further inspection of the equilibrium extraction data reveals a half slope dependence
on the lactate ion concentration. The authors of the La study eaddRgpectroscopy to
examinethe organic phase andrmclude that the extracted complex does not change upon
addition of lactic or citric acid®®. Across the series studied the already low activation energies

decrease, and the mass transfer coefficients increase from La to Pr then decrease again at Nd.
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The proposed diffusienontrolled interfacial ratéimiting step is identical across the series; a

REX?* monomer complex reacts with another HDEHP monomer, losing the acidic proton and

forming a fully deprotonated RExcomplex.

The previously described experiments were conducted using hydrochloric acid instead of

the typical nitric acid medium. A broad study by Geist et®4examined the extraction rates of
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Figure2.10 Rate constants for mass transfer of trivalent rare earths from the aqueous

an HDEHP bearing organic phase for TALSPEAK process tiondi(0.05 M DTPA/1 M
ammonium citrate/pH = 3.55 and 1 M HDEHRIodecane at T = 293 K). Data adapted fro
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three different aqueous formulations dindric acid, b) ammonium thiocyanate, and c) formic
acid/sodium formate/sodium nitrate. They observed the fastest extraction kinetics in the nitric
acid with formic acid/sodium formate buffer medium. La, Ce, Pr, Nd, and Eu were all evaluated,

and the extaction mechanism was deemed to be diffusion controlled.

Another broad study from Nichols et &, investigatd the forward mass transfeates of
all the lanthanides under full TALSPEAK aqueous conditions using DTPA and ammonium

citrate buffer with an HDEHR/dodecane organic phase. A downward trend iridheardrate
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constantkao, from La to Dy emerges giving way to the anomalous Gd, tthernalues ascend
continuously upwards again until LEigure2.10). The rate for Y extraction is anomalbufast
compared to those of the similarly sized lanthanides Ho ardofarik, Koch, and Kuhrt®’

observe the same descending trend in the first half of the rare eartlasemel In fact,

Novikov and Myasoedotf? observe the mass transfer coefficients to decrease albtyheowrm

in two different systems tested. They also discover from stieing experiments that an

increase in the DTPA concentration changes the extraction regime from diffusion control to
kinetic control.Nash®! describes a reaction sequence that includes several potentially slow steps
attributable to the dissociation of the rare earth fronPB;Tthe diffusion of an R(Lactate)

complex from the bulk aqueous phase into the stagnant interfacial aqueous layer, and lastly the

displacement of a lactate ion from the rare earth complex by an HDEHP monomer.

The most comprehensive study of TALSPEAKddics was made by Danesi and Cianetti
with a modified Lewis cell. They found a kinetic plateau for both DTPA and HEDTA when
studying the extraction kinetics of Eu buffered with lactic &&idhey buit a stepby-step
mechanism of the extraction that implies, like Nash, that the dissociation of a rare earth:DTPA
complex at or near the interface contributes to the slow kinetics.albafound that the
pentadentate polyaminocarboxylate ligand HEDTA shows fastelidgrtéan octadentate
DTPA, which is not surprising since the agueous kinetics of metal exchangeHETEA
complexesaresubstantially faster than that of DTPX.

In the traditional TALSPEAK formulation, lactate from the lactic acid buffer greatly
improves the phase transfer kinetics, although at high concentrations lactbeems
problematic. Lanthanidaminopolycarboxytecomplexes are known to be kinetically hindered,
although in a buffered solution the multistep dissociation process is no longer slow enough to
account for the observed slow phase transfer kinetics. Meclagptistse transfer kinetics studies
have referred tR(DTPA)? complex dissociation reactions as the limiting step in the
proces<32%Danesi and Cianetti conclude that over a broad range of conditions, the process is
controlled by theéinetics of chemical reaction ratear orat the interfacé®. Single phase
studies looking at the aqueous association and dissociation of the lanthanides by Nash and
coworkers reveal that the LDTPA dissociation stesislow. They postulate that the diffusion
process whereby intermediate-lattate complexeslowly travel to the interface, and then
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ultimately, once at the interface, the displacement of lactate by HDEHP is alst} bidive
advanced TALSPEAK system where HDEHP is replaced by the weaker base HEH[EHP] and
DTPA is exchanged with HEDTA, the need for a high concentrationfééis eliminated, in

fact, phase transfer kinetics are improved in this system if the buffer concentration is lowered.

The citrate or lactate buffers in TALSPEA#eespecially helpful for improving the rates
of systems containing DTPA, whereas mataacid did not assist in improving the rates of Er
and Y extraction. This is seen in the work by Matsuyama &tain a TALSPEAK type system
using Cyanex 272 and a perchlorate agueous phase containing DTPA, although Kolarik et al.
also reported these findings using HDEHP Matsuyama et al. mention that the extraction rates
for several extraction systems can be improved by the addition of ligands in the aqueous phase
and can be attributed to the loss of a water molecule upon complexatnmesns
dehydration need not be overcome. Numbers are never divulged, but it is mentioned that the
dependence of the rate on citric acideissthan one, and that the dependence on proton

concentration was lower than in the absence of carboxylic anitlsisiwork, the enhancement
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Figure2.11 Realtime optical absorption spectra of neodym(Uih extraction from 4
M HNOs into 0.05 M tetra(2ethylhexyl)diglycolamide/0.75 M HEH[EHP] in-dodecane
obtained while mixing both phases. The initial neodymium aqueouggspeith
maximum absorbance at 580 nm decreases with time, and the spectrum of the ex
complex grows in at higher wavelengths.
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effect of these carboxylic acids was observed to increase when the proton concentration
decreased. The downside to the addition of either lactic or citric acid is a slight tradeoff of the
selectivity provided by DTPA. Either wahe conclusion remains that the process is governed by

diffusion in the stagnant aqueous layer, and dissociatior®TIRA and Rlactatecomplexes.

Furthermore, a thorough study by Launiere and G&lisnder a varigy of conditions
evaluated the extraction kinetics of the radioactive rare earth promethium and the trivalent
actinide americium with HEH[EHP] and HDEHP, HEDTA and DTPA, and malonate and lactate
buffers. This study is relevant to citrate based TALSPEAKon&e based advanced
TALSPEAK, as well as reverse TALSPEAK and the ALS&Rprocesses. In opposition to the
findings by Matsuyama et dP®, Launiere and Gelis report enhanced Pm extraction rates are
found at the | ower pHO6s tested. For Pm stripp
with HEH[EHP].

The kinetic studies all demonstrate that the partitioning of rare eartd_ BPEAK-
based extraction systenssnfluenced by a series of reactions in the interfacial region.
Computational modelingf” and new experimental techniques can be used to probe the metal
containing species in the interfacial region during extraction or stripping. We have used a
modified OLIS CLARITY spectrophotometer to measure the optical spectra of the tahele
earth containingolvent extraction system under vigorous mixigggure2.11). The CLARITY
cell enables the collection of data in the opaque mixgeasrated by rapid stirring of
immiscible aqueous and organic phases and can gives us insightemaediate species in the
interfacial region and bulk phases species when coupled with @isoimponent analysis of

the resulting spectra.

2.6 Conclusions

Solvent extraction kinetics, even of the simplest systems, are incredibly complex. The
presence of two bulk phases, stagnant diffusion layers, the interfacial region as well as the
interface itself, and the chemical gradients within these zones makesrexgation and
conclusive identification of specific extraction mechanisms and theifingiteng steps very

difficult. To date, extraction kinetics studies on the rare earths have focused o#idjgiad
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extraction systems that are of interest for ptééapplication in industrial scale rare earth
separations principally using some versioha Lewis cell. Many groups have invented new
cells as workarounds to the drawbacks encountardet use of Lewis cellfuteach advance in
constant interfaciareacellscomes with its own unique drawbacks. More recently, the use of
microfluidics to study solvent extraction kinetics represents a promising alternative te Lewis
type cells. By providing rapid and thorough mixing in both phases anetefafied speific
interfacial areas, microfluidics approaches appear able to deconvolute diffusion and kinetic
control in solvent extraction. Definitive accounting for diffusion in all systems would be
beneficial for the study of rare earth extraction kinetics. Resees would do well to move
away from Lewistype stirred cells to microfluidic approaches or rotating membrane cells to

overcome the uncertainti@sthe kinetic regimes encountered whemng Lewistype cells.

This summary of rare earth solvent extractikinetics data also makes startlingly clear
the great need for innovation in the way of +ié@le solvent extraction speciation information
thatis able toprovide insight into intermediate speciation occurring at the interface. The vast
majority of studes recognize that these ritaiting reactions are occurring at or near the
interface and yet few researchers studying kinetics are incorporating techniques to corroborate
and complement their findings. &additionof such techniquesould be especiallyseful since
thekinetic models often take the same mathematical forms even for the simplest extraction
systems and regardless of the extraction regime. In more complex systems, particularly those
under mixed diffusion and kinetic control, the models riggdi@come so complicated and
contain so many potentially relevant parameters that the physical processes involved are

obscured, not illuminated.

The complexity of the kinetic models and the prevailing importance of interfacial
reactions in rare earth selnt extraction make development and deployment of techniques for
direct investigation of interfacial species under dynamic or even static conditions critical to
future advances in the field. Fortunately, the optical properties of many lanthanide iohsiand t
complexes provide unique opportunities to probe rare earth speciation at the interface using
sensitive spectroscopic techniques, and perhaps to provide insight into the general mechanisms
of solvent extraction for other metal ions as well. Conventiabsorption spectroscopy in

rapidly mixed systems, timeesolved fluorescence spectroscopy of still interfaces, and
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fluorescence microscopy of counter flowing phases are unique tools that can strongly supplement
traditional surface tension and kinetic reeg@ments. Molecular computation and advanced X

ray technigues that are sensitive to short and leragege structures at or near still interfaces

also show promise for determining the interfacial metal speciation and giving insight into the

effects of vailbus components of extraction systems.

Understanding the nature of the species present at the interface is critical to the future of
research in this field, but correct interpretation of the extraction data is also important. A
surprising number of studieneglect to account for the formation of unextractable complexes in
the aqueous phases or known extractant aggregation equilibria in their analyses. The formation
of aqueous complexes by proton exchange reactions can have particularly large buttdifficult
distinguish effects on the pH dependence of the extraction rates and the apparent stoichiometry
of the extracted complex. Failing to account for this has led some kineticists to propose clearly
incorrect rate laws and unrealistic mechanisms, most rydtadge involving rare earth
hydroxide complexes in moderately acidic solutions. Slope analysis must be carefully applied,
and separate studies of the speciation in the bulk aqueous and organic phases by other physical

methods can be very informative here.

Finally, solvent extraction, like other separation techniques is inherently dynamic.
Kinetic measurements of extraction systems are central to understanding the chemical and
physical pathways relevant to the separations and maximizing the efficiendyaatien
processes. It is important, therefore, for researchers to maintalrstinetion betweethe
widely studiedhermodynamis of rare earth separatioasd their occasionally studiéehetics.
While the kinetic models should be informed by theildzpium rare earth species present in the
agueous and organic phases, transient kinetic species with stoichiometries intermediate between
those of the aqueous and organic phase species will exist in every realistic rare earth solvent
extraction system. Nertheless, its common for researchersuee the composition of the
equilibrium species determined fratrermodynamic studies as justification for ignoring the
possiblekinetic influence otertaincomponentsThe interface is so complex that to presume
interfacial species are defined by #wqilibriumbulk species is a grand assumptida ensure
that essential intermediates are not missiéthe components of a systengt just those present
in the equilibrium complexes, shoudé evaluated fatheir influence on the rate laas they may
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play a role in the intermediate species. In additwore thorough accousnbf experimental

methods with a detailed list tie system components must be provided

Kineticists who adopt newer approaches to meagukimetics, apply new techniques to
probe interfacial species, understand and correctly apply the equilibrium properties of the
systems to the thermodynamics and kinetics, and thoroughly examine the rate dependence of all
the components in the system via# poised to develop efficient rare earth separations.
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CHAPTER 3
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3.1 Abstract

We have determined the identity of the complexes extracted into the ALSEP process
solvent from solutions of nitric acid. The ALSEP process is a newrgodxdraction separation
designed to separate americium and curium from trivalent lanthanides in irradiated nuclear fuel.
ALSEP employs mixture of two extractantsethylhexyl phosphonic acid motiethylhexyl
ester ( HEH][ EH P-lefya(2ethyltdexyNdjgiicoldirdde (NEHDGA) in rdodecane,
which makes it difficult to ascertain the nature of the extracted metal complexes. It is often
asserted that the weak acid extractant HEH[EHP] does not participate in the extracted complex
under ALSEP extractiononditions (2 4 M HNO3). However, analysis of the Am extraction

equilibria, Nd absorption spectra and Eu fluorescence emission spectra cloaetal organic
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phases argues for participation of HEH[EHP] in the extracted complex despite the high acidity of
the aqueous phases. Tddracted complex was determined to contain fully protonated

molecules of HEH[EHP] with aaverall stoichiometry of M(TEHDGA{HEH[EHP])ABNOC:.
Computations also demonstrate that replacing one TEHDGA molecule with one (HEH{EHP])
dimer is likely energetically favorable compared to Eu(TEHDSBNOs whether the

HEH[EHP] dimer is monodentate or bidentate.

3.2 Introduction

Implementation of advaed nuclear fuel cycles is critical to plans for sustainable use of
nuclear energy. Proposed closed nuclear fuel cycles based on partitioning and transmutation will
recycle uranium and plutonium from used nuclear fuel and then separate and transmute minor
actinide elements to shelived nuclides in fast reactors. The separation and recycle of uranium
and plutonium by the Plutonium UraniudReductionEXtraction (PUREX) process is well
studied; but efficient chemical separation of the trivalent minor actimichesicium and curium
from the lanthanideich matrix the PUREX process leaves behind is difficult due to the physical
andchemical similaritie®f the trivalent lanthanide (Ln) and actinide (An) idris.

In the past 60 years, a number of solvent extraction systems for atdinidanide
separations have been propodédrecently, a threstep solvent extraction separation, the
ALSEP (Actinide Lanthanide SEParation) process, has been proposed to simplify isolation of
americium and curiurfrom the lanthanides. In ALSEP the An(lll) and Ln(lll) cations are
extracted together from aqueous nitric acid solutions inte@wdecane organic phase
containing two potential ligands, an acidic dialkylorganophosphorus extractanhaotta
diglycolamide extractant®’ Although several ALSEP formulations have been considered, the
most effective formuligon uses a mixture of the extractantstBylhexyl phosphonic acid mono
2-ethylhexyl ester (HEH[EHP]) and,N,N6N&tetrg2-ethylhexy)diglycolamide (TEHDGA) in
n-dodecaneRigure3.1).18 Following extraction of the trivalent lanthanidedaactinide cations
from ca. 3 M HNQ, the organic phase is contacted with a scrub solution to adjust the acidity and
remove minor impurities. Then, the americium and curiunselectively stripped from the
scrubbed organic phase by the addition of a poigacarboxylic acid such as
diethylenetriaminepentaacetic acid (DTPANa(2-hydroxyethyl)ethylenediaminetriacetic acid
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(HEDTA) to the aqueous phase. The ALSEP process greatly simplifies the separation of trivalent
actinides by combining the partitioning trivalent felements and the An/Ln separation

processes into a single separation cycle, allowing direct use of PUREX raffinate solutions,
exhibiting fast extraction rates, and performing robustly under a broad range of process

conditions!®2°

Our research aims to develop a kinetic modé¢hefprocesses that underlie americium
and curium stripping in ALSEP but probing the kinetics of this complex fexitactant system
requires an understanding of the metal complexes present in the bulk phases at equilibrium. This
work begins that procesy blissecting the speciation of the organic phase metal complexes in
the ALSEP extraction step.

,53
o

Figure3.1  Chemical structures for (A)}&thylhexyl phosphonic acid mofethylhexyl
ester (HEH[EHP]) and (BY,N,N (N é&etrg2-ethylhexy) diglycolamide TEHDGA), the two
extractants used in combination in the ALSEP organic pl&isgctures of additional
extractants used in the computational analyses of this study andéd degaid-liquid
extraction processes are presented in Supplentegtaie3.9.

I ;ﬁj\/@

The complexes formed in solutions containing only a diglycolamide or an acidic
dialkylorganophosphorus extractant have been studied exten$i¥&$22 but only a few
published works have investigated the bulk phase chemical speciation of trivalent actinide or
lanthanidecomplexes in the presence of both a diglycolamide and an acidic
dialkylorganophosphorus extractaitg!!:22225 These studies suggestriary metalextractant
complexes are present in the organic phase under certain conditions, but they either employ
different extractants (for example TODGA rather than TEHDGA or the phosphoric acid HDEHP
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rather than the phosphonic acid HEH[EHP]), examineagitges that are not relevant to

extracting conditions, or simulate organic phase conditions using solutions that are not in
equilibrium with an aqueous phase. Unsurprisingly, these studies do not entirely agree. Some
hypothesized that a ternary medidlycolamideorganophosphorus complex is present under all
conditiong'128 while others reported that a mixed extractant complex exists only under specific

conditions!8224.225

Understanding the speciation of the ALSEBcess extraction stépimportant tahe
accuratenterpreation of kinetic datandthus topinpointing the underlying poesses that lead
to extractionandultimately limit theactinidestripping rateTo resolve the ambiguities of the
earlier reports, we explore the composition and stoichiometry of the equilibelament
complexes extracted into TEHDGA/HEH[EHRJdodecae from nitric acid solutions under
conditions directly relevant to the ALSEP process. The equilibrium organic phase species are
characterized through equilibrium analysis, Migible and timeresolved lasemduced
fluorescence spectroscopy (TRLFS), aedgity functional theory (DFT) calculations to probe
the metaligand geometries and orientation and identify the thermodynamically stable metal

containing species present at equilibrium in the ALSEP metal extraction step.

3.3 Results
3.3.1 Optical Spectroscopy ofLoaded Organic Phases

The coordination environment of the organic phase complexes formed by extraction into
the ALSEP process solvent was probed by optical spectroscopy. Lanthanides were loaded into
organic phases for spectroscopic measurements fromwjpbases containing 0.01 M Nd or
Eu. Neodymium is a particularly useful surrogate for Am because the ionic radii*6fafh
Nd®* are nearly identica&?’ and the hypersensitive optical transitions of Nd can be useful for
identifying changes in the metal coordination spRé&t&uropium(lll), on theother hand, is
isoelectronic with Am(l11)(4f° vs. 5f) and displays strong and sensitive fluorescence in the
visible regior??® Extractions were performed as closely as possible to ALSEP process relevant
conditions (3 4 M HNGs and 0.05 M HEH[EHP]/0.75 M HEH[EHP]), but the need to balance

adequate extraction while avoiding third phase formation meant using acid concentrations lower
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Figure3.2  UV-Visible spectra otheneodymiuntle,Y “Gss, 2Gr2 (560-620 nm) andlg, Y
4S512, *F712 andHeyz, *Fsj2 (700-850 nm) transitions afteaxtracton into; 0.75 M HEH[EHP#-
dodecane from 0.001 M HN{1 M NaNQO:s (short dash), @.M TEHDGA/n-dodecane fron3.5
M HNOs (short dot), and 0.75 M HEH[EHP]/0.05 MEHDGA/n-dodecane (ALSEP) froéM
HNO:s (solid line)

than the ideal extraction conditions for ALSEP in some measurements.

Neodymium absorption spectrarfthe*lo2-  *Gsy2, G2 transition between 560 and 620 nm,

the®lon - “Sap, *F72 transition between 720 and 770 nm, andthe- “*Fsi», 2Hg/ transition
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between 775 and 825 nm are summarizdeignre3.2. The spectra repsent Nd extracted by

0.75 M HEH[EHP]h-dodecane, 0.1 M TEHDGA/dodecane, or the ALSEP organic phase

0.05 M TEHDGA/0.75 M HEH[EHPH-dodecane. Extraction of Nd into the ALSEP organic
phase from 2 M HN@(not shown), 3 M HN®@(not shown), and 4 M HN§produced identical
spectra, but these spectra of the ALSEP organic phase are different from those of the organic
phases containing only 0.1 M TEHDGAdodecane or 0.75 M HEH[EHR}dodecane. The

most notable differences between the NEHDGA and the NdALSEP spectra are diminished
absorbances at 575 and 591.5 nm in the TEHDGA sample relative to the ALSEP sample, and
enhanced absorbance at 735 nm for the TEHDGA sample. Furthermore, a general narrowing of
the peaks occurs in the TEHDGA sample, particularlydlwentered around 802 and 587 nm,
which is accompanied by a slight blue shift at 582 and 587 nm.

While the 0.1 M TEHDGA and 0.05 M TEHDGA/0.75 M HEH[EHP] spectra are similar,
each organic phase composition investigated exhibits a unique spectrum,ngdizatidifferent
average Nd coordination environments are encountered in each organidipimeseal
component analysis of the spectra and target transformation using the program SPXpack
indicate the Nd absorption spectrum of the two extractant TEHDGA/HEH[EHP] ALSEP system
does not arise from a linear combination of the Nd spectra observed for the single extractant
TEHDGA/n-dodecane and HEH[EHRP}dodecane systems. Moreover, peaks at 570 nno@®hd
nm are absent in the spectrum of the ALSEP system, indicating that Nd{H(EHPE:Bpot
present. Although the presence of an equilibrium mixture of multiple Nd complexes in the
ALSEP system cannot be excluded based on these absorption specasylteefthe principal
component analysis imply the presence of at least one Nd complex in the ALSEP organic phase
that is not found in either of the two single extractant systems.

The TRLFS emission spectra of Eu extracted in the three differenttextragstems
(Figure3.3) more clearly demonstrate that the metal coordination environment of Eu in the
ALSEP system is distinctly different from the complexes in the solutions containing only
TEHDGA or HEH[EHP]. Each solution displagsstinctly different fluorescence spectra from
the other two systems, and the spectrum of the ALSEP system is obviously not related to the

spectra of either of the single extractant systems.

The emission spectra of all three complexes were collectechavavelength range
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spanning théDo - F;transitions § = 07 4) and three key differences are apparent in the
spectra. First, significant intensity for tPgo - “Fo transition at 579.8 nm is only observed for
the EUALSEP system and only one peak isrséor thisnondegeneraté&ransition. Second,

while the®Do -  F1 transitions at 593 nm are similar for both the ALSEP and TEHDGA/
dodecane systems, as expected for this magnetic dipole transition, the intensities of the
hypersensitiveDo - ’F» manifold (618 nm) are substantially different for each of the solutions
with the EWALSEP system displaying a more intefiBg - ’F. emission than the Eu
TEHDGA/n-dodecane system. Third, the band shapes and barycentersSof the'Fs

transition at ca. 700 nm adéstinct for each organic phase composition. Together the spectral
differences in the TRLFS data indicate the Eu inner sphere coordination is different in each
extraction system and that the ALSEP organic phase contains a single Eu coordination
environmemthat does not match the Eu coordination in the organic phases containing only
TEHDGA or HEH[EHP].

3.3.2  Probing Water Coordination by TRLFS

Water molecules have been proposed as inner sphere ligands in the organic phase
complexes of Eu in a mixed malonamidBEHP extraction systesi: The possible presence of
water in the inner coordinati@phere of the extracted complexes in the ALSEP process was
investigated by measuring the lifetime ofEsamples prepared in light water and identical
heavy water samples made with deuterated reagemsoresence of OH oscillators directly
coordinatedvith europium decreases the emission decay lifettreeQ(11 ms, aqueous Eu
solution) significantly when compared to heavier OD oscillators3.3 ms¥3? The
fluorescence lifetime of the major fluorescence peaks in each solution could be fit to a single
exponential decay wit 2 <1, and fluorescence lifetimes on the order of millisecoiidble
3.1). As expected, EXiin the aqueous stock solutions was found to contain nine water molecules
directly coordinated in the inner coordination spHétén contrast, all the organic phase
europiumligand complexes we studied exhibited minimal inner sphere water molecules as

shown inTable3.1.
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Table3.1 Fluorescence lifetimes iH20 and RO for M Eu complexes. Samples prepared by
extracting 0010 M Eu from 0.001 M HN@1 M NaNG;, 3.5 M HNG, and 4 M HNQ into 0.75

M HEH[EHP]/n-dodecane, 0.1 M TEHDGA/dodecane, and 0.05 M TEHDGA/0.75 M
HEH[EHP]/h-dodecane, respectively. Numberimfier sphere water molecules calculated based
on Eqg.3.11 with an absolute uncertainty of +0.5(4

Complex U in FU in [ Number
(ms) (ms) of H20
Aqueous Eu Solution 0.11 3.30 9.20
0.05 M TEHDGA/0.75 M HEH[EHP] 2.17 2.26 0.02
0.1 M TEHDGA 2.10 2.35 0.05
0.75 M HEH[EHP] 3.03 3.27 0.03
4.0x10° — T T T T T
3.5x10° .
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Figure3.3  TRLIFS spectra of europium extracted from 0.001 M HNOM NaNG into 0.75
M HEH[EHP]/h-dodecane (dasid ling, from 3.5M HNOs into 0.1 M TEHDGA/n-dodecane
(dotted ling, andfrom 4 M HNOs into 0.05 M TEHDGA/0.75 M HEH[EHP]h-dodecane (solic
line), respectively.

3.3.3  Liquid -liquid Extraction Equilibria

Analysis of the partitioning behavior of Amor NcP* between aqueous solutions of nitric
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acid and organic phases comprised of TEHDGA, HEH[EHP]nathodecane was used to define

the stoichiometries of the organic phase complexes in the ALSEP system.

3.3.4 TEHDGA Dependence

Americium extraction from either 2 M or 4 M HN@to organic phases containing
0.75M HEH[EHP] and varying amounts of TEHDGA imdodecanavas examined. For
compaison, additional measurements of Am extraction from 2 M EIM® n-dodecane
containing only variable concentrations of TEHDGA were also evaluated. The extraction of Am
from 4 MHNOzinto TEHDGAMI-dodecane in the absence of HEH[EHP] could not be studied

due to formation of a third phase under these condifidns.

1073 3

107 . ————
10* 10"

[TEHDGA] (moles/L)

Figure3.4 TEHDGA dependence for the extraction of Arfrom 4 M HNG; into 0.03
0.075 M TEHDGA/0.75 M HEH[EHP#H-dodecaneX), from 2 M HNGs into 0.020.07 M
TEHDGA/0.75 M HEH[EHP]h-dodecaneA ), and from 2 M HNQinto 0.020.2 M
TEHDGA/n-dodecaneK ).

The results of the three TEHDGA dependence experiments are summafzguare8.4
andTable3.2. One set of exaictions was conducted in the absence of HEH[EHP], while two sets
were conducted in the presence of 0.75 M HEH[EHP]. The addition of 0.75 M HEH[EHP] to the
TEHDGA solution caused a substantial increase in Am extraction, and the ighestues
were alwgs observed for in the 4 M HNOTEHDGA/0.75 M HEH[EHP]h-dodecane system.
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In the solutions containing only TEHDGAIlope analysis of the Am extraction from 2 M HNO
indicates a third power dependence anTEHDGA concentratio(slope = 2.95 + 0.09,able

3.2), implying the formation of a 1:3 Am:TEHDGA complex in the organic phase, as previously
reported for extraction of Eu by TEHDGRand Ar*/Ln®* extraction by TODGAX12221The

ALSEP organic phases, on the other hand, contain 0.75 M HEH[EHP] in addition to TEHDGA.
In the ALSEP organic phases, the slopes of the extraction curves decrease substantialey from th
TEHDGA only case, giving second power dependence on the TEHDGA concentration at both
acidities (2.11 £ 0.07 for 2 M HNand 2.1 £ 0.1 for 4 M HN§) Table3.2). This implies an
average 1:2 Am: TEHDGA stoichiometry for the extracteshplexes at both acidities when 0.75

M HEH[EHP] is also present in the organic phase. Consequently, one TEHDGA molecule is
displaced from the equilibrated extracted complex when 0.75 M HEH[EHP] is added to the
TEHDGA/n-dodecan®rganicphase to create theLSEP extraction system.

3.3.5 HEH[EHP] Dependence

Attempts to study Am extraction from 4 M HN®y 0.05 M TEHDGAhK-dodecane with
variable HEH[EHP] concentrations resulted in formation of a third phase at lower HEH[EHP]
concentrations and these investigatiomsemnot pursued. However, third phases were not
observed during contact with 2 M HN@ielding distribution data across the HEH[EHP]
concentration range of-0.75 M Figure3.5). The strong propensity of HEH[EHP] to dimerize
in n-dodecane means that the dimer (HEH[EH)actually the active form of the extractant in
our experiment$® The (HEH[EHP]} dependence of the Am extraction derived from linear

regression analysis was 0.4®082(Table3.2), similar toa previous repoi*

The simplest interpretations of this result suggest an approximate 2:1 Am:(HEH{EHP])
stoichiometry in the extracted complex. This condition could be met either by the disruption of
an HEH[EHP] dimer, (HEH[EHP],?** accompanied by incorporation of one HEH[EHP]
molecule into a mononuclear extracted complex, or by formation of a polynuclear organic phase

complex with a 2:1 Am:(HEH[EHP])stoichiometry. Neither explanatios satisfying, however.
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Figure3.5 HEH[EHP] dependence for the extractior’8m (lIl) from 2 M HNGOs into
0.05 MTEHDGA/0-0.75 M HEH[EHP]h-dodecane. The 0 M HEH[EHP] data is represent
by a dashed line.

First, the ease of HEH[EHP] monomer formation will decrease with increasing HEH[EHP]
concentration and would cause noticeable curvature in the distribution data over the wide range
of HEH[EHP] concentrations studied. Second, exibactxperiments at higher Am

concentrations demonstrate that the distribution ratio is indepeoidgr] across the range of

Am concentrations studied. This observation is not consistent with the presence of 2:1
Am:(HEH[EHP]) complex in the organic phassDamis independent of metal concentration

only if each extracted complex contains a single Am cation.

A reasonable alternate explanation for the-mtegral HEH[EHP] dependence is that
HEH[EHP] acts as a phase modifier as well as an extractantigddf HEH[EHP]
substantially alters the polarity of the TEHD®@Adodecan®rganicphases, as suggested by its
ability to suppress third phase formation in the ALSEP prol€é$3his, in turn, will affect the

extractability of the organic phase complex with the effect that the equilibrium constant for the
extraction will vary with the organic phase HEH[EHP] corication, a condition that is

incompatible with using the distribution ratio to probe complexation equilibria.
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Table3.2 Stoichiometric coefficients determined by linear regression analysis of logarithmic

Am extraction data.

Aqueous Organic Phase Organic Phase

Phase [TEHDGA] [HEH[EHP]]  Slope Intercept

2 M HNGs 0.020.2 M oM 295+0.09 35+0.1

2 M HNGs 0.020.07 M 0.75 M 211+0.07 3.6+0.1

4 M HNGs 0.030.075 M 0.75M 21+0.1 44+0.1

2 M HNGs 0.05M 0.0050.75M 0.43+0.02 0.80+0.02
1-5 M HNGs 0.05 M 0.75 M 3.10+£0.16 4.35+0.05

8Slope = 27 3 withn= 3.05 + 005 (see Supplemeritaq.3.35)
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Figure3.6  (a)UV-Visible spectra of neodymiurmxtraction at 35°@om 2 M HNG;, into O

0.075M HEH[EHP]/0.05 MTEHDGA/n-dodecane(b) Speciation of extracted in Nd calculat
from Eq. 3.2 witm=0.9 + 0.1.
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In light of this complication, a different approach for probing the HEH[EHP]
stoichiometry ofie extracted complexes was devised. The speciation of the extracted complex
was studied by UWisible spectrophotometry in organic phases consisting of 0.05 M TEHDGA
in n-dodecane and-00.075 M HEH[EHP]. The organic phases were contacted with aqueous
phases containing 0.01 M Nd in 2 M HNG@t 35 °C. The higher temperature was used to
discourage third phase formation at these metal concentrations. After measuring the amount of
Nd extracted, the resulting organic phases were analyzed by spectrophototmetgnlib0 and
620 nm to determine changes in the Nd coordination environment at different HEH[EHP]
concentrations. The series of organic phase spectra obtained from these experiments are

displayed inFigure3.6.

Principal componentralysis conducted using both the programs SIXpdekd
GlobalWorks (OrLine Instrument Systems, Inc.) indicated that the set of spectra for all 10
HEH[EHP] concentrations studied was composedavofunique spectral components
(SupplementaFigure3.10). The spectrum of the first species determined from the niimded
singular value decomposition in GlobalWorks matched the spectrum of Nd(TEHBGE®)
extracted from 2 M HN@ The spectrum of the second species matched that of theaNed
ALSEP organic phase depictedrigure3.2. Using the spectra of these two Nd complexes, the
ratio of the two complexes in the organic phase could be calculated fasaatbn and used to
derive the number of (HEH[EHR]dlimers,m, coordinated in the ALSEP system for the

generalized equilibrium

0 "YO'O0'0bol O & "O0'@OL z

0 "YO'00'0%0 00000 & 0 (6+"YO'O0®& ¢ QO (3.1)

where species in the organic phaseiadicated by overbsrh represents the number of acidic
hydrogens in each metabmplexed HEH[EHP] dimeih(= 0, 1, or 2), and represents the
number of nitrate ions in the product complex, with 37T m(21 h). Defining the equilibrium

constant of tIs reaction to b&exchange the equilibrium constant expression can be written as
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with b = log Kexchanget M(2 1 h) log [HNO3]. Between 0.005 and 0.050 M HEH[EHP], analysis
of the spectroscopic data with B32 yields a value ain= 0.9 + 0.1 Figure3.6), implying that
under these conditions 1 (HEH[EHP#imer displaces 1 TEHDGA molecule from
M(TEHDGA)3BNGO; to form the complex M(TEHDGAJHW(EH[EHP])) nAlO3 in the ALSEP
organic phase.

3.3.6  Nitric Acid Dependence

The stoichiometry of nitrate and hydrogen ions in the extracted complex was probed by
examining Ani* extraction into the standard ALSEP organiagd (0.05 M TEHDGA/0.75 M
HEH[EHP]/h-dodecane) as a function of the equilibrium aqueous concentration of nitric acid
(Figure3.7). As previously described, a minimum in the Am extraction is observed at
approximately 0.5 MHNO3 due toa change in the organic phase metal speciation from
complexes containing TEHDGA and nitrate at high acidity to homoleptic complexes of
monodeprotonated HEH[EHP] dimekghich show an inverse dependence of the metal
distribution ratio on the aqueous acigiy low acidities:” However, even at aqueous acidities
higherthan 1 M HNQ, direct slope analysis of the concentration dependence of the distribution
ratio is not a reliable indication of the proton or nitrate stoichiometry of the metal complex
extracted in the ALSEP process. The large change in ionic strengis #tearange of aqueous
nitric acid concentrations studied causes substantial changes in the activity coefficients of the
agueous solutes, the activity of water, the fraction of agueous Am present as nitrate complexes,
the degree of nitric acid dissociatidhe amount of nitric acid extracted into the organic phase,
and the fraction of each extractant available to interact with Am. Consequently,-a multi
equilibrium thermodynamic model for Am extraction from nitric acid into the ALSEP organic
phase was delaped to interpret the effect of nitric acid on Am extraction and the nitrate and
hydrogen ion stoichiometry of the extracted complex using the general extraction equilibrium
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where h=n 1and h =0, 1, or 2. Details of the model and the relationship between the slope of
the nitrate dependence and n, the nunatb@itrate iongncorporated into the extracted complex,

are described in the Supplemdritaterial. Evaluation of, the number of nitrate anions

extracted with each Affication, andKex the equilibrium constant for the extraction reaction,
between 11ad 5 M HNG gaven = 3.05 £+ 0.06 and loHex= 4.35 £ 0.05Figure3.7).
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Figure3.7  Effect of agueous nitric acid on Am extraction into 0.05 M TEHDGA/0.75 M
HEH[EHP]Mh-dodecane. (a) Experimental extraction data (squares) fit to adleigdee
polynomial (short dashed line). The filled squares represent data used in the equilibriun
activity modelling shown in panel b. (b) Determination of the nitrate stoichionmgtirythe
extracted complex from the correlation of the Am distribution ratio corrected for variatiol
agueous activity coefficients, aqueous nitrate complexation, and extraction of nitric acid
activity of nitrate ions in the aqueous phase using the nagseribed in the Supplemehta
Material.
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3.3.7 Computational Data

Further insight into the inner sphere coordination of trivalexiéfent cations with
TEHDGA, HEH[EHP], nitrate anions and water molecues gained by comparing the
complexation energies of europitliigand complexes potentially present in the ASLEP organic
phase. Many different coordination complexes are possible in the organic phase given the
flexibility of the An3+ and Ln3+ coordinatiospheres and the presence of multiple potential
ligands. However, the experimental data rule out many possibilities, for the complexes extracted
from 27 4 M HNO3, such as complexes containing only singly deprotonated HEH[EHP] dimers
(e.g. M{H(EH[EHP])Y} 3, complexes with inner sphere water molecules, or complexes containing
a single TEHDGA ligand. Consequently, we calculated energies for the following complexes and
explored the conformational space of each: TEHDGA only (Eu(TEHRSNDs), two to one
ratio of TEHDGA to deprotonated HEH[EHP] dimer (Eu(TEHDGE&J(EH[EHP]X) A 23\ O
and two to one ratio of TEHDGA to protonated HEH[EHP] dimer
(Eu(TEHDGAY(HEH[EHP]:ANOs). To enable tractable calculations on these complexes, the
ethylhexyl substituents were repldogith ethyl groups, witiN,N,NONGtetraethyldiglycolamide
(TEDGA) replacing TEHDGA and ethyl phosphonic acid monoethyl ester (HE[EP]) replacing
HEH[EHP] for the calculations. The structures of TEDGA and HE[EP] are summarized in
SupplementaFigure3.9.

The minimum energy geometries calculated for these three stoichiometries of the
TEDGA and HE[EP] complexemre shown irFigure3.8. In the Eu(TEDGAYSNO; complex the
europium ion is coordinated only by tridentate TEDGA ligands yielding a complex with D
symmetry, a coordination number of nine, and a calculated minimum ene@y &tal/mol.

The three nitrate anions are positioned in clefts betweealkytchains of adjacent TEDGA

ligands to balance the charge of europium and produce a neutral complex as found by Brigham et
al. for the closely related extractant TOD&AReplacing one of the TEDGA ligands with a

singly deprotonated dialkylphoshonic acid dimer, H(E[EPY)elds

Eu(TEDGAXR(H(E[EP]):) A 23Nriis complex was observed to have two possible minimum

energy geometries within 0.2 kcal/mel1{.3 and11.1 kcal/mol). The two geometries differ

primarily in the location of the nitrate anions: geometry A contains both nitrate anions in the
outersphere creating an@ordinate Eu complex withxGite symmetry, while geometry B
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contains one monodentate nitrate anion in the Eu inner coordination sphere, giving europium a
coordination number of nine and §/mmetry. In geometry A, neither nitratenains in the cleft
between the TEDGA ligands, instead each nitrate is associated with one of the TEDGA ligands
(Figure3.8). In geometry B the two nitrates are found in spaces between the TEDGA molecules
and the HE[EP] dimer. The mawent of the nitrate counter anions can be explained by the

increase in inner sphere free space when one tridentate TEDGA is replaced by a bidentate

Eu(TEDGA), -3NO, Eu(TEDGA),(H(E[EP]),) 2NO,

i

Figure3.8 Optimized Edcomplexesnvestigated as possible species existing during AL
extraction.Geometries (A) and (B) refer to two different Eu complexes cantqin
deprotonated HE[EP] dimers and geometries (C) and (D) refer to two different Eu comg
containing protonated HE[EP] dimers. See the text for further details of the complexes.
Europium is teal, oxygeatomsare red, nitrogeatomsare blue, carboatomsare gray, and
hydrogenatomsare white. Dashed lindsom Euhighlight the chelating oxygen in every
complex.Hydrogen atoms outlined with black circles correspond to the acidic HE[EP]
hydrogen. Black dashed lines represent hydrogen bonding whilebtatkllines represent
bonds.
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H(E[EP]) anion.The extra room allows the remaining two TEDGA ligands to shift, removing
the original clefs where the nitrate ions were positioned. Consequently, the nitrate ions
reposition, either outer sphere or inner sphere, to stabilize the newly formed Eu complex. The
energetic similarity of these complexes is unusual becauserdinate Eu complexesear
generally expected to be energetically more stable thanther8inate europium complex.
However, analysis of the europidigand coordination distances reveals that inner sphere
coordination of the nitrate anion in geometry B causes th® Band lenths of the TEDGA

ligands to increase (Supplemdniable3.6). As a result, the energies of theaBd 9coordinate
complexes differ by only 0.2 kcal/mol, which suggests that if

EUu(TEHDGAY(H(EH[EHP])) 2N Os were to form in the organic phase, botmplexesA and

B could coexisin solution.

Five possible minima were located for the Eu(TEDGIIE[EP]ABNOs; complex, which
forms from a from a neutral, fully protonated (HE[ER]}imer (i.e. B(E[EP]). ) without the loss
of a hydrogen ion to the aqueous phase. Two possible complexes were close in-&%ergy (
and- 22.9 kcal/mol) while the other three complexe$2.8,- 11.1 and 5.9 kcal/mol) were
substantially less stable. Only the two most stable gordtions, geometries C and D, are
considered here.

In both of these complexes, one P=CH-O hydrogen bond in the (HE[ERlimer is
disrupted. The critical difference between the two lowest energy conformations of
Eu(TEDGAR(HE[EP]RLANQsis the interaction between the (HE[ERJ)mer and the Eu ion. In
geometry C of the Eu(TEDGA(HE[EP]LABNOs; complex Figure3.8), the europium sits in a;C
symmetry site, all the nitrate ions remain in the outer coordinatia@reph hydrogen bond
forms between one HE[EP] and a nitrate anion, and bidentate coordination between the HE[EP]
dimer and Eu is observed. The energy of this complex is calculated2@.Be&kcal/mol. The
PO-H bond of the HE[EP] hydrogen bonding to therate elongates froh.03v to 1.57v
while the H -ON hydrogen bond between this HE[EP] and the nitrate anion isv1.08is
indicates that such a complex would take on the character of a deprotonated HE[EP] dimer
hydrogen bonded to nitric acidlternately the Eu(TEDGA)(HE[EP]):ABNO; complex can
distort, leading to the {Symmetry complex shown in geometry Bigure3.8) This is the most
stable Eu(TEDGAYHE[EP]:ABNO; complex studied al5.7 kcal/mol. In geometry D the
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(HE[EP]). dimer becomes monodtate as one EQP bond and one P=0 H-O-P hydrogen

bond are cleaved and nitrate anions reposition to stabilize the entire complex. One nitrate anion
moves into the Eu inner coordination sphere withdibond length of 2.3¢ while a second

nitrate anon H-bonds to the hydrogen on the romordinated HE[EP] in the outer coordination
sphere. The nenoordinated HE[EP] P® bond length remains 1.@84 while the H- - ON

hydrogen bond between this HE[EP] and the nitrate anion isv1.Z8is implies that cmplex D

would have the character of a fully protonated HE[EP] dimer hydrogen bonded to a nitrate anion.
This asymmetric complex featuring inner and outer sphere nitrate ions is 2.8 kcal/mol more
stable than the Eu(TEDGAHE[EP]:ANO; complex with all thee nitrates in the outer sphere

and 19.0 kcal/mol more stable than Eu(TED&G®NOs.

3.4 Discussion

Together the equilibrium partitioning experiments, optical spectroscopy, and modeling
clearly demonstrate the formation of a new extracted complex when HEH[EBH&]ed to
solutions of TEHDGA under metal extraction conditions in acidic biphasic systems. Previous
evidence of mixed TEHDGAEH[EHP] complexes under ALSEP extraction conditions has
been inconsistent. The original work on the ALSEP process posttaatedy metallEHDGA-
HDEHP (HDEHP = bis(thylhexyl)phosphoric acid) complexes were likely involved if*An
and Lr#* extraction under acidic conditions, but also concluded it was unclear it metal
TEHDGA-HEH[EHP] complexes form Subsequent EXAFS studies of Nextracted into
mixtures of TEHDGA and HEH[EHP] from 1 MNOs suggested the possibility of a NP
scatteri ng p atelativety weak itemdtians between NdEH[EHPFT2EHGDA
when extracted from a mildly acidic aqueous environro&tinh contrast to both these studies, a
later EXAFS study of ETODGA-HDEHP complexes concluded that only 1:3:3
Eu:TODGA:nitrate complexes are extracted into 0.05 M TODGA/0.75 M HDEd&decane
from 3 M HNGs.22° On the other hand, from FTIR experiments Rama Swami et al. proposed
simultaneous coordination of TEHDGA and HEH[EHP] or HDEHP wheti Blextracted into
mixtures of these extractants from 3 M HM\! The observation of mukéxtractant organic
phase complexes in the ALSEP system also is similar to reports ¥omAd Lr#* extraction by

mixtures ofN,NNjlimethyFN,NNjlioctylhexylethoxynalonamide and dialkylphosphoric acid

94



extractantg3123423%0ur experiments and modeling confirm the formation and identity of the
mixed metalTEHDGA-HEH[EHP] complex formed in the ALSEP organic phase under acidic

extracting conditions.

The presence of neutral and acidic coextractants at variable concentrations and high
agueous acidities makes the determination of the organic phase speciation in the ALSEP process
di fficult. At | ow acidity the ALBSEHE® processo
M{H(EH[EHP))2} s complex!® liberating hydrogen ions to the aqueous phase according to the

equilibrium

0 0 0O0@0O0 z 0 "O0OCO0OL 0. (3.4)

Equilibrium 3.4 is clearly opposed by high acidities, and the extraction &f @rlanthanides
lighter than terbium by HEH[EP] is negligible at aqueous acidities of 1 M or greateBy
itself, the neutral extractant TEHDGA forms comg@sexn the organic phase according the

equilibriun?12213

0 o006 o'YO'0O'G b "YO'OO'0baD § . (35)

If the nitrate anions are supplied by nitric acid, 8§.will be favored by high nitric acid
concentrations and negible at the low acidities favored by Eg4. At high nitric acid
concentrations experiments also suggest coextraction of nitric acid, depending on the

conditions?*3with the equilibrium

0 no o nUU o"YO'OO'®O

0 "YO'O® o0 f000p=12 (36
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Each of these equilibria has a characteristic dependence on the extractant, nitrate, and
hydrogen ion activitiesTiable3.3). However, n the mixed HEH[EHP]/TEHDGA ALSEP
system, a distinctly different stoichiometry is observed, 3'/An**:2.1 TEHDGA:0.9
(HEH[EHP])2:3.05 NQ, with no aqueous hydrogen ions as reactant or product and no inner
sphere coordinated water. Furthermore, optipatsoscopy of the extracted Nd and Eu
complexes demonstrate the stoichiometry observed in the ALSEP system solvent does not result
from mixtures of the products of E§4 and Eq3.5 or3.6, because the distinct optical
signatures of M{H(EH[EHPBR} 3, ab®rption peaks at 570 and 606 nm in the Nd spectrum
(Figure3.2) and the Eu fluorescence emission band at 611Rnguire3.3), are absent. This
disappearance of the homoleptic-N&H[EHP] complex under ALSEP extrawog conditions is
al so consistent with experi ments 3myodégane| ek son
into isolated organic phases initially containing Nd{H(EH[EHP})}?

The change in the metal ion site symmetry of the extracteg@learbetween organic
phases containing only TEHDGA and those containing mixtures of TEHDGA and HEH[EHP] is
also apparent in the changes in the optical spefigare3.3 andFigure3.6). The®Do Y Fo
transition of Ed*, which occurs near 580 nm in condensed phases, is particularly diagnostic.
This transition is only allowed for a subset of raubic space groups without an inversion center
i Cny, Cn, and G.2¥"In other symmetries, for example Br any space group witan inversion
center, this transition is forbidden and is generally very weak if observed at all. Extraction of
Eu**into 0.75 M HEH[EHPJ#-dodecane or 0.2 M TEHDGAJ/dodecane yielded solutions with
barely discernableDo Y Fo emissionsKigure3.3 and Supplementdigure3.14), in agreement
with previous report$#238 In contrast, extraction of Etifrom 4 M HNG; into 0.05M
TEHDGA/0.75 M HEH[EHP]h-dodecane gives a solution with an obviéDs Y ’Fo emission
band at 579.7 nm. The absence of significBiatY ’Fo emission for the organic phase Eu
complexes containing only HEH[EHP] or TEHDGA is readily understood based on the Eu site
symmetry. EU{H(EH[EHPD} 3 is believed to possess approximgptettahedral symmetry with
an inversion centé¥*?22 The Eu(TEHDGA)-3NOs; complex extracted into 0.05 M TEHDGA
will have Ds site symmetr§*? similar to the europium trisoxydiacetato and trisdipicolinato
complexes, which also show exceedingly wedkY ‘Fo emissior?°?°However, replacing
one TEHDGA molecule with one monor bidentate (HEH[EHP})will necessarily yield a
lower symmetry complex @, Cz, or G) with an allowed®Do Y “Fo transition, as we observe.
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Table3.3 Expected dependence of distribution ratios on the organic phase extraction concentrations of extractants and the activity of

hydrogen and nitrate ions in aqueoitsimacid for proposed extraction equilibria.

Slope Slope Stoichiometry Slopé
Equil. Extracted Complex TEHDGA ( HEHHR,] {H} {NOz} {NOg3}
3 M(TEHDGA)2(Hh(EH[EHP]) AnsNO 2 1 n-3 n 2n-3
4 M{H(EH[EHP])2} 3 0 3 -3 -3
5 M(TEHDGA):BNO; 3 0 0 3 3
6 M(TEHDGA)3BNOzAHNO3 3 0 p p+3 2p+3

aSlope expected in nitric acid solutions whenri][H
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The lowest energy conformations we found in our theoretical calculations (geometries C and D)

showthese lowered symmetries.

The changes in th®o Y ’F4 emission band at approximately 700 nm are also consistent
with a decrease in symmetry of the Eu site in the ALSEP system compared to the organic phase
containing only TEHDGA. The Eu3+ 7F4 state isitgpto 4 levels in crystal fields of D3
symmetry (i.e. for EU(TEHDGA)3-3NO3), while it splits into 7 levels for C2v symmetry and 9
levels for C2or Clsymmetd>. The broadening of theALSHPO Y 7F
emisson spectrum compared to the-EEHDGA spectrum is accompanied by a transition from
4 discernable bands in the- B&EHDGA spectrum to the presence of 6 discernable shoulders on
the main peak for the EALSEP spectrum (SupplemeahEigure3.14), suggesting that the 7F4
state splits into at least 7 discrete levels. This change in site symmetry of the extracted complex
is consistent with direct coordination of HEH[EHP] in the ALSEP system.

With the metal:ligand stoichiometry establishedelgyilibrium partitioning and
spectroscopic experiments, the protonation state of HEH[EHP] in the extracted complex remains
key to understanding the nature of the extracted complex. The extracted complex must be charge
neutral. The charge on the extracted* and L** cations can be balanced by coextracted nitrate
anions (Eg3.5), deprotonated HEH[EHP] molecules (e.g. HEH[EHR}) Eq.3.4), or a
combination of the two. In addition, HN@ay be incorporated into the outer sphere of the
extracted comple¥eqg. 3.6). The agueous acidity disfavors formation and complexation of the
H(EH[EHP]) anion, as the pkof HEH[EHP] is ca4.1,>*' and our nitrate dependence
experimentsKigure3.7) clearly show coextraction ofrdtrates per trivalent catiom € 3)
withoutloss of hydrogen ions from HEH[EHP] to the aqueous phase according3@Edlere
H(EH[EHP])." or two equivalents of EH[EHP}o form by release of Hrom the HEH[EHP]
dimers to the aqueous phase, the expental nitrate activity dependencerigure3.7 would
have a slope of In= 2) or-1 (n = 1), respectively (Eq.3, Supplemental E®.35 and
Supplemental Material). Instead, the experimentally verified lack oéldase to the agous
phase suggests that either HEH[EHP] coordinates to the metal center as a neutral, protonated
specie$® or tha HEH[EHP] deprotonates during formation of the extracted complex with the
released hydrogen ion remaining in the organic phase and forming a molecule of nitric acid by

reacting with one nitrate anion.
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Computational modeling of the possible extractedmeres provides further insight into
HEH[EHP] coordination and the likely protonation state of these compl&Ressomplexation
energy of Eu(TEDGAYSNO; wascalculatedo be- 9.7 kcal/mol compared to11.3+11.1
kcal/mol and- 22.9+ 25.7 kcal/mol for Eu(TEDG(H(E[EP]R) A 23heOmetries A/Bind
Eu(TEDGAR(HE[EP]LANOs; geometries C/D, respectivellfigure3.8 andTable3.4).
Althoughformation of MTEDGA)3s8NQsis exothermicthe substantially greater stability of the
ternary metatdiglycolamidephosphonic acid complexes suggest thly -protonated
HEH[EHP] can readily displace a TEHDGA molecule, sinEeH[EHP] is available at 15 times
the concentration of TEHDGA in the ALSEP organic phase. Indeed, the biphasic
spectrophotometric titration&igure3.6) indicate an appreciable concentration of a 1:2:1
Nd: TEHDGA:(HEH[EHP]» complex is alrady present with 0.015 M concentrations of
HEH[EHP] and 0.05 M TEHDGA. Consequently(MEHDGA)sBNGOs is unlikely to be present
during ALSEP extractions.

Table3.4 CalculatedGibb Free Energies @bmplexation forthe optimal geometries of
Eu(TEDGA)BNGO;, EU(TEDGA)2(H(E[EP]))2NOz and Eu(EDGA2)2(HE[EP])28NQC:s.

Complex Complexation Energy (kcal/mol)
Eu(TEDGA) A3NO -9.7

Eu(TEDGAR(H(E[EP])) A 23MO -11.3

EUu(TEDGAR(H(E[EP]L) A 2sNBO -11.1

Eu(TEDGAR(HE[EP]RBNO; C  -22.9

EUu(TEDGAR(HE[EP]LBNO; D -25.7

dExtractants truncated fromethyhexyl to ethyl chains for computational feasibility

Substitution of HEH[EHP] for TEHDGA in the extracted complex of the ALSEP system also
appear to affect the nitrate coordination environment profoundly. In the M(TEHZBX);
complex, the nitrate anionequired to balance the positive charge of the metal cation sit in the
outer coordination sphere in clefts between the coordinated TEHDGA lig&ritikely
interacting with coextracted water molecules present in the outer coordispliere*® Two of
these threefold intdrgand nitrate binding clefts are lost when one TEHDGA molecule is
replaced with HEH[ EHP] to form the ALSEP
99
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hypothetical ALSIP extraction reaction,

0 ¢l O ¢'YOOO'OHOO @OL z

0 "YO'OO'OZ00'C000 ¢y O. (3.7)

It would display a nitrate activity dependence slope of 1 with2 (Supplenental Eq3.35 and
Supplemental MateriaBnd produce complexes with geometries A or B. For these complexes,

the computations indicate that replacing one TEHDGA with H(EH[EHRIN cause both

nitrate anions to migrate out of the one remaining cleftéet TEHDGA molecules. In

geometry A, the nitrates occupy spaces between the TEHDGA and HEH[EHP] molecules. In the
case of geometry B, one of the nitrate anions repositions further to form an inner sphere complex

with the Eu ion Figure3.8).

The changes in the nitrate environment are even more profound for the most stable
complexes studied, geometries C and E@fTEDGAR(HE[EP]LABNOs. Unlike the complexes
represented by geometries A and B, the stoichiometry of these complexéCraiches the

experimentally determined stoichiometry and the overall extraction equilibrium

0 ol 0 ¢YOOO'O600@OL =z

0 "YO'0O'0800°CO'00 o U8 (3.8)

In both geometries C and D, the computations suggest that one nitrate anion will remain in the
cleft between the two TEHDGA molecules and a second nitrate will interact with the acidic
hydrogen of one of theeutralHEH[EHP] molecules. Ilgeometry C the third nitrate anion
resides in the outer coordination sphere between one TEHDGA and one HEH[EHP] molecule.
However, the bond lengths suggest that the third nitrate reacts with the acidic hydrogen from the
other HEH[EHP] molecule in the congx to form a molecule of HN3hat hydrogen bonds to
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the coordinated oxygen of the HEH[EHFjgure3.8). In complex C one intedEH[EHP]
hydrogen bond remains intact and the (HEH[ERIBifner is coordinated to the metal in a

bidentde fashion. The equilibrium for this process can be represented as

0 ol 0 ¢'YOOO'O600@OL =z

0 "YO'00'0800°CO00  ¢B 6 "O0 . (3.9)

In geometry D, similar to geometry C, one nitrate remains in the TiEEIDGA cleft, a
second nitrate hydrogen bonds to ¢y -protonatedHEH[EHP] molecule, and one of the
hydrogen bonds between HEH[EHP] monomers remains intact. However, in complex D the
HEH[EHP] dimer becomes monodentate. The HEH[EHP] monomer thatdemtmonds to
nitrate is rotated away from the Eu and does not coordinate to the metal center. Instead the third
nitrate anion moves into the inner coordination sphere to givecaorglinate complex.
Highlighting this change in nitrate coordination, theiggrium for the formation of complex D

can be written as

0 o0 0 ¢'YO'OO'0O500@MOL =z

O 60 "YO'OO'080 00000 ¢b 08 (3.10)

Functiaally, the low energy complexes with geometries C and D form by sharing an acidic
hydrogen between a HEH[EHP] molecule and a nitrate ion in the organic phase.
Stoichiometrically, complexes C and D are indistinguishable, they match our experimentally
deternined speciation of the organic phase complex, and they present similarly favorable

complexation energies compared to the other complexes studied.

Complexationdriven HEH[EHP] proton transfer to create hydrogen bonded Hi@e
organic phase is an inttgng reaction mechanism for trivaleréllement extraction in the
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ALSEP process. It explains the observed synergistic enhancement to the extraction caused by

HEH[EHP] addition, the observed stoichiometry under common extracting conditions, the
eventual los of HEH[EHP] dependence at very high aqueous acidittes\d is further
supported by FTIR studies of Eu extracted from 3 M Hi@ TEHDGA/HEH[EHP]h-
dodecané&!! Moreover, the predicted stabilization of Hi@ the organic phase is not
surprising. The abilitpf HEH[EHP] to extract nitric acid on its own is known (Supplemlenta
Figure3.11) and the coextrdion of nitric acid with An(NO3)3 or Ln(NO3)3 has been reported
for bifunctional extractants such as octyl(phefdy/N-diisopropylcarbamoylmethanephosphine
oxide (CMPOY*?*malonamideg?® and the diglycolamides TODGA and TEHDGRE:**In

the ALSEP process, the nalissociated acidic hydgens of HEH[EHP] appear to exert a
stabilizing influence on the extracted complexes, enabling the formatiesleher{TEHDGA-
HEH[ EHP] compl exes under condi ti opnoton wher e

exchange equilibrium is strongly hindered.

3.5 Conclusions

Our studies conclusively demonstrate the formation of a previously suspected mixed
trivalent felement TEHDGA/HEH[EHP] complex in the organic phase under the acidic
extracting conditions of the ALSEP process @M HNGs). The mutual presence osaong

neutral extractant and a weakly acidic extractant in the ALSEP organic phase provides unique

opportunities for synergistic extraction of #rand Lr#* from aqueous molar nitric acid
solutions. As a more basic extractant, the dialkylphosphonidHgit{EHP] in the ALSEP
system displays different behavior than the dialkylphosphoric acid HDEHP in similar mixed

extractant system<:24248HEH[EHP] does not appear to undergo deprotonation when it

cooperates with TEHDGA to extract trivalent lanthanide or actinide nitrates under the ALSEP

process extracting conditiond/hile the strongly acidic agueous phases inhibit deprotonation of

HEH[EHP], the relatively high concentration of HEH[EHP], strongM®onds, a smaller
coordination footprint (mono or bidentate (HEH[EHRJ3. tridentate TEHD@®), and an ability
to hydrogen bond with nitrate anions work together to boost the stability of the mixed
M(TEHDGA)2(HEHEHPY»BNO; complex in the ALSEP organic phase.
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3.6 Methods
3.6.1 Materials

Chemicals were purchased from Sigdlalrich except where otherwise ilwdted. The
extractanHEH[EHP] wasobtained from BOC Sciencé€85%) and purified to208% by the third
phase methad® asconfirmed by*!P NMR and aciebase titration in an ethanalater mixture
(80:20) Stock extractant solutions were made by combiniegyted amounts of THPIGA
(Eichrom Technologies, >99%nd the purified HEH[EHP] in-dodecane (anhydrou@9%)

and diluting to a known volume

Aqueous phases were mddam nitric acid(Baker, ULTREX Il) and standardized by
titration with sodium hydroxideSolutions of lanthanide nitrates were prepared at the desired
acidities from stock solutions aeodymium(lll) nitrate hexahydrate (99.9% trace metals basis),
or aeuropiumnitrate solution prepared by dissolving a weighed amount of eurapiide
(Treibacher Industrie AG, 99.99REE) in nitric acid The neodymium stock solution was
standardizedby titration witha standard EDTA solution (Fisher ScientificyJenol orange
indicator, and a saturated solution of hexamethylenetetramine (>99%) to thétération at
pH 51 5.5.ThepH wasadjusted with 4 M HN®and monitoredhroughout the titration with a
ThermoOrionRoss semimicrpH electrode Aqueous solutions were prepared using Millipore
18 MW-em deionized watemwhile deuterium oxide (99.9 atom %)Pand 65 wt. % nitric acid

in D20 (99 atom %yereusedfor the DO luminescencexperiments.

3.6.2  Absorption Spectroscopy

Aqueousphases of neodymium were made to 0.01 M and diluted with the relevant
titrated nitric acid solutions. Acid concentrations welnesen to optimize extraction of Nd while
avoiding the formation of a third phase, therefore acid concentrations at ALSEP process relevant
conditions were not always possible to UBeganic phassolutionswereprepared by weight
andpre-equilibratecthroughcontact with twice their volume of the appropriatetatiree
agueous phasand vortexing for 3@ec.followed by centrifugation for phase separation. This

process was repeated twice to completegopa@libration. Metal extractions were performed by
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vortexingequal volumes obre-equilibratedorganicphases wittaqueous phasesntaining
0.0017 0.01 M Nd(NQ)s at the desired nitric acid concentration five minutes followed by
five minutes of centrifugatiohefore the phases were separated.

Spectaof both the aqueous and organic phases were obtained on a Varian Cary 300
Spectrophotometer ih000cm quartz cuvettes from 480 to 850 nnDa2 nm resolution The
equilibrium concentrations of neodymium in the organic phases were calculated fromalthe to
amount of Nd in the system and the difference in the initial and final spectra of the aqueous

phase.

The influence of HEH[EHP] on the stoichiometry of the organic phase Nd complexes
also was studied spectroscopically. Organic phases containing OIE-HMGA and varying
amounts of HEH[EHP] were made by combining aliquots of 0.2 M HEH[EHiRjtlecane, 0.2
M TEHDGA/n-dodecane, and-dodecane all of which had been{aquilibrated with 2 M
HNOS3. These solutions were pipetted in appropriate ratios to agEH[EHP] concentration
only. In addition, 0.05 M HEH[EHP]Adodecane and 0.05 M TEHDGA#odecane organic
phases were also tested. Culture tubes containing equal volumes organic phase and 0.01 M
neodymium in 2 M HNO3 were initially placed into a 35°Ctevdbath for 30 minutes, samples
were then vortexed for 30 seconds and placed back in the water bath for several minutes. These
intervals were repeated until a total vortexing time of 5 minutes was reached. Phases were
separated, and spectra were collettedveen 490 and 610 nm in a 1.000 cm jacketed cuvette

held at 35°C by a recirculating water hath

3.6.3 Time-Resolved Lasefinduced Fluorescence Spectroscogy RLFS)

TRLFS measurements were performed on europaaded organic solutions prepared
by extractionfrom light and heavy wateDeuterated samples were made entirely with
deuterated chemicals excépt the 0.01 M europiumitrate stocksolution whichhad been
preparedn light water and contributed no more than 2 atothto the aqueous solutions
Orgaric solutions were prequilibrated withappropriatedd.,O/DNOs or HO/HNOsz aqueous
phasesand then contacted with a fresh aqueous phase containing europium similar to the

procedure for the absorption spectroscopy experimehisrescencepectra were obtaed
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using an Edinburgimstrumentd.P980 spectrometer with a ContinuBurelitenanosecond
Nd:YAG laser as the excitation source. The excitation wavelength was fixed atrB3@4ile the
emission spectrum was recorded in the range of 300 nm to 800 nm sEkrure lifetimes were
obtained bymonitoring the lifetimes of the europiutBo to ’F; transitions § = 07 4) at the
wavelengtls of interest Kinetic traces at each wavelength were fit as a singlergentialdecay
andthe goodness of fit wasvaluated usig thereduced hi-squared %. The @ordination
environment of europium waducidatedbased orthe fluorescence emission spectra and
fluorescencdifetime of the complegs,andthechange in lifetiméetweemon-deuterated and
deuterated samplels addtion, the number of inner sphere coordinated wateteculeqNH20)

was calculated using o r r ceguétions

0 p8T LQ Q (3.11)

where koand k2o arethefluorescencelecayrateconstars in mset for samples prepared in
H-O and RO samples, respectivety? 2°2 The equation calculates the number of water

molecules to within 0.5 molecules.

3.6.4  Extraction Experiments

Procedures for studying the extraction of nitric acid are described Buffplemental
material. All mdiotracer experiments were performed usadjochemically puré“Am (Eckert
and Zieglerdissolved in 2V HNOs. Extractions were performed lpypettingequal volumes of
pre-equilibratedorganic and aqueous phasesitainingthe desired concentrations of acid and
extractant into glass culture tubspiking with 2ni of the *!Am solutionand vortexing fob
minutes followed by minutes of centrifugatiorPhases were separataddaliquots of each
phase were taken ftiquid scintillation counting on Rackard2500 TR liquid scintillation
analyzewsing Ecoscint liquid scintillation cocktaDistribution ratios’ O  were calculated

from the equation
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(0 (3.12)

assuming equal counting efficiency of the aqueous and organic phases. All experimental
uncertainties are reported at two standard deviations and error bars are not shown in figures if the

uncertainy is smaller than the data points.

3.6.5 Theoretical Calculations

All calculations were performed using Gaussian 09 soft@4fEhe alkyl chains of the
ligands under investigation were truncated fromtt2ylhexyl chaingo ethyl chains for ease of
calculation as previously reportéd.Therefore, the computational analysis replaces TEHDGA
with TEDGA and HEH[EHP] with HE[EP] (see Supplemeritgjure3.9 for structures of the
truncated ligands)lhe europium watreated as a trivalent atom containing a +3 charge and
multiplicity of seven. Geometries of hypothesized europiigand complexes were optimized
using Beckeds three paranm@tigParedxshaongeefancoin
(B3LYP) and tle 6:31G(d,p) basis sets for all second and third row elentéit¥ A relativistic
effective core pseudopotential and corresponding basis set were em@uytagh(t RSC 1997
ECP for treatment of the europium catiéi¥.These calculations were performed without
explicit or implicit solvation since the europium extraction complexes under investigation will be
present in the dodecane organic phase, which has a dielectric constananebgas phase.
Calculated stationary points were identified as a minimum by verifying the lack of any imaginary
frequencies. Complexation energies were calculated from the difference of the Gibbs Free
Energies of the products and reactants for eactptax. Even with truncation of the alkyl
chains, the number of degrees of freedom of each complex is large. Therefore, the exploration of

the conformational spaces was necessarily limited to dozens of conformations for each complex.
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Figure3.9  Chemical structures for ethyl phosphonic acid monoethyl ester (HE[EP]) and

N, N, Ntétradthgldiglycolamide (TEDGA}he extractants with truncated alkyl chains used in

the computational analysis, aswellasbis( hy | hexyl ) phosphoriZ acid (
tetraoctyl di gl ycol admetdyEN , (NioCyhexl¢thoxymatodamide N 6
(DMDOHEMA), extractants uskin liquid-liquid extraction processes related to the ALSEP

process.
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Figure3.10 Comparison of the spectra of the Nd complexes created by extraction into specific
organic phases with the spectra of the Nebcomplexes present in the HEH[EHP] dependence
experiments. (a)4 ) Spectrum of Nd(N@)3(TEHDGA)z extracted from 2 M HN®into 0.2 M
TEHDGAhdodecane at 25 AC compared to (Z) the sp
in the HEH[EHP] dependence experiments at 35 °CAR){pectrum of the Nd complex

extracted fron 4 M HNGs into 0.05 M TEHDGA/0.75 M HEH[EHP#Hh-dodecane at 25 °C
compared to (Z) the spectrum of the final Nd
experiments at 35 °C, 0.05 M TEHDGA/0.075 M HEH[EHPRdJbdecane.

3.9.1 Measurement of Nitric Acid Extracted by HEH[EHP] and TEHDGA

The extraction of nitric acid by HEH[EHP] and TEHDGA in the ALSEP system were
studied in order to calculate the concentrations of free extractant in the ALSEP process. Titration
of the organic phases to determine the concentrafianid either directly or in a twphase
titration were not possible due to the presence of substantial amounts of titratable hydrogen

associated with HEH[EHP]. Instead, the nitrate content of the organic phases was analyzed after
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stripping the organic @se.

Nitrate extraction by the extractants was quantified by spectrophotometric analysis using
a modification of the method by Cataldbal.?>® after stripping the nitrate iata fresh aqueous
phase. Organic phase solutions of 0.75 M HEH[EHP]/0.05 M TEHD@Adecane or 0.75 M
HEH[EHP]h-dodecanavereequilibrated withtwo volumes of fresh 0.34 M nitric acid twice.
Once equilibration was completed, the extracted nitric wesl stripped from the acidaded
organic phases with a solution of 0.004 y5dw/0.096 M NaSQu in a 1:3 organic to agueous
ratio by vortex mixing for two minutes followed by centrifugation. For higher concentrations of
nitric acid uptake, a 1:6 organig@eous phase volume ratio was used. Aliquots of the strip
solution were pipetted into individual 25 mL volumetric flasks and mixed with 0.8 mL
concentrated b5y / 5% (w/v) salicylic acid. After 20 minutes 15.0 mE2.5 M NaOH were
added and after coolngi the solution was diluted to the mark with 18jWater. The nitrate
concentration was determined from the absorbance at 410 nm. Nitrate standards were made from
standardized nitric acid solutions diluted in thg&SBW/Na:SQs solution to match the matrof

the strip solution and analyzed as described above.

The experimentally determined nitric acid content of the 0.75M HEH[ERjdecane
and 0.05 M TEHDGA/0.75 M HEH[EHR}#dodecane was used to calculate equilibrium
constants for the extraction of ndracid as a function of the activity of undissociated nitric acid.
Equilibria3.13 3.14 3.15 and3.16were used to analyze the system, as described below, and
we considered the presence of 0.05 M TEHDGA in the ALSEP solvent to be a perturbation of
the traction equilibrium found for the system containing only 0.75 M HEH[EHP]. Results are

summarized irFigure3.117 Figure3.13.
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Figure3.11 Equilibriumconcentratins of ni tr i c
ALSEP process solvent 0.05 M TEHDGA/0.75 M HEH[EHPJbdecane,d) 0.75 M
HEH[EHP]h-dodecane, ana () by the 0.05 M TEHDGA in the ALSEP process solvent, which
is calculated as the differenbetween the extraction in the ALSEP solvent and the extraction by

0.75 M HEH[EHP]h-dodecane.
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Figure3.12 Determination of the equilibrium constant for nitric acid extraction by 0.75 M
HEH[EHP] inn-dodecae from 0.3 4 M HNGQs analyzed as a function of the activity of
undissociated nitric acid in the aqueous phase according to EquiliBrildand Equatior8.26
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Figure3.13 Nitric acid extraction by TEHDGAn the ALSEP process solvent, 0.05 M
TEHDGA/0.75 M HEH[EHP]/adodecane, from 0.84 M HNOzs as a function of the activity of
undissociated nitric acid in the aqueous phase. The concentration of nitric acid associated with
TEHDGA in the ALSEP organic phaseasitaken as the difference between the total amount of
nitrate extracted by the ALSEP process solvent and the amount nitrate extracted by 0.75 M
HEH[EHP] (Triangles irFigure3.11).

3.9.2 Thermodynamic model for ALSEP extraction

A model oftrivalent felement cation extraction by the ALSEP organic solvent under
acidic conditions was developed to determine the effects of nitric acid on metal distribution. The
model was based on models for actinide nitrate extraction by solvating extraetazitgpdd by
Vandegrift and coworkerd*2%lt considered variations in the activity coefficients of aqueous
solutes and the activity of water including the corresponding changes in the degree-of metal

nitrate complex formation and the nitric acid extraction equilibria. The activity coefficients of
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organic phase species were considered to be independent of the aqueous phase composition and

thus constant for our nitric acid dependence experiments.

The activty of a solvent is usually not considered in equilibrium constant expressions.
However, the activity of water decreases by approximately 25% across the range of nitric acid
concentrations studied, and extraction of actinide nitrates liberates a substanbar of water
molecules from the inner coordination spheres of the metal cation and nitrate anions for each
metal extracted. For this reason, the thermodynamic model proposed by Chaiko and Vandegrift
for americium nitrate extraction in the TRUEX progesplicitly considered the changes in
water activity by including water liberated from the hydrated®Acation as a product in the
nitrate complexation reactions (E3j14and3.15 and the extraction equilibrium (Eg.19 with
a total inner sphere hyation number ohinefor Am3*.24 Each complexed nitrate was
considered to liberateneinner sphere water molecule from the Zroation, and extraction of
Am?3*into the organic phase was considered to liberatgradlinner sphere water molecules. A
more recent version of this model extended for plutonium (IV) nitrate extraction by
tributylphosphate considered nitrate complexatm liberatewo water molecules per
complexed nitrate when aqueous plutonioitnate complexes forrff® We adopted the approach
from the plutoniurrtributylphosphate extraction model to account for complexatidaced
dehydration in the americimitrate stability constants (E§.22 and3.23) because the
liberation oftwo water molecules per complexed nitrate aligns well with fluorescence studies of
curium-nitrate complexatio®* We further extended this model to include dehydration of both
the metal cationnjneinner sphere water molecules per americf§Atf3and the coextracted

anions threeinner sphere water molecules per nitrgféy°°

Omitting the waters of hydration for aqueous species and denoting organic phase species

with an overbar, the equilibria considered in this model are

WGzO OO (3.13)

b 60z 0 00 (3.14)
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0 c00z0 00 (3.15

QWG YOO ®EYO 00 TOHH (3.16)
c'Al 5 "YO'OO'®EYO 00 @BOGH (3.17)
QWG 00'®O0 z OO@WOL OB (3.19)

and

0 00 ¢'YOOO'0O600 @O0 2

O 60 “YO'OO'0O3 0000l o ¢ 0 (319

whereh=ni 1 andh =0, 1, or 2Thefull, general equilibrium for trivalentélement extraction
in ALSEP, including inner sphere watefshydration is:

0 00 ¢00 00 ¢'YO'O0'0600@M00 2z

0 60 "YO'OO'OX 0'C00d w ot 06 (0 & O .(320

The corresponding equilibrium constant expressions including water molecules liberated from

the inner hydration spheres of the metal cation and nitrate anions are

VJ— (3.21)
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i (3.22)

P — (3.29)
0 — (3.249)
0 (3.25)
0 (3.26)
and
0 (3.27)

where the square brackets denote concentrations and curly braces denote activities, which are
related by the awtity coefficient, g, of each species as {A} gn[A].
The mass balance of americium in the aqueous phase,

5 & 5 4 5640 0 5460 | (3.29)

can be combied with the conditional stability constants for americinitnate complexationt.6

and 5.0
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el (329

and

(R , (3.30)

to give

5 & 86 p T el [ el ). (3:31)

5 & 54 1 p a0 T a0 ) (332

and combined with the definition of the americium distribution ratio and the relevant equilibria

to expres¥exas a function oDam,

0 , (333

which is substituted into Equati@i27to give

0 . (3.34)
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Because nitric acit a strong acid that is present in the agueous phase at much higher
concentrations than Athand there are no other significant sources of hydronium cations or
nitrate anions in our system at these aciditie$] [H & 37][ IINtlie absence of single iontiaity

coefficients, the average activity coefficient of the hydrogen ion and nitrajag used to

represent the hydrogen ion and nitrate activity coefficiefitserefore; [H*] [ &[NOs] and
{H*} & 3s]ilNtke aqueous phase. Subdiihg this equality into Equatiod.34and

rearranging gives

O 60 , (3.35)

which can be used to determimethe number of nitrate anions extracted with americium in the

ALSEP system under acidic conditions.

Equation3.350nly applies when nitric acid is the sole significant sourdeydfonium
cations or nitrate anions in the system. Because of the equivalenc& ar{¢H{NOs} in the
agueous phase, an unusual dependence of the distribution ratio on nitrate activity is observed for
Equation3.35 where the slope of the nitrate dependence doasegessarily reflect the number
of nitrate anions present in the extracted complex. This arises because there are two possible
ways to balance the charge of the extracted metal cation in this system, extraction of nitrate
anions and exchange of acidic hygens from (HEH[EHP}) Increasing the nitric acid
concentration will increase the concentration of nitrate anions, promoting extractis®ifBut,
increasing the nitric acid concentration also proportionately increases the concentration of
hydronium ations, which reduces exchange of acidic hydrogens from (HEH[EHIR])
opposes metal extraction wher: 2 (i.e.n < 3). Consequently, increasing the nitrate (and
hydronium) activity by increasing the nitric acid concentration will increase the metal
distribution ratio as the-th power of the nitrate activity, but it will also decrease the distribution
ratio by the (3 n)-th power of the nitrate (hydronium) activity wheii & protons are liberated
from (HEH[EHP]) by metal extraction. Together thesecetf create the {N§} "2 dependence
in Equation3.35.
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To model the extraction in Equilibriu120using Equatior8.35, values folKa, 61, and
K2 (K2 = b2/ bn) weretaken from the literatur&*266:264yhile KiPCA KP%A andK,HP were
derived by fitting experimental data for nitric acid extraction as a function of nitric acid activity
(Figure3.117 Figure3.13). The equilibrium constants used as input for the calculations are

summarized imable3.5.

The activity coefficients of the organic phase species were considered toskentam
these experiments since compositions of the organic phases undergo only modest changes
compared to the aqueous phases in these experiments. Consequently, the extractionkggnstant,
derived from this model is a conditional constant applicabl@.fatb M TEHDGA/0.075 M
HEH[EHP]/h-dodecane.

The activity coefficient of HN®and the average activity coefficient of Bind NQ
were calculated on the molar scale for each kiblihcentration following the empirical
equation of Levano%?® Molal scale activity coefficients fdracer An#* in nitric acid were
calculated using the Bromley Equation with coefficients for Na{dI@ nitric acicf®® and
converte to molar scale activity coefficient® Water activities were calculated using the Pitzer
and Simonson model with parameters for nitric acid solutions as described by Brimblecombe and
Clegg?’® Lacking activity coefficients for Am(N@?* and Am(NQ)2*, molar scale conditional
stability constantén6and 66(Eq. 3.2 and3.30) were calculated frortn and b. for each
aqueous solution composition by the SIT method using the ion interaction coefficients3or Am
NOs, and their complexé% with D & -0.06 and-0.35 for the formation of Am(N€?* and

Am(NQs)2" on the molal scale, respectively.

Equation3.35 was fit to the experimental americium distribution data between 1 and 5 M
HNOs with n andKexas varied parameters using the Excel Solvetdyign = 3.05 + 0.06 and
Log Kex=4.35 £ 0.09. The uncertainties in the fitted parameters were estimated at the 95%

confidence level using the jackknife methdd.
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Table3.5 Equilibrium constants used to model nitrate extraction dependence.

Equilibrium
Constant LogK Reference
Ka 1.55 266
K4PCA 1.24 £+0.04  Figure3.13
K,PCA 1.46 £0.21  Figure3.13
K1HP -0.23+0.05 Figure3.12
b 1.33 267
K2 -0.13 244
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Figure3.14 Fluorescence emission spectraoajanic phase Eu complexes from Manuscript

Figure3.3. Extractionof E Z) f r o m 0 3/IO0VONBENYMIntdDN®M HEH[EHP]A-
dodecane, ( Z) sifhto 02 TEHD&SAMN oHiING@ ane, and @Z) fron
into 0.05 M TEHDGA/0.75 M HEH[EHP#h-dodecane (ALSEP). (a) Spectra with an expanded

vertical scale highlight the weak¥o" “Fo, 'Fs, and’F4 transitions. (b) Spectra with expanded

vertical and horizontal scales illustrate the broadening odb& ’Fs emission band when Eu

is extracted into 0.05 M TEHDGA/0.75 M HEH[EHRJdodecane. The positions of tfoair

readily dscernabl€F, sublevels of the 1:3 Eu:TEHDGA complex and segerreadily

discernable sublevels of theBlLSEP complex are indicated as vertical lines color coded to

match the spectra.
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Table3.6 Eu-O bonddistances for optimized Eu(TEDGAMN(E[EP]):) A 23;Noplexes with
geometry A (eight coordinated) and B (nine coordinated).

Geometry A Geometry B
Eu-O Bond Eu-O length ¢) Eu-O length ¢)
EUTEDGA-1a 2.436 2.403
EuTEDGA-1b 2.619 2.734
EUTEDGA-1c 2.433 2.480
EuTEDGA-2a 2.411 2.477
EuTEDGA-2b 2.632 2.613
EuTEDGA-2c 2.426 2.544
HE[EP}a 2.285 2.351
HE[EP}b 2.336 2.297
NOs -- 2.459
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CHAPTER 4
CHARACTERIZATION OF THE ALSEPPROCESSINVESTIGATING EQUILIBRIUM
AND INTERMEDIATE COMPLEXES OF THE SCRUBTAGE

Submitted tdSolvent Extraction and lon Exchange

Gabriela A. Picayo® Brian D. EtZ, Madeleine A. Eddy Shubham Vyas Mark P. Jenseé

4.1 Abstract

A unique combination ofeattime and conventional optical spectroscopy;loie
chemical analysesnd equilibrium solvent extraction measurements were employed to monitor
progressivehanges ithe speciation of the organic phase complexes of neodymium or
americium in the biphasic scrub stage of the Actilidathanide Separation (ALSEP) solvent
extracton process proposed for trivalent actinide/lanthanide separations. Consistent with the
findings of other researchers, four unique organic phase species are identified by three separate
methods of multivariate analysis. The organic phase initially contains
M(TEHDGA)(HEH[EHP])(NOs)3z complexes. As the ALSEP organic phase is scrubbed with
an aqueous malonate buffer, the complex loses Hbl@rm
M(TEHDGA)2(H(EH[EHP])X)(NO3)2 as the firsbrganic phasetermediatespeciesFurther
contact with the scrub aqaus phase forms a second intermediate species,
M(TEHDGA)(H(EH[EHP]))2(NOz3), and eventually a complex containing only HEH[EHP],
M{H(EH[EHP])2} 3 (where TEHDGA =N,N,NoN&tetra(2ethylhexyl)diglycolamideand
HEH[EHP] =2-ethylhexyl phosphonic acid motibethylhexyl estey. Similar intermediate
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species were also observed in equilibrium ALSEP organic phases when lower aqueous

concentrations of nitric acid (e.g. 0.5 M Hi)Qvere used to extract actinides or lanthanides.

4.2 Introduction

The separation of lonlived minor actinides (such as americium) from the lanthanides is
instrumental tahe deployment afidvanced nuclear fuel cyclesntered around the recycle of
actinides from used nuclear fuel to produce additional energy. These advanced fuel cycles also
propose to transmute loAgred minor actinides to shortéived species, thereby diminishing the
burden of waste storage on geological repositpbesthe similar physicochemical propertods
the minor actinides and lanthanides pose a challenge to optintie essential

actinide/lanthanide separations for industrial applicatfdh

The challenge of actinidelhthanide separatiohsis ignited over 60 years of research in
solvent extraction separatioh$®°278275The ALSEP (Actinide Lanthanide SEParation) process
i reportedoy Gelis and Lumetta in 2014'® simplifiesthe isolation ofminor actinidegrom the
lanthanides by combing the partitioning otrivalent actinide (An) and lanthanide (Ln) cations
from dissolved nuclear fuaind the An/Ln sparation processes into a single separation cycle.
Advantages of the ALSEP process inclutted use of PUREX raffinate solutions, fast
extraction rates, and robust performance under a broad range of process coltiégIsSEP
process accomplishes shising an organic phase containing an aliphatic solvent and a mixture
of two extractants2-ethylhexyl phosphonic acid motiethylhexyl ester (HEH[EHP]) and
N,N,NoNé6tetra(2ethylhexyl)diglycolamide (TEHDGAJSupplementaFigure4.10).1618276The
mixture of powerful solvating and acidic extractants give the ALSEP solvent strong affinity for
An(l11) and Ln(l11) at both high and low acidities, but its complexity of having two extractants
that operate by different mechams also obscures the specific processes occurring during the

different stages of the separation.

Schematically, the ALSEPO6s An/ Ln separatio
organic phase, but three different aqueous ph&sgsré4.1). In the extraction step, An(lll) and
Ln(lIl) cations are extracted fromi34 M HNGs in a mixed complex containing two TEHDGA,
one fully protonated HEH[EHP] dimer, and three nitrates (Step @ipire4.1).2”" In the
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second step of the procdsthe scrub step (Step(2) igure4.l) i the organic phase is
contacted with m aqueousuffer solution which removes minor impuritieadjuss the acidity
of the organic phasend places the An(lll) and Ln(lll) cations into the proper organic phase
complexes for strippingAfter the scrub is completéhe actinidesmericium and curium are
selectively stripped from the organic phase ami@queous phasmsntaining eitheof the
actinideselective aminopolycarboxylic agdiethylenetriaminepentaacetic acid (DTPANar
(2-hydroxyethyl)ethylenediaminetriacetic acid (HEDT¢Step (3) inFigure4.1).278.27°
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Figure4.1  Diagram depicting the three major steps of the ALSEP process, chemical
structures for the two uncomplexed organic phase extradieitDGA and HEH[EHP]

(specifically in its dimerized form) are represented in the upper left. (1) Extraction of the
trivalent acinides (blue spheres) and lanthanides (red spheres) from molar nitric acid, (2) the
metalcontaining organic phase is scrubbed of excess nitrate and acid, and (3) trivalent actinides
are selectively stripped by the polyaminopolycarbmxgtid DTPA

Ultimately, aur research aims to develop a kinetic mddethe partitioning of
americium and curiurm the ALSEP strip stepgdowever, pobing thephase transfekinetics of

this complexmulti-extractant system requiresarrently unrealized level aindersanding of
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the metal complexes present in the bulk phases at equilibasithese species represent the end
members of the extraction processes or possible intermediate species in the phase transfer
reactionsWhile theALSEP process has been studigudera variety of condition48-211:223.224.280

the scrub step has not been investigatéds work expands on our previoclsaracterizaan of

the organic phase met al c omp | e byedssectimgthe he ALSE

changes in the speciation of the organic phase roetaplexeshroughouthe scrub process

Our detailednvestigation of the ALSEP acid scrub provided valeansights into the
dynamic speciation of the metal complexes observed in ALSEP under a variety of extraction
acidities. Scrubbing acid frothe ALSEP organic phase with an aqueous buffer solution leads
the organic phase An(lll)/Ln(lll) metal complexésdugh the same two intermediate species
proposed for titratingdNOs equilibrated HEH[EHP]/TEHDGA mixtures into solutions of
M{H(EH[EHP))2} s in ann-dodecane monopha&®;?®2or varying the aqueous nitric acid
concentrationn equilibrium with 0.05 M TEHDGA/0.75 M HEH[EHR}/dodecane. We also
find that the partitioning of An(ll1)/Ln(111) ions during the scrub does not reach the equilibrium

values expected from the equilibrium extraction organic phase speciation.

4.3 Experimental
4.3.1 Materials

Chemicals were purchased from Sigdlarich except where otherwise indicated. The
extractanHEH[EHP] wasobtained fronBIOSYNTH Carbosyntl{95%) and purified to008%
HEH[EHP] by the third phase methgtf where the remaining 2% was confirmedoa(2-
ethylhexyl)phosphoric acid (HDEHBY 3P NMR.283 Acid-base titration in an ethanolater
mixture (80:20)onfirmed the molecular weight of the purified HEH[EHP].

Stock extractant solutions were made by combining weighed amounts &iG&H
(Eichrom Technologies, >99%nd the purified HEH[EHP] in-dodecane (anhydrou§99%)
and diluting to a known volumédqueous phases were médde om DTPA ( 099. 0 %) , F
(~98%), malonic acidAlfa Aesar, 99.5+%)c i t r i ¢ a c i aitri¢ a0i@(Baked, %) |, and
ULTREX II). Acid solutions were standardized by potentiometric titration saithium
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hydroxide(Fisher Chemical, 50 w/w% solution, certifiashere indicated. The preparation of

the neodymium nitrate stock solution was described in our previous publi€4tion.

4.3.2 Methods

Experimentaimethods for radioticer dependence studies, can be found in our previous

research publicatiofl.” All uncertainties are reported at the 95% confidence level

4.3.3  Absorption Spectroscopy

Aqueous solutionsf neodymium were made @02 M for the modymium extraction
from 0.5 M HNQ, and t00.01 Mneodymium for all other experiments tjuting weighed
aliquots of the metal stodolutionwith the relevanstandardizeditric acid solutionsAfter
preparation, myanic phassolutionswerepre-equilibratedtwice with twice their volume of the
appropriatenetatfreeagueous phadey vortexing forl minute thercentrifugng to separate the
phasse. Metal extractions were performed byrtexingequal volumes gbre-equilibrated
organicphases witlaqueouphasegontaining neodymium at the desired nitric acid
concentratiorior 2 minutes followed by2 minutes of centrifugatiobefore the phases were

separated and measured.

Spectreof both the aqueous and organic phases were obtained on either a Vayian Car
300 or Cary 5E spectrophotometerlifOcm quartz cuvettes from either 550 to 620 nm or 480
to 850 nm af.2 nmresolution The equilibrium concentrations of neodymium loaded into the
organic phases were calculated from the total amount of neodymiine system and the

difference in the initial and final spectra of the aqueous phase.

Spectra of the ALSEP scrub were also taken intresd while mixing the two phases on
an Olis RSM 1000 spectrophotometer with CLARITY sample cell, using -@baind shaft
immersion stirrer. The CLARITY sample cell was designed for collecting optical absorption
spectra of highly scattering mixtures, enabling optical measurements on the complete biphasic
system; the result is a volurweeighted average spectrum of theil@gus phase, organic phase,

and interface. A hardware combination of 1200 line gratings and a 16 x 0.2 mm ScanDisk in the
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RSM 1000 produced spectra spanning 76 nm with a stated resolution of 0.4 nm. The center
wavelength was chosen to give a useful workampe of approximately 550620 nm to capture

the Nd*o2- “*Gssz, 2G72 hypersensitive transitions centered at approximately 580 nm. The
organic phase was gently layered on top of the aqueous phase, and the phase transfer reactions
were initiated sooafter by starting the stirrer at the predetermined stirring rate.

4.3.4  Scrub pH, Nitrate Analysis, andSpectroscopy

The scrub process was monitored for changes in pH, nitrate content, and organic phase
spectra under slow stirring conditions. Slow stirringqgéial volumes of the malonic acid
buffered aqueous and ALSEP organic phases was interrupted at predetermined pH increments
and used for nitrate and metal (where applicable) analysis. Nitrate standards diluted using nitrate
free malonic acid solution weprepared with standardized HN@\n ALSEP organic phase
(0.75 M HEH[EHP]/0.05 M TEHDGAI-dodecane) prequilibrated overnight with twice
volume of 4 M HNQ@was placed into a beaker with a nitréitee 0.5 M malonic acid scrub
solution previously adjusted pH 3.5 using only sodium hydroxide. ThermoOrion Ross pH
Electrodewas inserted into the aqueous phase to monitor the pH as the reaction proceeded. At
predetermined pH readings, equal aliquots were removed from each phase and centrifuged for
analysis otheir nitrate content. Aqueous phase samples were diluted into the calibration range
using nitratefree malonic acid solution. Organic phase samples were stripped of nitrate by
contacting them with sufficient nitrafeee malonic acid solution to diluteé nitrate content into
the calibration range.

A portion of the 4 M HNQ@ pre-equilibrated ALSEP organic phase was then contacted
with 0.01 M Nd/4 M HNQ overnight in equal volumes. Spectra of the aqueous phases before
and after extraction were collectexldalculate the neodymium concentration of the loaded
organic phase. Additional metals analysis was conducted on a Perkin Elmer Optima 5300 DV
ICP-OES. The process described above was repeated for the scrub with neodymium. The
remaining portion of each aagic phase aliquot sample was analyzed on a Cary 5E
Spectrophotometer inJa00 cm quartz cuvette from 480 to 850 nm0a2 nm resolution.

All standards, diluted aqueous samples, and aqueous strip solutions were developed by a
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modified version of the miaition of salicylic acid methdd’ described originally by Cataldo et
al2>° using adjusted reagent volumes to ensure the pH was greater tiSamiie
concentrations were determined from a standard curve measur8chmn Brand U\cuvettes
on a Varian Cary 300 at 410 nm.

4.3.5 Theoretical Calculations

Gaussian 09 was used for all calculations described in this, stodiyhe computational
protocol folows previous published work on the extraction phase of ALSEP’All
optimization and frequency calculations were performed at the B3LYB&d,p) level of
theory for all second and third row elemefif284and a relativistic effective core
pseudopotential and corresponding basis set were employed (Stuttgart RSC 1997 ECP, obtained
from Basis Set Exchange) for treatment of the europium c&iéfr:28Calculations were
performed in the gas phase to limit complexity of the ALSEP biphasic system. Optimized
geometries were verified as minima by the presence of zero imaginary frequencies. Europium
complexes were preparé@m truncated ligands to improve the computational cost as previously
reportec?®*2”’In this regard, the HEH[EHP] and TEHDGA coordinating ligands investigated
were truncated from-2thylhexyl chains to ethyl chains (s&epplenentalFigure4.10 for
structures of the truncated ligands). Proposed ALSEP scrub complexes were compared by
calculating complexatiofreeenergies (differencbetweerproducts and reactants of each
complex).Optimized coordinates fall complexes are available in tBepplemental Materials.

4.4 Resultsand Discussion
4.4.1 Realtime Spectroscopy of the ALSEP Scrub

Metalion speciation in the ALSEP system during the final scrub of the organic phase,
which removes residual nitric acid from theanic phase, was monitored in riate by optical
absorption spectroscopy of equal, stirred volumes of aqueous and organic phases in an Olis
CLARITY sample cell The organic phase initially contained 0.01 M
Nd(TEHDGAR(HEH[EHP]R(NOs)3, prepared by extcion of Nd(NQ)s from 4 M HNG; into
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0.05 M TEHDGA/0.75 M HEH[EHPH-dodecané!’ The initial aqueous phase composition was

0.5 M malonic acid adjusted to pH 3.5. Réale spectra collected during a typical scrub are

depiced inFigure4.2. As expected, the initial spectrum matches that of
Nd(TEHDGAR(HEH[EHP]):(NOs3)3, as this is the Nd complex in the starting organic phase and

no Nd is present in the agueous phase when t = 0. Once stirring of theasas gbmmences,

the initial peak centered at 586 nm begins to decline and a new peak at 570 nm eventually begins
to arise. Equilibrium, as indicated by constant absorbance values, is attained in this experiment
within 700 seconds of stirring at 20 rps.

The effective resolution of the CLARITY cell and RSM 1000 ragednning
spectrometer is sufficient to resolve individual peaks irffigre-  *Gsz, 2G7/2 absorption
manifold and clearly distinguish between differing Nd complexes in the system. Howeawer, so
peak broadening and a reduction in relative peak intensity is observed compared to the spectra
obtained in this region for individual separated phases with conventional spectrophotometers
operated at spectral bandwidths of 0.2 nm or better (see coorparBupplementaryigure
4.11).

Table4.1 Average stoichiometric coefficients for TEHDGA and (HEH[EHM})the extracted
americium complexes determined from the slopes of linear régmemsalysis of logarithmic
americium extraction data.

Aqueous Phase [TEHDGA] [HEH[EHP]] Average Stoichiometry
2.0M HNO3? 0.02-007M 0.75M 2.11+ 0.07 TEHDGA
2.0M HNO3? 0.05 M 0.0050.075M 0.9+ 0.1 (HEH[EHP]:"

0.5M HNOs 001-01M 0.75M 1.4+ 0.1 TEHDGA

0.5M HNO3 0.05 M 0.0750.75 M 0.95+ 0.06 (HEH[EHP]»
0.1M HNOs 001-01M 0.75M 0.58+ 0.06 TEHDGA
0.1M HNO3 0.05 M 0.0750.75 M 1.84+ 0.02 (HEH[EHP]}
pH 375, 0.4 M Citrate

0.25 M HEDTA 0.0250.1 M 0.75M -0.01 + 0.09 TEHDGA

pH 375, 0.4 M Citrate

0.25 M HEDTA 0.05M 0.160.75 M 2.5 + 0.1(HEH[EHP])

2Data from Referenéé’
® For Nd complexes, determined by spectrophotometric titration
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Figure4.2 (a) Realtime optical absorption measurements of a mixture of 0.01 M
Nd(TEHDGA)(HEH[EHP]2(NOs)zin 0.05 M TEHDGA/0.75 M HEH[EHP{I-dodecane

scrubbed with an equal volume of a pH 3.5, 0.5 M aqueous malonic acid buffer sougiofb0
seconds of mixing. Wavelengths corresponding to peak maxima of the initial or final spectra are
indicated by vertical dashes along the upper axis. (b) Change in absorbance at wavelengths of
individual maxima of the spectra in Panel (a). The moukpendent MCRALS fit of the data

at each wavelength in Panel (b) is indicated by solid lines.

Postexperiment analysis of the equilibrium aqueous phase indicated that there is too little

aqueous Nd to detect by optical spectroscopy in our instruent>(9,000, measured instead
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by ICR-OES analysis). Therefore, the final equilibrium spectrum obtained is representative of the
organic phase Nd species to the exclusion of negligible concentrations of Nd complexes in the
agueous phase. The sharp bandrétrim is characteristic of homoleptic complexes of Nd with
acidic dialkylphosphorous extractants, and the similarity of the final spectrum to that of Nd
extracted into concentrated solutions of HEH[EX®)r HDEHP® in n-dodecane demonstrates

that the equilibrium Nd species in the scrubbed organic phase is a neutral Nd complex containing
only deprotonated HEH[EHP] extractants in the inner coordination spherer tfferences in

the relative intensities of the peaks in the hypersenditive “Gs,, °Gy/2 transitions have been
shown to be caused by increased water uptake into organic phases containing high HEH[EHP]
concentrationg® Our analysis will assuméat this final species of the ALSEP scrub is the
idealized complex of three momeprotonated HEH[EHP] dimers, M{H(EH[EHB]}, because

the origin of the subheoretical extractant dependence slope of 2.5 for trivalelenfient

extraction by HEH[EHP] im-dodecaneTable4.1) remains unresolve®®2?4and the precise
extractant:metal stoichiometry of the HEH[EHP] comxgle at the conclusion of the scrub is not

central to understanding the nature of the scrub.

While the pre and postscrub spectra of the Ndaded ALSEP organic phase are clearly
associated with previously identified Mdntaining species, the interjatespectra suggest the
presence of other complexes as the scrub progresses. The possible isosbestic point at 572.2 nm
(Figure4.2a) is ill-defined; some features in the intermediate spectra cannot be reproduced from
linear combinationsf the initial and final spectra, and following the absorbance as a function of
time (for example, 590.1 nm Figure4.2b) implies the presence of a minimum of three
different lightabsorbing, Netontaining species. Further analysishe sets of collected spectra
by rank reduction analys?& principal component analysis using SixP&3and singular value
decomposition using MCRLS GUI 2.G%all report four absorbing species are required to
reproduce each set of experimental spectra. These foualgbtrbing Necontaining species all
exist in the organic phase during the scrub. As sampling of the aqueous phase at select points
during the scrub indicates, more than 99.99% of the Nd is retained in the organic phase
throughout the process. Gullekson et¥&Pland Hall et af®?also reparthe presence of four
unique metal containing species is observesirigle phasetitrations of isolated
TEHDGA/HEH[EHP]h-dodecane organic phases, and that the speciation depends on the
equilibrium composition of the solutions.

130



0.8 X7 -
&N
z | &
< ] R
2 061 TR, ]
= Aﬁyv
c - . @
2 04 ms T4 ]
@ & A
I oM T u

Mixing Time (seconds)

Figure4.3  Changes in Nd speciation while scrubbing 0.01 M

Nd(TEHDGA)(HEH[EHP])(NOs)z in 0.05 M TEHDGA/0.75 M HEH[EHP§-dodecane with

an equal volume of pH 3.5, 0.5 M malonic acid buffer as calculated by-MCR (A) Initial

spetesi Nd(TEHDGAR(HEH[EHP]R(NO3)3, * )I nt er medi at e species 1,
species 2,94 ) Equilibrium NdHEH[EHP] species.

The variation in the distribution of Nd between these four species as the scrub progressed
toward equilibrium was calculateding modeliree MCRALS analysis of the sets of reiine
absorption spectr&! Unimodal and nomegative constraints were applied to the concentrations
and molar absorptivities for each of the four species. The concentration profiles were further
constrained with the requirements that the total Nd concentration was constant at 0.010 M
throughout the scrub and only Mdntaining species with observable absorption bands were
significant contributors to the solution speciation. Results of a representative run shogureén
4.3 confirm the initial disappearance of Nd(TEBA)(HEH[EHP]):(NOz3)s during the scrub,
driven by the sequential appearance of two intermediateddthining species, followed by
progressive conversion to a final, equilibrium organic phase species, which begins to form about

120 seconds after the mixgjrstarts.
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4.4.2 Chemical Analysis of the Scrub Process

A primary function of the ALSEP scrub stages is to reduce the acid content of the organic
phase. At the outset of the scrub, the mietatied ALSEP organic phase contained 0.13 = 0.01
M HNOs from equilibraton with aqueous 4 M HN&n the metaloading stepBecause the
agueous and organic phases of a solvent extraction sgaisteachremain charge neutral, the
protons drawn from the organic phase to react with the weak acid anions of the aqueous scrub
buffer will cause an equivalent amountM®s" to partitionfrom the organic phas@his is true
whether the source of the protons in the organic phase is previously extracte@HNO
deprotonation of HEH[EHP]. The driving force fibre sequential changes arganic phase Nd
speciatiorobserved as the scrub progressdahe equal loss of Hand NQ™ to the aqueous
phase.
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Figure4.4  Optical absorptiospectra (solid lines) of the neodymidis.Y 2Grz, *Gsp2
transitionsof the Nd organic phase complexes at selected pofinke ALSEP scrub process
usingan equal volume 00.5 M aqueousnalonic acidnitially at pH of 3.5.The full spectra

from 4801 850 nm are shown iRigure4.12. Fits of each spectrum to a four species model by
MCR-ALS are shown as dotted lines. Spectra that also appEayure4.5 are indicated by the
appropriate letter codes in the legend.
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To achieve better spectral resolution over a wider \gaggh range, and to understand
the impact of the transfer of'tind NQ" from the organic phase on the organic phase Nd
speciation, we performed a second set of studies where the aqueous and organic phases were
sampled at intervals during the scrub. Sasf the aqueous and organic phases were taken for
off-line chemical analysis of the nitrate concentration and spectrophotometric measurement of
the Nd complexes in separated phases at discrete points in the scrub process. The pH of the
agueous phase waseasured throughout the scrub with a pH electrode. Since no
spectroscopically detectable amount ofiddorted tdhe aqueous phaseiring the strip
H*/Nd®* ion exchange reactions could be neglected during the scrub, goid tih@nges in the
agueous phaswvere attributable only to the transfertdiNOs into the aqueous phase and
protonation of the buffelChanges in the Nd absorption spectra could therefore be correlated to
specific aqueous pH values and organic phase nitrate concentrations. Seledetfosstlese

experiments are summarizedrigure4.4 andFigure4.5 and Supplementdigure4.12.

The relationships between the pH of the aqueous buffer (shown as change in pH from
starting) the organic phase nitrate content (shown as percent of the initial organic phase
concentration), and the intermediate spectra of the organic phase are illustFaggede4.5.
Thetransition between the various Nd species as kiNGcrubbed from the organic phase is
readily visualized by observing changes at the wavelengibs<!,582.2, and86.8 nm
represented as vertical dashed lines in each spectriiguwe4.5. While each of the absorption
bands in thepectra change continuously throughout the scBuipglementaFigure4.12), the
first noticeable spectral shift is observed at 582.2 and 586.8 nm in Spectrurki@reft.5
afterloss of approximately 47% ofehnitial organic phase nitrate. The band centered at 582.2
nm begins to broaden, and both bands increase in intensity slightly while undergoing a
hypsochromic (blue) shift. By the time 76% of the total nitrate has been scrubbed from the
organic phaseHigure4.5, Spectrum (b)), the hypsochromic shift of the 582.2 nm peak ceases as
the intensity of the peak begins to decline. The peak at 586.8 nm continues to evolve until 85%
of the nitrate is scrubbed from the organic ph&sgufe4.5, Spectrum (c)), where it is barely
discernable. Spectrum (d), when 92% of the initial nitrate has been stripped from the organic
phase, is marked by substantial broadening of the 582.2 nm peak with a bathochromic (red) shift
inthe_  to 582.6 nm, as well as the first appearance of the 570.4 nm peak attributable to the
homoleptic NdHEH[EHP] complex as a weak shoulder. Finally, at 96% loss of nitrate from the
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organic phaséFigure4.5, Spectrum (e)) the B74 nm peak is clearly visible.

The evolution of the Nd spectra is consistent with observations from thenneal
spectroscopic measurements, and they also qualitatively suggest the presence of at least four
different spectroscopically significant Nebrtaining species. Further analysis of the set of
collected spectra over the wavelength range ofi4880 nm (Supplement&ligure4.12) by
singular value decomposition with MGALS again reveals the presence of four lighsorbing
Nd-containing species under these experimental conditions. MiaNICR-ALS analysis was
used to fit the experimental absorption spectra under the same constraints used for analysis of the
reattime spectra. The MCIRLS analysis yielded spectra for eachlod four unique Nd species
(SupplementaFigure4.12 andFigure4.13) and the concentration of each Nd containing species
for every sampled condition of the scrutigure4.6). The agreement hgeen the experimental

and MCRALS fit spectra are excellent, as demonstratdeigure4.4.

As in the reakime scrub measurements, the initial spectrum of the organic phase
represents the first of the four Mdntaining species, arnidmatches the spectrum of Nd in the
equilibrium ALSEP loading stage where Nd(TEHDG#EH[EHP])2(NOs)z is the dominant
organic phase specié€.This formulation of the starting Ndontaining species is further
supported by the initial organic phase nitrate cotraion determined in these experiments.
After correction for HNQ extraction by uncomplexed extractdft2.7 + 0.4 NQ are found to
be associated with each Nd in the organic phase when the mixing of the organic and aqueo
phases begins. The final spectrum, obtained when there was less than §.pdrfWd in the
organic phase, matches that of-NEH[EHP] complexes containing no nitrate, i.e.
Nd{H(EH[EHP])2} 3

Compared to the speciation as a function of time deternfiioedtheoperandoreattime
spectroscopiexperimentsKigure4.3), the speciation determined as a function of organic phase
nitrate concentratior-gure4.6) displaysa similar distribution of species. Howevdretmuch
slower stirring in the offine chemical analysis experiments allows substantially higher
concentrations of Intermediate 1 to build up before Intermediate 2 begins to form, which
eventually achieves concentrations for Intermediate 2 similar te timserved in the real time
experiments. The discrepancy in the fractional quantities of Intermediate 1 and Intermediate 2

aaossFigure4.3 andFigure4.6 is likely a by-product of the aforementioned differences i
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experimental design. Experiments in the CLARITY cell begin when stirring is initiated, and the
stir speed remains constant throughout the experiment until equilibrium is reached. Conversely,
the experimenbehindFigure4.6 requiredvariable and interrupted stirring to provide adequate
time to reach predetermined pH valaesl collect samples for analysis. Stir speeds for Olis
CLARITY cell experiments are chosen slow enough to resolve sufficient detail between the
initial and final sctra within 50° 100 spectra before equilibrium is reached, but fast enough to

complete a reaction in under 30 minutes.
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Figure4.5 Evolution of organic phase nitrate content, aqueous pH, and absorpmiraspf
organic phase Nd complexes during the ALSEP scrub process; black sé)aaed (ed
triangles ( ) distinguish duplicate experimentiashed vertical lines assist in highlighting
changes at 570.4, 582.2, and 586.8 nm, respectively.
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When stir rates for the scrub reaction were tested, it was observed that insufficient
stirring produced a kinetic bottleneck at the Intermediate 1 spectrum. Quite a few studies have
described the ratiemiting kinetic reactions of simple HEH[EHP]/buffer systems as interfacial
processes occurring in the diffusion regit#et>*meaning that fast enough stirring can diminish
the observalal quantity of optically active intermediate species, and thus their overall

contribution to the linear combination of species that is the organic phase spectrum is
diminished.

pH of Aqueous Phase
2.667

2.633 2.618

Fraction Nd

10" 102 107 10*

Total [NO}] . (moles/L)

I

Figure4.6  Changes in the Ndeciation of 0.00929 M Nd(TEHDGAHEH[EHP])(NOs)3

in 0.05 M TEHDGA/0.75 M HEH[EHPHI-dodecane while being scrubbed by an equal volume
of pH 3.5 0.5 M agueous malonic acid buffer as calculated from the spectra in Supplemental
Figure4.12 using MCRALS; (A) Nd(TEHDGAR(HEH[EHP]2(NOs)3, (* ) Intermediate
species 1, (z) | o )XEquilibniendNdaEHEHR]pnly specees Sofution (
conditions identifiedn Figure4.5 arenoted by the appropriate letter eod

While the initial and final organic phase Nd species can be identified by fingerprinting
the component spectra calculated by the MALES algorithm against known spectra, moflele
MCR-ALS can only produce the spectra of the two intermediate Nd corgapecies. It
cannot, by itself, identify the species. Nevertheless, the MCR results hold important clues
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to the identities of the intermediates. First, the endmembers of the series of Nd complexes in the
scrub constrain the likely chemical stepsalved in the scrub. The overall reaction sequence for

Nd in the organic phase of the ALSEP scrub is

Nd(TEHDGAXHEH[EHP]2(NO3):© ) T OAOIMAEAOA »p

Intermediate 2 Y Nd{H(EH[EHP])2}s, (4.2

with the overdinet reaction being

0 QYO'D0O"0O00 @O0 (0 ¢ '0O0'@ou Y

0 Q000000 ¢ YO OO0 "0 "'Ouu 4.2

where the overbars indi@species in the organic phase. In three steps, the initial Nd complex
needs to lose a hydrogen from a HEH[EHP] dimer, lose three nitrate anions, and replace two

coordinated TEHDGA molecules with two other monodeprotonated HEH[EHP] dimers.

The spectra ahe intermediate species hold a second set of clues to the likely
stoichiometries of the intermediate species. The spectrum of the first intermediate species
(Figure4.14) resembles the spectrum of its progenitor, Nd(TEHDEAEH[EHP])2(NO3)s3,
suggesting that the core coordination environment of the Nd ions in Intermediate 1 undergoes
relatively small changes when it forms from Nd(TEHD@MNEH[EHP]:(NOs)s. Like each of
the three other scrub species, Intermediate 1 also displays atfedk4 nm peak
(SupplementaFigure4.14), which is a defining distinction between the spectra of
Nd(TEHDGA)Y(HEH[EHP])(NOs)s andNd(TEHDGA)3(NOs)s.2’” Together these facts suggest
Intermediate 1 has the composition Nd(TEHD@KYEH[EHP])2)(NOs)2, resulting from the
loss of HNQ from the parent complex. The spectrum of Intermediate 2, on the other hand, is

unique among the spectra of the scrub species, indicating a larger change in the coordination
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environment likely by the displacemesftone TEHDGA molecule and one NM@om the

organic phase complex by one H(EH[EHP§nion. This would give Intermediate 2 the formula:
Nd(TEHDGA)(H(EH[EHP]})2(NOs). The final equilibrium species could then be formed from
Intermediate 2 by a second placement of another TEHDGA molecule and3\N&hion by

another H(EH[EHP} anion (or an EH[EHPJ]nion if thefinal average stoichiometry is
Nd{H(EH[EHP])2} 2.5). Furthermore, substantial broadening of the hypersensitive manifold
occurs only after the tramtion from Intermediate 2 to the spoordinate, homoleptic Nd
HEH[EHP] complex, which supports the suggestion from Hall &ghat TEHDGA remains in
the inner coordination sphere of the complex deep into the lower acid portion of the moderate
acid regime&® The overall scrub reaction depicted in Equatiddwould thus be broken down

into three reactions,

0 Q' YO'OO'0O800@™00 (0 y

0 QYO'DO'0O800'C000 G0 000 , (43)

0 QYO'OO'0O500'C000 G0 00'®00 VY

6 QYO'00'0H0'C000 (8 "YO'OOOIUS , (4.4)

and

0 Q'YO'O0 0600000 00 "00'@0L Y

§ Q000000 "YO'00"0&3) . (4.5)
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In the scrub, these reactionsuld be driven by the comparatively low concentration of HMO
the aqueous phase and rapid consumption‘an khe aqueous phase by the buffer anions. The
two intermediate species suggested by this set of equations
Nd(TEHDGAR(H(EH[EHP]))(NO3)2 and Nd(TEHDGA)(H(EH[EHP]:)2(NO3) i have been
previously postulated by both Gullekson ettalnd Hall ¢ al28?to explain the equilibria

linking the four metaktontaining species observed in their siAgiase equilibrium titrations of
the ALSEP organic se.

4.4.3 Liquid -liquid Extraction Equilibria of ALSEP at Low Acidity

A third clue to the identity of the intermediate species also emerged from the discrete
sampling of the ALSEP scrub. The spectrum of the Nd containing scrub organic phase in contact
with the aqueous scrub BpH =-0.752 Figure4.5, Spectrunib)) is strikingly similar to the
equilibrium organic phase species formed when Nd is extracted from 0.5 M iHtd@he 0.05
M TEHDGA/0.75 M HEH[EHP]h-dodecaneQupplementaFigure4.15). Given the
compositions of the two intermediate species suggested by the spectroscopic measurements
above, we studied the equilibrium species formed by extraction of Am at low nitric acid
concentrations in an attempt to cortelthe equilibrium acid dependent organic phase metal

speciation with the neaquilibrium organic phase speciation during the -aeatlicing scrub.

The partitioning behavior of Afibetween aqueous solutions of nitric acid or an ALSEP
strip solution and g@anic phases composed of TEHDGA, HEH[EHP], esttbdecane was
guantified by equilibrium distribution ratio measurements. Slope analysis by linear regression
was used to derive the average stoichiometries of TEHDGA and (HEH[EH e
equilibrium extractd complexes when the ALSEP solventontacted with low acid solutions
(Table4.1 andSupplementaFigure4.16). The stoichiometries derived from the slope analysis
are generally noimtegral and indicate mixtuseof complexes of different stoichiometries
containing between zero and two molecules of TEHDGA and between one and three
(HEH[EHP]) in the organic phasender these conditionk general, lowering the concentration
of H" and NQ' in the system decreast® importance of the solvating extractant TEHDGA in
the extracted complexes and increases the importance of the acidic extractant HEH[EHP] in the
extraction process. The H(EH[EHPJ&nion progressively displaces TEHDGA and \ftbm
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the extracted Am coplexes as was suggested for Nd partitioning in the spectroscopic studies
discussed above. Under conditions representative of the completion of the strip step

(HEDTA/citrate buffered aqueous phase at pH 3.75), the TEHDGA extraction dependence, 0.0 £

0.2 TEHDGA:Am implies Am is only complexed by HEH[EHP] in the organic phase. This
finding agrees with Hal®ard @uUl.loesk sspre cetr oaslc.odps
ratio measuremenrt! which both imply no involvement ofHHDGA in the extracted complexes

under these conditions.

Table4.2 Extraction constants derived from the nitric acid dependence of Am extraction from
aqueous nitric acid into 0.05 M TEHDGA75 M HEH[EHP]h-dodecane. The general
extraction equilibrium connected to each valu&gfis discussed in the Supplemental Material.

Extracted species log Kex

AM(TEHDGA)(HEH[EHP]):(NO3)3 4.35 + 0.05
AM(TEHDGA)(H(EH[EHP]R)(NOs)2  3.61 +0.17
AM(TEHDGA)(H(EH[EHP]R)2(NOs)  1.54 +0.18

AM{H(EH[EHP])2} 5 2 -1.28 +0.13

4f the final species ism{H(EH[EHP])2} 25 instead, log Kx=-1.49 + 0.15 for
Am{H(EH[EHP])2} 2.5 with no change in the other three parameters.d.

4.4.4  Nitric Acid Dependence

To further quantify the influence of HN®@n metal speciation in the organic phase and
better connect the equilibrium distribution ratio measurements to theémeasALSEP scrub, the
nitric acid dependence of Am extractioasvmeasured for equilibrium aqueous acidities between
0.02 and 5 M HN@ The resulting Am distribution ratios, corrected for variations in the aqueous
activity coefficient An¥* and the formation of aqueous Am(B)® and Am(NQ).* complexes
are depictedn Figure4.7. We applied a thermodynamic AKLSEP extraction modéf’
modified to include multiple extracted Am species for modelling the extraction data

(Supplemental Material). Systematically testing sets of extraction equilibriadtthermodel
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that best reproduced the experimental nitric acid dependence demonstrated that extracted
complexes with four different Am:nitrate stoichiometries matchindabecomplexes proposed
in Equationst.31 4.5 were necessary to fully fit the amewim extraction datéTable4.4,
Figure4.18). The resulting extraction constani&ple4.2) and distribution ratios were used to
construct a speciation diagram for Am under these extractmgjtans Figure4.8 and

SupplementaFigure4.17).

[HNO.],, 0.0|111 0.0354 O.1|28 0.410 1.'|34 3.25 6.42
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Figured.7 Dependence of Am extraction on the aqueous phase activity ooN&*. The
corresponding concentrahs of nitric acid are indicated along the top axis) Am distribution
ratios corrected for variations in the activity coefficient ofAmnd the formation of aqueous
Am-nitrate complexesg() best fit of the data to a four species extraction model.
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Figure4.8 Correlation of (a) the experimental Am distribution ratios and fit with lflanges

in the guilibrium Am speciation as the nitric acid concentration in the system is lowered. Ligand
abbreviationsdentifying the chemical species in panel (b) are T = TEHDGA, A = EH[EHP]

and Aqueous Am = ART + Am(NQOs)?* + Am(NOs)2"

The most notable difference between the speciation diagrams produced from the scrub
data(Figure4.3 andFigure4.6) and the speciation diagram derived from the extraction data in
Figure4.8b is the presence of aqueous Am in the bdfifee system. With aqueous buffer the
distribution ratios of Nd remain high throughout tIeSEP scrub with negligible amounts of

metal reporting to the agueous phase, even temporarily. In the absence of buffer, though, metal
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rapidly reports to the aqueous phase at the lower acidities supporting formation of the
intermediate species M(TEHDGAM(EH[EHP]))(NOs3)2 and

M(TEHDGA)(H(EH[EHP]))2(NOz3) (Figure4.8b andFigure4.17). The presence of the buffer in

the ALSEP scrub is central to understanding this difference across the two conditions. From
beginningto end, the scrub aqueous phase absorbs 98% of the nitric acid present in the organic
phase from its initial equilibration with 4 M HN@roughly 0.14 M HNG).?”” Normally, an

organic phase in equilibrium with that concetitna of aqueous nitric acid would produce a

mixture of Intermediate 2, M(TEHDGA)(H(EH[EHR}J}(NOs), and the homoleptic metal
HEH[EHP] complexFigure4.8b), rather than only the homoleptic metdEH[EHP] complex

as observed when therab reaches equilibrium. However, unlike a buffee nitric acid system
where the aqueous concentrations of freehtt NQ" would be equal, the malonic acid buffer
lowers the amount of free*Hh the aqueous phase and the concentrations of freadNOs"

are no longer equal. Therefore, the lower concentration ofHiNthe buffer system disfavors

the formation of the initial ternary complex, M(TEHDG/IEH[EHP]):(NOs)3 while a higher
NOs:H" ratio favors and stabilizes the formation of Intermediate 1
M(TEHDGA)2(H(EH[EHP]))(NOz3)2. Further evidence of this effect was seen where the

I ntermedi ate 1 compl ex6s s pe-AUSERuomganie phase withs er v e
agueous phases containing lower acid and high nitrate conditions such as 0Q:M.BIM

NaNGQ:s.

An additional kinetic effect on the metal partitioning is observed when comparing the
speciation of the scrub experimemts-igure4.3 with that of the slow scrub experimenEgure
4.6). Slowing the scrub down in the latter experiment allows substantially more of both
Intermediate 1 and Intermediate 2 to form during the scrub. However, the specific nature and

mechanism of this kinetic hindrance is a topic for another investigation.

The speciatin diagrams for Am extraction show that the minimum in the Am extraction
(Figure4.8aandFigure4.17) corresponds to the point where all four organic phase species
coexist. This region is also between where thgimam fraction of the intermediate species
AM(TEHDGA)2(H(EH[EHP]))(NO3)2 (Intermediate 1) and
AmM(TEHDGA)(H(EH[EHP]Y)2(NOs) (Intermediate 2) occurs in the organic phase. Further
verification of the extraction model can be obtained from the average TEHIGANd
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(HEH[EHP]X:Am ratios for the organic phase complexes calculated from the stoichiometry and
the fraction of each complex present at a given acidity. The speciation thereby calculated from
the thermodynamic extraction model can be checked agairstdhege extractant

stoichiometries derived from the slope analysis of the extractant dependence of the distribution
ratios given inTable4.1. At an equilibrium aqueous acidity of 2 M HNQhe speciation model
depicted inFigure4.8 predicts a TEHDGA:Am stoichiometry of 2.00 £ 0.01 and a
(HEH[EHP]x:Am stoichiometry of 1.00 £ 0.01, which are in excellent agreement with average
stoichiometries derived from slope analysis of the extractant dependencies, 2.1Ard000F +

0.1, respectively. For 0.5 M HNOthe predicted TEHDGA:Am ratio is 1.76 + 0.06 and that for
(HEH[EHP]2:Am is 1.22 + 0.06, which are both somewhat higher than the value expected from
the slope analysis, at 1.4 + 0.1 and 0.95 £ 0.06, respectMelyl M HNG;, the model predicts

a TEHDGA:Am ratio of 0.4 = 0.1 and a (HEH[EHERAm ratio of 2.26 + 0.05 while the
experimentally observed slopes give average stoichiometries of 0.58 + 0.06 and 1.84 + 0.02,
respectively. Although it suggests some papeérsity in the number of coordinated extractants,
the general agreement of the extractant stoichiometries derived from the equilibrium extraction
model based on the nitric acid dependence of the Am extraction support the importance of
Equilibria4.3-4.5 in the dynamic ALSEP scrub step.

4.45 Computational Studies

To gain further insight into the inner coordination environment of trivatefgrhent
cations and assess the energetic nature of the ASLEP scrub reaction sequence, chemical
computations were performen the four proposed scrub complexedd supra. The
calculations were performed using trivalent europium and extractants composed of truncated
alkyl chains for consistency with our previous analysis of the ALSEP extraction33hAse.
described in the Methods section, thetBylhexyl chains of TEHDGA and HEH[EHP] were
replaced with ethyl chains to reduce the computational cost. As suctotmitational malysis
will describeTEDGA and HE[EP}ather than TEHDGA and HEH[EHP], respectivedgé
SupplementaFigure4.10 for structures of the truncatedtractants As shown inFigure4.9,
four Eu complexes were invegited beginning with the dominant complex after ALSEP metal
loading,[A] Eu(TEDGAR(HE[EP]):3NO;3, the two proposed intermediate compleXxgs,
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Eu(TEDGAY(H(E[EP]))-2NOs and[C] Eu(TEDGA)(H(E[EP]})2-NOs, and the finabrganic
phase compleXD] Eu(H(E[EP])2)s.

Eu(TEDGA)Z(HEIEEJ)Z-3NO3 Eu(TEDGA),(H(E[EP]),)-2NO, Ew(TEDGA)(H(E[EP]),),-NO, Eu(H(E[EP]),);
[A] ; [B] / ; €] / ; (D]

0.0 HNO, 1.6 (HE[EP]), TEDGA 1.8 (HE[EP]), TEDGA

HNO, HNO,

-9.4

Figure4.9 Proposed ALSEP scrub complexation sequence beginning from ALSEP
extraction compleXxA]. Complexation energies are presented in kcal/mol and normalized to
complex[A]. Europium is teal, oygen atoms are red, nitrogen atoms are blue, carbon atoms are
gray, phosphorus atoms are yellow, and hydrogen atoms are white. Dashed lines from Eu
highlight the chelating oxygen in every complex.

Complex[A] corresponds to Eu coordinated with two tridggatTEDGA extractants and
one HE[EP] dimer, resulting in an eigtdordinated complex with three outer sphere nitrate
anions. One of the outer sphere nitrate anions closely interacts with the proton of the HE[EP]
dimer?’’ The interactions within complepd] suggest a simple mechanism for the formation of
complex[B] as the acidity is decreased during the scrub process; ‘dneriithe HE[EP] dimer
and the N@ hydrogen bonded to it of compl¢&] form HNG;, which then repostto the
agueous phase. The change in stoichiometry (formation and loss @) FGIts in complex
[B] which possesses a higher complexation energy compafadl. talthough the difference in
complexation energies pA] and[B] is unfavorable (+ 11.6 k&fanol), the analysis does not
consider the overall energy balance of the reaction which includes a favorable energy of transfer
of HNGOs into the aqueous phase at the lower aqueous acidity and the protonation of the malonate
anions, which are the key drigriorces of the ALSEP scrub. In contrast by itself compl&xs

energetically favorable 7.8 kcal/mol) compared to the initial structure and is forineah [B]
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by replacing TEDGA with H(E[EP}) and forming HNQ@. Complex{ C] maintains the eight
coordindion complex as observed with complexa$ and[B] as the one remaining nitrate anion
is directly coordinated to the Eu. This relocation of the nitrate anion from the outer sphere is a
result of the free space created by replacement of TEDGA with an@HRIBfEP] dimer, and

the elimination of the cleft between coordinated TEDGA molecules that readily accommodates
nitrate or chloride anions in the outer coordination spféiEhis rearrangement also explains

the minimal change to the average @woordination distance obsed betweeromplexegB]
and[C] (Supplemental'able4.5). Lastly, the final scrub complg®] is formed by another
sequential replacement of TEDGA with H(E[EP8Nd loss of HN@forming the complex with

the lowest complexation ergr of the series, Eu{H(E[ER])s. The last transformation requires a
change in Eu coordination from eight to six and results in shortening the aver&pbdtul

length as more free space around the Eu cation becomes available, as shawe4rb.

The initial monedeprotonation of (HE[EP])with release of HN®is the only reaction
requiring energy. However, the favorable energies of transfer ofstidNtbe aqueous phase and
the protonation of the malonic acid buffer are sufficierdrive formation of complejB].
Subsequent reactions where the solvating extractant TEDGA and a nitrate are sequentially
replaced by the mondeprotonated extractant dimer H(E[EP#re each exergonic in
themselves, supporting the experimental obsemwatof discrete intermediate species and the
final ALSEP scrub complex being Eu{H(E[ER]}.

45 Conclusions

In this study we introduce a powerful tool for probing biphasic speciation wtimezl
When coupled with offine analysis using modétee MCRALS analysis, the series of spectra
of the combined ALSEP aqueous and organic phases collected in an Olis Inc. CLARITY sample
cell during mixing of neodymiurcontaining solutions became a window into the speciation
transitions in ALSEP. Using straightforwardrstraints within the MCRALS program, we were
able to obtain spectra for the intermediate species and recognize the similarity of the first
intermediate species observed in the ALSEP scrub to a spectrum obtained under equilibrium
extracting conditions ithe absence of buffer. This link suggests that the transitory organic phase
species encountered in the ALSEP scrub are the same species observed at equilibrium as the
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agueous nitric acid concentration is varied.

The high metal distribution ratios obserugwler the scrub conditions are not ideal for
obtaining data on the stoichiometry of the organic phase complexes from radiotracer slope
analysis. However, the observation that the spectra of the organic phase species being formed
during the scrub match the of species obtained at lower nitric acid concentrations allowed us to
identify the average stoichiometries for the intermediate species through extractant dependencies
at fixed nitric acid concentrations under conditions where the organic phase spsctidhose
of the intermediate species. Using clues from the scrub data and radiotracer dependencies to
solidify the transitional species stoichiometries, this approach could also be expanded to model
the equilibrium nitric acid dependence curve for ALSE#action conditions. This was possible
mainly because interference by the weakly complexing malonic acid buffer is not observed.
Were a buffer such as lactic acid employed, it is unlikely that the organic phase complexes

would be the same in the preserand absence of the buffer.

Our study also correlates spectra of the organic phase neodymium complexes to specific
agueous pHO6s and organic phase nitrate condit
and observation, and modelling in this msenpt support our previous findings of a fully
solvated ternary metal complex as the primary extracting complex at high aéfdilibsse
findings also suggest the importance of future detailed studies of the effects efvEINIQ3 on
the organic phase speciati@s, this could be important to future iterations of ALSEP employing

alternative aqueous complexants that operate under different acid regimes.
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Figure4.10 Chemical structures for ALSEP extractantgtBylhexyl phosphonic acid mof
ethylhexyl ester (HEH[EHP]) and,N,N (N é&etra(2ethylhexyl) diglycolamide (TEHDGA) and
truncated extractastemployed in theomputationabnalysis, ethylphosphonic acid monoethyl
ester (HE[EP]) an®,N,N (N é&etraethyldiglycolamide (TEDGA).
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Figure4.11 Demonstration of the resolution differences between aaxaiary 300

spectrometer, and an Olis RSM 1000 spectrometer. A 0.01-\adtd ALSEP organic phase,
mid-scrub, taken on a Cary 300 spectrometer using a 1.000 cm cudvéttgié compared to a

spectrum taken on the Olis RSM 1000 using a CLARITY samplécdl ). In panel (B), the
original Olis spectrum in (A) is normalized t

peak.
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Figure4.12 Full organic phase spectra from sampling the scrub system for aflalgsis as
nitric acid reports to the aqueous phase Bgere4.4 andFigure4.5). Spectra identified with
lowercase letters in the legend correspond to inset speetiiafagure4.5.
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Figure4.14 Spectra of the four Ndontaining species observed in the ALSEP acid scrub as
determined by moddtee MCRALS. These four component spectra can be attributed to (a) the
neodymiumALSEP ternay species, Nd(TEHDGAJHEH[EHP](NOz3)3, (b) the first

intermediate species, (c) the second intermediate species, and (d) the final, equilibrium
homoleptic NdHEH[EHP] complex. These four component spectra were used with the
concentrations of each spectesalculate the fit spectra féigure4.4.
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Figure4.16. Americium extraction dependencies for: (A)-0©.01 M TEHDGA/0.75M HEH[EHP]/n-dodecane from acid solutions
of 0.5 M HNG (£ ) and 0.1 M HNQ(p ), and (B) 0.78.075 M HEH[EHP]/0.05 M TEHDGA/Auodecane from acid solutions of
0.5 M HNG; (A) and 0.1 M HNQ(n ). Error is represented at two standard deviations. Stoichiormatties derived from the slopes
produced by linear regression analysis can be foundlhe4.1.
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4.8.1 Thermodynamic model for ALSEP extractionapplied to the nitric acid extraction
dependence

A model of trivalenf-element cation extraction by the ALSEP organic solvent under
acidic conditions was previously developed to deterrfineeffects of nitric acid on metal
distribution! The model considers variations in the activity coefficients of aqueous solutes and
the activity of water and accounts for the corresponding changes in the degree -ofitna¢eal
complex formation and nit acid extraction equilibria. The activity coefficients of organic
phase species were considered to be independent of the aqueous phase composition and thus

constant for our nitric acid dependence experiments.

To study the extraction equilibria acrossaage of nitric acid concentrations and organic
phase compositions, our original model was modified to include additional metal extraction

equilibria with the general formula.

- 1./ ®%($' Ib( %%(0 z

0 "YO'OO'08 00000 00 + o & O, (4.6)

where/i2 - h) + n= 3 andh = 0, 1, or 2Thefull, general equilibrium fotrivalent felement

extraction in ALSEP, including inner sphere waters of hydration is therefore:

0 00 e00 00 0"YO'OO'0Odb' 00 @00 2

0 "YO'0OO'O® 00000 00 + w ot OG+(c & O, (47)

with the extraction equilibrium constant
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0 L — h (4.8)

where the overbars indicate organic phase species. The square brackets denote concentrations, and
curly braces denetactivities, which are related by the activity coefficighpf each species as
{A} = @[A]. The concentration of each Am containing organic phase species,

0 "YO'OO'08 00000 00 , can therefore be writtein terms of its extraction

constant as,

~ /b
0 "YO'OO'0O! 00000 .0 U . (49

Table4.3 Literature equilibrium constants used to model nitrate extraction dependence.

Equilibrium Equilibrium Constant
AWOz0O 00 logKa = 1.55
QG+ Y000 '®HYO OO0 "COUL log KiP%*=1.24
¢Q U +"YO'OO'®O"YO OO "@I00U log K2P%* = 1.46

Q) H + '0O0'@00 =z logK:" =-0.23

"00" @00 "0ty
0 00 z 0 0O log b = 1.33

O 00U oo z 0 00 logK2=-0.13

The approaches to activity coefficient calculations as well as the relevant equilibria and
equilibrium constants for nitric acid dissociation, formatidragueous metalitrate complexes,
and extraction of nitric acid by TEHDGA and (HEH[EHP}ere previously described by Picayo
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et al?** and the values used are summarizetahle4.3.

From those ddfitions, the distribution ratio of AmDam, can be written as

0 o , (4.10)

whereB 6 & "YO'OO'O8 ‘00000 0 U is the sum of the concentrations of all the
extracted Am complexes given by Equatiof.. & he dstribution ratio Dam), activity coefficient
of Am3*( ), and the nitrate complexationtermm T 00 f 00  inEquation4.10

can be combined to give a corrected distribution r&tiey, according to the ea@tion

0 = 8 (411

Every nononuclear extracted Am complex can be identified by a unique set of values for the
stoichiometric coefficients, h, Jtb andn. Combining Equation .8 with the rightmost side of

Equationd.11, the corrected distribution ratio can be expressed as the sum

=&

(4.12)

wherei is an index for each unique extracted Am complex, is the extraction constant for
extracted species and the values af, t, h, and/tare the values appropriate for specieshe
activity coefficients of the organic phase species were considered to be constant in these

experiments since compositionfstibe organic phases undergo only modest changes compared to

158



the aqueous phases in these experiments. Consequently, the extraction cdastadesived
from this model is a conditional constant applicable for 0.05 M TEHDGA/0.075 M HEH[BHP]/

dodecane.

Table4.4 Results of model testing for Am extraction from nitric acid into ALSEP solvent.

Model Extracted species considered in model

number |t h /bn th/bn |t h/bn [t h/bn | cred
1 2213 (0130 8.0
2 2213 (0130/2112 2.0
3 2213 (0130/1121 1.9
4 2213 (0130/2112/11210.95
5 2213 (0130/2011 1.9
6 2213 (01250(2112/1121/095
7 2213 (0130/2112/101150.95
8 2213 (0130/2112/01210.95

Stoichiometric indices for common extracted species tested are:

2 2 13 : AM(TEHDGAYHEH[EHP])(NOs)s
0130 : An{H(EH[EHPR} 3

2 112 : AM(TEHDGAYH(EH[EHP]))(NO3):
1121 : AM(TEHDGA)(H(EH[EHP})2(NOs)
1011 : Am(TEHDGA)EH[EHP]NO,)
0121 : Am{H(EH[EHPRH} 2NO3)

The Am distribution data ifrigure 4.18 (Dcor) Were fit to Equatior.12 for different
extraction models between 0.018 and 4.92 M aqueousz:HWNID the values oKexi as varied
parameters using the fitting routines in OriginPro. The uncertainties in the fitted parameters were
edimated from the covariance matrix at the 95% confidence level. A minimum of four extracted
species with different values of the nitrate stoichiomatfg = 0, 1, 2, and 3) were required to

fully fit the extraction data. While the goodness of fit, asesented by the reduced is sensitive
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tonitis less sensitive to the valuestgf, and/tat acid concentrations below approximately 1 M,
where the intermediate scrub species are important. Therefore, myhipdad/tstoichiometries
consistentvith charge neutral second, third and fourth species in the model fit the data equally
well (e.g. models 4 andi68 in Table4.4). Nevertheless, many of these equivalent fitting these
models can be eliminated from consideration stheee is no reasonable driving force to create
the complex, for example the 1 0 1 1 species, which contains two deprotonated EH[EHP]

monomers.

Table4.5 Average EuO coordination distance (in angstrom) foe flour complexes
investigated.

ALSEP Scrub Complex Average EwO distanceA)
[A]: Eu(TEDGA)2(HE[EP])2(3NO3) 2.429
[B]: EU(TEDGA)(H(E[EP]))(2NO3) 2.447
[C]: Eu(TEDGA)(H(E[EP]Y)2(NOs,) 2.441
[D]: Eu(H(E[EP]R)s 2.311
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Figure4.18 Fits of nitric acid dependence of Am extraction from various speciation models.
Model numbers fronTable4.4 that correspond with the fits ar@ § model 1, § ) model 3, § )
model 2, and-(- -) model 4.
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CHAPTER 5
A KINETIC EVALUATION OF THE ROLE OFBUFFER IN
TALSPEAK-RELATED SYSTEMS

5.1 Abstract

The kinetics of lanthanide stripping were investigated for a rendition of the Actinide
Lanthanide Separation Process (ALSEP) using a mixture of the organic phasamtstiact
ethylhexylphosphonic acid motfethylhexyl ester (HEH[EHP]) and, N, N 0N &etra2-
ethylhexyldiglycolamide (TEHDGA) im-dodecane and the aqueous ligand
ethylenediaminetetraacetic acid (EDTA) to evaluate the effect of buffer in improving metal
phase transfer kinetics. Additionally, a sbkliffering EDTA-derived ligandN-2-
methylpicolinateethylenediamindd,N (N &riaceticacid (EDTA-Mpic) was tested. The systems
were studied under ionic strength control without and with the inclusion of citddatfer. In
comparing the two systems it was found that buffer: 1) increases the metal phase transfer rates
overall, 2) brings the rates of the much slower organic to aqueous direction closer to the rates of
the aqueous to organic direction, 3) improvesiinodynamic partitioning of neodymium by
formation of a ternary 1:1:1 Nd:EDTA:citrate complex. The buiifss EDTA system showed
particularly slow rates for the reactions limiting the organic to aqueous direction of the phase

transfer equilibrium, dictad by the following rate law:

—— 0 0 & 00%Y®# 000l & 8

Transfer from the organic to aqueous phases was also distinctly slower in theddibBd Acid
buffer system, though to a lesser extent. The slowectbn rate law in the presence of buffer

was:

—— 0 0 & §Q0b&EQ 0000l & 8
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Finally, the EDTAMpic system provided quantitative information to help formulataaitgtive
understanding of the mechanistic differences that may help to improve the kinetics of future
formulations of ALSEP.

5.2 Introduction

For over halfof a century, biphasic separatisthemesmployingaqueous chemistry
related to the Trivalent ActinelLanthanide Separation using Phosphorous Extractants and
Aqueous Komplexants (TALSPEAK)ocesdave been known to be kinetically hindered
beyond what is necessary for industrial applicat®3d®®The chemistries of such systems are
powerful for separating actinides from lanthaniéi&s2°’as well as for intefanthanide
separation$l2%8:2%%ut because ahe similar oxidation state and ionic radii of the actinides
(namely americium and curium) and lanthanjdlevising entirely nevseparation schemesa
challenge It was observed early on that the addition of buffer to apatyoarboxyhkte (APC)
containing aquaus phases substantially improuee rateof metal phase transféor systems

operatingn the extraction directiofP®

It has been known for a long time that biphasic reactions involving the transfer of metal
using acidic organophosphar®extractants are rate limited by processes happening in the
interfacial regior’®® because this class of extractant is highly interfacially active due to the polar
phosphorie, phosphonig or phosphinieacid head groug’* Previous work on related solvent
extraction systems has investigated the kinetic mechanism of extraction by HEH[EHP] from low
acid aqueous mediaoften HCI or HNQ,8%390-30%5 well as from buffered solutions using
Lewis or Lewistype cells to maintain a known interfacial area of carttetween the two
phases??3%3A typical rate law for this reaction for the extraction direction of the equilibrium

appears as follows:

YHo X 0 "00'@0L 'O (5.1

where the dependence of the rate on the concentrations of ki&tend HEH[EHP] are first

order, and inverse first order for the acid concentration (independent of the acid sedjcé us
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is rare for a study to investigate the impact of the acid anion on the rate law, but where probed, it
has been observed that nitrate improves phase transfer with a first order dep&d&ieess

is known about the specific involvement of buffer in the kinetic mechanism of extraction since
few of the researchers investigating buffered systems have evaluated the impact of buffer on the
rate law, often erroneously citing a lacktbérmodynamic dependence of the extraction on the
buffer3%4 Regardless, the remainder of the rate law is idertticat shown in EquatioB.l

when buffer is included in the system.

A much larger body of work exists describing simpler acidic organophosphorous
extraction systems, but each of the few studies available on TALSR¥AKSystems provides
important and aluable insight. On addition of aminopolycarboxylate, Novikov and
Myasoedov®® found that even at quite low concentrationsietitylenetriaminepentaacetic acid
(DTPA) the system transitioned from what appears to be asitiffregime into a kinetic regime.
The system is no longer dependent on the diffusion of free Eu to the interface when
aminopolycarboxylate is present to chelate the metal in the aqueous phase. The general
conclusions by Matsuyama et?aand Danesi and Cianéfif are in agreement that the
interfacial ratdimiting reaction resembles the slow homogeneous dissociation of-metal

aminopolycarboxylate complexes described previodgiy1°

Danesi and Cianetf® specifically studied the phase transfer kinetics of Eu in a system
containing the organic extractant HDEHP in contact with a lactic acid buffered aqueous solution
of amnopolycarboxylates. In their manuscript, the authors suggested two separate approaches to
speeding up stripping kinetics that have influenced many studies to: 1) employ smaller
polyaminocarboxylate ligands whose mdigand complexes more easily unravefitand 2)
design polyaminocarboxylate ligands that function at higher acidities to increase the rate by

proton-facilitated metaligand dissociatiod??-313

The results contained in this study will provide a quantitative understanding of the rate
limiting mechanisms inhibiting TALSPEA#ype chemistries, and rather than studying the effect
of aminopolycarboxylic acids where nopgmdence on buffer is exhibited (such as in Danesi and
Cianett?%), the system here is studied in the complete absence of buffer. The result is two
separate mechanisms and individual rate laws for both separagistems. Additionally, the

comparison of kinetic parameters for buffexe formulations of EDTA and the advanced
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EDTA-derived ligandN-2-methylpicolinateethylenediamindd,N g\ ériaceticacid (EDTA-

Mpic) will test the theories put forth by Danesi andrtti3°®in the context of a selfuffering,

less complex matri¥* Picolinic acid arms substituted onto EDTA lead to successively larger
sizes and higer denticities for the ligands, resulting in characteristics that conveniently allow for
stripping kinetics to be tested in higher acid regimes and eliminate theamwticating need

for buffer.

5.3 Experimental
5.3.1 Materials

Chemicals were purchased from SagAldrich, except where otherwise indicated, and
all reagents were weighed to prepare solutions volumetrically. The extractant HEH[EHP]
(Bl OSYNTH Carbosynth, 95%) webasemethddfPurgyd t o O
and the identity of the remairg 2% as HDEHP was confirmed BY>-NMR and aciebase
titration in an ethanelvater mixture (80:20). The extractant TEHDGA (Eichrom Technologies,
> 99%) was used as received. Organic solutions were made by weighing the extractants and

diluting volumetricaly with n-dodecane (anhydrous, 99%).

Nd-free aqueous phases were prepared using concentrated nitric acid (Baker, ULTREX
Il) to achieve desired acid concentrations, and brought to 2 M ionic strength with the necessary
mass of sodium nitrate (99%). Stripgiaqueous solutions were prepared for the unbuffered
system from sodium nitrate, and anhydrous disodium EDTA purified by recrystallizing disodium
dihydrate EDTA(99%)and drying at 100C 31° For the buffered system, a standardized EDTA
titrant solution (Ricca Chemical) was aliquot
EDTA-Mpic was obtained frondaho National Laboratory, its synthesis was described
previously*® EDTA-Mpic was purified to 99% (verified bYH-NMR) by recrystallization to a

monacperchlorate salt. Deionized 18.2/Wcm water was used throughout.

Solutions 0f0.0005 Mneodymiumnitrate were prepardaly aliquoting EDTA
standardizesheodymium(lll) nitrate hexahydrate (99.9% trace metals bsiisk solution

(preparation described previoudy and diluting volumetdally with the liganefree aqueous
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solutions of H/NOs™ or citric acid/NOs™ described above. For EDTMpic, Nd was aliquoted

into the ligand solutions. The formal hydrogen ion concentratigt) @ all aqueous solutions

was calculated from potentiometrieeasurement with lletronmmicro combined pH electrode
previously calibrated at constant 2 M ionic strength 2 M) by the Gran method. Where

necessary, adjustments to solutions were made using sodium hydroxide (Fischer Chemical, 50 %

w/w) or concentrad nitric acid.

Prior to kinetic measurement, prepared organic solutions wesgpiibrated twice by
contact with acid solutions appropriate to the testing condition. A 1:2 organic to aqueous ratio of
solution was used. Contact by vortex mixing for twmutes was followed by centrifugation
until phase disengagement. The-prpiilibrated organic phase (except organic phases used for
EDTA-Mpic experiments) was subsequently loaded with metal by contact in a 1:1 organic to
agueous ratio with 0.0005 M neadium solutions. Aliquots of the initial and final neodymium
containing aqueous phases were sampled fofQEB analysis to quantitate the neodymium
concentration in the organic phases after extraction, or just the aqueous phase prior to contact in
the casef EDTA-Mpic. All solutions used for obtaining kinetic parameters were filtered
through 0.2Z2m PVDF filters.

5.3.2 Methods
5.3.2.1 Kinetic Measurements

The kinetic studies were carried out on a microfluidics setup consisting of two automated
syringe driver pumps (Mits Duo XS Basic), the-junction of a hydrophilic quartz droplet
junction chip, and a phase separator with hydrophobic membrane, all purchased from Dolomite
Microfluidics.3'® An Aven Mighty Scope 5Miigital microscopavas used to capture droplet
images postontact for calculation of specific interfacial areas from slug lengths measured using
ImageJ software. Room temperature was monitored via NIST traceable thermometeondeviat
remainedwithin = 0.5 °Cbetween conditions and across experiments. Custom interfacing
software was designed and generously provided by the Nuclear Science and Engineering

Division at the Argonne National Laboratdsd}:3!’
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To obtain kinetic data, the metaladed TEHDGA/HEH[EHP]h-dodecane or metditee
pre-equilbrated organic phases were contacted with EDTA and EDTA/citric acid, or EDTA
Mpic/Nd solutions, respectively, using identical flow rates to produce a 1:1 droplet volume ratio.
The phases were infusedtah e mi c r o f }uadtiah into a a¥netqr @rgyth af 250 pum
|.D. PTFE tubing, creating droplets of alternating pif8&oncentratioa for each variable were
tested in duplicate, each at severatggeflow ratevetween 10030 pL/min to give residence
times (time the two phases are in contact before rapid phase separation occurs) $paoniSy

seconds.

Equilibrium distribution vaues (D = [Mbrg/ [M] ag) for each strip condition were obtained
by combining equal volumes of the phases in duplicate and contacting on a thermostat shaker for
22 hours to ensure equilibrium attainment. In addition to its use in the kinetic analydatathe
were also used to derive equilibrium distribution value plots for the system with complexant
present. Aliquots of the aqueous phases before and after extraction or prior to contact, at
equilibrium, and at each flow rate were analyzed for neodymiumetration on a Perkin
Elmer Optima5300 DVICP-OES. Uncertainties are reported at two standard deviations.

5.3.2.2  Absorption Spectroscopy

Using the solutions and methods described above, 0.01 M Nd solutions were prepared at
2 M ionic strength with just HN&NaNO3z, NaNQy/citric acid, and NaNgJcitric acid/EDTA,
and adjusted to the fixed standatti pf 3.346. Spectra of the Nd aqueous phases were taken
using a 1.00 cm quartz cuvette in a Cary 5E Spectrophotometer at a resolution of 0.2 nm over a
480-850 nm rangeAliquots of each aqueous solution were measured byQEB to normalize
the spectra to their Nd concentration. For organic phase spectra the Nd concentration was

guantitated in the aqueous phase after extraction as well.

5.4 Resultsand Discussion
5.4.1 Equilibrium Studies

Neodymium stripped from 0.05 M TEHDGA/0.75 M HEH[EHRHodecane into
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aqueous solutions of EDTA/HNONaNGs and citrate/EDTA/HN@NaNQO; was measured by
ICP-OES of the aqueous phases before and after contact (exact conditions are spafdal in
5.1). Slope analysis was conducted on the final stripping distribution values for all conditions
studied kinetically. A summary of the results of the equilibrium log D vs. log concentration slope

analyses can Heundin Table5.1.

Table5.1 A summary of the guilibrium dependencef neodymiumpartitioningon the various
constituentsn the ALSEP/EDTA/2 M ionic strength system with anith@ut citric acid buffer.

Stoichiometry

Constituent  Fixed Varied No Citrate Citrate
[Nd31 5x 10*M 0.000:0.001 M -0.08 £0.01 -0.03 £ 0.02
[EDTA] 0.06 M 0.01-0.09 -0.93+0.04 -

0.0090.06 M - -1.01 £ 0.03
[Citrate] 0.1M 0.040.4 - -0.71+ 0.0
[HY] 1033 1032710359 -0.69 + 0.07 -

103381043 - 0.36 £ 0.07
[HEH[EHP]] 0.75 M 0.0750.75 25+0.1 2.0+0.2
[TEHDGA] 0.05 M 0.01-0.1 0.08 £0.01 0.08 £ 0.03

The equilibrium dependence of neodymium partitioning on neodymium cortoem i
the 0.00010.001 M range showed no equilibrium dependence on Nd for the egfeand
buffered systems, which is expected in the absence of polynuclear contptéyegative
dependencies on EDTA 6f93 £ 0.04and1.01 + 0.03are observed in both instances for the
system with no citrate and with citrate, respectively, in the range of G@089M EDTA. Such
a dependence is typical for lanthanides in solution with EDTA, because EDTA forms 1:1
Nd:EDTA complexes thatppose the partitioning of metal into the organic pR&se.
Additionally, there is also @.71 + 0.04dependence on citrate for the buffered system,
indicating the presence of a ternary 1:Nil;EDTA:citrate aqueous complé¥:*2°This value is
lower than the theoretically expected value of one for a 1:1:1 Nd:EDTA:citrate compiels, a
likely lower due to activity effects over the wide range of citrate concentrations exattliae.
presence of a ternary compl@as also confirmed by comparison of the Nd/citrate, Nd/EDTA,
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and Nd/EDTA/citrate spectra shownkigure5.1. All three spectra are distinctly different, the
Nd/EDTA/citrate band of peaks for the hypersensitiye¥ *Gsy, G712 transitions fronb60-

610 nmare noticeably broader, and the 584 nm peak experiences a bathochromic shift to 585
nm. In fact, the entire spectrum experiences this shift, indicating further stabilization of-the Nd
EDTA complex from formation of the ternary NEDTA-citrate complex. The formation of

these ternary complexes has been documented in the literature on numerous occasions, and in
one particular instance, researchers measured larger stability constants for gadeDiiAm
complexes when citrate was peesthan when stability constants of phosphate or carbonate Gd
EDTA ternary complexes were measu?f&d.

18 18
I —— Nd/Citrate T | —— Nd/Citrate
BT — Nd/EDTA 61 | — Nd/EDTA

441 — NJ/EDTA/Citrate | | 14 | —— Nd/EDTA/Citrate

Molar Absorptivity Nd (L mol™ cm™)
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Figure5.1  Spectra of théloY “*Gss, °G72 (560610 nm) andlez Y 4Ssiz, *Fzi2, and
2Horz, *Fsr2 (720-840 nm) hypersensitivieansitionsof neodymium in solutions of: 0.1 M
citric acid/2 M NaN@ (6 6 ), 0.063 M EDTA/2 M NaN®@(d 0 ), and 0.1 M citric
acid/0.063 M EDTA/2 M NaN@(d 0 )

The presence of buffer not only creates a new agqueous complexation environment, but
also appears to contributeiter inducei notable differences in the equilibrium dependence on
acid concentration. Thiis perhaps the most interesting dependency because in the absence of
citrate, the dependence-&69 + 0.07 on acid concentration, and upon introduction of citrate, the
dependence increases positively by an order of magnitu@8aat 0.07 The negatie slope
dependence without citrate is likely the sum of the following equilibria at play, shown in the
direction relevant to the extraction,
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0 Q ¢OO @OV P § QOOTCO0OL c0, (5.2

‘000"Y0 O P 'O O0O"Y0, (5.3

and

5 QOOYd ¢OP G'Q 'O 0O"Yd. (5.4)

For the drate case, the set of equilibria contributing to the overall partitioning would also

include,

5 Q06 QoI GO® 'OP (QOOYH 06QOI ©GOQ (55

The one ordr of magnitude and sign change difference of the dependence on acid
concentration from the no citrate system to the citrate system is probably a result of the
additional aciedriven dissociation of the ternary aqueous complex shown in Equilitiiinin
this acid concentration region (3434 pH), citrate is engaging in reactions with acid {pks
2.8, 4.2, and 5.2,= 2 M)*??2and is overall more basic than HEH[EHP] ¢zK4.1)2*! Under
these conditions, more free Nd will be available to react with HEH[EHP] and patrtition into the
organic phase. Where thepdsdence is negative, the amount of fréa¢tumulatesather
easily because of the absence of buffer and relatively low concentration of EDTA, leading to the
protonation of HEH[EHP] and a negative impact on the partitioning of Nd into the organic phase
from pH 3.273.59. Though a positive dependence of the distribution ratio on acid is not desired
when Nd stripping is the goal, the formation of the ternary agueous species with citrate favors

partitioning of Nd into the aqueous phase more than the 1HDNGA complex.

It is widely reported that the dependence of metal partitioning on HEH[EHP] in
dodecane produces sideal and nosintegral slope value$??'4especially at the concentration
range studied here (0.00675 M HEH[EHP]). While the dependence on HEH[EHP] in the

170



absence of aqueous citric acid falls within reasbs £ 0.1, the dependence on HEH[EHP] is
substantially lower &.0 + 0.2in the presence of citric acid for the full 0.0655 M range of
HEH[EHP] concentrations but is the same within errd@.4t 0.2if the concentration range is
truncated to 0.19.75 M to eliminate data points contributing larger errors from fowe
distribution values. Spectra of neodymium in the organic phase at the standatdl 3s&g
(Figure5.2) confirms the homoleptic NHIEH[EHP] complex as the dominant organic species in
the bulk solution and shows noiéence of a mixture of complexes under these conditions. One
common explanation of hatfrder dependencies refers to an equilibrium extraction complex of
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Figure5.2  Organic phase 0.75 M HEH[EHP]/0.05 M TEHDGA/0.01 M neodymiur
spectra of théle2 Y “Gs, °Gr2 hypersensitive transitions for extraction from 0.1 M cit
acid and no EDTAI(= 2 M) at a variety bequilibrium pH conditions. Single and doubl
asterisks in the legend denote the spectra associated with the stahideodgitions used
for the EDTA and EDTAMpic experiments, respectively.
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monomersanddimers, though the overwhelming tendency of phosphoric and phosphonic acid
extractantsd dimerize in solutions of longhain aliphatic diluents makes this unlikely at the
extractant concentrations studfé#>>*Such deviations are more likely to arise from nonideal
behavior of the HEH[EHP] dimer im-dodecane due wweak dipole interactions between the
dimers!® Furthermore, the dependence of the extracting complex on TEHDGA in the region of
0.02-:0.1 M exhibits a0.08 average stoichiometry for organic phases contacted with both aqueous
stripping solutions studied, demonstrating no involvement in the equilibrium complex and
verifying a homoleptic NAHEH[EHP] complex as the organic phase equilibriutmpiex in

stripping conditions.

The spectrum ifrigure 5.2 marked by a double asterisk (**) shows an organic phase Nd
spectrum for the standard-pcondition used in the EDT-Mpic equilibrium studies. It is
obvious forthis condition that a mixture of complexes exists in the organic phase, this helps to
explain the confusing results for the equilibrium stoichiometry values for the organic phase
constituents shown ihable5.2. The aqeous phase stoichiometries are clear, however. Similar
to the buffered EDTA system, EDF®pic has &0.9 + 02 power impact on the distribution

value, and the proton concentration has a positive 0.2 power effect.

Table5.2 A summary of slope analysis results for the equilibrium dependence of neodymium
partitioning on ligand, acid, HEH[EHP], and TEHDGA in gwdf-buffered EDTAMpic system

Constituent Fixed Varied Stoichiometry
[EDTA-Mpic] 0.06 M 00030.015 -09%+0.2
[H'] 1020 10181028 1.1+0.2
[HEH[EHP]]  0.75 M 0.120.75 1.4+0.1
[TEHDGA] 0.05M 0.01-0.06 05+0.1

542 Kinetic Studies

The effects of all solution components (except nitrate) on the phase transfer kinetics of
neodymium stpping were assessed using data collected on a commercially available

microfluidics setug3! Although constant interfacial area cells such as the Lewis cell are more
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common in the literature, a growing number of reseaschave begun to use microfluidics

devices to obtain kinetic parametét$initiating contact of immiscible phases by way of a

mi crofluidic O6reactordéd is advantageous becaus
the diffusion layer to irreducible thickness. Insufficient mixing is a common problem indLewis

type cdis that can lead to results confounded by contributions from diffd$tdrhorough

mixing and the ability to precisely measure contact areas and volumes allows one to study

chemical kinetics in isolatioft’
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Figure5.3  Thekinetic dataobtained on a microfluidics setup for varying HEH[EHP] fro
0.0750.75 M with 0.05 M TEHDGA/0.063 M EDTA/2 M NaN§at 3.4 pH is plotted using
Equation 7in panelg(a) and (bandfitted by linear regressioto produce the slope values fo
each concentration of HEH[EHP] on a{lmg scale impanels (c) and (d). The data in (c) an
(d) were fitted, and their slopegere used to assess the magnitudbeéffect that HEH[EHP
concentration has on the rat€@pen symbols were uséar the sysem without buffer and
closed symbols for the systemith 0.1 M citric acid buffein panels (a)d).
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The majority of studies osolvent extraction kinetics have been conducted in the
extraction direction. Here, the kinetics are evaluated on experiments conducted in the stripping
direction to be consistent with the industrial application of the ALSEP process. Conventionally,
metalpartitioning in solvent extraction reactions is described in the extraction direction, to
maintain consistency with this convention, the kinetics of the reaction are described in the

extracting direction as such,

Q
0Q ORoQeEDIHQ £1 QbE QO (5.6)
Q

Where Nd is the total amount of metal in each phas@ndko.a refer to the extraction and

stripping direction pseudo firgrrder rate constants, respectively.

For ease, all conditions were studied under pseudeofigsr assumptions with respect to
neodymium by using low metal concentrations and maintaining sufficient excess of the reagents
TEHDGA, HEH[EHP], EDTA, citric acidand acid, to effectively isolate the impact of each
constituent on the reaction rate. The mathematical basis for the equation used to obtain the
kinetic parameters has been outlined previotfSijnalysis of experiments conducted in the
stripping direction use the following equation to obtaii(observed pseudo firsirder rate

constant) from the experimental daté:

I 1p 0 zo, (5.7)

where[M] aqis the concentration of metal in the aqueous phase at residendcedmdfM] ag,eqiS
the concentration ahetal in the aqueous pleat equilibrium. When the data are plotted for
each condition the predetermined flow rates against their residence firttesnegative slope
of the line givesonsfor that concentration (séagure5.3(a) and (b) &r example plots of data

using Equatiorb.7).

Theextraction(kao) andstripping(koa) rate constantsan be calculated when the specific
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interfacial area (defined @8V, whereA is the surface ageof contact between the two phases
andV is the volumgis factored into the equation by considering the definitioky@fvith
respect tkao andkoa:

Q -0 0 |, (5.8)

and the relationship between the equilibrium distributadio (Dng) and the forward and reverse

rate constants:

o @ — — (5.9)

where overbars indicate organic phase species. After substitution and rearrangement, the

following equations result for calculation ke andkao:

. (5.10)

and

D Qz0 . (5.11)

Plot (a) ofFigure5.3is an example of the plots used to dekimgvalues from the slopes
using Equatiorb.7 (results are summarizedTiable5.3 andTable5.4). For the example of
HEH[EHP] in Figure5.3(a) and (b), it is observed that moving from a concentration of 0.075 M
to 0.75 M HEH[EHP] produces sequentially shallower slopes i.e., faster observed rates. This is
common to the stripping behavior of HEH[EHP] ihsystems investigated here and in the

literature326
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Table5.3 Summary of conditions used for the determination of kinetic parameters for
neodymium phase transfer in the ALSEP/EDTA/2 M ionic strength system.

Constituent  Fixed Varied Kobs Kao Koa
[Nd3*] 5x 10'M  10%10°M | 0.11(5) 0.15(8)  0.22(7)
[EDTA] 006 M  0.01-0.09 -0.56 (8) -0.3(3) 0.6(3)
[H*] 1033 10327.1035° | 1.8 (1) 1.9(6) 2.6(6)
[HEH[EHP]] 0.75 M 0.0750.75 | -1.59(2)/0.02(2} 0.44(9)  -2.04(9)
[TEHDGA] 0.05M  0.0:0.1 -0.0(1) 0.3(2) 0.2(2)

dinear regression for data from 0.003.88 M and 0.299.750 M HEH[EHP], respectively

Table5.4 Summary of results and conditions used for the determination of kinetic parameters

for neodymium phase transfer in the ALSEP/EDTA/citric acid/2 Mcistrength system.

Constituent  Fixed Varied Kobs Kao Koa

[Nd®] 5x10°  10%10° 0.1(2) 0.07(7)  0.12(3)
[EDTA] 0.06 0.01-0.09 0.7 (1) -0.88(5)  0.13(5)
[H] 1033 103381043 | 1.4 (1) 1.2(2) 0.83(9)
[HEH[EHP]] 0.75 0.0750.75 -1.5(2),0.2(2F  0.3(3) -1.80(7)
[TEHDGA] 0.05 0.01-0.1 0.10(6) 0.2(1) 0.13(6)
[citrate] 0.1 0.040.4 0.1(2) 0.1(1)  0.62(9)

dinear regression for data from 0.6005.88 M and 0.299.750 M HEH[EHP], respectively

After values okobs kao, andkoa are derived fom the plots, the values obtained for each

are plotted against concentration (plots (c) and (dhigire5.3). These data are then correlated

using linear regression analysis. The resulting slopes define the order of each coirstitigent
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and with citrate:
—— @ 0 8 008 00®@OD ° h (5.19)
—— T 0 &8 0O0OYd?® (5.16)
——— 0 o 8 5°Q01 BHoWo®Os ° . (5.17)

According to aeportof interfacial tension measurements in ALSEf, addition of
neutral diglycolamide extractant into HEH[EHRHlodecane mixtures does not induce changes
in the bulk surface activity different from HEH[EHP] aloftéInterfacial tension measurements
are a metricommonly used to quantitate the degree of surface activity of various system
components, and can also provide an avenue for assessing their impact on the bulk surface
activity therein?* It has been known for a Igrtime that acidic organophosphorus extractants
are highly surface active, and that the Hlateting reactions of TALSPEAK framework
chemistry are highly dependent on specific interfacial #€3’In light of this data,
TEHDGAGs | ack of plenitirtgstepiingeigherthe extracting ot strigping at e
directions (EquationS.12-5.17) seems characteristically alighérrespective of its participation

in the equilibrium complexes.

On the contrary, HEH[EHP] is highly surface active and features prominently in
reactions within the TALSPEAK process chemistry. Many studies that have reported rate laws
for biphasic kinats with HEH[EHP] ran their experiments in the extraction direction and under
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conditions where only thie, rate law and mechanism were accessible. In those studies, the
kinetic dependence is first order for the metal and HEH[EHP], and inverse firstarderd
(Equation5.1), a result that is consistent with or without buff@The dependence of the rate

law on buffer is seldm reported, though researchers usually qualitatively report faster rates
when buffer is preserst:°?It appears that a dramatic shift in the kinetic dependence observed
herei compared to literature results on simpler systéeiies metal and eid concentrations

occurs primarily as a function of EDTA being present, where the dependence on metal all but
disappears and the dependence on acid concentration becomes positive to varying degrees. The
dependence on metal may disappear because of thehmhming number of complexing
constituents in both the organic and aqueous phases lowering the free metal concentration to
negligible availability. Overall, the ratese much faster with citric acid (as seerFigure5.4-
Figure5.9), and its role is likely numerous.

The observed rate lawkogs for the system with and without buffer are similar, barring a
slightly greater dependence on acid in the system without buffer, a phenomenon that was also
observed in ®TPA-based system studied by Matsuyaghal??. This difference is difficulto
speculate on because of the impossibility of teasing apart the many individuekelcahge
reactions involving the ligand, buffer, and extractants. No significant contributions to the raw
laws are observed for Nd overall. As previously mentionedatikeof dependence on
neodymium is inconsistent with the dependencies obtained in simple extractant/acid and
extractant/acid/buffer systems. This highlights the unique ability of a system containing cation
exchange extractanéd aqueousaminopolycarboxytes to maintain a relatively constant

concentration of free metal at the interfacial region.

The greatest benefit conferred by buffer on the EDTA system is an increasédn the
rates. This can be readily observed in panels (B)gfre5.4-Figure5.9 and by comparing the
rate laws in Equatiors.14 and5.17. In the system without buffer, the dependence of the organic
to aqueous ratkmiting reaction on formal hydrogen ion concentration takes on a largerneositi
value than with buffer. The dependence on EDTA becomes negligible with buffer present,
|l eaving one to speculate on the significance
in the interfacial region. The dependence on citric acid is iclnti sign and magnitude to the
dependence exhibited on EDTA without buffer and could be indicative of its substitution into the
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kinetic mechanism in place of EDTA due to its smaller size and therefore ability to accumulate at
the interface. With citric@d performing as the buffer, EDTA only substantially affectskibe

rate law.

Interestingly, for the system with no buffer, thgequilibrium is not inhibited by Nd
EDTA dissociation processes, the rate law is instead likely influenced in part éyuihbrium:

5 Q 00'@OLP O Q00000 0, (5.18)

where the subscriptrefers to species adsorbed at the interface. But what role the acid plays to
assistin this process is not exactly clear. When citrate is preserzdib@ntaining rate law takes
on a form similar to what has been described previousMditguyama et al. and Danesi and
Cianetti as interfacial ratémiting reactions resembling the slowinogeneous dissociation of

metaltaminopolycarboxylate complexé¥' 310

0 Q00Y0 ¢O P 0UQ "0 0O0"YO . (5.19

This equilibrium describes a reaction that frees neodymium, but the rapid reverse reassociation
reaction and slow dissiation resist neodymium transfer into the organic phase, especially with
increasing concentrations of EDTA.

With respect to the organic to aqueous direction, the dependencekefrdite law on
HEH[EHP] is marginally less when buffer is present, thoitg impact on the observed rate laws
(kobg remains the same for both systems within eftguétions5.12 and5.15). Interestingly,

EDTA is absent from the rate law where citrate is present, indicating citrate replaces EDTA in
the rate determining organto aqueous phase transfer. The complicated forms of the rate laws
for organic to aqueous phase transfer in both systems suggest multiple, related slow steps. The
smaller size or more constrained geometry of citrate may be beneficial in helping iigai@av
into the interface more easily than EDTA. Regardless, citrate here is seen to enhance the rate of
met al stripping, unl i ke the effect seen on an
HEDTA (N-(2-hydroxyethyl)ethylenediaminBl,N',N'-triacetic acid, where addition of citrate
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slows down the observed rate, suggesting that the ternary 1:1:1 metal:HEDTA:citrate complex is
less labile than the equivalent EDTA compfé&kThe role of HEH[EHP]n the absencand

presencef bufferdominates the overall reaction order for the observed rate law at lower
concentrations, although higher concentrations of HEH[EHP] can be used with less negative
impact b the rates if buffer is present (panels (a) and (Bjgre5.3).

The rate law for the stripping reaction in the absena#t@ite (Eq.5.14) pointsto the
possibility of a set of ratkmiting elementary reactions that involveetissociation of the Nd
HEH[EHP] complex, followed by a slow EDTA complexation step that either involves the
diffusion of Nd out of the interface or (more likely) the diffusion of EDTA into the interfacial
region, and finally complexation of Nd by EDTA{ES.19). If EDTA has difficulty penetrating

the interface due to its size, Nd will rapidlyademplex with HEH[EHP] at the interface:

0 Q ¢’O0O®00 © K Q00’00 ; ¢O. (5.20)

The high concentration of HEH[EHP] and its saturation at the interface give ample opportunity
for an unbound HEH[EHP] to reassociate with Nd before EDTA arrives at the interface. When
the buffer present is also a decent aqueongptexant (as is the case for citric acid), it can enter
the interface more easily than the larger APC ligand and ferry Nd away from where the organic
phase will reuptake the metal. Once released at the interface as fh2bgthe following

reaction cartake place:

0801 GO P GQENOI HEO . (5.21)

The mechanism inhibiting the organic to aqueous direction with citric acid is likely faster
becawse citric acid can penetrate the interface more easdgomplex Nd effectively enough to
help shuttle it away from the interfacial region. Despite the differences observed in the two
systems, theikopsrate laws remain the same, and this emphasizggetisesting importance of
acid-catalyzed NeEDTA and NdHEH[EHP] dissociations to the overall process.

In general, rates for the ALSEP/EDTA aqueous to organic phase transfer are two orders
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of magnitude faster than their organic to aqueous counterpatttstid@iexception of

HEH[EHPY]). Although metaligand dissociation rates have been blamed for the slow stripping
kinetics2*%that does not appear to be the limiting factor in the absence of buffer where the
slowest rates were found in the strippuofirection. The universal contribution of proton
concentration to the forward and reverse rate laws places proton catalysis at equal importance to

ratelimiting metatextractaneand metatligand dissociation processes.

5.4.3 Alternative Aqueous Complexant Kineics

The ALSEP organic phase was also used to test the alternative aqueous ligand consisting
of an EDTA backbone with a single picolinic acid substituted arm, EMp#c. This aqueous
ligand has been tested in a TALSPEAK process system for use at higligesitf The
picolinate substituent arm provides some beneficial interfacial and organic phase penetrability
and the capability of separating actinides from lanthanides at much higher acidities than standard
aminopoycarboxylates typically used® The kinetic parameters derived from the data for the

EDTA-Mpic system are summarizedTiable5.5.

Table5.5 Kinetic dependencies for the sélfiffering EDTAMpic system for neodymium

Constituent Fixed Varied Kobs Kao Koa
[EDTA-Mpic]  0.06 M 0.0030.015 | -0.3+0.7 -0.1+0.6  0.9£0.2
[H*] 1020 10181028 |1.8+0.4 22201 1.07 £ 0.07
[HEH[EHP]]  0.75 M 0.120.75 |-0.0+05  -1%1 2+1
[TEHDGA] 0.05M 0.01-:0.06 0.1+0.3 0.1+0.2 -0.35+£0.05

Although the metal dependence for the system was not tested, all other AaS&dP
systems have yielded the same no metal dependence as seenth&DTA. The observed rate
law depends only on acid concentration, which has a favorable positize®#.8lependence,
and is similar to the dependence seen in the EDTA systems, particularly in the absence of buffer.
In this instance, acid concentiaiistill positively impacts both the stripping and extraction
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directions but has a substantially larger impact orktheate law at 2 + 0.1 instead of D7 +

0.07 forkoa. Thekao andkoa rateswhen EDTAMpic is used as the aqueous ligands are much

closer in magnitudeHigure5.10Figure5.13), which is also seen in the ALSEFEDTA/citrate

systen??®and may be indicative of EDTFMpi c6s unrestricted presence
the higher acid conditions, a small negative dependence on TEHDGA 1k thee law was

observed, which is consistent with the presence of TEHD&&mwed in the equilibrium

extracted complex under these conditions sefiable5.3 andFigure5.2 (vide suprd. Lastly,

the dependencies on HEH[EHP] bear resemblance more to the EDTA alone system than the

citrate containing system, but the large errors associated with this data make it difficult to draw

definitive conclusions for HEH[EHP] in the reaction.

5.5 Conclusions

For the system using an ALSEP organic phase and an EDTA and EDTA/citrate aqueous
phase, it wasdund that a N€EDTA-citrate ternary complex forms in the aqueous phase and
provides a more stable complex and more favorable distribution values than at an equivalent
EDTA concentration with no citrate. The inclusion of citric acid also benefits the system
kinetically by improving the rates in both the stripping and extracting directions, but
substantially improves the organic to aqueous direction rates possibly because citrate is smaller
than EDTA and more easily penetrates the interface to complex Nidaaster it away from the
interfacial region. The citrate kinetic dependence shows that citrate improves the rates of the
problematic and slow organic to aqueous equilibrium reaction direction without impacting the
kinetic mechanism in the aqueous to oigatirection. The sefbuffering, alternative agueous
complexant EDTAMpic appears to confer similar benefits as with the inclusion of buffer to
standard formulations of ALSEP, possibly assi
organic phase solulty. The results from the EDTA system combined with the EEMic
system appear to suggest that morepan!| ar substi tutions to aqueou
give the ligand the ability to penetrate the interface and may be an important avenue & explor
for future iterations of TALSPEAK]erived systems, though further research into this hypothesis

IS necessary to evaluate its validity.
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Figure5.4  Plots used for lineaegressioranalysis to asess the magnitude of the effect that
neodymium concentration has on the rate. Panel (a) demonstrates a system without citric acid
buffer while (b) includes 0.1 M citric acid buffer. Both systems are described by the kinetic
parametersdss(A andA), kao(r andp ), and ka(* and, ) in open (no citrate) or solid (with
citrate) symbols.
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Figure5.5 Plots used for linear regression analysis to assess the magnitude of the effect that
TEHDGA concetrationfrom 0.020.1 M has on the rate. Panel (a) demonstrates a system
without citric acid buffer while (b) includes 0.1 M citric acid buffer. Both systems are described
as their kinetic parametersok(A andA ), kao(r andp ), and ka(* and, ) in open(no citrate)

or solid (with citrate) symbols.
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Figure5.6  Plots used for linear regression analysis to assess the magnitude of the effect that
HEH[EHP] concentratiofrom 0.0750.75 Mhas on the rate. Par(@) demonstrates a system
without citric acid buffer while (b) includes 0.1 M citric acid buffer. Both systems are described
as their kinetic parametersok(A andA), ke (r andp ), and ka(* and, ) in open (no citrate)

or solid (with citrate) symbols.
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Figure5.7  Plots used for linear regression analysis to assess the magnitude of the effect that
formal hydrogn ion concentratiofrom 1032-103°°M (a) and1033210%3%M (b) has on the
ratepanel (a) demonstrates a system without citric acid buffer while (b) includes 0.1 M citric
acid buffer. Both systems are described as their kinetic parames landA ), kao (r  and

p ), and ka(* and, ) in open (no citrate) or solid (with citrate) symbols.

Figure5.8 Plots used for linear regression analysis to assess the magnitude of the effect that
EDTA concentationfrom 0.0:0.09 Mhas on the rate. Panel (a) demonstrates a system without

citric acid buffer while (b) includes 0.1 M citric acid buffer. Both systems are described as their

kinetic parametersoks (A andA ), kao(r andp ), and ka(* and, ) in open(no citrate) or

solid (with citrate) symbols.
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