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SUMMARY

This report presents a summary of the work performed in the area of thermodynamics and kinetics of
advanced separations systems under the Fuel Cycle Research and Development (FCR&D) program
during FY 2010. Thermodynamic investigations into metal extraction dependencies on lactate and
HDEHP have been performed. These metal distribution studies indicate a substantial deviation from the
expected behavior at conditions that are typical of TALSPEAK process operational platform. These
studies also identify that no thermodynamically stable mixed complexes exist in the aqueous solutions
and increasing the complexity of the organic medium appears to influence the observed deviations.
Following on from this, the first calorimetric measurement of the heat of extraction of americium across a
liquid-liquid boundary was performed.

Interesting discoveries have been made during the investigation of the phase transfer kinetics of the
lanthanides in the TALSPEAK process. These studies have been performed using macro metal
concentrations in the aqueous phase, something that has not been previously studied in detail. It has been
determined that under the conditions studied here, the phase transfer kinetics of the light lanthanides is
extremely fast, as a result the distribution coefficient is seen to vary until the slowest lanthanide to extract
has come to equilibrium. This will have significant effects on process scale-up and requires further
attention. These results have also identified that the kinetics of DTPA binding to the lanthanides and
actinides is of higher significance than first thought. The continuing work into this area has highlighted
the fact that the binding kinetics show very little difference across the lanthanide series indicating that the
binding rate is essentially independent of ionic radii or physical properties of the lanthanides. However,
americium is seen to complex to DTPA significantly faster than the lanthanide ions. This has lead to the
suggestion that the nature of the interaction is chemically different between americium and DTPA than
the lanthanides and DTPA.

Additional scope than originally planned for FY10 was also completed. Investigations into the use of
different buffers for a TALSPEAK type process have been performed with promising results. The use of
amino acids as the buffer instead of lactic acid results in significantly faster phase transfer kinetics and
somewhat increased separation factors. In addition, the use of amino acids would allow for the process to
be operated in a more acidic regime. Finally, investigations into the presence of ternary complexes in
TALSPEAK aqueous phases have added additional weight to the argument that inner-sphere ternary
complexes do not exist in solution. However, evidence presented here suggests that the lactate may be
dehydrating the outer hydration sphere and facilitating phase transfer in this manner.



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report

iv September 17" 2010
CONTENTS
SUMMIARY ...ttt ettt ettt e st e et e et e e sateeat e et e e eaeeeabeeseeenseenbeesseeenseenbeenteeaneeeneenneeen il
ACRONYMS ettt ettt ettt ettt et e e et et e e st eab e e teeeaeeenbeesseeenseenseeenteenseenseenseennseenseas ix
1. INTRODUCGTION .....ceitiieeiit ettt ettt ettt ettt e stee et ee e seeeeasteeasseeetaeesnseaennsseeenseeessseesnnseennnes 1
2. APPROACH ...ttt ettt st e e e bt e e ta e e b e e steeeaseeaeesteeenseesee e 2
2.1 ThermMOGYNAIIIICS ...cc.uvetiiiitiiiteiiee ettt ettt ettt ettt e ettt e et e ettt e et e e sebeeenbeeesaaees 2
I G 1TSS PSSR 3
3. SUMMARY OF RESULTS ... ..ot 3
3.1 TherMOAYNAITHCS ...c.tieeiiie et eeeie ettt et et e ettt e ettt e et e e sateeesteeeneeeeasteeenneeeanseeeesseeenneeeenneens 3
3.1.1  Liquid-liquid Distribution of Lanthanides as Mediated by Lactate and

HDEHP in Talspeak SOIUtIONS. .........cccvvieeiiiiieeeniiieeeesiieeeeeiieee et ee s erree e 3

3.1.2  Two-phase Calorimetric Investigation of HDEHP-facilitated Liquid-liquid
Distribution of Trivalent AMETICIUM. .........cccvvrieerriiiireeriiiieeeeireeeerireeeeerneeeeenens 16
I (G 11 1S1 3 1o PSPPSR 19
3.2.1  Solvent Extraction Phase Transfer Kinetics............ccoccerveiiiniiiiiiiieiiieeiie e 19
3.2.2  Solvent Extraction and Phase Transfer Kinetics from other Buffers........................ 24
3.2.3 DTPA CompleXation KinetiCS.........eeriuireriieiriiieeiieeeiiee ettt 27
3.3 Ternary COmPIeXatiOn......cocuiiiiiieiiiieiiie ettt et et e ettt e et ee e e e st eeeeneee e e 29
4. CONCLUSIONS AND FUTURE WORK .............oooiiiieiieee e 34
5. PRESENTATION AND PUBLICATION OF RESEARCH ............c.cooooviiiiiieiieeeeee 35
6. COLLABORATORS AND PARTICIPANTS ........oooiieeieeeeeeee e 35
7 SUMMARY OF COLABORATORS EFFORTS IN FY 2010.......ccciiiiiiiiiiiiiieciie e 35
7% N U 3\ SRR 36
7.1.1  Summary of LBNL 1€SULLS ....c.uvviiiiiiiiie ettt 36
B N | SRR 36
7.2.1  Summary of ANL TESUILS .....cccueiiiiiieiiie ittt 37
7 T ] 2 OSSPSR 37
7.3.1  EleCtroCheMISIIY .....eieiiie ettt et e e e e 37
7.3.2  SOIVENE EXITACTION ...eeeueiieeiiiieeiiieeeitie et ee ettt ettt e et e e et e e et e e e e e et e e enbeeeenseeenaeeennes 38
8. REFERENGCES CITED ..........ooiiiiiioeeee ettt sttt st e enneas 39
Appendix A Understanding Actinide/Lanthanide Speciation under TALSPEAK Conditions.................. 41
INTRODUCGTION ...ttt ettt et ettt et e et et e st e enteenseesteeenseenseenseesnseenseesneesnneennean 42
RESULTS ..ottt ettt ettt et e st et e e st e eat e e bt eeaeeenb e e s e e enteense e seeenseanseenseenneeenseennes 43
Complexation of Nd(IIT) and Eu(TIT) with Lactate (10-70°C)........cceevieiireirieciieeieeieeeee e 43

Effect of Temperature on the CompleXation. .........c.ccoruieiiiiiiiiiiniieie e 43



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report

September 17", 2010 v
Direct determination of enthalpy of complexation for Nd(III)/lactate and
Eu(IIT)/lactate complexes at 25°C by calorimetry........cc.eeveevueerreeieeneenieereeneeeens 44
Luminescence Data and the Coordination Modes in Ln(IIl)/Lactate Complexes................. 44
Complexation of Nd(IIT) and Eu(IIT) with DTPA (10 = 70°C) ..ccvvieiieiieiieeieeieeeeeeiee e 46
Potentiometry for Nd(III)/DTPA and Eu(IIT)/DTPA (10 — 70°C)..cccveevvieriiiieiieeieeeveeneen 46
Absorption Spectroscopy for NA(III)/DTPA (10 — 70°C)..cveeeuveerieeiieeieeieeeieeeeeeee e 46
Luminescence Spectroscopy for Eu(III)/DTPA (10 — 70°C) ..veeevieviieeiieieecieeieeeee e 47
Effect of Temperature on the CompleXation............cueeeereiiireeiiiieeeeriiieeeciiieeeesireeeeeeineeens 48
Effect of Temperature on the Complexation of Cm(III) with Nitrate (10 — 85°C)........ccccvevvennnee. 48
PUBLICATIONS ..ttt et et e ettt ettt et e ettt e et e e st ee e seeeeaneeeenseeeanseeenneeeanneeanns 50
FUTURE PLAN ..ottt ettt et e e a e ettt e et e e nt e e esaeeeenseeenneeeenseeesseeeenneeennneens 50
Complexation of Cm(IIl) with lactate and DTPA at variable temperatures ..............cccceeveeeueeenee. 50
The complexation of Ln(IIT)/An(IIl) with propanoic acid at variable temperatures, in
comparison With [actiC Cid .........cccuiiiiiiiiiiiiiiiie et 50
REFERENCES. ...ttt et ettt ettt e e e et e ettt e ettt e ente e e st e e beeeanteeeanneeas 50
F N 0] 0153116 1l 3 USSP 52
Separation Process Thermodynamics and Kinetics: Development of Microfluidic
Devices for Solvent Extraction Studies and Radioanalytical Applications................. 52
N LY 11 AN 2 USRS 53
INTRODUCGTION.....coiiiieeiit ettt ettt ettt e ettt e e bt e e st eeeetaeesssseesssaeeessaesasseesnsseeasseeessseessseesnseens 53
F N 0] 013116 1 USSP 62
Electrochemical Investigation of TALSPEAK PrOCESSES .......ccuuteiiiiiiiiieiiiieiiie et 62
INTRODUCGCTION ...ttt ettt ettt e e e et e e ase e e e seeeenseeeaseeeenseeenseeeanseeennseeenneeenes 63
SIGNIFICANCE ...ttt ettt ettt ettt e at e ettt e ettt e et e e esbeeeabeeeanteeennees 64
APPROACH ... ettt ettt ettt e ettt e et e e st e ettt e eabe e e enteeeateeeenteeeenneeas 64
SUMMARY OF RESULTS ...ttt ettt ettt e et e et e e et eeenseeenteeenneeeenneeeenseennes 65
CONCLUSIONS ...ttt ettt et e ettt e et e e e bt e e taeeeateeesnseeensseeeaseeeansaeeenseeeasseeensseensaeannsseennns 71
REFERENCES ... ettt ettt ettt e ettt e e et e e at e ettt e et eeene e e esteeenteeeanteeenneean 71
INDICATORS OF PROJECT QUALITY AND PRODUCTIVITY ...oeoeiiieiiiiieeiieiie e 72

Appendix D Distribution of Actinides between the Aqueous and Organic Phases in the
TALSPEAK PIOCESS ....vvteiiiiieiiie ettt ettt et et sttt et ettt 73

SUMMARLY ...ttt ettt ettt ettt e st e ettt e st e st e e st e neneeeene e e e 74



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report

vi September 17" 2010
APPEINAIX DA oottt e et e e et e e ettt e e e bbb e e e e tbte e e e tbtaeeetrtaeeatrbaaeenrtraaaens 101
Solution Preparation for Valence Adjustment StUAY..........ccovviiiiiiiiiiiieiiiice e 101
F N o] 0153116 10l D ) PSPPSR PPRUPPPPP 104
Solution Preparation for Distribution Coefficient Measurements..............ccceevverveeneenieeneeneenieeneenns 104
APPENAIX DIC .o ettt et ettt et et ettt e e 106
Np and Pu Distribution COTIICIENLS .........ccuvviiiiiiiiiiiciiiec ettt e e e e e eereeeeareeas 106
FIGURES

Figure 1. Validation studies on the distribution of trivalent f~block elements in TALSPEAK-
based liquid-liquid distribution system. (a) Characteristic TALSPEAK distribution
trend for the extraction of 10 lanthanide mixture (La>" - Ho’) by 0.1 M HDEHP in n-
dodecane from aqueous mixtures of 0.05 M DTPA and 1.0 M (H",Na")lactate buffer at
pH = 3.0. (b) Determination of the agreement between the [CPMS analyses and
radiometric measurements of the distribution ratios for the extraction of cerium and
europium. (c¢) Illustration of the expected suppression of the distribution ratios for
lanthanides as the acidity of the aqueous phase is decreased. (d) Matching distribution
results for the extraction of lanthanides from TALSPEAK aqueous solutions of varying
preparation: recipe 1) 0.05 M NasDTPA, 1.0 M sodium lactate, recipe 2) 0.05 M
NasDTPA, 1.0 M lactic acid, recipe 3) 0.05 M HsDTPA, 1.0 M lactic acid. .........ccccvvveevrrrreenns 5

Figure 2. Effect of the total lanthanide concentration in solution on the distribution ratios
investigated for the system: Organic — 0.1 M HDEHP in n-dodecane, Aqueous — 0.05
M NasDTPA, 1.0 M lactic acid, pH 3.0. (a) Overall TALSPEAK distribution curve. (b)
Linear relationship on the extraction isotherm scale rule out HDEHP loading effects. ............... 6

Figure 3. Structural comparison of lactic acid and glycerine. ............ccoooueieiiiiiiiiiniiiee e 7

Figure 4. Effect of increasing concentration of glycerine on the dissociation constant of lactic

Figure 5. Lactate dependency for the liquid-liquid distribution of Ce*". Organic phase: HDEHP
in n-dodecane. Aqueous phase: [Ln’ o = 1 mM, p[H]=3.5, [DTPA] =0.05 M,
varying [Lac g, 7= 1 - 2M. coiiiiiiiiii e 10

Figure 6. Comparison of the liquid-liquid distribution studies for Gd** and Ho’* extraction.
Organic phase: HDEHP in n-dodecane. Aqueous phase: [Ln’ o = 1 mM, p[H]=3.5,

[DTPA] =0.05 M, varying [LacTeq, /=1 -2 M. .ooooiiiiiiiiiiiiiiiiiiccccccee e 11
Figure 7. Extractant dependencies for the extraction of Eu’" from TALSPEAK mixtures
containing 0, 0.5 and 1.0 M free lactate at equilibrium. ............cccveeeiriiiieeiiiiie e 12

Figure 8. Extraction of Eu from mineral acid solutions by HDEHP in toluene and n-dodecane.
The distribution ratios collected for the aliphatic system are also plotted as a function of
the activity of the HDEHP dimer.......c.vviiiiiiiiiiiiiiiic ettt 13

Figure 9. The comparison of the distribution ratios collected for the extraction of Eu from
aqueous solution of 0.05 M DTPA, 0.05 M free lactate before and after correction for
the non-ideal behavior of HDEHP dimer in #-dodecane. ............ccococeeviiiiiiiieniiieiieeieeen 14



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
September 17", 2010 vii

Figure 10. Increasing non-ideal behavior of HDEHP dimer..............ccccooviiiiiiiiiiiiiiieeceeee e 15

Figure 11. The comparison of the extraction of lanthanide mixture (La*" - Ho’") by 0.2 M
HDEHP in n-dodecane from pH 3.5 aqueous solutions containing 0.05 M DTPA, and
either no lactate or 2.8 M total 1actate...........oocueiiiiiiiiiiiiie e 16

Figure 14. Influence of [DTPA], on rate of extraction of Eu by 0.17 M HDEHP in dodecane
using a vortex mixer to agitate the two phases. Aqueous phase composition 1 M lactic
acid at pH 3.8, [DTPA] 10-50MM. ....cuiiiiriiiiiiiiienieeet ettt 21

Figure 15. Influence of [DTPA],q on rate of extraction of (a) cerium and (b) americium by 0.17
M HDEHP in dodecane using a vortex mixer to agitate the two phases. Aqueous phase
composition 1 M lactic acid at pH 3.8, [DTPA] 10-50 MM.......cccovviiiiiriieeiiiiiee e 21

Figure 16. Influence of [DTPA],q) on rate of extraction of Eu by 0.17 M HDEHP in dodecane
using a rotary mixer to agitate the two phases. Aqueous phase composition 1.0 M lactic
acid at pH 3.8, [DTPA] 10-50 MM, ....ccuiiiiiiiiiie ettt 23

Figure 17. Influence of [DTPA],q on rate of extraction of (a) cerium and (b) americium by 0.17
M HDEHP in dodecane using a rotary mixer to agitate the two phases. Aqueous phase
composition 1 M lactic acid at pH 3.8, [DTPA] 10-50 MM........coooiiiiiiiiiiieiiie e 23

Figure 18. a) structure of L-alanine, b) Structure of L-lactic acid............cccoooiiiiiiiiiiiiniiiecee 25

Figure 19. Distribution ratios of "*Eu (e) and **' Am (m) as a function of pH for an aqueous
phase composition of 1.0 M L-alanine and 0.05 M DTPA, org. phase = 0.17 M HDEHP
TN AOAECANE. ...ttt ettt e et e e et e e et e e easeeeenseeesseeenseeeenseeeseeenns 25

Figure 20. Distribution ratios of "*Eu () and **' Am (m) as a function of time for an aqueous
phase composition of a) 1.0 M L-alanine and 0.05 M DTPA pH 1, org. phase =0.17 M
HDEHP in dodecane and b) 1.0 M L-alanine and 0.05 M DTPA pH 3.8, org. phase =
0.17 M HDEHP in dodecane. Experiments performed using a rotating bar. .............c.cccvveeenns 26

Figure 21. Sample kinetics trace from the stopped flow spectrophotometer measuring the rate of
reaction of Pr-AAIIl complex with DTPA [Eu] = 5x107° M, [AAIIT] = 5x10° M, 50

mM propionate buffer, /=0.1M (NaNO;) [DTPA] = 1x10>M, pH 3.7, cocveveeeeeeeeeeieeen. 27
Figure 22. Plot of average (a) k; and (b) k; vs. [AAIII] in 50 mM propionate buffer, /=0.1 M
(NaNOs). [Am]=5x10"° M :[AAI] = 1-5x10° M, [DTPA]=1x10" M pH3.7.....c.......... 28

Figure 23. Plot of average k, for the reaction of DTPA with Pr, Eu, Er and Am as a function of
ionic radii. [metal] =5x10” M, [AAIII]= 5x10" M, 50 mM propionate buffer, 1= 0.1

M (NaNO3), [DTPA] = 1X107 M, PH 3.7, ..o 29
TABLES
Table I. Molar concentrations of all components chosen to reproduce TALSPEAK -related
conditions at 4 different total lactate CONCENLIAtION. ........eevviieriieeiiieeie e 7

Table II. Comparison of the glass electrode calibration equations determined for the solutions of
increasing concentration Of GIYCETINE. ..........cccuiieiiiiiiiiieeiie et 8

Table I11. Reversible rate constants for the extraction of 10 mM Eu from 1.0 M lactic acid at pH
3.8, [DTPA] 10-50 mM, into 0.17 M HDEHP. .......ccccocoiiiiniiiiiiiiiiiicecc e 22

Table IV. Distribution coefficients and separation factors for Am, Eu and Ce from different
amino acid buffer systems. Alanine buffer - [Alanine] = 1.0 M, pH 2.7, 35 mM DTPA,



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
viii September 17" 2010

7 mM Eu; Arginine buffer - [Arginine] = 1.0 M, pH 2.7, 35 mM DTPA, 7 mM Eu;
Methionine buffer - [Methionine] = 1.0 M, pH 1.7, 25 mM DTPA 10 mM Eu; Histidine
buffer - [Histidine] = 1.0 M, pH 1.7, 25 mM DTPA 10 mM EU. ......coocoviiiiiiiiiiieiiie e 26



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report

September 17", 2010 ix
ACRONYMS

AAIII Arsenazo I1I

ANL Argonne National Laboratory

CV Cyclic voltammetry

D Distribution coefficient

DTPA Di 2-ethylenetriamine-N,N,N',N”,N”’-pentaacetic acid

FCR&D Fuel Cycle Research and Development

FS Ferrous Sulfamate

HAN Hydroxylamine Nitrate

HDEHP Di ethyl hexyl phosphoric acid

ICPMS Inductively Coupled Plasma Mass Spectrometry

INL Idaho National Laboratory

LBNL Lawrence Berkeley National Laboratory

NMR Nuclear Magnetic Resonance

ORNL Oak Ridge National Laboratory

SRNL Savannah River National Laboratory

TALSPEAK Trivalent Actinide Lanthanide Separations by Phosphorus-reagent Extraction from
Aqueous Komplexes

UM University of Manchester

UK United Kingdom

US DOE United States Department of Energy

UV-vis

Ultra Violet-visible



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
September 17", 2010




Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
September 17", 2010 1

SEPARATIONS CAMPAIGN

THERMODYNAMICS AND KINETICS OF ADVANCED
SEPARATIONS SYSTEMS - FY2010 SUMMARY
REPORT

1. INTRODUCTION

To develop a sustainable closed nuclear fuel cycle, significant advances need to be made with respect
to greater fuel utilization and a reduction in the long term heat loading and radiotoxicity in the final
waste-forms. To simultaneously accomplish these goals some level of used fuel processing will be
required. As such, there are two scenarios available for this; “Full Recycle” that will enable the long-
lived actinide elements to be recycled/burned rather than disposed or “Modified Open” where some
limited separations steps are performed to recover a reduced level of the actinides but substantially lowers
proliferation risk of re-use. Solvent extraction processes are currently the primary methodology used
worldwide to recover the actinides from used nuclear fuel. These chemical separations make use of
liquid-liquid distribution techniques to separate the actinides from the remainder of the fission products.

The behavior of solutes in liquid-liquid distributions is influenced by many factors including their
interactions with the aqueous phase electrolyte and organic reagents required to complete the separation.’
As such, a thorough comprehension of the physicochemical properties of any separations system under
study is essential to determine not only the final product but the mechanism via which the extraction takes
place.” Studying the thermodynamic properties of a solvent extraction system (AG®°, AH® and AS°) will
provide an insight into the driving forces for the separation process, and possibly the end product. In
addition, considering the effects of temperature on these fundamental parameters (below and above
ambient) should lead to a more robust insight into process performance. Studying the kinetics of solvent
extraction processes has two key components: the rates of the various chemical reactions occurring within
the system of study and the rate of the phase transfer of the extracted species. Each of these components
yields different but necessary information on describing the overall system. Understanding the rates at
which the various chemical reactions within the system occur leads to comprehension of the molecular
ordering between the solvent and solute that drive the process (i.e. mechanistic interpretation). Following
on from this, understanding the phase transfer kinetics tells us how quickly the system reaches
equilibrium. This becomes important in scale up and plant design so the correct equipment can be used
depending on if the process is fast or slow. In summary, studying the thermodynamics of a system tells
us where the end point is and studying the kinetics of a system tells us how we get there.

Having a complete understanding of any solvent extraction process from start to finish assists process
chemists making corrective actions when the system enters “off normal” conditions. This becomes
increasingly important when, as with used fuel separations systems, the equipment is in shielded cells
with limited access. When embracing the necessity for some level of minor actinide recycle, we find that
the solvent extraction processes available to us to perform this separation are significantly more complex
than those currently deployed at industrial scale. This is due to the small chemical differences that have
to be exploited to achieve a substantial separation between the trivalent actinides and lanthanides. As a
result, although these processes are known to “work” under ideal conditions, a detailed molecular
understanding of them has not yet been achieved. One obvious example of this is the TALSPEAK
process (Trivalent Actinide Lanthanide Separations by Phosphorus-reagent Extraction from Aqueous
Komplexes).
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The TALSPEAK separation scheme was initially introduced by Weaver and Kappelmann at Oak
Ridge National Laboratory (ORNL),’ who optimized the An/Ln separation factors by selecting a DTPA
complexant in a mixture of 1.0 M H"/Na" lactate buffer (pH = 3.6) as an operational platform of the
process.” Nilsson and Nash have recently reviewed the history of TALSPEAK characterization efforts,
indicating many complex features of its chemistry.* Although the inter-group separation has been
demonstrated at both the bench and pilot plant scale, Nilsson and Nash have begun to move outside the
operational envelope for TALSPEAK suggested by Weaver and Kappelmann, to focus on the predictive
modeling of its chemistry.’ This approach targeted a more application-based set of criteria like the
robustness of the process and the response to off-normal operating conditions by corrective actions.
However, when attempting to theoretically reproduce this pH dependency for the lanthanide distribution,
using the reported equilibrium constants for the chemical reactions expected for this process, a
progressing discrepancy between the experiment and a calculation is observed.’

Although the work presented here primarily focuses on the TALSPEAK process, the aim of the
program as a whole is to create a capability throughout the national laboratory complex that is able to take
a separations system and understand it at a fundamental level. By concentrating on the thermodynamic
and kinetic features of a chemical separations process it is envisaged that more accurate models for any
process can be built. In addition, applying the knowledge gained should assist in corrective actions
should a process end up in “off-normal” conditions. TALSPEAK provides an excellent platform for
building such capability as mechanistically, after over 40 years of research into the process, it is still so ill
defined.

This report summarizes the FCR&D research efforts for FY 2010. The major INL tasks this year
were to continue work studying the behavior of the fundamental parameters AG, AH and A4S in relation to
the extraction TALSPEAK media and to continue investigations into the kinetics of the chemical
processes associated with the TALSPEAK system. Increased scope tasks include work on ternary
complexation within the TALSPEAK aqueous phase and the use of amino acids as a buffer for
TALSPEAK. The synergistic research efforts at LBNL, ANL and SRNL in the Thermodynamics and
Kinetics of Advanced Separations Systems program will also be summarized here.

2. APPROACH

Experimental efforts in FY10 mainly focused on the assembly of new thermodynamic data, which
would enable us to expand on some of the possible reasoning behind the observed unpredictable behavior
of TALSPEAK-type systems. To this end we have established new experimental capabilities to allow
thorough investigation of liquid-liquid distribution equilibria for the entire series of lanthanide elements.
It is illustrated in this report how studying the partitioning behavior of the entire family of lanthanides is
crucial to inquisitive interpretation of TALSPEAK. In support of these thermodynamic measurements
investigations have begun into the kinetics of phase transfer in the TALSPEAK separations system using
metal loadings closer to that expected in a real process. Although some excellent work has been
accomplished using tracers to study metal distribution behavior in this separations system, these types of
studies may not adequately describe what will occur under process conditions.

The methodologies employed for our thermodynamic and kinetic studies are outlined below.

2.1 Thermodynamics

To establish a new experimental capability for extended constant temperature studies of liquid-liquid
distribution of all 15 members of the lanthanide family, 0.1 M stock solutions were produced and
characterized within our laboratories. A multitube vortexer capable to very long equilibration times was
installed in a constant temperature chamber set at 25 °C, where all experimental activities were
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performed. The organic-aqueous distribution of lanthanides was established using Inductively Coupled
Plasma Mass Spectrometry (ICPMS). To validate this capability a series of initial tests we performed to
reproduce literature data or reproduce the ICPMS results using radiometric techniques and establish some
preliminary sets of data of value to the planned experimental activities.

The thermodynamic investigations of liquid-liquid distribution reactions continued using recently
developed two-phase calorimetric methodology to study the thermochemical features of HDEHP-
facilitated phase transfer of americium metal ion across a liquid-liquid boundary. In this report, the first
account of a direct calorimetric measurement of the heat of liquid-liquid partitioning of any transuranic
element reported to date is discussed. This methodology applies modern isothermal titration
microcalorimetry, allowing accurate measurements of microjoule heat events inside a 1 mL reaction
vessel. To follow the transfer of Am(III) from an aqueous solution into the organic diluent a simple, well-
characterized liquid-liquid partitioning system was chosen. A cation-exchanging organophosphate phase
transfer reagent — bis(2-ethylhexyl)phosphoric acid (HDEHP)- is a hard electron donor dissolved in n-
dodecane.

2.2 Kinetics

The objective with these experiments was to perform some comparative studies with those conducted
last year into europium and americium complexation kinetics in a propionate. In this evolution testing
was broadened to include praseodymium and erbium in order to have a greater representation of the
lanthanide series as a whole. These complexation kinetics tests were performed using arsenazo 111
(AAIID) as an indicator for “free” metal ion in solution. To perform complexometric kinetic investigations
stopped flow experiments were performed. The stopped flow experiments were performed on an OLIS
Hummingbird DB 620 UV-vis-NIR spectrophotometer. The flow system was thermostated to +0.1 °C.
The complexation kinetics of the metal-DTP A complex were monitored by the change in absorbance at
667 nm. Several replicate determinations were performed for each set of experimental conditions.

Liquid-liquid distribution studies have been performed to establish the effects of DTPA on the phase
transfer kinetics in the TALSPEAK system. Small batch contact tests were performed under TALSPEAK
relevant lactic acid/ lactate conditions and HDEHP concentrations. The aqueous phase consisted of 10
mM Eu in 1M lactic acid/ lactate buffer at pH 3.8 and this solution was spiked with tracer Ce, Eu and Am.
Mixing was performed using a vortex mixer and a rotary bar.

3. SUMMARY OF RESULTS

3.1 Thermodynamics

311 Liquid-liquid Distribution of Lanthanides as Mediated by Lactate and
HDEHP in Talspeak Solutions.

To investigate the effects of increasing complexity of the organic phase on the fundamental aspects of
TALSPEAK chemistry, a series of liquid-liquid distribution studies were performed where free lactate
concentration was varied in the aqueous phase and the concentration of HDEHP was varied in the organic
phase. Each lactate dependency study was performed at constant pH to eliminate the effect of changing
lactate:lactic acid ratio on the distribution ratios. Lactate dependencies were extended further into the
more complex TALSPEAK-type conditions with an intent to span the entire range of lactate
concentrations present in Danesi’s and Nilsson’s reports.>® Four independent lactate dependency studies
were performed using 0.05, 0.10, 0.15 and 0.20 M HDEHP dissolved in n-dodecane. As a result, a 3
dimensional investigation could be developed, which correlated influencing effects of increasing
concentrations of lactate and HDEHP on liquid-liquid distribution of lanthanides.
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To establish a new experimental capability for extended studies of liquid-liquid distribution of
lanthanides, oxides of all 15 members of this f~element family were fumed with either concentrated nitric
acid or triflic acid to produce 0.1 M stock solutions to be used in all kinetic and thermodynamic studies of
aqueous partitioning systems. A multitube vortexer capable to very long equilibration times was installed
in a constant temperature chamber set at 25 °C, where all experimental activities were performed. The
organic-aqueous distribution of lanthanides was established using Inductively Coupled Plasma Mass
Spectrometry (ICPMS). In order to validate this newly established experimental capability at the INL, a
series of initial tests were performed, which were designed to either reproduce targeted literature data,
reproduce the ICPMS results using radiometric techniques or establish preliminary sets of data of value to
the planned experimental activities. The assembled validation work is summarized here.

Initial work was performed to reproduce Danesi’s results® on the extraction of europium by 0.1 M
HDEHP in n-dodecane from aqueous solution of 1.0 M sodium lactate, adjusted to pH of 3, where the
concentration of total anion was controlled with NaCl, i.e. [Lac’] + [C]'] = 1 M. Figure 1a shows the
assembled TALSPEAK distribution curve for the mixture of 10 lanthanides (La*" - Ho’"). For those
conditions Danesi reported a distribution ratio of 3.6 for europium, which compared favorably to the
experimentally determined value of 2.8. Considering that Danesi did not report exact recipes for the
preparation of aqueous solutions in his study (it is unknown whether lactic acid or sodium lactate was
used) the relative agreement of the results obtained here is acceptable. The characteristic TALSPEAK
shape also agrees in its expected proportions with results reported in previous investigations.* Figure 1b
presents cerium, europium and americium distribution ratios at conditions described for the initial
literature validation. The use of radiotracers — Ce-134, Eu-153 and Am-241 — allowed further validation
of the data obtained by ICPMS. The evaluation of the americium behavior yielded the expected separation
factor between the lanthanide elements and was representative of actinides. The lowest separation factor
of 32 between neodymium and americium confirmed correct TALSPEAK conditions for our studies. This
extent of the separation is expected when aqueous TALSPEAK solutions are adjusted to the pH of 3.0,
which is slightly lower than the optimal setting (pH = 3.6) for maximized separation between actinides
and lanthanides. Further initial assessment sought to confirm a proper pH response for our TALSPEAK
investigations. Figure 1c shows the expected suppression of the distribution ratios for the investigated
lanthanides due to the increased pH of aqueous solution to 3.5. The observed decrease agrees with
previous investigations of pH dependencies of TALSPEAK systems reported by Weaver and
Kappelmann,® Nilsson and Nash,” and represents perhaps the most significant unexplained feature of
fundamental chemistry of TALSPEAK.

Aqueous solutions for TALSPEAK separations may be prepared using at least three different recipes
which, depending on the starting reagent, may introduce varying amounts of sodium into the system.
Aged lactic acid reagent may undergo a lactonization process, which could possibly affect the solution
chemistry of the lactate buffer. As most literature reports do not specifically list the recipes for aqueous
solution make up the extraction of lanthanides was tested using three types of aqueous mixtures that,
when mixed, yield the same concentrations of lactate and DTPA, but contain between 1 —2 M
concentration of Na' ion. Figure 1d illustrates the characteristic TALSPEAK trends for the collected
distribution ratio data. No dependence for the liquid-liquid distribution of lanthanides on the overall
chemical form (acid or salt) of the major components of TALSPEAK aqueous phase was found. As a
result all aqueous solutions for further studies of TALSPEAK chemistry were prepared using
pentasodium salt solution (standardized using colorimetric titration with Arsenazo III) and lactic acid,
thus eliminating the necessity of solid dissolution.

Fundamental studies of liquid-liquid distribution equilibria often rely on simplification of conditions
to eliminate some possibly complicating aspects of solution chemistry. One of those factors is presence of
macro amounts of metal in solution, which could introduce unexpected formation of polymeric metal
complexes in the organic solution, excessive loading of extractant and possibly the formation of the third
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Figure 1. Validation studies on the distribution of trivalent f~-block elements in TALSPEAK-based liquid-
liquid distribution system. (a) Characteristic TALSPEAK distribution trend for the extraction of 10
lanthanide mixture (La’* - Ho’") by 0.1 M HDEHP in n-dodecane from aqueous mixtures of 0.05 M
DTPA and 1.0 M (H",Na")lactate buffer at pH = 3.0. (b) Determination of the agreement between the
ICPMS analyses and radiometric measurements of the distribution ratios for the extraction of cerium and
europium. (c) Illustration of the expected suppression of the distribution ratios for lanthanides as the
acidity of the aqueous phase is decreased. (d) Matching distribution results for the extraction of
lanthanides from TALSPEAK aqueous solutions of varying preparation: recipe 1) 0.05 M NasDTPA, 1.0
M sodium lactate, recipe 2) 0.05 M NasDTPA, 1.0 M lactic acid, recipe 3) 0.05 M HsDTPA, 1.0 M lactic
acid.
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Figure 2. Effect of the total lanthanide concentration in solution on the distribution ratios investigated for
the system: Organic — 0.1 M HDEHP in n-dodecane, Aqueous — 0.05 M NasDTPA, 1.0 M lactic acid, pH
3.0. (a) Overall TALSPEAK distribution curve. (b) Linear relationship on the extraction isotherm scale
rule out HDEHP loading effects.

phase. Despite our decision to use 1| mM total lanthanide concentration in our studies, which should not
result in any aforementioned complications, the effect of increasing concentration of metal in the system
on the distribution ratios was studied. Figure 2a illustrates that no matter if the metal concentration in
solution is 10 uM (nearly trace) or | mM the distribution ratios overlap, yielding the linear relationship
(Figure 2b) that confirms lack of loading effects. Finally, the effects of the purity of HDEHP on the
distribution ratios was investigated. The results of extraction for the extractant reagent purified by the
method of copper salt precipitation (98.5 %) was compared with the commercially available HDEHP
(97.1 %). The distribution ratios were slightly suppressed when the less-pure reagent was used, most
likely due to the partitioning of the mono-2-ethylhexyl impurity of HDEHP into the aqueous phase.

The above listed preliminary studies of the TALSPEAK liquid-liquid distribution system supported
proceeding with the main study, which targeted the effects of the increasing lactate concentrations on the
distribution ratios of lanthanides. As discussed, the intent of the study attempts to combine the studies by
Danesi® and Nilsson® to inspect lactate’s influence at the operational conditions of TALSPEAK, while
eliminating the uncertainty of changing pH throughout the study. To expand the lactate dependency study
to those complex regions of high buffer concentrations an initial assessment of the non-ideal solution
chemistry of such mixtures becomes necessary. Free lactate concentration at equilibrium may be
calculated using a mass balance equation [Lac]eq = [Lac]ow / (1 + [H')/K,) to illustrate the complexity of
the solution. At pH 3.5, a 2.31 M total lactate concentration is needed (pK, = 3.64) to produce a 1.0 M
free lactate concentration. Under such conditions, a solution contains more than a molar concentration of
neutral molecular carboxylic acid. This organic molecule most definitely affects the activity of water,
which, in turn, may influence the thermodynamic equilibria in solution. For example, the dissociation of
lactic acid may be affected as the acid / conjugate base balance shifts due to the high concentrations of
carboxylic acid. A measurement of pH using a glass electrode may also experience deviations due to the
differences between the solutions used in calibration and measurement. For pH measurements at high
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ionic strength a strong acid / strong base titrations are normally performed to correlate the response of the
electrode with the concentration of the hydrogen ion, i.e. p[H']. As such, an accepted method for this
calibration usually employs a strong electrolyte — NaNO;, NaClO, or NaCl — to maintain the ionic
strength. It is valid, however, to speculate on the appropriateness of such calibration, when a glass
electrode will be utilized in measurements in complex buffer solutions containing 0.05 M (H', Na")DTPA
and up to 2 M (H", Na")Lac. The electrode response may be skewed by changes in the liquid junction
potential, asymmetry potential or directly by the medium effects.

Table I. Molar concentrations of all components chosen to reproduce TALSPEAK-related
conditions at 4 different total lactate concentration.

Condition [Lac]iotar, M Triflate, M Glycerine, M Nitrate, M

0.5 0.21 0.29 0.79
1.0 0.42 0.58 0.58
1.5 0.63 0.87 0.37
2.0 0.84 1.16 0.16

OH
|

O
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Figure 3. Structural comparison of lactic acid and glycerine.

It was decided to carefully examine this possible complication and investigate what deviations should
be expected due to the presence of large concentrations of lactic acid in the solution. To mimic the effects
of the lactic acid, glycerine was chosen as a similar organic molecule that should not complicate the
analysis with acid/base equilibrium. Figure 3 compares the structures of lactic acid and glycerine. Sodium
triflate was used to substitute for lactate anion as shown by our previous investigations. ’ Using sodium
nitrate as the ionic strength adjustor, a series of TALSPEAK-related solution mixtures was prepared to
reproduce the conditions where high lactate concentrations exist. Mixing sodium triflate, glycerine and
sodium nitrate mimicked the solution compositions at 4 different conditions, where 0.5, 1.0, 1.5 and 2.0M
total lactate would be present. By choosing a pH of 3.5 and an arbitrary lactic acid pK, of 3.64 the
compositions of all the components could be calculated. Table I shows the concentrations of all
participating species at 4 targeted conditions. For each reproduced condition, strong acid (HNO;) and
strong base (NaOH) were introduced into the solutions while adjusting the required amounts of sodium
nitrate to keep the ionic strength at 1.0 M. Similarly, 10 mM sodium lactate concentration was prepared at
each situation. A series of potentiometric investigations followed the standardization of each of 16
solutions prepared. Strong acid / strong base titrations were performed to study the response of the glass
electrode when progressing through the systems of increasing complexity. Also, sodium lactate was
titrated with nitric acid to observe the changes of the dissociation equilibrium due to the increasing
concentrations of glycerine in solution.

Studying the strong acid / strong base equilibrium produced a series of electrode calibration
equations, which illustrate the response of the glass electrode to the changing concentration of hydrogen



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
8 September 17", 2010

ion in solution. As the concentration of glycerine increased, a medium-inflicted deviation in the measured
value of p[H'] was expected, which could introduce inaccurate final lactate buffer proportions. Table I
summarizes the results of the potentiometric study, comparing the electrode calibration equations to that
determined using a conventional strong electrolyte system — sodium nitrate. The glass electrode is clearly
influenced by the changing characteristic of the aqueous solution; however, it appears that the observed
changes in the slope and the intercept of the calibration equation are self-correcting. The slope and the
intercept of the calibration equation appear to compensate the medium effects, so that the calibration
returns very close values of p[H'] at the chosen electromotive force of 215.

Table II. Comparison of the glass electrode calibration equations determined for
the solutions of increasing concentration of glycerine.

condition Electrode calibration

p[H'] =-0.01670mV + 7.0924
p[H'] =-0.01691mV + 7.1426
p[H'] =-0.01709mV + 7.1814

p[H'] =-0.01716mV + 7.1913

p[H'] =-0.01727mV + 7.2152

The performance of the glass electrode is compromised slightly as indicated by the increasing
uncertainty in the pH measurement. However, it is clear that the effect of the growing concentration of
glycerine in solution should not affect the glass electrode reading significantly. If our assumption of
similar physico-chemical characteristics between glycerine and lactic acid is valid, it may be concluded
that the medium effects due to a large presence of organic acid in the aqueous phase are minimal. This
observation is reiterated by the small influence of the medium on the dissociation of lactic acid. Figure 4
illustrates the changes of the acid / base equilibrium of lactic acid as the aqueous environment becomes
increasingly hydrophobic due to the presence of glycerine. The medium effect is small; however, even
small changes in the pK, of lactic acid are quite significant when working at very high total lactate
concentrations. The observed correlation was used to adjust the recipes of the aqueous solutions for the
lactate dependency studies.

As the medium effects imposed by the presence of lactic acid do not appear to significantly
complicate the solution chemistry of TALSPEAK-type system, studies of liquid-liquid distribution ratios
proceeded. The extraction of the lanthanide mixture (La’" - Ho’") was monitored from aqueous solutions
of 8 different concentrations of total lactate. The total concentration of the anion, [Lac™] + [NO;'], was
adjusted to 1 M using sodium nitrate prior to the adjustment of pH. The acidity of the aqueous solutions
was adjusted to 0.316 mM, i.e. p(H'] of 3.5. Such adjustment of p[H'] produced the working aqueous
solutions for distribution study, where 0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5 and 1.0 M free lactate at
equilibrium was present. All solutions contained 0.05 M DTPA and were pre-equilibrated prior to
conducting the experiment. The liquid-liquid distribution equilibrium was established after 7 days of
vortexing at 25.0 + 0.1 °C. Following contacts, the solutions were centrifuged for 10 minutes to facilitate
phase separation. The aqueous phase was separated, 100 uL. was sampled for the ICPMS analysis, and the
rest was used to check the p[H'] after equilibration. The glass electrode was calibrated prior to separations
for each series of samples. Four lactate dependency studies were performed using different concentrations
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of HDEHP in n-dodecane. The acidity of the aqueous solutions remained constant at p[H'] 3.50 + 0.05
after the extraction.

Figure 4. Effect of increasing concentration of glycerine on the dissociation constant of lactic acid.

Figure 5 summarizes the effect of increasing concentration of free lactate on the liquid-liquid
distribution of Ce*" for the studied concentrations of HDEHP. The observed trends, as expected, combine
the features of the distribution studies reported by Danesi and Nilsson.>® The distribution ratios are
independent of lactate up to 0.1 M concentration. This behavior is guided by strong complexation
chemistry of DTPA, which does not allow lactate to participate in the coordination of trivalent
lanthanides. As the concentration of free lactate enters those complex buffer regions, corresponding with
the operational conditions of TALSPEAK, the distribution ratios fall drastically despite the pH of the
aqueous solutions being constant. Interestingly, the decrease of the distribution ratios appears to be related
to the changing complexity of the organic phase. The observed drop in the D values becomes more
pronounced as the concentration of HDEHP changes from 0.10 to 0.15 M. The decreasing trend does not
continue, however, for the largest investigated ligand concentration. Such “one-time” shift in the
decreasing trend might be indicative of a specific transformation of either physico-chemical
characteristics of the liquid phases or the mechanism of metal extraction as the concentration of HDEHP
transitions form 0.10 M to 0.15 M. Such behavior may invoke an argument for the existence of a critical
ligand concentration that, when attained, forces significant changes in the liquid-liquid distribution of the
metal in such TALSPEAK-related systems.
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Figure 5. Lactate dependency for the liquid-liquid distribution of Ce’*. Organic phase: HDEHP in n-
dodecane. Aqueous phase: [Ln* J = 1 mM, p[H'] = 3.5, [DTPA] = 0.05 M, varying [Lac e, 7= 1 - 2M.

The observed distribution ratio trends for the lactate / extractant dependency study were consistent for
all investigated lanthanides. Figure 6 shows the results for the extraction of gadolinium and holmium for
comparison. The observed D values follow the general extraction behavior based on the TALSPEAK
curve, but the effect of lactate is similar to that presented for the extraction of cerium. The lack of
differences in the distribution trend for the lactate dependency suggests that the decreasing extraction
efficiency observed at high lactate concentration cannot be attributed to the formation of the
metal: DTPA:lactate mixed complex in the aqueous phase. Such complexes are quite sensitive to the size
and charge density of the metal ion, which is usually manifested in differences in the thermodynamic
stability of such complexes across the lanthanide series.® No such sensitivity has been observed in the
trends of distribution ratios.

Shifting the focus onto another dimension of the distribution data, the information collected for each
lactate concentration may be evaluated as a function of HDEHP concentration. Figure 7 shows the
extractant dependencies at 0, 0.5 and 1.0 M positions along the lactate concentration range. The extractant
dependency with no lactate in solution overlaps with those gathered up to 0.1 M free lactate in solution.
The original slope of 2 for this HDEHP dependency starts to decrease when 0.5 M free lactate is present
and is suppressed to 1 for the last condition along the lactate dependency.

The discussion of the observed trends in the presented three dimensional dependency study may be
divided into two sections based on the possible origins of the distribution ratio behavior. The drastic
decrease in the distribution ratios, when high lactate concentrations were present in solution, could be
explained by changes in the physico-chemical characteristics of the fluid phases in the investigated
system. Here, the large concentrations of the hydrophobic lactic acid could affect several solution
equilibria, such as organic/aqueous partitioning or ionic hydration, which, in turn, directly influence the
liquid-liquid distribution. The observed decreasing trend in the D values for the lactate dependency may
also be analyzed from the mechanistic perspective, where changes in the stoichiometry of the metal phase
transfer could be considered. To begin, the arguments are presented for the direct influence of solution
properties on the distribution of lanthanides within the investigated TALSPEAK-related system.
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Figure 6. Comparison of the liquid-liquid distribution studies for Gd** and Ho’* extraction. Organic
phase: HDEHP in n-dodecane. Aqueous phase: [Ln’ o = 1 mM, p[H]=3.5, [DTPA] =0.05 M,
varying [Lac]e, /=1-2 M.

As argued previously, the presence of high concentrations of carboxylates may influence the activity
of water in aqueous electrolyte mixture. The presence of organic molecules in solution may disrupt the
structure of water and, in consequence, affect ionic hydration. Our glycerine study demonstrated a very
limited influence of the increasing hydrophobic nature of aqueous environment on the dissociation
equilibrium of lactic acid. The pK, of lactic acid increases with the concentration of glycerine in solution.
This indicates a weakening of acid dissociation equilibrium, most likely due to increasing difficulty of
hydrating the free proton and lactate ion. The medium effect was small; however, the strongly hydrated
trivalent lanthanides may be affected to a greater extent. An original TALSPEAK report assesses whether
the liquid-liquid distribution of a trivalent metal ion could be affected as the concentration of lactic acid
increases in solution.” Weaver and Kappelmann studied the extraction of trivalent americium in
TALSPEAK-type systems, where the pH of the aqueous phase was as low as 0.2. At this acidity, lactic
acid dominates the acid/conjugate base equilibrium. Since the distribution ratios for the extraction of Am
from aqueous solutions containing 0.5 M and 1.0 M lactic acid overlap, it is reasonable to rule out this
medium effect as a complicating factor in the interpretation of our results. A large presence of lactic acid
may also alter the organic/aqueous partitioning of the phase transfer reagent, HDEHP. The enhanced
hydrophobicity of the lactic acid-containing aqueous environment may enhance the solubility of HDEHP
in that medium. The partitioning equilibrium constant is quite high (log Kp ~ 3.4) for HDEHP in aliphatic
diluents.” Due to its strong tendency to aggregate in non-aqueous environment, the availability of the
monomeric HDEHP for partitioning into the aqueous phase is minimal. However, it is feasible that large
concentrations of lactic acid could promote the partitioning. To thoroughly test this hypothesis the
aqueous solutions from the partitioning studies will also be analyzed for phosphorus using ICPMS. If
phosphorus concentration (if detectable) will mimic the trend observed for the lanthanide distribution, the
partitioning of HDEHP into the highly buffered solutions will have to be considered in detail.
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Figure 7. Extractant dependencies for the extraction of Eu’" from TALSPEAK mixtures containing 0, 0.5
and 1.0 M free lactate at equilibrium.

A well-characterized, traditionally recognized mechanism of HDEHP-facilitated phase transfer of
trivalent metal ion employs its extraction by 3 HDEHP dimers and a release of 3 hydrogen ions into the
aqueous phase to balance the charge.'® The liquid-liquid distribution reaction involves the breaking of the
extractant dimer and a replacement of the hydration sphere of the metal by a number of coordinating
donor groups of HDEHP. This reaction occurs at the aqueous/organic interface, where the metal interacts
with the phosphonate groups of HDEHP, and it crosses the phase boundary and enters the organic
environment according to:

Lt + 3(HL)2 = Ln(L)3(I—IL)3 +3H" Equation 1

where HL is HDEHP and the horizontal bar represents species in the non-aqueous phase. Such
stoichiometry of phase transfer, at idealized experimental conditions of slope analysis study, returns a
slope of 3 when the liquid-liquid distribution of a trivalent metal is studied as a function of extractant
concentration. As shown in figure 8, however, the distribution ratios collected at different concentrations
of HDEHP are initially characterized by a 2™ power dependency. The slope of 2 is consistent for low
lactate concentrations in solution, until its concentration reaches 0.1 M at equilibrium. Such extractant
dependencies have been reported in the past by Kosyakov, who studied the stoichiometry of phase
transfer in TALSPEAK-type solutions where the concentration of free lactate was constant at 0.22 M. "'
He observed a power of 2 relationships for both acid and extractant dependencies, studying the
distribution of trivalent metals in systems with and without DTPA in solution.
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Figure 8. Extraction of Eu from mineral acid solutions by HDEHP in toluene and »-dodecane. The
distribution ratios collected for the aliphatic system are also plotted as a function of the activity of the
HDEHP dimer.

Based on the slope analyses, he proposed a different phase transfer mechanism where a monolactate metal
complex is extracted as

LnLac®™ +2(HL), < LnLac(L),(HL), +2H" Equation 2

where only 2 extractant dimers participate in metal coordination. The proposed mechanism of the
partitioning of lactate into the organic phase matches very well with recent '*C-labeled lactate liquid-
liquid distribution studies reported by Grimes.'* Del Cul also observed the presence of lactate in the
organic phase."” The agreement between our data and the slopes reported by Kosyakov is striking;
however, Figure 8 clearly shows that the extractant dependency for the extraction of europium from
aqueous solutions without lactate is characterized by a slope of 2. Consequently, judging from our
distribution studies with and without lactate, and Kosyakov studies with and without DTPA, the only
remaining explanation of the observed slope suppression from the expected value of 3 must originate in
the HDEHP-containing organic phase.

Several research groups observed similar slope suppression for the extractant dependency when
HDEHP was dissolved in an aliphatic diluent.'*"'® Danesi attributed this deviation from the expected slope
to the non-ideal behavior of the HDEHP dimer in the aliphatic solvent, where weak dipole-dipole
interactions between dimers take place.'” To account for this behavior, he developed an empirical
correction, allowing to calculate the activity of the dimer in solution. To test this hypothesis we performed
a series of extractions of europium from mineral acid solutions by different concentrations of HDEHP
dissolved in aromatic and aliphatic diluent. Figure 8 summarizes the study. When HDEHP was diluted in
toluene the slope for the extractant dependency was close to the expected value of 3. The slope of 2
describes the europium distribution relationship when HDEHP was dissolved in n-dodecane. When the
distribution ratios were plotted as a function of the activity of the extractant dimer the slope returned to 3,
still implying the metal extraction by a traditional mechanism. Following this line of reasoning, the same
correction was applied to the TALSPEAK distribution data.
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Figure 9. The comparison of the distribution ratios collected for the extraction of Eu from aqueous
solution of 0.05 M DTPA, 0.05 M free lactate before and after correction for the non-ideal behavior of
HDEHP dimer in n-dodecane.

Figure 9 clearly shows that the correction fails to return a meaningful result. A similar non-integer
slope of 2.5 was calculated when Kosyakov’s data was subjected to this treatment. This behavior of
TALSPEAK distribution ratios excludes the argument of a non-ideal solution behavior of HDEHP dimer
as a sole explanation of the observed slope suppression. At the investigated concentrations of HDEHP
(0.1 — 0.2 M) smaller slope deviations are expected. A recent study by Zalupski reported the slope of 2.25
for the extraction dependency in this region of HDEHP concentrations.'® In this case the correction
yielded expected results. Upon careful examination of the trend for the distribution ratios for the
extraction of Eu by HDEHP in n-dodecane (figure 8) it is apparent that the D values are lowered to a
greater extent for the highest ligand concentration. Figure 10 shows this deviation, together with some of
the distribution ratios gathered by Zalupski. Despite this growing deviation, once plotted on the dimer
activity scale, both studies converge very well reinforcing the validity of the correction. Our TALSPEAK
data, collected using HDEHP concentrations where no curvature is expected based on Figure 10
arguments, do not allow the assignment a phase transfer mechanism described by equation 1 as the only
liquid-liquid distribution reaction. Further investigation is necessary to explain the observed slope
suppression.

Finally, shifting our attention to the distribution data collected for the solutions containing high
concentrations of lactate (last 2 points for lactate dependency), the slope of the HDEHP dependency is
further suppressed. It is tempting to explain this drastic slope decrease as the change in the mechanism of
phase transfer to a micellular type of extraction. Those liquid-liquid distribution systems are usually
characterized by the extractant dependency slope of 1, corresponding to the metal coordination by one
micelle.'® However, inspecting the distribution ratio data presented in figure 7, it is clear that the
increasing complexity of the organic phase, i.e. the HDEHP concentration, affects the correlation
observed at 1.0 M free lactate. The D values appear to be suppressed to a greater extent at higher HDEHP
content, deviating from the linear relationship.
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Figure 10. Increasing non-ideal behavior of HDEHP dimer.

This behavior is very similar to that observed for the extraction of Eu from mineral acid solutions at
much higher ligand concentrations (0.3 — 0.5 M). It is evident that, while the application of the non-
ideality correction could perhaps remove this curvature, the resulting slope of the extraction dependency
will still return a number quite distant from an ideal behavior. Consequently, several mechanistic options

remain when explaining the observed sharp decrease in the D values at the end of the lactate dependency
trends:

Other aggregative and possibly micellular behavior of HDEHP in complex TALSPEAK systems
Extraction of LnLac*

Disruption of HDEHP dimer and formation of HDEHP --- HLac dimer

As efforts are continued to find a definite explanation for this behavior, one final important
conclusion may be formulated. Figure 11 illustrates the characteristic trends in the distribution of
lanthanide ions in TALSPEAK systems collected when no lactate and 2.8 M total lactate were present in
the aqueous phase. It is essential to realize that the distribution trends remain the same across the
lanthanide series at the start and an end of the investigated lactate concentration range. This lack of
change in the AG trends across the lanthanide series suggests that, despite a significant change in the
complexity of the aqueous phase, the phase transfer reaction is governed by similar electrostatic
interactions. Consequently, the mechanism of lanthanide extraction is likely to proceed through the
liquid-liquid cation exchange process and not the micellular type of phase transfer.
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0.2 M HDEHP
e, 0.2 M HDEHP

Figure 11. The comparison of the extraction of lanthanide mixture (La’" - Ho’") by 0.2 M HDEHP in n-
dodecane from pH 3.5 aqueous solutions containing 0.05 M DTPA, and either no lactate or 2.8 M total
lactate.

3.1.2 Two-phase Calorimetric Investigation of HDEHP-facilitated Liquid-liquid
Distribution of Trivalent Americium.

The thermochemistry of metal ion partitioning in a solvent extraction process can be considered as a
balancing act between the endothermic heat associated with metal ion dehydration in the aqueous phase
and the exothermic formation of lipophilic complexes in the organic phase. Marcus has noted that these
processes dominate the enthalpy level diagrams for every liquid-liquid distribution process.'” Although
the entropy can exert a significant influence on the net free energy of extraction, the final outcome of this
enthalpic “tug of war” is often the driving force of a separation process. In any case, the change of the
enthalpy of extraction, AH, for the liquid-liquid metal distribution reaction provides a quantitative
description of the net change in bond strength associated with the phase transfer reaction. Furthermore,
the enthalpy contribution to the free energy of phase transfer reactions is generally easier to manipulate to
arrive at a desirable separation process. The change of the enthalpy of extraction is usually shaped by
factors that affect the opposing forces of dehydration and complex formation including the structural
features of the ligand, aqueous electrolyte or an organic diluent present in the system. Similar forces are
balanced to drive complex formation in monophasic systems. Investigation of the thermochemistry of
solvent extraction allows identification of the driving force of a separation process, building a solid
foundation for improvements and the development of more challenging separation schemes.

To continue our thermodynamic investigations of liquid-liquid distribution reactions a recently
developed two-phase calorimetric methodology was used to study the thermochemical features of
HDEHP-facilitated phase transfer of americium metal ion across a liquid-liquid boundary. This is the first
account of a direct calorimetric measurement of the heat of liquid-liquid partitioning of any transuranic
element reported to date. This methodology applies modern isothermal titration microcalorimetry,
allowing accurate measurements of microjoule heat events inside a 1 mL reaction vessel. To follow the
transfer of Am(III) from an aqueous solution into the organic diluent a simple, well-characterized liquid-
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liquid partitioning system was chosen. A cation-exchanging organophosphate phase transfer reagent —
bis(2-ethylhexyl)phosphoric acid (HDEHP)- is a hard electron donor dissolved in n-dodecane. When
aqueous mildly acidic (pH ~ 3) solutions containing metal ions of the oxidation states II, III, and IV are
contacted with the organic mixtures of HDEHP the hydration sphere of the metal is replaced by a number
of coordinating donor groups of HDEHP. This reaction occurs at the aqueous/organic interface, where the
metal is coordinated by three HDEHP dimers, and it crosses the phase boundary and enters the organic
environment according to equation 1.

The net heat balance of such transfer across the liquid-liquid boundary corresponds to the product of
all change of enthalpy terms from the chemical processes involved in the partitioning, such as
dehydration, electrostatic bonding and solvation. The overall change in the internal energy of the system
resulting from a phase transfer may be detected calorimetrically. The change in the enthalpy of transfer
across the liquid-liquid boundary — AH,, — describes the process quantitatively according to AH, = ¢/Am,
where ¢ is the calorimetrically detected heat associated with the reaction and Am is the molar amount of
solute that crosses the liquid-liquid interface.

The design of the isothermal titration microcalorimeter (CSC 4200, TA Instruments) allowed the
flexibility to adapt the conditions of the experiment to perform a 2-phase calorimetric study. The
instrument transfers energy to or from the surroundings to compensate for any thermochemical process in
the reaction vessel, thus maintaining its constant temperature. Semiconducting thermopile heat sensors,
located between the reaction cup and the aluminum heat sink, monitor the heat flow based on the
principle of the thermoelectric effect. Direct cal orimetric measurement of AH,, was afforded by careful
design of experimental conditions to facilitate liquid-liquid partitioning process. The calorimetric vessel
contained both aqueous (120 pL) and non-aqueous (800 pL) solutions. Aqueous phase consisted of 1 M
sodium nitrate adjusted to a pH of 3.2. The organic phase was a 0.2 M solution of HDEHP in n-dodecane.
Sequential 5 pL additions of a titrant solution introduced americium (in 1 M NaNOs;) ion into the
calorimetric reaction vessel.

When trivalent americium ions enter the cup they begin interacting with electron-donating polar
groups of HDEHP, which are assembled at the interface and penetrate into the aqueous environment. As a
result several phosphonate groups perturb the hydration layers of Am(III), replace the waters of hydration
and transfer the coordinated ion into the organic solution. Such complex formation envelops the fully
dehydrated metal ion inside the polar core, while extending the lipophilic hydrocarbon chains to allow for
the solvation of the complex in non-aqueous environment. Figure 12 shows a power compensation trace
for the HDEHP-mediated liquid-liquid distribution of Am(III) from mildly acidic aqueous sodium nitrate
solution into the immiscible hydrocarbon phase. The experimental trace for the blank titration (titrant
addition into a liquid-liquid system less HDEHP) is also included for comparison. Each peak corresponds
to the increasing heat transfer rate (WW/sec) as the calorimeter responds to the exothermic transfer of
americium ions across the liquid-liquid interface. Previous 2-phase calorimetric investigations of liquid-
liquid distribution of lanthanide ions in this system demonstrated that the observed power traces are solely
responsible for the transfer of the metal ion across the phase boundary.'® The measured energy associated
with the transfer is directly related to the concentration of the metal ion in titrant solution.

The integrated area under each peak of the power trace yields a net change of the internal energy of
the system, g. The Am(III) titration experiments were investigated in duplicate and yielded an average
integrated value of 402 + 30 pJ (£10) as the observed heat of phase partitioning. This net energy is
mainly a product of endothermic heat of metal ion dehydration and exothermic heat of complex formation
in the organic phase. As the conditions of this phase transfer experiment ensure quantitative partitioning
of Am(III) into the organic phase, the change in the enthalpy of transfer may be calculated.'® A AH;; of -
8.0 £ 1.2 kJ/mol (£20) for the investigated liquid-liquid distribution equilibrium suggests favorable
bonding interactions between Am(III) and HDEHP.
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Figure 12. Calorimetric power compensation trace collected for the liquid-liquid distribution of
americium ion. Aqueous phase: pH 3.2, 1.0 M NaNOs. Organic phase: 0.2 M HDEHP in n-dodecane.

Figure 13 shows the thermodynamic parameters for the studied Am(III) partitioning, together with the
previously determined values for lanthanide ions.'® The reported Gibbs free energy of Am(III) transfer
represents an average value calculated from the extraction constants, log K., reported elsewhere for the
extraction of Am®” by HDEHP in aliphatic diluents.””*' The entropy term was calculated from the
experimentally obtained AH,, value and the averaged AG,, value as AS,, = (AHy, - AG)/T.

Figure 13. The comparison of the thermodynamic parameters for the HDEHP-facilitated liquid-liquid
partitioning of Am(III) with those reported for the lanthanide series.
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The reported thermodynamic parameters clearly illustrate the similarities of the solution chemistry of
lanthanides and actinides. Trivalent f-elements are hard Lewis acids.”* As such, the complexation
chemistry of actinides and lanthanides by hard oxygen-donating reagents is governed by electrostatic
interactions.” The strength of an ionic bond is directly related to the charge density of the metal ion and,
due to the f-element contraction, the complexation of Am(III) usually mimics that of Pm(III).>* The
thermodynamic parameters for the liquid-liquid distribution of trivalent americium illustrate this
electrostatic dominance as HDEHP is a hard donor phase transfer reagent. The collected parameters for
Am(III) correctly fit into the AGy,, AH,, and AS,, trends at the expected position of Pm(III). The negative
entropy term opposes the partitioning of the metal ion into the organic phase due to the ordering effect of
complex formation as well as the hydration of three protons, which are exchanged back to the aqueous
solution. A favorable exothermic heat of Am(IIl) / HDEHP compound formation opposes the unfavorable
entropy term. The overall free energy of liquid-liquid distribution (AGy,) of Am(III) is slightly
endothermic, matching the light lanthanides characterized by lower charge density relative to the heavier
and harder members of this series.

The reported thermochemical tracking of HDEHP-mediated transfer of trivalent americium ion across
the liquid-liquid boundary illustrates the value of 2-phase calorimetric methodology. Similar
thermodynamic inquiry is feasible for diverse chemical systems, where mass transport across the liquid-
liquid interface occurs. Studying the thermochemical principles of such transformations reveal important
properties of solvation, molecular interactions and progressive structural self-assembly in solution and
may identify new thermodynamically-inexpensive channels for mass transfer. This methodology will
remain an important characterization tool during the upcoming experimental efforts in FY11.

3.2 Kinetics

Mechanistically, the extraction behavior of metal ions in the TALSPEAK process is very ill defined;
there is suggestion that metal: DTPA complex dissociation in the aqueous phase is the rate determining
step.” It has also been demonstrated that the rate of phase transfer of lanthanide ions into HDEHP
decreases across the series.>*® For added complexity, decreasing the concentration of lactic acid in the
TALSPEAK aqueous phase is also seen to significantly slow the metal ion phase transfer kinetics. In
addition evidence has been provided that lactate is seen to partition into HDEHP only when metal ions are
present.”> Studies by Danesi*’ and Kolaric® both elude to the mechanism of phase transfer being assisted
by the existence of ternary complexes of metal: DTP A:lactate in the aqueous phase. However, recent
work by Jensen et al.” and work performed in this program in FY 2010 (see section 3.3) would seem to
dispel the hypothesis that these species exist in the TALSPEAK media and hence, another mechanistic
interpretation of the phase transfer process has to be formulated.

3.21 Solvent Extraction Phase Transfer Kinetics

Prior work has highlighted that up to 10 mins vigorous mixing is required to reach equilibrium for
heavy lanthanides in TALSPEAK systems.” With this in mind, the initial experimental conditions for
studying the kinetics of phase transfer of tracer Ce, macro Eu and tracer Am were as follows:

Aqueous phase
e 1 M total lactate pH adjusted to 3.8
e Varying DTPA concentration 10, 20, 40 50 mM
e 10 mM Eu, tracer Ce and **'Am
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Organic phase
e 0.17M HDEHP in n-dodecane
Mixing
e All organic phases were pre-equilibrated with appropriate aqueous phases

e Vortex mixing contact times of 1, 5 and 10 mins

Distribution ratios of europium, cerium and americium as a function of mixing time are presented in
Figures 14 and 15. The data presented in Figure 14 show that at all DTPA concentrations, when using a
vortex mixer for agitation, the extraction of europium reaches equilibrium between 5 and 10 mins mixing
time. As the concentration of DTPA is increased, the distribution of europium significantly decreases, up
to 40 mM DTPA in the aqueous phase. Interestingly, the data illustrates that under the conditions studied
there is very little difference in using 40 mM DTPA and 50 mM DTPA. The decrease in distribution
coefficient with increasing DTPA in the aqueous phase is not unexpected and is a result of the increased
metal:DTPA complexation in the aqueous phase. When plotting log D vs log [DTPA] (at equilibrium), a
slope of approximately 1 is obtained as previously observed by Tachimori.® The slope of 1 is indicative
of one DTPA molecule complexing the europium ions in the aqueous phase.

Figure 15 shows that the extraction behavior of cerium and americium has some similarities to the
extraction behavior of europium. That is to say the distribution coefficients decrease with increasing
[DTPA] in the aqueous phase and equilibrium is reached at somewhere between in the 5-10 min
timeframe with vortex mixing. In addition, there is little difference in the distribution coefficient, of
either cerium or americium when increasing the DTPA concentration from 40 mM to 50 mM in the
aqueous phase. As with Eu, a plot of the equilibrium log D value vs log [DTPA] for both cerium and
americium results in a slope of 1 indicating that the aqueous phase metal ion complex is 1:1. However,
kinetically Figure 15 appears to show that there is a difference in the extraction behavior of both cerium
and americium. For all concentrations of DTPA, one minute on the vortex mixer gives a higher
distribution value than when the system has reached equilibrium.

For all of the metal ions studied, (Eu, Ce and Am) there is not enough data using the vortex mixer to
develop rate constants for the extraction of these metal ions. To obtain reliable rate constants, further
experimentation was performed on these systems by changing the method of mixing. By switching to a
rotary bar, the mixing between the two phases becomes less vigorous and as such should significantly
slow down the extraction kinetics.”> All other experimental conditions were replicated from the initial
vortex mixing tests apart from the mixing times now were extended to 15, 30, 60, 120 and 180 mins.
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Figure 14. Influence of [DTPA],q on rate of extraction of Eu by 0.17 M HDEHP in dodecane using a
vortex mixer to agitate the two phases. Aqueous phase composition 1 M lactic acid at pH 3.8, [DTPA]
10-50mM.

0.01 M DTPA
02 M DTPA
DTPA

TPA

Figure 15. Influence of [DTPA],q) on rate of extraction of (a) cerium and (b) americium by 0.17 M
HDEHP in dodecane using a vortex mixer to agitate the two phases. Aqueous phase composition 1 M
lactic acid at pH 3.8, [DTPA] 10-50 mM.
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From the rotating bar experiments it can be seen that the extraction of Eu reaches equilibrium
between 120 and 180 mins, (Figure 16). We see essentially a linear increase in the concentrations of the
europium extracted into the organic phase over the first 120 mins for each DTPA concentration. It is also
important to note that the equilibrium distribution values are almost identical to those obtained from the
experiments where vortex mixing was used. As there is no significant change in the distribution
coefficient when equilibrium is reached, it is reasonable to assume that the extraction mechanism is
independent of the degree of agitation i.e. we do not see a kinetic product over thermodynamic product
extracted. The reversible 1* order rate constant for the transfer of Eu from the aqueous phase to the
organic phase at each DTPA concentration is derived from the slope of the plot of:

Dy

log vs. timeY

Df D
(1 +Df)[1 +D, 1 D,

where Dy is distribution coefficient at equilibrium and D, is the distribution coefficient at time t% The
rate of extraction of Eu for each DTPA concentration is given in Table III.

Table III. Reversible rate constants for the extraction of 10 mM Eu from 1.0 M lactic acid at pH 3.8,
[DTPA] 10-50 mM, into 0.17 M HDEHP.

[DTPA]/ M
0.01

0.02
0.04
0.05

It can be seen from these rate constants that the rate of extraction of Eu is inversely proportional to
the DTPA concentration, clearly identifying that DTPA is involved in the mechanism of extraction of Eu
into the HDEHP organic phase. When plotting log k vs log [DTPA] the slope of the line obtained is -0.5.
This slope is somewhat different from that obtained by Kolarik (-0.3) when conducting similar
experiments.”” However, there are several differences in the experimental conditions of the present work
that could play some part in obtaining a slightly different slope than that reported in the prior work. Here
we not only have a significantly higher metal concentration but the HDEHP concentration is also lower
than the work carried out by Kolarik.”

When examining the results of the cerium extraction using the rotating bar, Figure 17a, it can be seen
that there is a significantly different extraction profile with time than the more “classical” one observed
with Eu. Indeed, the americium (Figure 17b) is seen to behave in a similar manner albeit with
significantly lower distribution ratios. The trend is simpler for the aqueous phase that contains 10 mM
DTPA with the distribution coefficient for both Ce and Am seen to decrease as the extraction time is
increased until equilibrium appears to be reached by 180 mins. This situation is unusual as there appears
to be a “fast” extraction of Ce, i.e. we initially observe a kinetic based extraction — something not usually
associated with TALSPEAK. Previous work on TALSPEAK extraction kinetics highlights that the
process is generally slow to reach equilibrium with decreasing rates across the lanthanide series. >
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Figure 16. Influence of [DTPA].q on rate of extraction of Eu by 0.17 M HDEHP in dodecane using a
rotary mixer to agitate the two phases. Aqueous phase composition 1.0 M lactic acid at pH 3.8, [DTPA]
10-50 mM.

0.01 M DTPA
2 M DTPA
DTPA

Figure 17. Influence of [DTPA],q) on rate of extraction of (a) cerium and (b) americium by 0.17 M
HDEHP in dodecane using a rotary mixer to agitate the two phases. Aqueous phase composition 1 M
lactic acid at pH 3.8, [DTPA] 10-50 mM.
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When the concentration of DTPA is increased in the aqueous phase the extraction profile (with time)
is seen to initially increase and then decreases back to equilibrium by 180 mins. This type of extraction
profile with cerium and americium has not previously been reported with respect to the TALSPEAK
process. Due to these results, the data cannot be treated in the same manner as the Eu to develop rates of
extraction. Instead, we have endeavored to explain these unusual extraction profiles and their relation to
the extraction mechanism.

The light lanthanides are known to have kinetically less stable complexes with DTPA; in fact if
increasing amounts of acetate are introduced into such a system then the rate of decomplexation is seen to
increase.”’ This is important in the TALSPEAK system, as the rate determining step for phase transfer is
thought to be the decomplexation of the lanthanide ions from DTPA in the aqueous phase. To explain the
results obtained here we first have to consider the (simplified) mechanistically important reactions:

Eu(DTPA)*™ + 3(HA), © Eu(HA,); + H3DTPA*" - Equation-39
Ce(DTPA)*™ + 3(HA), = Ce(HA,); + H3DTPA*~ - Equation-4¢
Am(DTPA)*™ + 3(HA), & Am(HA,); + H3DTPA*~ - Equation-39

At the beginning of the experiment of the initial test (10 mM DTPA), the aqueous phase experimental
conditions were 1 M lactic acid at pH 3.8, [DTPA] 10 mM, tracer cerium, 10 mM Eu and tracer
americium. It becomes obvious that the majority of the DTPA is complexed to Eu and most likely
americium (Equations 3 and 5 lie mostly to the left). This is due to both the complexation constants of Eu
and Am being larger than that of the DTPA:Ce complex but also the sheer quantity of Eu present in
solution. These conditions would seem to suggest that most of the cerium is “free” in lactate solution. As
the solutions begin to be mixed, cerium does not have to be decomplexed from DTPA to be extracted and
hence HDEHP can extract cerium rapidly as though from a mineral acid solution.'® After a very short
period of mixing, the equilibrium described by Equation 4 lies completely to the right. However, as the
extraction experiment proceeds Eu begins to be extracted into the organic phase and releases some of the
DTPA in to the aqueous phase, creating free DTPA in solution. With free DTPA now present in the
aqueous phase, this begins to change the equilibrium of Equation 4 and so, with increasing free DTPA in
the aqueous phase, this reaction begins to re-address itself to the left. This process continues until Eu has
reached equilibrium and hence, stopped releasing DTPA into the aqueous phase, and as such the Ce does
not reach equilibrium until after the Eu.

3.2.2 Solvent Extraction and Phase Transfer Kinetics from other Buffers

In the original work on TALSPEAK separations,”** Weaver and Kappleman investigated a wide
range of buffers to perform this separation before settling on 1 M lactic acid buffer (pH ~3.6-3.8) and 50
mM DTPA. As has already been identified, the pH control is critical for efficient separations. If the pH
increases above the value for optimum working conditions (3.6 — 3.8) the distribution coefficients of the
lanthanides significantly decrease. On the other hand, if the pH falls below significantly below 3.6 DTPA
can precipitate out of solution.*

As added scope to the original work package, investigations began into developing a modified
TALSPEAK type process for the group actinide lanthanide separation that can operate at low pH (1-2)
which would be more “process friendly” and, if possible, reduce or remove the requirement for a separate
holdback reagent (e.g. DTPA). The hypothesis behind this work is that amino acids could be used as the
aqueous phase buffer and “soft donor”. The carboxylic acid groups of amino acids have significantly
lower pKa’s than lactic acid meaning that the aqueous phase can be buffered at pH’s closer to the 1-2
range (0.1-0.01 M H"). Ideally the amino acids will also preferentially complex the trivalent actinides
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over the lanthanides so that an extractant such as HDEHP (as in TALSPEAK) can be used to extract the
lanthanides into an organic phase, without the need for a separate holdback reagent.

Similar to the original TALSPEAK process, the lanthanide/ actinide separation factors for this
proposed process will likely be reliant on the aqueous phase composition. Building on limited
observations with glycine nitrate,” preliminary investigations have been performed using L-alanine the
simplest analogue for lactic acid where the o~hydroxy is replaced with an NH, group, Figure 18. The
results from these initial tests using 1.0 M L-alanine at lower pH’s and in the presence of DTPA have
shown promise for this approach, with encouraging Eu/Am D values and separation factors, Figure 19.

0] O

H3C
OH OH

NH, OH

Figure 18. a) structure of L-alanine, b) Structure
of L-lactic acid

The results obtained with the L-alanine system suggests that equilibrium in this system is reached at
significantly shorter contact times than in a lactic acid system, Figure 20. As such, investigations
continued into the extraction kinetics with different amino acids using (slow) rotary mixing and (fast)
vortex mixing.

Figure 19. Distribution ratios of **Eu (e) and **' Am (m) as a function of pH for an aqueous phase
composition of 1.0 M L-alanine and 0.05 M DTPA, org. phase =0.17 M HDEHP in dodecane.
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a b

Figure 20. Distribution ratios of *“Eu (e) and **' Am (m) as a function of time for an aqueous phase
composition of a) 1.0 M L-alanine and 0.05 M DTPA pH 1, org. phase =0.17 M HDEHP in dodecane
and b) 1.0 M L-alanine and 0.05 M DTPA pH 3.8, org. phase =0.17 M HDEHP in dodecane.
Experiments performed using a rotating bar.

Further to these tracer studies, solvent extraction experiments have also been performed with 10 mM
Eu present in the aqueous phase. Although only preliminary results have been obtained from these
studies, it appears that there are no significant differences in distribution coefficients with larger
quantities of metal present. In addition, the fast phase transfer kinetics afforded by the alanine bufter
results in equilibrium for each metal ion being reached in significantly shorter timescales than those
observed in the TALSPEAK process.

Table IV shows the results of tests performed with additional amino acids. These tests were
performed at different pH’s and lower DTPA concentrations. It appears that changing the functionality of
the amino acid has a significant effect on the distribution coefficient and separation factors that could be
achieved using these types of molecules as buffers for actinide lanthanide separations. It is clear that
there is perhaps great promise for the use of such reagents in further developing minor actinide/lanthanide
separations especially given the advantages provided by the significant improvements seen with respect to
phase transfer kinetics of the lanthanides.

Table I'V. Distribution coefficients and separation factors for Am, Eu and Ce from different amino acid
buffer systems. Alanine buffer - [Alanine] =1.0 M, pH 2.7, 35 mM DTPA, 7 mM Eu; Arginine buffer -
[Arginine] = 1.0 M, pH 2.7,35 mM DTPA, 7 mM Eu; Methionine buffer - [Methionine] = 1.0 M, pH 1.7,
25 mM DTPA 10 mM Eu; Histidine buffer - [Histidine] = 1.0 M, pH 1.7, 25 mM DTPA 10 mM Eu.

Amin() ACid SFEu/Am SFCe/Am

DL-Alanine 6.29 74.71

L-Arginine 5.52 172.57
L-Methionine 60.08 25.34

L-Histidine 98.74 38.37
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3.23 DTPA Complexation Kinetics

Following on from the work performed in FY ’09,” complexation kinetics experiments were
performed to probe Pr, Eu, and Er complexation by DTPA in propionate media under stopped flow
conditions. Propionate was chosen as the buffer due to its structural similarity with lactic acid but
without the o-hydroxy group. The comparison of the collected kinetic data for both lactate and
propionate systems should ascertain the actual effects of the a~hydroxy functionality on the complexation
kinetics. Similarly to the studies performed in FY 09 in acetate media, the reaction between DTPA and
the Ln-Arsenazo III (AAIII) complex exhibited slow complex formation kinetics i.e. the reaction had not
reached completion after 60 seconds. This result is consistent with prior literature reports.® In addition
to this, the first order rate equation (Equation 6) was not found to adequately describe the data generated
in these experiments. As with the acetate system, the resultant kinetics trace is better described by a
double exponential (Equation 7):

y=A; x eF¥) 4 B Equation 6
y= A xelF) + 4, x e(k¥) 1+ p Equation 7

In fact, when the reaction is monitored over a one second time period there are two distinct processes
occurring - one very fast (expected to be the free metal complexation reaction) and one unidentified
reaction that occurs on a slower timescale. Unusually though, when the complexation reaction is
monitored over a 30 second time period there are two distinct slow reactions occurring (Figure 21).
Similar traces were observed for Am under the same conditions, albeit at slightly faster timescales. This
infers that within the system under study there are 3 separate reactions occurring with rates k;, k, and k.
We were able to confirm this when processing the rate constants for the different experiments. The rate
for the 2™ reaction, ks, in the short time scale experiment was (within error), identical to that of the first
process in the longer timescale experiment.

Figure 21. Sample kinetics trace from the stopped flow spectrophotometer measuring the rate of reaction
of Pr-AAIIl complex with DTPA [Eu] = 5x10™ M, [AAIII] = 5x10° M, 50 mM propionate buffer, / =
0.1M (NaNO;) [DTPA] = 1x10°M, pH 3.7.
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Figure 22. Plot of average (a) k; and (b) k, vs. [AAIII] in 50 mM propionate buffer, /=0.1 M (NaNOs;).
[Am] = 5x107 M :[AAII] = 1-5x10° M, [DTPA]=1x10> M pH 3.7.

To test if the AAIII was interfering in the systems under investigation, its effects on the reaction rates
k; and k, were studied for the americium-DTPA complexation reaction. Figure 22 a&b show the results
obtained. It can be seen that there was no effect of AAIII concentration on k;, confirming that k; is the
rate of complexation for DTPA to the metal ion under study. However, the rate constant k, was seen to
vary linearly with AAIII concentration indicating that AAIII is involved in the rate determining step for
this process.

When comparing the assumed rate of reaction for DTPA binding to the lanthanides and americium
(ky), what is observed is that there is very little difference across the lanthanide series (Figure 23).
However, the rate of reaction for DTPA binding to Am is seen to be significantly faster than any of the
lanthanides studied. These results are similar to those measured for Eu and Am in an acetate buffer. The
faster reaction of americium with DTPA over the lanthanides indicates that the mode of interaction has to
be somewhat different between these ions. Interestingly though, this enhancement of the complexation
kinetics could perhaps be attributed to something other than purely electrostatic interactions between Am
and DTPA, because we see no difference in the rate of reaction across the lanthanide series where we
only see changes in the physical properties of the ions (ionic radii/ m/z).

With confirmation that the AAIIl is complicating the DTPA complexation studies with the
lanthanides and actinides, further investigation is required into alternative colorimetric reagents to follow
the complexation kinetics. In addition, temperature dependent kinetics to determine activation energies
for the DTPA binding reaction will be performed. Determining the activation energies may assist in
identifying the origin of the difference in behavior between the actinides and lanthanides with DTPA.
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Figure 23. Plot of average k; for the reaction of DTPA with Pr, Eu, Er and Am as a function of ionic
radii. [metal] =5x10" M, [AAIII]= 5x10” M, 50 mM propionate buffer, I = 0.1 M (NaNO;), [DTPA] =
1x10° M, pH 3.7.

3.3 Ternary Complexation

Since the inception of the TALSPEAK process there has been much discussion over the mechanism
via which the interfacial transfer of the metal ions occur. From prior studies***’ it is obvious that the
lactate accelerates this process. The presence of yet to be identified metal: DTP A:lactate ternary
complexes have been postulated to disrupt stable metal: DTPA coordination to ease HDEHP -facilitated
phase transfer of the metal ion into the organic phase. In addition, Nilsson and Nash® suggested that the
existence of these complexes could be the part of the reason for the observed discrepancies between
modeled extraction data experimental data obtained as a function of pH. With increased speculation over
the existence of these complexes, a temperature dependant NMR study on some TALSPEAK-
representative aqueous solutions was executed with the assistance of collaborators from the University of
Manchester in the UK.

This study initially probed the complexation of La, Lu and Eu in binary mixtures with DTPA and
lactate, respectively, at pD of 3.6 (pD is the deuterium equivalent of pH, this is due to the requirement for
deuterated solvents in NMR studies). The use of La, Lu and Eu provided a comprehensive representation
of the whole lanthanide series and could take into account any differences that might occur via the change
in the ionic radii and charge density over the whole lanthanide series. When comparing the results of the
proton NMR for free DTPA to the La-DTPA, Eu-DTPA and Lu-DTPA systems, it becomes clear that
DTPA is bound to the metal ion in all systems in good agreement with the results of Choppin.** (Figure
24 and 25). In the binary La-lactate and Lu-lactate systems, it is difficult to tell that the lactate is bound in
the inner sphere of the metal ion as there is virtually no difference in the lactate signal when La or Lu is
present or absent. However, evidence that lactate is binding in the inner sphere of the lanthanides comes
from the Eu-lactate binary system. As europium is a paramagnetic ion, when lactate binds the signals are
shifted outside the normal ppm range. Therefore, the free lactate signals that are found at ~4.37 ppm (CH
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proton) and ~ 1.40 ppm (CHj; protons) shift to 0.90 ppm and 0.46 ppm respectively, when lactate is bound
to the Eu ion. In addition, these signals are also seen to shift as temperature is decreased to 0.08 and -0.70
ppm, Figure 26 and 27.

As expected from the lactate-only systems, the collected proton NMR spectra for the
La-DTPA-lactate and Lu-DTPA-lactate ternary systems match the lactate-only systems, indicating that
there is no evidence for an inner sphere ternary complexation. The 'H NMR spectra obtained suggest that
the La-DTPA and Lu-DTPA complexes exist but lactate is unbound. Further evidence for no inner sphere
ternary complexation comes from the Eu-DTPA-lactate system, where a paramagnetic shift of the
magnitude observed in the binary Eu-lactate is not observed. Only slight shifts in the lactate signals in the
Eu-DTPA-lactate system from 4.35 to 4.1 ppm for the CH proton and from 1.40 to 1.34 ppm for the CH;
protons were seen Figure 28. This shift is most likely due to the lactate in presence of a paramagnetic ion
rather than lactate being bound to it.

4.0 35 3.0
Chemical Shift (ppm)

Figure 24. 'H-NMR Spectra for free DTPA ([DTPA] = 10 mM, pD= 3.6). The peak at 3.84 ppm
integrates to 8 (designated a), the peak at 3.61 ppm integrates to 2 (designated d), the peaks at 3.44 and
3.20 ppm both integrate to 4 (designated b and c, respectively).



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
September 17", 2010 31

La(DTPAY>

El
3
E
E
3
E
3
E
E
3
E
3
E
E
E
E
3
E
E
E
E
E
E
3
3
E
E
E
E

Figure 25. 'H-NMR Spectra for solutions La-DTPA, Lu-DTPA and Eu-DTPA. [La*"] = [DTPA] = 10 mM,
pD =3.6, [Lu’"] = [DTPA] = 10 mM, pD = 3.5 and [Eu’"] = [DTPA] = 10 mM, pD = 3.5.
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Figure 26. 'H-NMR Spectra for lactate ([lactate] = 10 mM, pD = 3.4). The peak at 1.39 ppm integrates to
3 (designated a) and the peak at 4.35 ppm integrates to 1 (designated b).
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Figure 27. '"H-NMR Spectra for solutions La-Lac, Lu-Lac and Eu-Lac. [La*"] = [lactate] = 10 mM, pD = 3.6,
[Lu**]= lactate] = 10 mM, pD = 3.5 and [Eu*'] = lactate] = 10 mM, pD = 3.5.
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Figure 28. 'H-NMR Spectra for solutions La-DTPA-Lac, Lu-DTPA-Lac and Eu-DTPA-Lac. [La*"] =
[DTPA] = [lactate] = 10 mM, pD = 3.7, [Lu’"] = [DTPA] = [ lactate] = 10 mM, pD = 3.5 and [Eu’'] = [DTPA] =
[lactate] = 10 mM, pD = 3.6.

The results of this study suggest that there is no inner sphere complexation of lactate when DTPA is
bound to a lanthanide ion and hence, no ternary complexation. These results support the work of Jensen
et al.”® showing that the observed trend of the metal distribution ratios in the TALSPEAK process cannot
be accounted for by ternary complexation of the metal ions in the aqueous phase. Furthermore, these
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results show that the phase transfer kinetics are not catalyzed by inner sphere ternary complexation as
previously suggested. Hence, the mechanism by which metal partitioning occurs in the TALSPEAK
system is still to be determined.

4. CONCLUSIONS AND FUTURE WORK

The ability to directly measure the heat of extraction of americium in biphasic systems has been
demonstrated and was an important accomplishment for the FY 10 program of research. The application
of this technique will provide new insights into the validity of the van’t Hoff estimation of heats of
extraction and into the phase transfer of metals across a liquid-liquid boundary for many different
systems.

The dominant portion of this year’s thermodynamic investigations of the TALSPEAK-type chemistry
focused on the apparent shift from the idealized stoichiometric behavior expected from DTPA and
HDEHP when lactate buffer is present in the system. Based on thermodynamic models lactate is not
expected to be a contributing factor when determining the overall distribution of metal ion between an
aqueous phase containing DTPA and an organic phase containing HDEHP. However, our metal
distribution studies indicate a substantial deviation from this expected behavior at conditions that are
typical of TALSPEAK process operation. Our strategically-designed studies of the liquid-liquid
distribution of lanthanides produced several important conclusions:

e Medium effects of large lactic acid concentrations in the aqueous solutions on the glass
electrode behavior, speciation of lactate, and metal distribution ratios appear to be minimal.

e No thermodynamically-stable mixed complexes exist in the aqueous solutions.

e The increasing complexity of the organic medium appears to influence the observed
deviations.

e The mechanism of phase transfer is similar across the series of investigated conditions.

Although still quite general, these conclusions allow formulation of specific experimental tasks to
continue the studies of TALSPEAK chemistry. We intend to focus our attention on the most complex
aqueous regions and carefully study the critical HDEHP concentration, where the unpredictability gains
strength.

The phase transfer kinetics studies have highlighted the difficulty of relying on tracer investigations
alone to adequately describe the chemistry in liquid-liquid distributions. This research has highlighted
how, in these complex extraction systems, attention to fundamental studies at applied conditions is
essential to understand the process that is occurring. Without the studies presented here, we would still be
under the assumption that the light lanthanides come to equilibrium first in the TALSPEAK process
whereas, because of the interdependence of solution phase chemical equilibria, this is not the case and the
light lanthanides only come to equilibrium in the system after the heavier lanthanides. Weight has been
added to the argument that inner-sphere ternary complexes of the form metal:DTPA:lactate do not exist in
TALSPEAK aqueous phases. However, it seems reasonable from the work presented here that lactate
plays some role in the outer sphere dehydration of the metal ions.

In FY 2011 research will continue to develop thermodynamic and kinetic parameters that will assist
in describing the TALSPEAK process. In particular investigations on the use of isothermal titration
calorimetry to study the heat of extraction of curium will be performed and the use of microfluidic
devices will be explored for studying extraction kinetics. Data collection on solution phase complexation
kinetics of the actinides will also continue.
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N AW —

7. SUMMARY OF COLABORATORS EFFORTS IN FY 2010

The thermodynamics and kinetics program is a multi-lab effort to developing the necessary
capabilities and expertise to study the these fundament properties that describe aqueous separations
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systems. Although most of the work to date has focused on TALSPEAK chemistry, we are developing
these capabilities and expertise in a manner such that it could be applied to any aqueous based separations
technique that required study. Each lab has their own main focus area, with some overlap into the INL
program for consistency in parameter measurements. Each laboratory produces its own end of year report
for its focus area; however in this section the main highlights of the research from each contributor is
summarized to show how this program is developing. Detailed reports from each contributor are
presented in Appendix A-D.

7.1 LBNL

At Lawrence Berkeley Nationional Laboratory (LBNL) the team lead by Dr. Linfeng Rao focuses on
the determination of thermodynamic parameters of aqueous complexes between Ln(I1Il)/ An(I1I) and
TALSPEAK related ligands. These studies are designed to assist our understanding og the actual
speciation in the complex aqueous phase of the TALSPEAK aqueous phase. The techniques applied for
these studies are potentiometry, absorption spectrophotometry, luminescence spectrophotometry and
calorimetry. In FY'10, the focus has been on the temperature effect on the complexation of lanthanides
(Nd and Eu) with lactate and DTPA, and the complexation of curium with nitrate.

711 Summary of LBNL results

The stability constants of Nd(Ill)/lactate and Eu(IlI)/lactate complexes were determined by two
methods: potentiometry and spectrophotometry for Nd(III), and potentiometry and luminescence
spectroscopy for Eu(IIl). It was identified that the stability constants of Nd(IlI)/lactate and Eu(Ill)/lactate
complexes generally decrease as the temperature is increased. Such trends are consistent with the negative
enthalpies of complexation obtained by calorimetry. This trend is in contrast with simple carboxylic acids
such as acetate and propionate.

By comparing the experimentally determined 7nop .y, (from luminescence lifetime measurements) with
those predicted by speciation assuming different coordination modes for lactate in the Eu(Ill)/lactate
complex, it is concluded that mode (c) in Figure 4 Appendix A, where the protonated a-hydroxyl group
participates in the coordination, is the most probable coordination mode of lactate in the Eu(Ill)/lactate
complexes.

The stability constants of Nd(III)/DTPA and Eu(IIT)/DTPA complexes were determined by two
methods: : potentiometry and spectrophotometry for Nd(III), and potentiometry and luminescence
spectroscopy for Eu(Ill). The stability constants determined via each method agreed reasonably well.
Unlike the lactate system, the effect of temperature is significant, the stability constants of both the ML
and MHL complexes (with Nd and Eu) decreases by 1 — 2 orders of magnitude as the temperature is
increased from 10°C to 70°C.

Investigations into the effect of temperature on the complexation of nitrate with Cm between
10-85°C, found that there was little effect of temperature on the equilibrium constants. However, from
luminescence lifetime measurements of Cm(III) in nitrate solutions suggest that the nitrate ligand
coordinates to Cm(III) in a bidentate mode, replacing two water molecules.

7.2 ANL

At Argonne Nationional Laboratory (ANL) the team lead by Dr. Artem Guelis has focused on the use
of microfluidic devices for the study of phase transfer kinetics. Kinetic data can be collected to allow for
the calculation of metal diffusion coefficients since the surface area of the interface can be precisely
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calculated. The samples can be analyzed for metal content using radiometric techniques or other
analytical methods, e.g. [CP-MS. If successful these microfluidic devices will have a significant impact
on the investigations of the solvent extraction kinetics and mechanism as they require only small amounts
of solutions, they are cheap, reliable, and easy to operate.

7.21 Summary of ANL results

An all glass microfluidic chip, fabricated using photolithography, wet chemical etching, and glass
bonding in a class 100 cleanroom at the University of Chicago, has been produced and used for the study
of solvent extraction kinetics. A small fraction of the aqueous phase is siphoned away from the oil phase,
at various stages along the capillary providing distribution data at these points of the extraction process.
To our knowledge, this is the first microfluidic system that provides kinetic data for two-phase extraction,
instead of simply providing an endpoint measurement. Preliminary tests on the extraction of orange-
colored (0.1 M FeSCN*" in (1.2 M Lactate +40 mM DTPA)) into (IM HDEHP in Dodecane),
demonstrate the success of this technique (Appendix B Figure 3).

Despite these promising results, droplet formation and siphoning were not reproducible during testing
with the TALSPEAK solutions for radioanalytical applications. It has been highlighted that there are two
main reasons for this: 1) The presence of multiple surface-active compounds with different time-varying
contact angles and 2) These solutions are considered “dirty” as they produce a residue in the glass channel
that is difficult to remove. As such device design has been re-thought using a capillary network
composed of Teflon tubing, with one piece of tubing specially modified using laser micromachining,.
These devices have an increased contact angle differential — increasing the range of permissible side
channel geometries and main channel pressures that will still allow 100% separation of aqueous from
organic phases. In addition, these systems can be completely disassembled and washed. Thorough
washing of a glass microfluidic device is not always possible, as particles will tend to accumulate in
channel corners.

In Figure 8 (Appendix B), the Teflon tubing device is shown to behave in a manner consistent with
that necessary to achieve the project goals: at specific flow rates shown below, the complete siphoning of
the oil phase is accomplished, leaving only the aqueous phase in the main channel for off-line analysis.

7.3 SRNL

At Savannah River Nationional Laboratory (SRNL) there are two teams investigating slightly
different aspects of TALSPEAK chemistry. The effort lead by Dr Nicholas Bridges uses electrochemistry
to provide a new approach to understanding metal-ligand interactions between the actinides and
TALSPEAK relevant ligands. Dr. Tracy Rudisill has been investigating the therochemical behavior of
other actinides within TALSPEAK separations.

7.3.1 Electrochemistry

Electrochemical investigations into the effects of DTPA and lactic acid on two actinides with
significantly different oxidation potentials (Am and Pu) has provided insight into the systems control of
the oxidation state. Initial testing highlighted in Figure 3 Appendix C, demonstrated that lactic acid is
less stable to oxidation than DTPA. Interestingly though, oxidation of lactic acid does not occur by loss
of the carboxylic acid as carbon dioxide, ™ * #?P"*©) byt instead by oxidation of the a-hydroxyl group to
aketone. Oxidation of the a-hydroxyl group will form the a-ketone, pyruvic acid, ™ A?P“*© though
the formation of pyruvic acid has not been confirmed through other techniques at this time. In addition,
lactic acid is found to be less stable with regards to oxidation than its deprotonated congener lactate.
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When Pu is added to the DTPA system we find that the Pu™"" couple is quasi-reversible but becomes
more electrochemically reversible as the scan rate decreases (from a AE of 0.219 V at 1000 mV/s to AE of
0.121 V at 10 mV/s), Figure 5 Appendix C. Evidence has been presented that there are multiple
coordination environments around the Pu metal ion in solution, indeed at high ratios of DTPA:Pu, the
results of the electrochemical investigation suggests that nor complex coordination environments exist
perhaps with multiple DTPA molecules per Puion. In lactate solution the Pu''/Pu" couple exists at a
higher potential than the Pu-DTPA, this is simply due to the change in coordination environment around
the Pu ion in solution.

The aqueous electrochemical behavior of Am is much simpler than plutonium, due to americium due
to the large redox couples required to perform the oxidation. The DTPA-Am system shows a significant
decrease in the current associated with the oxidation of DTPA, Figure 8 Appendix C. The decrease in the
redox potential of the DTPA is greater in the americium system, than the plutonium system. The
implication of these results is not yet completely understood and is still under investigation. At the time
this report was prepared the americium-lactic acid system has not been completed and thus is not reported
here.

7.3.2 Solvent extraction

Plutonium was found to not be reduced by HAN once complexed by DTPA in the lactate solution.
As such, oxidation state adjustments of Np and Pu were made using HAN and FS prior to combining with
the lactic acid and DTPA. The UV-vis spectra were recorded following nominally 1, 2, 3, 7, and 8 days
after preparation, the recoded spectra identified that the plutonium was not stable as the +3 ion under
these conditions.

Distribution measurements of Np, Pu, Am, and Pa were made from an aqueous phase containing 1.5
M lactic acid, 0.05 M DTPA at a pH of 2.8 and 3.5. The organic phase consisted of 1.0M HDEHP in
dodecane. These experiments were performed at ca. 20, 40 and 60°C. In the pH 2.8 experiments, Am
was seen to have distribution coefficients greater than 1, when the pH was increased to 3.5 the Am seen to
be retained in the aqueous phase as expected. Neptunium and protactinium were seen to extract into the
organic phase more than any of the other actinides under study. As expected for the exothermic extraction
of metal ions in TALSPEAK, distribution coefficients were seen to decrease as the temperature for the
extraction was increased.

The actinide distribution coefficients measured at different temperatures were used to calculate
conditional enthalpies (AH’) and entropies (AS”) of extraction. The thermodynamic properties calculated
from the van’t Hoff analysis are provided in Table 6, Appendix D. Inspection of the data at pH 3.5 on
Figure 11 (Appendix D) and the correlation coefficients for the regression analysis (Appendix DC) show
non-linearity in all studies performed. This non-linearity means that the conditional enthalpies (AH") and
entropies (AS") of extraction determined in this study have to be treated with caution. There are several
factors that may contribute to the non linearity; in the Pu and Np examples temperature changes may
affect the rate of oxidation or reduction leading to a solution containing mixed oxidation states and hence
different extraction behavior. However, a similar deviation is present in the redox stable Am and Pa
examples. It has been suggested that the enthalpy of extraction may change as the temperature is
increased causing the deviation. Alternately, this deviation may be due to the feed make up for the
experiments. Further investigation is required into these results.
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SUMMARY

The TALSPEAK process (Trivalent Actinide Lanthanide Separations by Phosphorus-reagent Extraction
from Aqueous Komplexes) has been shown to be a promising option for accomplishing one of the most
challenging tasks in the Advanced Fuel Cycle — separation of the trivalent actinides (An(IIl)) from the
trivalent fission product lanthanides (Ln(II)). Effective separations of An(IIl) from Ln(III) by
TALSPEAK have been demonstrated in several pilot-scale operations. However, the fundamental
chemistry underlying the separations remains unclear. Currently available thermodynamic data are not
sufficient to interpret and/or predict the behavior of actinides and lanthanides in the process. Besides, the
effects of operating conditions (e.g. temperature) on the thermodynamic parameters are unknown.
Therefore, accurate prediction and precise control of the behavior of actinides and lanthanides in the
TALSPEAK process are difficult if the operation “envelop” changes.

This is a collaborative project between Lawrence Berkeley National Laboratory (LBNL) and Idaho
National Laboratory (INL), aiming at understanding the thermodynamics and kinetics of the chemical
reactions involving An(IIl) and Ln(IIl) under TALSPEAK conditions. In FY 10, complexation of
lanthanides and actinides with key TALSPEAK ligands (lactate, DTPA and nitrate) was studied at
elevated temperatures. The effect of temperature on the complexation and the coordination mode of
An(IIT)/Ln(III) complexes were determined with multiple techniques including potentiometry,
microcalorimetry, optical absorption and luminescence spectroscopy.

Fuel Cycle Research and Development
Separations

UNDERSTANDING ACTINIDE/LANTHANIDE
SPECIATION UNDER TALSPEAK CONDITIONS

INTRODUCTION

The TALSPEAK (Trivalent Actinide Lanthanide Separations by Phosphorus-reagent Extraction from
Aqueous Komplexes) process has been shown to be effective in separations of trivalent actinides (An(III))
from trivalent lanthanides (Ln(IIl)), but the fundamental chemistry underlying the separations remains
unclear. Currently available thermodynamic data are not sufficient for interpreting and/or predicting the
behavior of actinides and lanthanides in the process. Besides, the effects of operating conditions (e.g.
temperature) on the thermodynamic parameters are unknown. Therefore, accurate prediction and precise
control of the behavior of actinides and lanthanides in the TALSPEAK process are difficult if the
operation “envelop” changes.

To achieve accurate prediction and precise control of the behavior of actinides and lanthanides in the
TALSPEAK process, we have started systematic studies to determine the thermodynamic parameters of
the reactions in the TALSPEAK system, including the complexation of lanthanides and actinides with key
TALSPEAK ligands, including lactate, DTPA and nitrate. The effect of operating conditions (e.g.
temperature) on the thermodynamic parameters is evaluated. In FY10, the focus has been on the
temperature effect on the complexation of lanthanides (Nd and Eu) with lactate and DTPA, and the
complexation of curium with nitrate.
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RESULTS
Complexation of Nd(lll) and Eu(lll) with Lactate (10-70°C)

Effect of Temperature on the Complexation

The stability constants of Nd(III)/lactate and Eu(Ill)/lactate complexes were determined by two methods:
potentiometry and spectrophotometry for Nd(III), and potentiometry and luminescence spectroscopy for
Eu(Ill). All data are summarized in Figure 1. For the Nd(Ill)/lactate system, the stability constants
obtained by the two methods are in fair agreement within the 3 ¢ uncertainties, except for the value of log
S5 at 55°C. For the Eu(Ill)/lactate system, the stability constants of EuL*" and EulL;(aq) obtained by
luminescence are in fairly good agreement with those by potentiometry, but the stability constants of
EuL," by the two methods differ significantly. It is believed that the results by potentiometry is more
reliable, because the emission spectra are analyzed based on the assumption that the emission intensities
of all Eu(Ill) species are proportional to their concentrations. Such assumption may not be true for all
systems. Therefore, the stability constants obtained from luminescence are not used for calculating the
enthalpy and entropy of complexation for the Eu(Il)/lactate complexes.

Nd(IIl) Eu(l)

=
-«
+Hd

Y | Y

logp
()]
T

logs
(8]
T T

1 L 1 i 1 i 1 L 1 L 1 L 1 i L i
0 20 40 60 80 0 20 40 60 80

t/°C t/°C

Figure 1. Effect of temperature on Nd(III)/lactate and Eu(III)/lactate complexation. / = 1.05
mol'kg' NaClO,. (®0) ML, (AA) ML,, (¥V) ML;. Solid symbols — data obtained by
potentiometry; open symbols — data obtained by absorption spectroscopy (for Nd) or
luminescence spectroscopy (for Eu).

Figure 1 shows that the stability constants of Nd(IIl)/lactate and Eu(IIl)/lactate complexes generally
decrease as the temperature is increased. Such trends are consistent with the negative enthalpies of
complexation obtained by calorimetry. On the contrary, the complexation of simple carboxylates (acetate,
propionate, etc.) with lanthanides usually becomes stronger at higher temperatures and the enthalpy of
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complexation is slightly endothermic (AH = 5 - 15 kJ/M for lanthanide complexes with acetate or
propanoate [1]). The complexation of lanthanides with lactate, and a-hydroxycarboxylates in general, is
exothermic probably because the o-hydroxyl group is less hydrated than the carboxylate group so that
less dehydration energy is required to form the coordination bond.

Direct determination of enthalpy of complexation for Nd(lll)/lactate and
Eu(lll)/lactate complexes at 25°C by calorimetry

Figure 2 shows the data from calorimetric titrations, in the form of the accumulated reaction heat as a
function of the volume of the titrant. Titrations with different concentrations of Cy’ (M = Nd or Eu), C;"
and Cy” are shown. Using these data in conjunction with the stability constants obtained by potentiometry
and spectrophotometry, the enthalpies of complexation at 25°C were calculated. The enthalpy values are
all negative (-2 kJ/M for ML, -3 to -4 kJ/M for ML,, and -11 to -12 kJ/M for ML;), consistent with the
trends of decreasing stability constants with the increase in temperature as shown in Figure 1.
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Figure 2. Calorimetric titrations of Nd(III)/lactate (left) and Eu(Ill)/lactate (right)
complexation, ¢ = 25°C, [ = 1.00 M NaClO,. 1 = 0.900 mL, titrant 0.300 M HCIO,.
Initial concentrations (Cy”/Cy’/CL’ in mM): Lower left - (1) 17.60/24.80/66.70; (2)
13.20/18.60/66.70; (3) 8.80/12.40/66.70; (4) 4.40/6.20/66.70. Lower right - (1)
5.45/13.40/66.70; (2) 3.63/8.94/66.70 mM; (3) 1.82/4.47/66.70. The upper figures are the
thermograms of the first titration for Nd(III) and Eu(III) systems.

Luminescence Data and the Coordination Modes in Ln(lll)/Lactate Complexes

Figure 3 shows the luminescence emission spectra of Eu(Ill)/lactate solutions at 25°C. The spectra
contains features originating from electronic transitions from the lowest excited state, *Dy, to the ground
state manifold, 'F, J =0, 1,2,3...... ). As the concentration of lactate was increased from 0 to 0.072 M,
the intensity of the hypersensitive Dy — 'F, transition (around 615 - 620 nm) increased significantly.
Figure 3 also shows the luminescence decay patterns of Eu(Ill)/lactate solutions. Single exponential
functions are used to fit the data to obtain the luminescence lifetimes (7). It is evident that T becomes
longer as Ciunee 1S increased, suggesting the number of water molecules (or, the number of O-H
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oscillators) in the inner coordination sphere of Eu’" is reduced due to the complexation with lactate. Using
the previously established linear correlation between the luminescence lifetime and the number of water
molecules (mpo = 1.05 X 7' — 0.7, where 7is in milliseconds [2]) and based on the observation that one
water molecule corresponds to two O-H oscillators in terms of luminescence quenching [3], the average
number of O-H oscillators per Eu(Ill) in the solutions, nou.x,, Were calculated. These data are compared
with model-predicted values and help to understand the coordination mode of lactate in the Eu(IIl)
complexes.
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Figure 3. Luminescence emission spectra (upper) and luminescence decay (lower) of
Eu(IlT)/lactate systems, ¢ = 25°C, = 1.00 M NaClO,. I =2.50 mL, C};" =20.0 mM, Cg,” =
2.00 mM; titrant: 0.500 M sodium lactate; [lactate];,, increased from 0 to 0.072 M during the
titration. Excitation wavelength: 394 nm.

By comparing the experimentally determined 7op .y, With those predicted by speciation assuming different
coordination modes for lactate in the Eu(Ill)/lactate complex, it is concluded that mode (c) in Figure 4,
where the protonated o-hydroxyl group participates in the coordination, is the most probable coordination
mode of lactate in the Eu(Ill)/lactate complexes.
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Figure 4. Coordination modes in Eu(IIT)/lactate complexes. (a) bidentate with the carboxylate
group; (b) bidentate (carboxylate + deprotonated o-hydroxyl group); (c) bidentate (carboxylate
+ protonated a.-hydroxyl group).

Complexation of Nd(lll) and Eu(lll) with DTPA (10 - 70°C)
Potentiometry for Nd(Ill)/DTPA and Eu(lll)/DTPA (10 — 70°C)

The stability constants of Nd(III)/DTPA and Eu(IlI)/DTPA complexes were determined by potentiometry.
Representative potentiometric titrations at 10°C and 70°C were shown in Figure 5.
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Figure 5. Potentiometric titrations of NA(II)/DTPA and Eu(III))DTPA complexation at 10°C
(upper) and 70°C (lower) (I = 1.0 M NaClO,).

Absorption Spectroscopy for Nd(lll)/DTPA (10 — 70°C)

The change in the hypersensitive transition of Nd(III) (Figure 6) is used to calculate the stability constants
of Nd(IIT)/DTPA complexes at different temperatures.
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Figure 6. Spectrophotometric titrations of Nd(IIT)/DTP A complexation at 10°C (left) and
70°C (right) (/ = 1.0 M NaClO,). Lower figures show the calculated molar absorptivities
of the Nd(III) species.
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Luminescence Spectroscopy for Eu(lll)/DTPA (10 — 70°C)

The intensities of the luminescence bands of Eu(Ill) increased significantly as the concentration of DTPA
was increased, as shown in Figure 7. The stability constants of two Eu(III)/DTPA complexes, EuDTPA
and Eu(HDTPA), were calculated from the luminescence emission spectra.
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Figure 7. Luminescence emission spectra of Eu(IIl)/DTPA solutions at 25°C.
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Effect of Temperature on the Complexation

Figure 8 summarizes the stability constants of Nd(III[))DTPA and Eu(Ill))DTPA complexes in the
temperature range of 10 to 70°C. As the data show, the effect of temperature is significant, the stability
constants of both the ML and MHL complexes decreasing by 1 — 2 orders of magnitude as the
temperature is increased from 10°C to 70°C.
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Figure 8. Effect of temperature on Nd(IITI)/DTPA and Eu(Ill)/DTPA complexation. [ =
1.05 mol'kg' NaClO,. (®O) ML, (AA) MHL. Solid symbols — data obtained by
potentiometry; open symbols — data obtained by absorption spectroscopy (for Nd) or
luminescence spectroscopy (for Eu).

Effect of Temperature on the Complexation of Cm(lll) with Nitrate (10 —
85°C)

This study is conducted in an parallel mode to an earlier study on the complexation of lanthanides with
nitrate at variable temperatures [4]. Stability constants of CmNOs>" at 10, 25, 40, 55, 70 and 85°C were

determined and the coordination mode of nitrate in CmNOs>" was evaluated in comparison with that in
the lanthanide nitrate complexes previously reported.

Figure 9 shows the luminescence emission spectra of Cm(IIl) in a titration with nitrate solutions. As the
concentration of nitrate was increased, the luminescence intensity of the peak at 592 - 593 nm slightly
decreased while the intensity of a new peak at a longer wavelength (around 595 - 596 nm) increased. An
isobestic point, observed at about 594 nm, indicated there were two emitting Cm(III) species in the
solutions being titrated. The emission peak at 592 - 593 nm is assigned to the free Cm’* species, while the
peak at 595 - 596 nm is assigned to the CmNO;*" complex. The equilibrium constants of the
complexation at different temperatures were calculated and shown in Table 1. The stability constants at
infinite dilution in Table 1 were obtained by using the Specific lon Interaction approach (SIT) outlined in
the literature [5].
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Table 1 Equilibrium constants of Cm(III) complexation with nitrate at different temperatures

(Cm’" + NO;"= CmNO;*") by luminescence spectroscopy.

T 1 log K, Ag* log K, AH"® AS° Ref.
°C  molkg' kg-mol”! kJ'mol"  J-K'mol'
H,O
10 1.05 -0.017+ 0.03 -0.01£0.02 1.18+0.04
25 -0.061 £ 0.03 -0.01£0.02 1.16+0.04 0£1 22+3
40 -0.104 £ 0.03 -0.01£0.02 1.16+0.04
55 -0.150+ 0.03 -0.01+£0.02 1.15+£0.04
70 -0.184 + 0.03 -0.01£0.02 1.16+0.04
85 -0.213+£ 0.03 -0.01£0.02 1.17+0.04
5 0.1-46 0.03+0.02 1.28+0.07 6]
15 0.03 £0.02 1.26 £ 0.06 1.8+1.0 30535
25 0.03 £0.02 1.29 £ 0.06
50 0.02 £0.01 1.30 £ 0.03
75 0.02 £ 0.02 1.38 £ 0.05

*g 1s the specific ion interaction parameter defined in the SIT approach [5]. Values of Ag for the
present work are the average of the A¢ for the perchlorate medium [5] and the Ag for the nitrate

medium [6] at 25°C.

Data from this work indicate that there is little effect of temperature on the complexation of Cm(III) with

nitrate in the temperature range up to 85°C. The enthalpy of complexation at infinite dilution, AH’, for
this temperature range was determined by the Van’t Hoff equation to be essentially zero.

Representative patterns of the Cm(III) luminescence decay are shown in Figure 10 by two sets of data for
solutions with Cpiree = 0 and 0.90 mol-dm™ at 25°C. The decay patterns are fitted with a single
exponential function and the lifetime (tuy0) is thus calculated.
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Figure 9. Luminescence emission spectra of
Cm(IM)/nitrate systems. /= 1.0 mol-dm™
Na(Cl04/NO3), ¢ = 25°C. [Cm(IIT)] a1 = 0.4 mmol-dm”,
[H']=0.100 mol-dm™, [nitrate],q from 0 to 0.900
mol-dm’, Aex= 396 nm
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Figure 10. Decay of Cm(III) luminescence (at 592 -
596 nm) in aqueous solutions. /= 1.0 mol-dm™
Na(CIO4/NO3), 1 = 25°C. [Cm(II])];oa1 = 0.4 mmol-dm’
3 [H']=0.10 mol-dm™, [nitrate]u = O (blue) and
0.90 mol-dm™ (red). Aex= 396 nm.
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It has been shown that, due to the efficient coupling of the energy level of the excited state (°D;5,) with the
overtones of high-frequency OH vibrations of the water molecules, the luminescence lifetime of Cm®*
decreases as the number of water molecules in the inner coordination sphere increases [7-9]. A linear
relationship between the luminescence lifetime of Cm®" and the number of water molecules at 25°C has
been determined to be 7o = 0.65 x Tmo ' — 0.88,  where Tio is in milliseconds [9]. The luminescence
lifetimes of Cm(I1I) in nitrate solutions suggest that the nitrate ligand coordinates to Cm(III) in a bidentate
mode, replacing two water molecules.

PUBLICATIONS

Four manuscripts have been submitted or in preparation for publication:

e G. Tian, L. Rao, Effect of Temperature on the Protonation of the TALSPEAK Ligands: Lactic and
Diethylenetrinitropentaacetic Acids, Separation Science and Technology, in press.

e L. Rao, G. Tian, Effect of Temperature on the Complexation of Cm(Ill) with Nitrate in Aqueous
Solutions, J. Chem. Thermodynamics, submitted (this work is jointly supported by the FCRD and the
BES programs).

e @G. Tian, L. R. Martin, L. Rao, Complexation of Lactate with Nd(III) and Eu(Ill) at Variable
Temperatures: Studies by Potentiometry, Microcalorimetry, Optical Absorption and Luminescence
Spectroscopy, Inorg Chem., submitted.

e G. Tian, L. R. Martin, L. Rao, Complexation of Diethylenetrinitropentaacetic Acid with Nd(III) and
Eu(Ill) at Variable Temperatures, manuscript in preparation.

FUTURE PLAN

Complexation of Cm(lll) with lactate and DTPA at variable
temperatures

Luminescence spectroscopy is a very useful technique for this study. In FY09 and FY10, a considerable
amount of time was spent on investigating the hydration state of Cm(IIl) and its complexation with the
background ligand (nitrate) at variable temperatures. On the basis of these results, the complexation of
Cm(IIT) with the TALSPEAK ligands (lactate and DTPA) at variable temperatures will be studied next.
The thermodynamic data on Cm(III), together with those on the lanthanides, will provide more accurate
prediction of the behavior of actinides/lanthanides in TALSPEAK as the operation temperature changes.

The complexation of Ln(lll)/An(lll) with propanoic acid at variable
temperatures, in comparison with lactic acid

Lactic acid and propanoic acid differ by the a-hydroxyl group in the former. Suggested by Dr. L. R.
Martin of Idaho National Laboratory, such a comparative study could help to understand the role(s) that
lactic acid plays in the TALSPEAK process. In addition, based on our recent results on the coordination
mode(s) of lactate in the Eu(Ill) complexes, the study of Eu(Ill)/propanoate by luminescence

spectroscopy could provide further insight into the coordination modes and the correlation between the
luminescence lifetime and the O-H oscillators in the inner coordination sphere of Eu(III).
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Appendix B

Separation Process Thermodynamics and Kinetics:
Development of Microfluidic Devices for Solvent
Extraction Studies and Radioanalytical Applications

Dr. Artem Guelis
Argonne National Laboratory
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SUMMARY

The project proposes studying the extraction of radioactive species from an aqueous phase into an
organic phase using a microfluidic platform. The fundamental components of the microfluidic device
proposed are:

1) A system for generating nL scale droplets: specifically, a “T-junction” to predictably produce a
monodisperse emulsion of the solutions of interest.

2) A system for controlling the motion of these nL scale droplets: specifically, a capillary network,
with a diameter on the order of 100’s of um; small enough to enable rapid diffusion and mixing.

3) A side channel, perpendicular to the main capillary channel, with significantly smaller dimensions,
through which one phase is selectively siphoned away from the main channel. Separation is achieved by
designing the system to balance capillary forces vs. flow pressure. This side channel serves to “quench”
the extraction of the species of interest between phases by physically isolating the two phases.

The collection of the kinetic data will allow for calculating the diffusion coefficients of the metals
since the surface area of the interface can be precisely calculated. The primary focus of the investigation
is the TALSPEAK kinetics and mechanism. The samples can be analyzed for metal content using
radiometric techniques or other analytical methods, e.g. ICP-MS. The microfluidic devices will have a
significant impact on the investigations of the solvent extraction kinetics and mechanism as they require
only small amounts of solutions, they are cheap, reliable, and easy to operate. Many tests can be run
automatically in one day, which makes it a very attractive technique for monitoring the solvent
extractions processes remotely.

Fuel Cycle Research and Development
Separations

SEPARATION PROCESS THERMODYNAMICS AND
KINETICS: DEVELOPMENT OF MICROFLUIDIC DEVICES FOR
SOLVENT EXTRACTION STUDIES AND RADIOANALYTICAL
APPLICATIONS

INTRODUCTION

Metal solvent extraction has been a subject of wide fundamental, analytical and technological
investigations; however, the kinetics of the solvent extraction has been left without sufficient attention.
Using a kinetics study, the extraction mechanism can be revealed allowing modifications and better
control of the process parameters. For example, recent studies at ANL [1] showed that due to slow
extraction kinetics, TALSPEAK process performs the An/Ln separation effectively only if centrifugal
contactors with high mixing intensity are used. The same separation goals may not be achievable if the
process is conducted using mixer-settlers. Despite the many years since the discovery of TALSPEAK, its
extraction mechanism is not clear and kinetic studies could be particularly beneficial for this problem.
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The reasons for the lack of the extraction kinetics studies could be a) the interdisciplinary character of
the subject which deals with closely related engineering and chemical concepts and b) the difficulty to
find suitable criteria to compare the mass-transfer studies with physico-chemical, reaction mechanism
investigations. The current experimental methods to study liquid-liquid systems from the separation
science point of view were developed more than 30 years ago and they do not utilize the state-of-the-art
techniques. All the reported techniques suffer from one or a few experimental drawbacks [2]. For
example, Highly Stirred Tanks require relatively large amounts of phases and the interface surface area is
difficult to calculate. Constant Interfacial Area Stirred Cells are limited to studying fast and medium fast
reactions because the surface area available for the extraction is quite limited.

For investigating solvent extraction mechanism and the kinetics, we propose to develop microfluidic
devices in collaboration with the Ismagilov group at the University of Chicago. The Ismagilov group has
previously demonstrated a microfluidic platform for performing kinetic measurements with better than
millisecond resolution [3]. They have measured both fast (k = 1000 s™) and slow (k=1 s™) kinetics in this
microfluidic platform by taking advantage of rapid on-chip dilution, multiple time range access, and
explicit treatment of mixing for improving time resolution of the system. They have a great deal of
experience in this arena across a wide range of model systems [4,5,6].

These microfluidic systems function by defining a microfluidic channel through which both an
aqueous and an organic phase flow (Fig). By carefully defining the channel geometry and surface
chemistry, droplets of either phase can be generated. Performing kinetic experiments in droplets has as
primary benefits rapid mixing and minimal dispersion, which allows for high resolution, and therefore
high speed, measurements.

rapid mixing

no dispersion
‘ T N N

& &

Figure 1 - Aqueous droplets of 250 pL formed in a microfluidic channel in a continuous flow of a water-
immiscible fluid act as microreactors that mix the reagents rapidly and transport them with no dispersion.
These droplets may also be used to control chemical reaction networks on millisecond time scale.

Such microfluidic devices have not been used for the separation science investigations previously.
The validation of the developed devices will be done as follows. Solvent extraction studies will be
conducted via mixing an organic phase containing the extractant and a metal-containing aqueous phase.
One of the great advantages of these devices is the ability to monitor the reactions via optical and/or
fluorescence microphotographs; each position in space in the microreactor always corresponds to the
exact same time in the reaction. The appropriate metal-specific fluorescent dyes will be added to the
phases and the kinetics of the chemical reaction either in the aqueous phase, the interface phenomena or
the organic phase reactions will be observed. The images are collected using a microscope and a high
speed digital camera and then image-processing software is applied to obtain intensity profiles of the
channels. Knowing the surface area of the droplets, their velocity, the channel cross-section and other
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parameters, one could calculate the rates of the observed reactions. Varying the flow rates and the
concentrations of the reagents will allow investigating the separation processes with unprecedented
precision, reliability, and an ease of operation. Besides microscopy, the monitoring of the reaction
progress can be conducted using several other well-established techniques developed by the Ismagilov
group. The organic and the aqueous streams from the device can be also separated and analyzed
independently using conventional analytical methods such as ICP-MS, gamma counting, pH and
conductivity measurements and so on.

Besides the research of the solvent extraction mechanism, microfluidic devices can be designed for
analytical purposes when generating a small volume of the sample is vital for the analysis. For example, if
a spent fuel solution needs to be analyzed for the actinide content, the uranium can be extracted with
TBP/dodecane stream remotely using this device, while Pu, reduced to Pu(+3), resides in the aqueous
phase. A small-size sample can be generated and submitted for ICP-MS analysis and so on.

EXPERIMENTAL RESULTS
GLASS-BASED MICROFLUIDIC DEVICES

The device allows for the determination of solvent extraction kinetics by creating a segmented
organic/aqueous flow, rapidly mixing the contents, and siphoning off a small fraction of the aqueous
phase away from the oil phase, thus preventing further extraction from the siphoned aqueous fraction. To
our knowledge, this is the first microfluidic system that provides kinetic data for two-phase extraction,
instead of simply providing an endpoint measurement. The device is an all glass microfluidic chip,
fabricated using photolithography, wet chemical etching, and glass bonding in a class 100 cleanroom at
the University of Chicago. The system utilizes the inherent differences in wettability of glass between the
aqueous and organic phases in order to isolate the aqueous phase for off-chip analysis by standardized,
validated methods. A series of small capillary channels (20 um depth x 90 um width in the current
design) stem from the side of a larger channel (170 um x 600 um) that contains both the oil and the
aqueous phases. All channels are hydrophilic. In order to prevent droplets of the organic phase from
being pushed into the small capillary channel, the device is designed carefully so that the pressure in the
larger channel is less than the capillary pressure, or the pressure due to surface tension of the oil on the
hydrophilic glass.

A schematic of the device, and a photograph to show the scale, are shown in Fig 2:
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Figure 2. The schematic and a photograph of the glass microfluidic device.

Preliminary tests have been performed to verify the uniform segmentation of the flow, the speed of
mixing, and the basic functioning of the device in terms of siphoning off the aqueous phase. In Figure 3
droplets are generated, and extraction of a model compound appears uniform. The image shows the
extraction of orange-colored (0.1 M FeSCN*" in (1.2 M Lactate + 40 mM DTPA)) into (1M HDEHP in
Dodecane), which is visible as the aqueous segments grow paler in color as the flow from left to right
across the image.

¥ L

Figure 3. Extraction of FeSCN** (orange) from aqueous phase into 1 M HDEHP/ddn

Current development involves tuning the device dimensions and flow parameters to account for minor
differences in the actual device operation and the physical model we utilized to design it. For example,
Figures 4 and 5 below show differing siphon behaviors at two points along the device. In Fig 4, both oil
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and water enter the capillary, indicating the actual pressure in the main channel is unexpectedly higher
than the capillary pressure. In Fig 5, which is a capillary from farther downstream in the device, only a
single (aqueous) phase is visible, indicating the capillary pressure is within operating conditions.
Iteratively refining the physical model and adjusting the device dimensions will allow us to shift the
pressures towards the appropriate points. We anticipate that we can obtain single-phase aqueous flow in
the capillaries within a few generations of the model and device, at which point the device will be ready
to use for collection of kinetic data. The images of the capillaries below are shown with enhanced contrast
to show the two capillary behaviors currently observed: segmented organic / aqueous flow (undesired) on
Figure 4 and single phase aqueous flow (desired) on Figure 5.

Figure 5 (see text for details)

TEFLON-BASED MICROFLUIDIC DEVICES

Our initial design envisioned lithographically patterned, bonded glass microfluidic devices to meet
the stated requirements. These glass devices performed well during testing with model solutions that were
not capable of extraction, specifically dodecane and an aqueous FeSCN** solution. However, it was
found that droplet formation and siphoning were not reproducible during testing with the TALSPEAK
solutions for radioanalytical applications. There were apparently two primary reasons for this result.
First, these solutions are complex, with multiple surface-active compounds time-varying contact angles in
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which the wetting phase easily switches from organic to aqueous, which complicates design of these
devices. Second, these solutions are quite “dirty”, and produced a residue in the glass channels which
may be either a polymerized substance or a difficult to remove double emulsion. Unless a method is
found to remove this residue, the glass devices cannot be re-used and must be disposable; this is
problematic because they require several days of manually intensive work to produce. It may still be
possible to overcome these problems in a glass device. Furthermore, the glass devices will likely work
just fine if neutral extractants (e.g. TBP, CMPO) and mineral acids (e.g. HNOs) are used as the organic
and aqueous media, respectively. Neutral extractants and nitric acid do not contain surfactants that likely
caused the problem in the TALSPEAK system. Further testing of the glass devices is planned.

However, to move the project forward, we have rethought the device design, and have currently
settled on a device fabricated from commercially available chromatography components, with the
capillary network composed of Teflon tubing, with one piece of tubing specially modified using laser
micromachining.

The Teflon tubing based device has two primary advantages over a glass microfluidic device:

1) Increased contact angle differential: the contact angle for the oil / aqueous phases in teflon vs. glass
increases from 95/85 to 155/25, significantly increasing the range of permissible side channel geometries
and main channel pressures that will still allow 100% separation of aqueous from organic phases. It
contains a single phase (oil) always wetting, unlike in the glass devices where the wetting phase was
sometimes one phase, sometimes the other.

2) Ease of cleaning: the system can be completely disassembled and washed. Thorough washing of a
glass microfluidic device is not always possible, as particles will tend to accumulate in channel corners.
Particle accumulation alters the pressure drops in the system and can change the surface chemistry and
contact angles of the glass, which usually renders the siphoning capillaries ineffective. Teflon tubing,
with its round cross-section and smooth interior surface, is easier to wash thoroughly.

3) Rapidity of fabrication: the tubing-based device requires one laser-machining step and can be
assembled from otherwise off-the —shelf components in a few hours. The glass etched and bonded
devices require approximately two days of fabrication time.

The primary disadvantages of a Teflon tubing based device vs. a glass microfluidic device are:

1) Slightly increased dead volume.

2) Decreased integration, which may make the device appear more complex to an end-user.

Overview of Teflon Tubing Based System Components

An overview of the tubing based system is shown in Figure 6:
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5 sample capillaries
for multiple time points

1 waste capillary
ID=250uL, OD =1/16", FEP
Volume = 25 uL each, Length=5in . .

Qil Waste
Pooling into
Waste Recepticle

] Selection Valve | — S€lection Valve
Tee Junction

6 Way 6 Way
Upchurch
Part # P-632 Upchurch Upchurch
Part # V-240 Part # V-240
2.9 uL Vol.

11.5 uL Swept Vol. 11.5 uL Swept Vol.

Laser Machined

Tubing w/ Exit Capillary
250 pm ID, 1/16” OD FEP

Figure 6. Schematic of the Teflon device

This system utilizes entirely off the shelf components. One piece of capillary tubing must be laser
machined using an excimer laser system operating at 193 nm. Such a system is currently available in the
Ismagilov Laboratory. Further, Resonetics LLC, a New Hampshire based laser micromachining supplier
who designed the laser micromachining workstation currently deployed in the Ismagilov Laboratory, is
capable of contract machining of tubing on a piece by piece basis.

One of the great advantages of microfluidic systems is the low dead volume and waste inherent in
such highly integrated systems. The tubing based system shown above does have slightly higher waste
volumes, calculated below:

Sample tubing: 25 pL * 5 =125 pL
Swept volume waste: 2.9 uL + 11.5 pL*2 =25.9 pL per time point = 129.5 pL total
Estimated waste volume while awaiting equilibration: 25 pL

An additional 25 pL will be required in the connection tubing between the syringes and the tee
junction, though this can be recovered and reused;

Siphoning System in Teflon Tubing Based Device

A microphotograph of the “Exit” capillary hole, through which the oil phase is preferentially
siphoned away from the aqueous phase, is shown below, along with a cross-section of the feature.
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a) Top Down View of Tubing: b) Cross-Section of Tubing:
Oil “Exit” Capillary Hole through Red Line

Laser Machined Oil “Exit” Capillary Hole

30 pm

Figure 7. Tubing Arrangement for siphoning of the organic phase.

While it proved difficult to repeatable utilize solutions other than our model system in the glass
microfluidic device, Figure 8 shows the solutions of interest for radioanalytical applications with a small
amount of iron thiocyanate dye added to ease visualization of the aqueous phase. The colorless phase is
IM HDEHP in dodecane, and the yellow-tinted phase is an aqueous solution of 45 mM DPTA, 1.35 M
lactic acid, and 0.05 M FeSCN*".

As can be seen in Figure 8, the Teflon tubing device behaves in a manner consistent with that
necessary to achieve the project goals: at specific flow rates shown below, the complete siphoning of the
oil phase is accomplished, leaving only the aqueous phase in the main channel for off-line analysis.

Flowrates (uL/min)
Out In_Aq In_Oil

Oil Phase “Exit” Capillary Position
[ ]

0.75 0.5 1.0

0.6 0.5 1.0

0.5 0.5 1.0

04 0.5 1.0

[ ]
Aqueous Droplet Flow Direction 100% Aqueous Stream
Oil Carrier

Figure 8. Exit of the organic phase at different flowrates
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In summary, we propose to use the Teflon tubing device to measure the kinetics of metal extraction
from solutions of interest, such as in the TALSPEAK process. This device should enable more rapid
advancement of this project than the glass devices previously described. The kinetic datapoints will be
collected by changing the flowrates of both phases, while the surface area remains constant. The devices
will be tested on the TALSPEAK system in the nearest future.

Collaborators and Participants:

Kevin Paul Nichols (Ph.D.), Rebecca Pompano (Ph.D.) and Prof. Rustem Ismagilov; all University of
Chicago.
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SUMMARY

As a viable scheme to separate the trivalent actinide from the lanthanides, the TALSPEAK process
(trivalent actinide-lanthanide separation by phosphorous-reagent extraction from aqueous complexes) is
the most promising, yet still not fully understood. Recently, Oak Ridge National Laboratory conducted a
complete separation of used fuel, ending with a demonstration of the TALSPEAK process. In the
demonstration of the TALSPEAK processes, carryover of uranium, neptunium and plutonium was
observed. To better understand the effects of plutonium and compare it to americium, electroanalytical
techniques were used to probe the aqueous phase of the TALSPEAK process.

The investigation of aqueous-based solution with either diethylenetriamine-N,N,N’,N”’ N”*-
pentaacetic acid (DTPA) or lactic acid with plutonium and americium reviled interesting results related to
the chemical stability of the organic ligands, and the coordination environment associated with the
actinide. Lactic acid is prone to oxidation yielding pyruvic acid, a carboxylic acid a-ketone. The
oxidation of Pu" to Pu¥0," causes a change in the coordination environment with DTPA, which is
electrochemical reversible. Additional evidence indicates the possibility of multiple coordination
environments of Pu''-DTPA complexes, and further studies will be needed to better understand and
confirm these findings.

Fuel Cycle Research and Development
Separations

ELECTROCHEMICAL INVESTIGATION OF

TALSPEAK PROCESSES
INTRODUCTION

The separation of transplutonium elements from the lanthanide series may be accomplished with
the trivalent actinide-lanthanide separations by phosphorous-reagent extraction from aqueous
komplexes (TALSPEAK) processes.'” Separation of transplutonium elements from lanthanides
is complicated by the similar liquid extraction behavior of americium, curium, and the
lanthanides, due to their similar size and predominance in the +3 oxidation state. For the
TALSPEAK process to become viable on a production scale, a stronger fundamental
understanding of all the components and how they interact is needed.

From the pilot scale demonstration of the TALSPEAK process in a closed fuel cycle conducted
at Oak Ridge National Laboratory (ORNL) an unexpected result was reported. In the
TALSPEAK processes run at ORNL, significant amounts of early actinides (i.e., uranium, 4.3g;
neptunium, 0.23g; and plutonium, 0.91g) were present in the feed stream, and thus were carried
through the TALSPEAK process.”

In this study, electrochemical techniques were used to investigate the aqueous phases of
diethylenetriamine-N,N,N’,N”,N”-pentaacetic acid (DTPA) or lactic acid with plutonium and
americium, to better understand the TALSPEAK process’s interactions with the actinides.
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SIGNIFICANCE

Today, most of the chemistry studies performed on the TALSPEAK processes has centered on
the separation of transplutonium and lanthanide elements. The most recent pilot process of a
closed fuel cycle was successful, but not without some interesting results. One of these results
was the presence of uranium, neptunium, and plutonium carryover into the TALSPEAK
processes. Though neptunium and plutonium followed the americium and curium, their
interactions with the TALSPEAK processes is not as well studied as americium. Uranium was
extracted by the organic phase and was unable to be stripped due to the strong interactions of
uranium with bis-(2-ethylhexyl) phosphoric acid. It is well known that the transplutonium
elements are not easily oxidized/reduced, and thus are found in solution in the +3 oxidation state.
However, plutonium has a wide range of oxidation potentials in aqueous systems. Understanding
the chemical and oxidation stabilities of the TALSPEAK process will benefit further research
and operation of the TALSPEAK process.

APPROACH

The TALSPEAK process is based on a selective extraction of lanthanides, into an organic feed of
bis-(2-ethylhexyl) phosphoric acid in a hydrocarbon diluent from an aqueous solution of
normally 1.0 M lactic acid and 50 mM DPTA at a pH window of ~3.5-4.0. Though these
concentrations and pH are not finalized, the majority of the research community uses these
values. This work will use the most common operating conditions but with each component
separated to understand the individual effects on the overall system.

Each of the organic species present can have an effect on the oxidation state and chemical
potentials of the early actinides, especially for plutonium and neptunium, due to the strength of
interactions with actinides. The high oxidation potential of americium, curium, and the
lanthanides will prevent their oxidation to higher states under the investigated conditions. To
probe the interaction of americium and plutonium with select ligands, cyclic voltammetry (CV)
was used, as it has the ability to measure the oxidation/reduction potentials and kinetics of the
inner coordination sphere interactions upon reduction/oxidation of Am or Pu.

Stock solution of 25, 50, and 75 mM DTPA were prepared in 1.0 M NaClO4 (a non-complexing
electrolyte needed for the electrochemical experiments) and pH adjusted to 3.50, 3.75, and 4.00
+0.02 using either NaOH or HCIO4. Lactic acid solutions of 0.85, 1.00, and 1.15 M, were
prepared in 1.0 M NaClO4 and pH adjusted to 3.50, 3.75, and 4.00 + 0.02. Electrochemical
experiments were performed in a once-through air radiological glovebox with an electrical feed-
through connecting a BASi Epsilon potentiostat to the electrochemical cell located within the
glovebox. The electrodes were electrochemically polished before use in ~1M HNOs;. Three
milliliters of the aqueous solution were placed in a disposable polyethylene-terephthalate cup
followed by the platinum working and auxiliary electrodes and a silver/silver chloride reference
electrode. Background CV scans were collected at 1000, 500, 250, 100, 50, 25, and 10 mV/s.
An aliquot of 60 uL of 404 mM **°**'Pu or 163 mM **' Am solution was added and pH adjusted
to within + 0.05 pH units of the desired pH with either NaOH or HCIO4. (Plutonium stock was
purified twice using an anion exchange column before being concentrated and anion exchanged
to the perchlorate salt.) The plutonium’s isotopic distribution is weapons grade, >94% ***Pu, and
had less than 600 ppm americium contaminant. Americium stock was removed from aged
reactor-grade plutonium, originally ~9% *'*Pu, with two elutions through an anion exchange
column to remove the bulk plutonium. The eluant was then purified on an Eichrom DGA
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column to remove iron, as ferrous sulfamate that was added to ensure all plutonium was present
in the +4 oxidation state before the anion exchange column, and any other impurities that were
present in the americium stock. The final product has less than detectable amounts of plutonium
by gamma analysis. The americium stock was transferred to the perchlorate salt.

SUMMARY OF RESULTS

The methodical approach to investigating the individual effects of DTPA and lactic acid on two
different actinides with significantly different oxidation potentials has provided insight into the
systems control of the oxidation state. The results will be discussed for each actinide.

DTPA:

Due to the multiple carboxylic acid and amine functionalities present in DTPA, the cyclic
voltammetry revealed an electrochemical potential within the range of investigation, limited by
the electrochemical window of water. The time span of these electrochemical experiments is not
fast enough to prevent intra-molecule proton exchange. This prevents multiple DTPA
oxidation/reductions from being observed. Ifthe proton exchanges were slow enough, then one
should expect the separation of multiple oxidation/reduction peaks to be present due to the slight
chemical differences between the carboxylate or amine functional groups being oxidized or
reduced. Figure 1 illustrates the speciation of 50 mM DTPA in 1.0 M ionic strength at 25 °C.
As the pH increases from 3.50 to 4.00, there is significant increase in the [DTPA-H,]>
concentration while decreasing the [DTPA-H3]* and [DTPA-H,]" concentrations which is
observed in the shift of the oxidation potential to lower potential (more stable) and a less
electrochemically revisable reaction, Figure 2.

DTPA
100

0.8

06 4

DTPAH,

04 4

0.0 4

% formation relative to DTPA
Current (mA)

-0.4 4 ! pH 3.50
7 — — —  pH375
———— pH400

-06 r T
=15 -10 -035 00 03 1.0 13 2.0

Potential (V)

Figure 1 Speciation of DTPA in investigated pH Figure 2 Cyclic voltammetry of 50mM DTPA in
range. Carboxylic acid pK, (DTPA)=1.68, 2.1, 1.0 M NaClO; at variable pH. 1000 mV/s,
2.6,4.15,8.2,909. Pt//Pt//Ag/AgCl.
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Chemical oxidation of carboxylic acids is mechanistically preferred when the carboxylic acid
functionality is protonated as seen in the Hunsdiecker and Kochi oxidation reactions of
carboxylic acids.* The by-product is usually carbon dioxide which is released from the system
during oxidation. This general trend is also observed in the small shift to lower potential
(increased stability to oxidation) as the pH increases (increasing the amount of [DTPA-H,]*
while decreasing the [DTPA-H;]* and [DTPA-H.4]).

Lactic Acid:

Over the tested pH range, the system crosses over the pKa (3.86) of lactic acid, thus the presence
of both the protonated lactic acid and unprotonated lactate is expected. The ratio of lactic acid to
lactate will change significantly over the studied range, at lower pHs favoring the lactic acid and
higher pH the lactate. In Figure 3, it was observed that lactic acid is less stable to oxidation than
DTPA. Oxidation of lactic acid does not occur by loss of the carboxylic acid, but instead by
oxidation of the a-hydroxyl group to a ketone. Oxidation of the a-hydroxyl group will form the
a-ketone, pyruvic acid,’ though the formation of pyruvic acid has not been confirmed through
other techniques at this time. The pKa of pyruvic acid is 2.45, thus at pH 3.5 — 4.0 it would
predominately be present as pyruvate, in the pH range investigated here. The significant shift in
the oxidation potential of lactic acid/lactate at elevated pH could be due to changes in the
distribution of the electronic density of molecule as it changes from lactic acid to lactate.

08 08

06 4 06 /

04 4 04 1

0.0 - 00 4

Current (mA)
Current (mA)

04 v 4 DTPA 50mM at pH 3.75
'E 1 04 DTPA 50mM, 7.92mM Pu at pH 3.75

-1.0 -0.5 0.0 0.5 L0 j 4 2.0 -15 -10 -0.5 0.0 035 10 125 2.0
Potential (V) Potential (V)
Figure 3 Cyclic voltammetry of 1.0 M lactic acid Figure 4 Cyclic voltammetry of 50 mM DTPA in
in 1.0 M NaClO, at variable pH. 1000 mV/s, 1.0 M NaClO, at 3.75 with 7.92 mM Pu.
Pt//Pt//Ag/AgCl. 1000 mV/s, Pt//Pt//Ag/AgCl.

Plutonium systems:

In the presence of plutonium, the DTPA system has two significant changes in comparison to
systems that contain simply DTPA. The most significant is the introduction of a plutonium
redox potential, Figure 4. Due to the relatively long time-span of the electrochemical
experiments in comparison to the time span of proton exchange, it is impossible to establish the

species of free DTPA or complexed. The Pu'™" is quasi-reversible but becomes more
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electrochemically reversible as the scan rate decreases (from a AE 0f0.219 V at 1000 mV/s to
AE 0f0.121 V at 10 mV/s), Figure 5. In Table 1 evidence of multiple coordination environments
around the Pu is observed by the change in the electrochemically reversibility of the Pu'™"" . At
lower ratios of DTPA:Pu, the system is more reversible and at the lowest scan rate, 10 mV/s,
approaches the ideal reversibility of 58 mV, the difference in the anodic and cathodic potentials.
(In a diffusion controlled system, the ratio of oxidized to reduced species in the bounder layer is
on the order of 1/10. Using Nernst’s equation, Equation 1, the AE for a completely reversible,
one electron transfer reaction becomes 58 mV. A reversible electrochemical reaction means that
the coordination environment of the metal center is the same before and after the oxidation and
reduction reaction.®) At high ratios of DTPA:Pu, the system become more irreversible possibly
due to a more complex coordination environment associated with multiple DTPA per plutonium
atom, Figure 6.
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Figure 5 Cyclic voltametery of 50 mM DTPA in 1.0 M NaClO, with variable scan rates with 7.92 mM Pu. pH 3.75,
Pt//Pt//Ag/AgCL.
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Table 1 Compare reversibility as a function of variable concentrations of DTPA to Pu at pH 3.75.

25 mM DTPA 50 mM DTPA 75 mM DTPA
(DTPA:Pu, 3.2:1) (DTPA:Pu, 6.3:1) (DTPA:Pu, 9.5:1)

3232 Reduction | Oxidation | AE | Reduction | Oxidation | AE | Reduction | Oxidation | AE

(mV/s) (mV) (mV) | (mV) (mV) (mV) | (mV)| (mV) (mV) | (mV)

10 37 -46 83 45 -76 121 52 -76 126

25 39 -82 121 51 -76 127 43 -81 124

50 36 -85 121 58 -86 144 51 -81 132

100 55 -100 155 55 -85 140 55 -78 133

250 61 -103 164 68 -103 171 69 -73 142

500 78 -103 181 86 -119 205 97 -96 193

1000 87 -117 204 102 -117 219 124 -117 241
PuVDTPA ———> PuV0," + DTPA —— » pul¥ + DTPA —» Pul"DTPA

Fast Fast slow

-c +€
Pu'VDTPA,——> Pu"0," +2DTPA — > PulV+ 2DTPA——— Pu'VDTPA,
Fast Fast even

slower

Figure 6 Possible reaction mechanism of for the change in reversibility of Pu™" in various concentrations of
DTPA.

pope KT, %rea
nka,

X

Equation 1: Nersnt Equation. E — chemical potential; E® — standard cell potential; R — universal gas constant; T — temperature;
1 - number of electrons transferred; F — Faraday’s constant; o - chemical activity of reduced/oxidized species

The oxidation peak associated with the free DTPA ligand has a small decrease in the amplitude
after the addition of plutonium. This decrease is due to complexation with plutonium, thus
decreasing the amount of free DTPA. Due to the excess of DTPA and pH control, there is no
change in the oxidation potential or reversibility, Figure 4

In the lactic acid system, the Pu''/Pu" couple is at a higher potential than the Pu-DTPA, Figure
7. This is due to the difference in the coordination environment around the plutonium in the
lactic system, compared to the DTPA system. (Through rearrangement of the Nernst equation, a
relationship between the equilibrium constant and the chemical potentials can be established.
The larger equilibrium constant of DTPA is observed in the lower chemical potential of the
Pu™"Y couple, Equations 2-4.)” As the pH changes (effecting the ratio of lactic acid to lactate) a
significant change in redox window of lactic acid is seen. At pH 4.00, the significant shift to
higher potentials for electrochemical window of lactic acid is shifted back to what is observed in
lower pH systems. It is unclear if plutonium causes this shift, and further experiments are
needed to confirm this phenomenon and better understand these results.
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Equation 2: Simplified Nernst equation and related to Gibbs free energy; constant pressure, temperature and number of electrons
transferred.

o —_—
—nFE° =AG,,
Equation 3: Gibbs free energy relation; constant pressure, and temperature.

AG,, =-RTh K

Equation 4: Gibbs free energy; K — equilibrium constant.

Americium:

At the time this report was prepared the americium-lactic acid system has not been completed
and thus is not reported in the year review. The experiments are on-going and the results will be
included in next year’s progress report.

The electrochemistry of americium is much simpler than plutonium, due to americium only
forming higher oxidation states under strong oxidizing conditions in the presence of a strong
complexing agent (e.g., carbonate media) or in the solid state. The DTPA-Am system has a
significant decrease in the current associated with the oxidation of DTPA, Figure 8. The
decrease in the redox potential of the DTPA is greater in the americium system, than the
plutonium system. In the TALSPEAK processes, americium is more selectively bound to the
DTPA than the lanthanides, which are extracted into the organic phase by bis-(2-ethylhexyl)
phosphoric acid. As the americium is loaded into the aqueous phase as the perchlorate salt, with
a perchlorate electrolyte, the DTPA-Am complexation will dominate, thus decreasing the ‘free’
DTPA.
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Figure 7 Cyclic voltametery of 1.0 M lactic acid in 1.0 M NaClOy at variable pH with 7.92 mM Pu. A) pH = 3.50;
B) pH=4.00. 1000 mV/s, Pt//Pt//Ag/AgCl.
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Figure 8 Cyclic voltametery of 50 mM DTPA in 1.0 M NaClOj; at variable pH with 3.20 mM Am. 1000 mV/s,
Pt//Pt//Ag/AgCl.

CONCLUSIONS

Through electrochemical means, an initial investigation into the aqueous phase of the
TALSPEAK processes has revealed some interesting results. Though on the surface, DTPA and
lactic acid seem similar with both having carboxylic acid functionalities, their interactions with
plutonium and americium are very different. The addition of the a-hydroxyl in lactic acid allows
for the oxidation to an a-ketone, yielding pyruvic acid. The impact of pyruvic acid to the
TALSPEAK process is unknown, and the formation of the acid depends on the presence of a
strong oxidizer. The fact that it is a carboxylic acid a-ketone will cause a different coordination
environment with a metal center than lactic acid.

Lactic acid has the lowest oxidation potential in the tested systems, and could be the balancing
half-cell reaction if a reduction of an elevated oxidation state occurs, such as Pu"Vto Pu'v. As
the stronger chelator, DTPA did offer some insight into the coordination of plutonium. Though
not completely understood yet, there is evidence of different coordination environments as the
ratio of plutonium:DTPA changed, as seen in Table 1. Further investigation into the phenomena
will be conducted next fiscal year.
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SUMMARY

One objective of the US Department of Energy’s Office of Nuclear Energy (DOE-NE) is the
development of sustainable nuclear fuel cycles which improve uranium resource utilization, maximize
energy generation, minimize waste generation, improve safety, and complement institutional measures
limiting proliferation risks.[1] Activities in progress which support this objective include the
development of advanced separation technologies to recover the actinides from used nuclear fuels. With
the increased interest in the development of technology to allow closure of the nuclear fuel cycle, the
TALSPEAK process is being considered for the separation of Am and Cm from the lanthanide fission
products in a next generation reprocessing plant. However, at this time, the level of understanding
associated with the chemistry and the control of the process variables is not acceptable for deployment of
the process on an industrial scale. To address this issue, DOE-NE is supporting basic scientific studies
focused on the TALSPEAK process through its Fuel Cycle Research and Development (R&D) program.
One aspect of these studies is an experimental program at the Savannah River National Laboratory
(SRNL) in which temperature-dependent distribution coefficients for the extraction of actinide elements
in the TALSPEAK process were measured. The data were subsequently used to calculate conditional
enthalpies and entropies of extraction by van’t Hoff analysis to better understand the thermodynamic
driving forces for the TALSPEAK process.

In the SRNL studies, the distribution of Pu(IIl) in the TALSPEAK process was of particular interest.
A small amount of Pu(Ill) would be present in the feed due to process losses and valence adjustment in
prior recovery operations. Actinide elements such as Np and Pu have multiple stable oxidation states in
aqueous solutions; therefore the oxidation state for these elements must be controlled in the TALSPEAK
process, as the extraction chemistry is dependent upon the actinide’s valence. Since our plans included
the measurement of Pu(IIl) distribution coefficients using a Np(V) solution containing small amounts of
%Py, it was necessary to demonstrate that the desired oxidation states of Np and Pu are produced and
could be stabilized in a buffered lactate solution containing diethylenetriaminepentaacetic (DTPA). The
stability of Np(V) and Pu(Il) in lactic acid/DTPA solutions was evaluated by ultraviolet-visible (UV-vis)
spectroscopy. To perform the evaluation, Np and Pu were added to solutions containing either
hydroxylamine nitrate (HAN) or ferrous sulfamate (FS) as the reductant and nominally 1.5 M lactic
acid/0.05 M DTPA. The pH of the solution was subsequently adjusted to nominally 2.8 as would be
performed in the TALSPEAK process.

In the valence adjustment study, we found that it was necessary to reduce Pu to Pu(Ill) prior to
combining with the lactic acid and DTPA. The Pu reduction was performed using either HAN or FS.
When FS was used, Np was reduced to Np(IV). The spectroscopic studies showed that Np(V) and Pu(II)
are not stable in lactic acid/DTPA solutions. The stability of Np(IV)- and Pu(IV)-DTPA complexes are
much greater than the stability of the Np(V)- and Pu(Ill)-DTPA complexes, and as a result, Np is slowly
reduced to Np(IV) and Pu is slowly oxidized to Pu(IV) due to the reduced activity of the more stable
complexes. When Np(V) was added to a solution containing a 1.5 M lactic acid/ammonium lactate buffer
and 0.05 M DTPA, approximately 50% of the Np was reduced to Np(IV) in the first day. The fraction of
Np(V) in the solution continued to diminish with time and was essentially reduced to Np(IV) after one
week. When Pu(Ill) was added to a lactic acid/DTPA solution of the same composition, the spectrum
recorded following at least two days after preparation of the solution continued to show some sign of
Pu(IIT). The Pu(Ill) was completely oxidized to Pu(IV) after 3-4 days.

The UV-vis spectroscopy demonstrated that Np(V) and Pu(Ill) were the predominate valences in the
lactic acid/DTPA solution for the better part of a day following solution preparation. Based on these
results, we chose to initially add HAN to the actinide tracer solution prepared for the distribution
coefficient measurements (to produce Pu(IIl)) prior to combining with lactic acid and DTPA. The
distribution coefficient measurements were expected to be complete in 2-3 h; therefore, Np(V) and Pu(III)
valences would predominate in the solution during this time. Prior to adding the HAN to the actinide
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tracers, we added sufficient Am(III) activity to allow the measurement of distribution coefficients during
the extraction experiments. Protactinium (V) distribution coefficients were also measured using the
activity which was in secular equilibrium with the *"Np. The actinide distribution coefficients were
measured at pH 2.8 and 3.5 and covered a range of temperatures from nominally 20 to 60 °C.

The actinide distribution coefficient measurements showed that Np(V) and Pa(V) were more strongly
extracted into the bis-(2-ethylhexyl)phosphoric acid (HDEHP) solvent than Pu(IIl) and Am(IIl). The
increased extraction of the Np and Pa was due to the increased stability of the Pu(Ill)- and Am(III)-DTPA
complexes compared to the stability of the Np(V)- and Pa(V)-DTPA complexes. The stability of the 3+
complexes prevents the extraction of the Pu and Am into the solvent to a greater extent. The actinide
distribution coefficients decreased with decreasing pH and increasing temperature. The decrease in the
distribution coefficients with pH is due to the protonation of the HDEHP solvent which reduces the
number of available complexation (i.e., ion exchange) sites. The decrease in the distribution coefficients
with temperature is due to the exothermic nature of the extraction process. At pH 3.5, the conditional
enthalpies of extraction were approximately -10 kJ/mole for Pu(Ill) and Am(III), -40 kJ/mol for Np(V),
and 48 kJ/mol for Pa(V). The entropies of extraction were negative which results in more positive free
energies of extraction as the temperature increases. The uncertainties associated with the majority of the
conditional thermodynamic properties varied between approximately 10 and 50%. The nonlinearity in the
data was attributed to changes in the enthalpy of extraction over the temperature range; although, the
instability of Np(V) and Pu(Ill) likely contributed to the variance.

Fuel Cycle Research and Development
Separations

DISTRIBUTION OF ACTINIDES BETWEEN THE
AQUEOUS AND ORGANIC PHASES IN THE
TALSPEAK PROCESS

INTRODUCTION
Background

Used reactor fuels are currently reprocessed in multiple countries using the PUREX process [2] to
recover the U and Pu for future use. However, the small amounts of Np, Am, and Cm (minor actinides)
produced during fuel irradiation are not recovered and are currently discarded with the fission products as
high level waste. If desired, Np produced in irradiated fuels can be recovered by making slight
modifications to the PUREX process to control the Np valence and extraction into the tributyl phosphate
solvent.[3,4] For complete closure of the nuclear fuel cycle, the Am and Cm isotopes produced during
fuel irradiation must also be recovered. The isolation and purification of the minor actinides would allow
additional energy production following fabrication of fuels or targets for advanced reactors using these
materials. The elimination of essentially all of the actinide materials from the high level waste generated
during fuel reprocessing would also improve the performance of a geologic repository by removing
radiotoxic, long-lived transuranic isotopes from the waste and reducing the heat generated by radioactive
decay.
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An efficient separation process which recovers Am and Cm during the reprocessing of nuclear reactor
fuels has not been demonstrated on an industrial scale. One of the issues with the recovery of Am and
Cm in a single process is the similarity of the chemistry of the lanthanide fission products. Solvent
extraction processes have been developed which allow the separation of Am, Cm, and the lanthanide
elements from other waste components using extractants such as malonamids (the DIAMEX process) or
phosphine oxides (the TRUEX or TRPO processes).[S] The subsequent separation of the Am and Cm
from the lanthanide fission products requires a separate process. In 1964, Weaver and Kappelmann [6]
reported the development of a process to separate transplutonium elements from the lanthanides by
preferentially extracting the lanthanides from an aqueous solution containing lactic acid and the sodium
salt of DTPA into HDEHP. The process was titled TALSPEAK for Trivalent Actinide Lanthanide
Separation with Phosphorous-reagent Extraction from Aqueous Komplexes. Under optimal conditions
for the TALSPEAK process, Nd was the least extractable of the lanthanides and Cf was the most
extractable of the transplutonium elements. The process can also be performed in a reverse mode in
which the transplutonium elements and the lanthanide fission products are extracted into the HDEHP
solvent and the transplutonium elements are stripped using a solution containing lactic acid and DTPA.

With the increased interest in the development of technology to allow closure of the nuclear fuel
cycle, the TALSPEAK process is being considered for the separation of Am and Cm from the lanthanide
fission products in a next generation reprocessing plant. However, at this time, the level of understanding
associated with the chemistry and the control of the process variables is not acceptable for deployment of
the process on an industrial scale. One issue of concern is the lack of understanding associated with the
thermodynamic and kinetic driving forces of the separation. To address this issue, DOE-NE is supporting
basic scientific studies focused on the TALSPEAK process through its Fuel Cycle R&D program. One
element of these studies is the measurement of actinide distribution coefficients in the TALSPEAK
process as a function of temperature so thermodynamic properties can be calculated using the van't Hoff
equation.[7] Of particular concern, is the distribution of Pu(Ill) between the aqueous and organic phases.
A small amount of Pu and Np would be present in the feed to the TALSPEAK process due to process
losses from prior recovery operations. If the TRUEX process is used to separate the lanthanide fission
products and the transuranic elements from other fission products, the Pu and Np oxidation states must be
adjusted to Pu(Ill) and Np(IV) for efficient extraction.[8] The actinide elements are stripped from the
TRUEX solvent using a buffered lactate solution containing DTPA at approximately pH 5. Following the
adjustment of the solution pH (to 2.8), the product from the TRUEX process becomes the feed to the
TALSPEAK process.[9]

Objectives

To better understand the thermodynamic driving force for the extraction of transuranic elements in
the TALSPEAK process, a series of experiments was performed to measure the distribution of Np(V),
Pu(IIT), Am(III), and Pa(V) between the aqueous and organic phases as a function of temperature. The
van’t Hoff equation was then used to calculate the conditional enthalpies and entropies of extraction. The
thermodynamic properties were considered conditional, since they were based on the variation of
distribution coefficients as a function of temperature, rather than the extraction equilibrium constant.[5]
Prior to measuring the actinide distribution coefficients it was necessary to demonstrate the stability of
Pu(IIT) in a buffered lactate solution containing DTPA. Plutonium (III) was prepared using both HAN
and FS as reductants. Ultraviolet-visible spectroscopy was used to determine the valence of both Np and
Pu over time during the stability experiments. The experimental methods used to perform the distribution
coefficient measurements and stability experiments and a discussion of the results are presented in the
following sections.



Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
September 17", 2010 77

EXPERIMENTAL
Valence Adjustment Study

Actinide elements such as Np and Pu have multiple stable oxidation states in aqueous solutions;
therefore, the oxidation state for these elements must be controlled in the TALSPEAK process, as the
extraction chemistry is dependent upon the actinide’s valence. Since our plans included the measurement
of Pu(III) distribution coefficients using a Np(V) solution containing small amounts of >**Pu, it was
necessary to demonstrate that the desired oxidation states of Np and Pu are produced and could be
stabilized in a buffered lactate solution containing DTPA. To accomplish this task, Np and Pu were
added to solutions containing either HAN or FS as the reductant and nominally 1.5 M lactic acid/0.05 M
DTPA. The pH of the solution was subsequently adjusted to nominally 2.8, consistent with the
TALSPEAK process operating conditions. The predominant valences of the actinides were then
determined by UV-vis spectroscopy. The details of the experimental procedures are discussed in the
following sections.

Nuclear Materials

The Np and Pu solutions used for the valence adjustment studies were initially purified by anion
exchange. A characterization of each solution is provided in Table 1.

Table 1 Actinide stock solution concentrations

Element Concentration HNO;
g/ dpm/mL (M)
Np 32.0 5.00E+07 1.5
Pu 453 6.65E+09 1.0

The Np and Pu solutions used in the study were more concentrated than the solution used to measure
distribution coefficients to ensure that the spectrometer sensitivity was sufficient to obtain representative
spectra. The Puused in the study was weapons grade (i.e., nominally 94% *’Pu and 6% **’Pu).

Solution Preparation

Since UV-vis spectra of Np and Pu in buffered lactate solutions containing DTPA were not available
as references, the spectrum of four actinide-containing solutions were initially recorded with increasing
complexity to understand the changes in the spectra due to each component. The four solutions included:
(1) 0.1 M HNOs, (2) 1.5 M lactic acid, (3) 1.5 lactic acid/0.05 M DTPA, and (4) 1.5 M lactic acid/0.05 M
DTPA/0.1 M HAN. Four solution containing nominally 3 g/L. Np and four solutions containing
nominally 4 g/LL Pu were prepared. The Np and Pu concentrations were held constant by adding 1 mL of
the actinide-containing solution to 10 mL of the four solutions.

Since we planned to adjust the pH of the actinide solutions to 2.8 prior to measuring the distribution
coefficients, the pH of the buffered solutions was also adjusted to the same value using 3.9 M NH,OH
prior to recording the spectrum. To estimate the volume of NH,OH required to adjust the pH to the
desired value following the addition of 1 mL of the Np solution (containing 1.5 M HNO;) or 1 mL of the
Pu solution (containing 1.0 M HNOs), a 1.5 M lactic acid solution containing 0.05 M DTPA was prepared
to simulate the adjustments. When 1 mL additions of 1.5 and 1.0 M HNO; were added to 10 mL aliquots
of a 1.5 M lactic acid/0.05 M DTPA solution, the volumes of 3.9 M NH,OH required to adjust the pH
back to 2.8 were 0.2 and 0.3 mL, respectively. Dilution of the lactic acid and DTPA due to the addition
of the actinide solution and the subsequent adjustment of the pH were taken into account during the
preparation of the solutions. The preparation of the four solutions including the pH adjustments is
described in Appendix DA.
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The UV-vis spectra were recorded using a Zeiss diode array spectrometer controlled by a Windows
NT-based computer. We used a 1 cm path length cuvette holder with 1 cm disposable cuvettes inside a
radiological glovebox. The cuvette holder was connected to the spectrometer using fiber optic cables. A
detailed list of the spectrometer components is provided below.

e Spectrometer: Diode array spectrometer based on the Zeiss MCS module (190-1024 nm range,
approximately 0.8 nm/pixel); interfaced to computer through Hamamatsu C4070 driver/amplifier
board; power supply — Condor D.C. Power Supplies model MTLL-5W-A.

e Fiber optic cable: Ceramoptec or Polymicro, IR grade, 400 micron low-OH core with SMA fittings on
each end.

e Computer: Texas Micro industrial PC, IPC-6806P.233MHz , Windows NT.

e Data acquisition card: National Instruments AT-AI-16XE-10 Multiple I/O Board (16-bit resolution,
16 analog and 8 digital inputs).

e Light source: Ocean Optics Tungsten Halogen Lamp Housing, LS-1.
e Variable attenuator: Oz Optics Part # BB-200-55-300 600-SP to adjust light levels.
e Cuvette block: SRNL fabricated plexiglass cuvette holders with two lenses.

During the preparation of solution (4), the required volume of HAN was combined with the lactic
acid/DTPA solution prior to the addition of the Np or Pu. When the Pu was added to the solution, we did
not observe a color change. Solutions containing Pu(IIl) are blue when viewed by reflected light.[10]
When the spectra of the solutions which contained Pu in 1.5 M lactic acid/0.05 M DTPA and 1.5 M lactic
acid/0.05 M DTPA/0.1 M HAN were compared, they were essentially the same which indicated that the
HAN had not reduced the Pu (see the Results and Discussion section for more detail). Since the Pu was
not reduced by HAN in the buffered lactate solution containing DTPA, we chose to prepare solutions in
which either HAN or FS was added to the Np and Pu solutions prior to combining with the lactic acid and
DTPA. Both HAN and FS will reduce Pu(IV) to Pu(Ill) and FS will reduce Np(V) to Np(IV).[11-12]
The four solutions prepared for study included: (1a) Np + HAN added to 1.5 M lactic acid/0.05 M DTPA,
(2a) Pu+ HAN added to 1.5 M lactic acid/0.05M DTPA, (3a) Np + FS added to 1.5 M lactic acid/0.05 M
DTPA, and (4a) Pu + FS added to 1.5 M lactic acid/0.05 M DTPA. Prior to recording the UV-vis
spectrum of each solution, the pH was adjusted to nominally 2.8. The preparation of the four solutions
including the pH adjustments is described in Appendix DA. The spectrum of the four solutions was
recorded within 90 min of preparation and after nominally 1, 2, 3, 7, and 8 days.

Distribution Coefficient Measurements

The distribution of Np(V), Pu(Ill), Am(III), and Pa(V) between 1 M HDEHP (in dodecane) and an
aqueous phase containing a 1.5 M lactic acid/ammonium lactate buffer and 0.05 M DTPA was measured
as a function of temperature. The experimental methods used to perform this work are described below.

Nuclear Materials

The actinide distribution coefficient measurements were made using dilute solutions of the nuclear
materials. To achieve good counting statistics, the desired range of activities for the Np, Pu, and Am
were 10°-10°, 10%-10°, and 10*-10° dpm/mL, respectively. The Pa distribution coefficients were measured
using the activity (10>-10° dpm/mL) which was in secular equilibrium with the *’Np. The Np used for
the measurements was initially purified by anion exchange. Since the Np was previously used to produce
>%Pu oxide, the alpha activity of the solution was primarily from this isotope. The characterization of the
Np/Pu stock solution used to provide the actinide tracers is shown in Table 2.
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Table 2 Np/Pu stock solution concentrations

Np Pu Nitric Acid
M) (dpm/mL) M) (dpm/mL) M)
135x10" 498x10" 488x10" 442x10° 1.5

The ** Am used for the distribution coefficient measurements was initially purified using a
chromatographic resin. A stock solution was prepared by diluting a 0.1 mL aliquot of a
1.30x 10° dpm/mL solution with 10 mL of 0.1 M HNO;. The final Am and HNOj; concentrations were
1.28 x 107 dmp/mL (6.98 x 10° M) and 0.11 M, respectively.

Solvent Preparation

The organic phase used for all distribution coefficient measurements was 1 M HDEHP. The desired
concentration of HDEHP was prepared by diluting with dodecane. To prepare the solution, the target
mass of HDEHP was transferred to a volumetric flask which was diluted to volume with dodecane.

Extraction Experiments

The aqueous phase used for the actinide distribution coefficient measurements was prepared by
initially adding a 250 pL aliquot of the Am stock solution to 1 mL of the Np/Pu stock solution. A 100 pL
aliquot of 1.77 M HAN was subsequently added to reduce the Pu to Pu(Ill). The combined solutions
were swirled to ensure that the HAN and the actinides were well mixed. No color change was observed
due to the dilute concentration of the Pu. The actinide solution was then combined with an 11.4 mL
aliquot of a 1.9 M lactic acid/0.06 M DTPA solution. All transfers of solution were performed using
calibrated pipettes with precisions and accuracies typically < 1%. Following the combination of the
solutions, the pH was adjusted to either 2.8 or 3.5 by the addition of 3.9 M NH,OH. The pH of the
solution was measured using an Accumet® Basic AB15 pH meter which was calibrated using pH 1, 3, and
6 buffer solutions. The preparation of the lactic acid/DTPA solution and calculations summarizing the
final composition of the aqueous phase used in the TALSPEAK extractions are presented in Appendix
DA.

The actinide distribution coefficients were measured as a function of pH and temperature. The
temperatures were selected to bracket the potential operating range. The conditions for each series of
measurements are summarized in Table 3.

Table 3 Conditions for distribution coefficient measurements

Experiment pH Temperature
O
TAL-1 2.8 20.0
TAL-2 2.8 59.0
TAL-3 3.5 20.0
TAL-4 3.5 59.5
TAL-5 3.5 40.0

To perform a series of extractions, 2 mL of the aqueous phase (containing the actinide elements in the
1.5 M lactic acid/ammonium lactate buffer and 0.05 M DTPA) were combined with 2 mL of the HDEHP
solvent. This organic to aqueous ratio was used for all extractions. Two milliliters of the aqueous and
organic phases were added to six, 15 mL centrifuge tubes. The centrifuge tubes were capped and placed
in a Eppendorf Thermomixer R, heating/cooling block to maintain the extraction temperature at the
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desired value. The heating/cooling block also provided agitation at a maximum of 750 RPM. Once the
extraction temperature was reached, the aqueous and organic phases were mixed for 1 h. Since the
intensity of the mixing was not sufficient to form an emulsion at the conical end of the centrifuge tubes,
each tube was removed from heating/cooling block and manual mixed by shaking the tube. Manual
mixing was performed at 15, 30, and 45 min into the extraction period. Once the extraction period was
complete, the phases were allowed to equilibrate at temperature for 1 h. At the beginning of the
equilibration period, a cap was removed from one of the centrifuge tubes to allow insertion of a calibrated
thermometer. The extraction temperatures given in Table 3 were recorded using this thermometer.

To ensure that the extraction temperature remained constant during sampling, a procedure was
developed to remove a sample of the organic and aqueous phases using a disposable transfer pipette
without removing the centrifuge tube from the heating/cooling block. The procedure involved
premarking pipettes at a height which placed the tip at the middle of the organic phase when the mark was
even with the top of the centrifuge tube. This procedure allowed the removal of an approximate 1 mL
sample of the organic phase. To remove a sample of the aqueous phase, the pipette bulb was compressed
and inserted into the centrifuge tube until the tip touched the bottom. An approximate 1 mL sample of the
aqueous phase was then removed from the bottom of the tube by releasing the bulb. The Np, Pu, Am, and

Pa activities in the aqueous and organic phases were measured by Gamma Pulse Height Analysis
(GPHA).

RESULTS AND DISCUSSION
Valence Adjustment Study

The UV-vis spectra of Np and Pu in buffered lactate solutions containing DTPA were not available as
references; therefore, spectra were initially recorded with increasing solution complexity to understand
the changes in the spectra due to the addition of the lactate buffer, DTPA, and HAN. Reference spectra
for Np and Pu are provided in Figures 1 and 2, respectively. The solutions for which spectra were
recorded included each actinide in solutions containing (1) 0.1 M HNO;, (2) 1.5 M lactic acid, 3) 1.5 M
lactic acid/0.05 M DTPA, and (4) 1.5 M lactic acid/0.05 M DTPA/0.1 M HAN.

Np Reference Spectra

The UV-vis spectrum of Np in 0.1 M HNO3 (Figure 1) showed that essentially all of the Np was initially
present as Np(V). Characteristic Np(V) peaks at 615 and 980 nm were observed. The UV-vis spectra of
Np(IV) solutions also have a characteristic peak between 960 and 980 nm (depending upon the HNO3
concentration); however, we attribute the peak in this spectrum to Np(V) due to the absence of the
characteristic Np(IV) peak at 700 nm. When the 0.1 M HNO3 was replaced with 1.5 M lactic
acid/ammonium lactate, the spectrum changed very little. Neptunium (V) was still the predominate
valence state. However, when 0.05 M DTPA was added to the solution, the spectrum became much more
complicated. A new peak appeared at 741 nm which was attributed to Np(IV). The reduction of Np(V)
to Np(IV) was due to the stability of Np(IV)-DTPA complex compared to the Np(V)-DTPA complex. It
should be noted that the spectrum of this solution was recorded approximately 18 h following preparation.
The equilibrium constants (log K) for the Np(IV)-DTPA complex in 0.5 and 1.0 M NaClO4 are

29.29 +0.02 and 30.33 £ 0.12, respectively.[13] The equilibrium constant for the Np(V)-DTPA complex
is not reported; however, equilibrium constants for both the Np(IV) and
Np(V)-ethylenediaminetetraacetic acid (EDTA) complexes are available. The (log K) value for the
Np(IV) complex in 1.0 M NaClO4 is 24.55 £+ 0.03 while the (log K) value for the Np(V) complex in

0.1 M NaClO4 is only 7.33 £ 0.06.[13] By analogy, the equilibrium constant for the Np(IV)-DTPA
complex should also be orders of magnitude larger than the equilibrium constant for the Np(V)-DTPA
complex. The stability of the Np(IV) complex lowers the Np(IV) activity which results in the slow
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reduction of Np(V) to the more stable valence state. When HAN was added to the lactic acid/ammonium
lactate solution containing DTPA, the Np spectrum did not change. Hydroxylamine nitrate does not
reduce Np(V) to Np(IV); [11] therefore, this result is expected.

Pu Reference Spectra

The UV-vis spectrum of Pu in 0.1 M HNO; (Figure 2) showed the presence of Pu(Ill) (peaks at 560,
600, and 663 nm), Pu(IV) (peak at 470 nm), and Pu(VI) (peak at 831 nm); although, the predominate
valence was Pu(IV). When the 0.1 M HNO; was replaced with 1.5 M lactic acid/ammonium lactate, the
Pu(IV) peak became larger and shifted to 485 nm. The peaks which were attributed to Pu(Ill) and Pu(VI)
disappeared and a number of other peaks appeared. When 0.05 M DTPA was added to the buffered
lactate solution, the spectrum became even more complicated. The Pu(IV) peak shifted to 498 nm and
additional peaks appeared in the spectrum. The addition of HAN to the Pu-containing solution had
essentially no effect on the spectrum. This supports our visual observation (based on the solution color
not changing to blue) that HAN will not reduce Pu(IV) to Pu(IIl) in a solution containing a lactic acid
buffer and DTPA.

Reduction of Actinide Valences Using HAN and FS

Since Pu was not reduced by HAN in the buffered lactate solution containing DTPA, solutions were
prepared in which HAN and FS were added to aliquots of the Np and Pu stock solutions prior to
combining with the lactic acid and DTPA. When either the HAN or FS was added to the Pu solution, the
solution turned blue which is indicative of Pu(Ill).[10] After combination with the lactic acid and DTPA,
the UV-vis spectrum for each solution was recorded. The Np (see Figures 3 and 4) and Pu (see Figures 5
and 6) spectra are compared with the spectra of the Np and Pu solutions (from Figures 1 and 2,
respectively) in which HAN was added to the buffered DTPA solution prior to adding the actinides.

Figure 3 compares the UV-vis spectra of Np solutions in which HAN was added to an aliquot of the
Np stock solution prior to combining with the lactic acid and DTPA and in which Np was added to a
solution containing lactic acid, DTPA, and HAN. The spectrum of the solution in which HAN was added
to an aliquot of the Np stock solution showed that the predominate Np valence was still Np(V). The
spectrum of this solution was recorded within approximately 90 min of the solution preparation.
Therefore, only a small portion of the Np(V) had been reduced to Np(IV) due to the stability of the
Np(IV)-DTPA complex. The spectrum of the solution in which Np was added to a solution containing
lactic acid, DTPA, and HAN was recorded approximately 18 h following preparation and showed the
presence of significantly more Np(IV). The HAN had no effect on the distribution of Np valences.
Figure 4 compares the UV-vis spectra of Np solutions in which FS was added to an aliquot of the Np
stock solution prior to combining with the lactic acid and DTPA and in which Np was added to a solution
containing lactic acid, DTPA, and HAN. The spectrum of the solution containing FS shows that the
predominate Np valence was Np(IV). Ferrous sulfamate has historically been used to reduce Np(V) to
Np(IV) in both ion exchange and solvent extraction applications.[12] The two Np spectra presented on
Figure 4 are very similar, except for the very broad peak centered at approximately 425 nm which can be
attributed to Fe(II) in the solution.

Figure 5 compares the UV-vis spectra of Pu solutions in which HAN was added to an aliquot of the
Pu stock solution prior to combining with the lactic acid and DTPA and in which Pu was added to a
solution containing lactic acid, DTPA, and HAN. When the Pu and HAN were combined, the solution
turned blue which indicated the presence of Pu(Ill). The spectrum of the solution which resulted from
combining the Pu(Ill) with lactic acid and DTPA is significantly different from the spectrum of the
solution in which the Pu was added to a solution containing lactic acid, DTPA, and HAN. The three
peaks between 550 and 630 nm were attributed to the presence of Pu(Ill) in the lactic acid/DTPA
solution. It should be noted that the spectrum of this solution was recorded within approximately 90 min
of preparation. Although, the spectrum was recorded shortly after the solution was prepared, a small peak
at 498 nm was observed which can be attributed to Pu(IV). Figure 6 compares the UV-vis spectra of Pu
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solutions in which FS and HAN were added to aliquots of the Pu stock solution prior to combining with
lactic acid and DTPA with the spectrum of the solution in which Pu was simultaneously combined with
lactic acid, DTPA, and HAN. As with HAN, it is well documented that FS will reduce Pu to Pu(IIl).[12]
The spectra of the solutions which resulted from the addition of Pu(IIl) to the lactic acid and DTPA are
very similar. Both spectra contain the three peaks between 550 and 630 nm which were attributed to
Pu(IlT). Even though the spectrum of the solution in which the Pu was reduced using FS was recorded
within approximately 90 min of preparation, a small peak attributed to Pu(IV) at 498 nm was observed.

Stability of Np(V) and Pu(lll) in Lactic Acid/DTPA Solutions

The reference spectra of Np in lactic acid/DTPA solutions demonstrated that Np(V) is not stable in
this matrix. The Np(V) was slowly reduced to Np(IV) due to the stability of the Np(IV)-DTPA complex.
In addition, the spectra of the Pu(Ill) solutions generated by the addition of either HAN or FS showed the
presence of Pu(IV). Therefore, the spectra of the Np and Pu solutions in which HAN and FS were added
prior to combining with lactic acid and DTPA were recorded as a function of time to assess the stability
of the Pu(Ill) and Np(V). The UV-vis spectra of the four solutions were recorded following nominally 1,
2, 3,7, and 8 days after preparation. The Np spectra of the solutions containing HAN and FS are shown
on Figures 7 and 8, respectively, and the Pu spectra of solutions containing HAN and FS are shown on
Figures 9 and 10, respectively.

The stability of Np(V) in the lactic acid/DTPA/HAN solution is illustrated in Figure 7. The baseline
UV-vis spectrum was recorded within about 90 min of the solution preparation. At this time, Np(V) was
the predominate valence in the solution. Within approximately 24 h, a significant amount (perhaps as
high as 50%) of the Np(V) was reduced to Np(IV). The fraction of Np(V) in the solution continued to
diminish with time and was essentially reduced to Np(IV) after one week. Figure 8 illustrates the stability
of Np(IV) in the buffered lactate/DTPA solution following reduction of the Np with FS. The baseline
spectrum was recorded within approximately 90 min of the solution preparation and showed complete
reduction of the Np. Over the next 8 days, the spectrum was essentially unchanged. Neptunium (IV) is
the preferred valence in this system due to the stability of the Np(IV)-DTPA complex.

The stability of Pu(Ill) in the lactic acid/DTPA/HAN solution is illustrated in Figure 9. The baseline
UV-vis spectrum was recorded within approximately 90 min of the solution preparation. Plutonium (III)
is clearly the predominate valence at this time; although, the small peak at 498 nm indicates the presence
of Pu(IV). After one day, the three peaks between 550 and 630 nm (which are attributed to Pu(IIl)) are
still visible, but significantly reduced. After 2 days, the peaks have nearly disappeared and after 3 days,
the peaks are gone. Therefore, it appears that the Pu(Ill) completely oxidized to Pu(IV) after
approximately 3 days. The oxidation of Pu(Ill) to Pu(IV) can be explained in an analogous manner to the
reduction of Np(V) to Np(IV). The Pu(IV)-DTPA complex is much more stable than the Pu(Ill)-DTPA
complex. The equilibrium constants (log K) for the Pu(IV)- and Pu(IlI)-DTPA complexes are 35.39 and
29.5, respectively.[14] The stability of the Pu(IV) complex lowers the Pu(IV) activity which results in the
slow oxidation of the Pu(IIl) to the more stable valence state. The stability of Pu(Ill) in the lactic acid
DTPA solution which was produced by reduction with FS is shown on Figure 10. The baseline UV-vis
spectrum was recorded within approximately 90 min of the solution preparation. The peaks between 550
and 630 nm show that Pu(Ill) was initially the predominate valence in the solution; although a small
Pu(IV) peak was also observed at 498 nm. The Pu(Ill) peaks are not as well defined as in the spectrum of
the solution in which the Pu was reduced with HAN. However, the spectra recorded following one, two,
and three days after preparation of the solution continued to show some sign of Pu(IIl) in solution. The
Pu(III) was completely oxidized to Pu(IV) after approximately 4 days.

The two series of UV-vis spectra demonstrated that Np(V) and Pu(IlI) are the predominate valences
in the lactic acid/DTPA solution for the better part of a day following solution preparation. It is necessary
to reduce the Pu to Pu(Ill) using either HAN or FS prior to combining with the lactic acid and DTPA.
Stable Np(IV) is produced in the lactic acid/DTPA solution if FS is initially combined with the Np prior
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to solution preparation. Based on these results, we chose to initially add HAN to the actinide tracer
solution prepared for the distribution coefficient measurements (to produce Pu(Ill)) prior to combining
with lactic acid and DTPA. The distribution coefficient measurements were expected to be complete in
2-3 h; therefore, Np(V) and Pu(Ill) valences would predominate during this time.

Distribution Coefficient Measurements

Actinide Distribution Coefficients

The activity of Np, Pu, Am, and Pa measured in the aqueous and organic phases during the
TALSPEAK extraction experiments are shown in Appendix DC. The activity of the actinides in each
phase were subsequently used to calculate distribution coefficients (Dayo.) Which are defined as the ratio
of the activity of the actinide element in the organic phase (Aan,) to the activity of the actinide element in
the aqueous phase (Ax,.) (equation 1).

AAno
DAn,o/a - A !

(1)

An,a

The actinide distribution coefficients for the triplicate extraction experiments at each pH for the range
of temperatures are given in Appendix DC. The average values are shown in Tables 4 and 5 for the
experiments performed at pH 2.8 and 3.5, respectively.

Table 4 Actinide Distribution Coefficients in the TALSPEAK Process at pH 2.8

Element 20.0 °C 59.0 °C
Dan. o Relative Dan, ora Relative
Std. Dev. Std. Dev.
(%) (%)

Np 9.17E+00 3.6 1.15E+00 20.7
Pu 7.56E-02 10.8 4.06E-02 20.7
Am 3.89E+00 54 1.48E+00 4.7
Pa 1.14E+02 15.3 2.95E+01 25.3

Table 5 Actinide Distribution Coefficients in the TALSPEAK Process at pH 3.5

Element 20.0 °C 40.0 °C 59.5 °C
Dan, o Relative Dan, ofa Relative D)V Relative
Std. Dev. Std. Dev. Std. Dev.
(%) (%) (%)

Np 4 45E+00 7.9 2.36E+00 10.2 5.88E-01 7.8
Pu 4.58E-02 8.7 5.06E-02 5.0 2.56E-02 294
Am 5.19E-01 3.6 4.49E-01 9.0 2.98E-01 3.8
Pa 9.45E+01 54 5.68E+01 33.9 7.62E+00 13.5

The initial TALSPEAK extraction experiments were performed at pH 2.8 based on the acidity of the
feed solution used by Argonne National Laboratory in a series of process demonstrations.[9] However,
the measured distribution coefficients for Am were greater than unity indicating that a majority of the Am
was extracted into the solvent. Since the objective of the TALSPEAK process is to retain the Am in the
aqueous phase, we chose to increase the pH (to 3.5) in subsequent extractions to lower the distribution
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coefficients. Inspection of the Am data in Tables 4 and 5 shows an approximate order of magnitude
decrease in the distribution coefficients when the pH was increased from 2.8 to 3.5. However, the
distribution coefficient measured for Am at 20 °C (and pH 3.5) is still larger than the value (6.5E-02)
reported by Nilsson et al. [5] for similar conditions. In future work, it would be beneficial to perform
additional measurements without the presence of HAN in the aqueous phase to ensure that its presence
had no effect on the extraction of Am into the HDEHP solvent.

The actinide distribution coefficients in Tables 4 and 5 show that Np(V) and Pa(V) were more
strongly extracted into the HDEHP solvent than Pu(Ill) and Am(III). The increased extraction of Np and
Pa can be attributed to the stability of the Pu(IIl)- and Am(III)-DTPA complexes compared to the Np(V)-
and Pa(V)-DTPA complexes. The stability of the 3+ complexes prevents their extraction into the solvent
to a much greater extent. The distribution coefficients for each actinide decreased with decreasing pH
and increasing temperature. The decrease in the distribution coefficients with pH is due to the
protonation of the HDEHP solvent which reduces the number of available complexation (i.e., ion
exchange) sites. The decrease in the distribution coefficients with temperature is due to the exothermic
nature of the extraction process. The enthalpies of extraction calculated using the van’t Hoff analysis (see
following section) are exothermic.

The uncertainty in the distribution coefficients generally increase at the highest temperature used for
the extractions. This is likely due to the increased temperature gradient in the Thermomixer R
heating/cooling block. Above 45 °C, the uncertainty in the temperature control increases from * 0.5 to
+ 2 °C. The instability of the Np(V) and Pu(Ill) at approximately 60 °C may also contribute to the
uncertainty for these elements. At this temperature, the reduction of Np and the oxidation of Pu would
proceed at faster rates; therefore, the difference in the distribution of Np and Pu valences between the first
and last sample removed from the heating/cooling block would be greater, which would change the
distribution between phases.

Thermodynamic Properties

The actinide distribution coefficients measured at different temperatures can be used to calculate
conditional enthalpies (AH’) and entropies (AS’) of extraction. The thermodynamic properties are
considered conditional, since they are based on the variation of distribution coefficients as a function of
temperature, rather than the extraction equilibrium constant (K).[5]

The free energy of extraction is defined by equations 2 and 3.

AG" = AH’ - TAS’ ()
AG" =-RT InK 3)
Combining the equations and rearrangement results in equation 4,
0 0
i = AH? | AS @
RT R

which shows that a plot of the natural log of the extraction equilibrium constant as a function of the
reciprocal thermodynamic temperature should be linear with a slope of -AH/R and a y-intercept of AS/R.
To calculate the conditional enthalpies and entropies of extraction for the TALSPEAK process, the
natural log of the actinide distribution coefficients were plotted as a function of the reciprocal
thermodynamic extraction temperature on Figures 11 and 12 for the series of experiments performed at
pH 3.5 and 2.8, respectively. The thermodynamic properties calculated from the van’t Hoff analysis are
provided in Table 6 (see Appendix DC for calculations).

The uncertainties associated with the majority of the conditional thermodynamic properties given in
Table 6 vary between approximately 10 and 50%. Inspection of the data at pH 3.5 on Figure 11 and the
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correlation coefficients for the regression analysis (Appendix DC) show varying degrees of nonlinearity
including curvature. The plots at pH 2.8 include six extractions for each actinide; however, the
experiments were only performed at two temperatures and would likely show curvature over the
temperature range as observed for pH 3.5. The UV-vis spectra recorded to investigate the stability of
Np(V) and Pu(1Il) in lactic acid/DTPA solutions showed that Np(IV) and Pu(IV) are the most stable
valences. The reduction of Np(V) and the oxidation of Pu(III), especially at the highest extraction
temperature, would result in changes to the distribution of Np and Pu valences which contribute to the
uncertainty in the van’t Hoff analysis. However, the extractions were performed and samples removed
within 2-3 h, and as a result, the majority of the Np and Pu should have still been present as Np(V) and
Pu(IIl). To understand the rates at which Np(V) is reduced and Pu(Ill) is oxidized in lactic acid/DTPA
solutions, an investigation of the oxidation/reduction kinetics should be performed as future work.

Table 6 Thermodynamic properties calculated from van’t Hoff analysis

pH Element AH" Std. Dev. Rel. Std. Dev.  AS’  Std. Dev. Rel. Std. Dev.

AH" AH" AS’ AS°

(kJ/mol) (kJ/mol) (%) (J/mol K) (J/mol K) (%)

35  Np -39.6 49 12.3 -122 16 12.9
Pu -10.5 5.0 474 -60.4 16.0 26.6

Am -10.7 1.9 17.5 -41.6 6.1 14.6

Pa 483 9.0 18.7 -125 29 233

28 Np -43.0 2.6 6.1 -128 8 6.6
Pu -13.0 2.8 213 -65.7 8.9 13.5

Am -19.8 0.8 43 -56.3 2.7 4.8

Pa -28.0 3.5 124 -56.2 11.1 19.8

Since the van’t Hoff plots for Am and Pa (see Figure 11) also show the same curvature and the
Am(III) and Pa(V) valences are stable, it is likely that the enthalpy of extraction for the actinides is not
constant over the temperature range. Integration of the van’t Hoff equation assumes that the enthalpy of
reaction is temperature-independent. Changes in enthalpy with temperature can be addressed using either
a change in heat capacity (Ac,) term or the use of an empirical power series in temperature for the heat
capacity.[7] Naghibi et al. [15] emphasized that when calorimetric data are subjected to nonlinear least-
squares analysis using the integrated form of the van’t Hoff equation with a nonvanishing but
temperature-independent heat capacity change, the curvature of the van’t Hoff plot becomes evident.

Another possibility which could affect the linearity of the van’t Hoff plots are changes in the
chemistry which occur due to changes in the lactic acid protonation with temperature. Rao [16] has
measured the protonation constants of lactic acid as a functions of temperature. Results from this study
are shown in Table 7.

Table 7 Protonation constants of lactic acid

Reaction logP
10 °C 25°C 40 °C 55°C 70 °C
L'+H =HL 3.46 3.67 3.68 3.70 3.72
L = lactate

ionic strength = 1.0 M NaClO4
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Small changes in the protonation constants of lactic acid occurred as the temperature was increased

from 25 to 55 °C; however, these small changes would not be expected to have a significant effect on the
extraction of the actinides into HDEHP.

To address the nonlinearity of the data associated with the van’t Hoff plots, future distribution
coefficient measurements for the extraction of the actinide elements in the TALSPEAK process should
permit the regression analysis to be performed over a more narrow temperature range. Changes in the
enthalpy of extraction with temperature are likely responsible for the curvature observed in the
distribution data; therefore, the evaluation of data measured over a narrow temperature range should
result in a more accurate analysis. The instability of Pu(Ill) and Np(V) in lactic acid/DTPA solutions is
not an issue in the TALSPEAK process; however, any hold-up in processing the feed solution would
ensure that significant amounts (if not all) of the Pu and Np are present as the more stable Pu(IV) and
Np(IV) valences. Therefore, measuring the distribution of Np(IV) and Pu(IV) between the TALSPEAK
aqueous and organic phases and performing the van’t Hoff analysis would be an appropriate focus of
future studies.

CONCLUSIONS

To better understand the thermodynamic driving force for the extraction of actinide elements in the
TALSPEAK process, an experimental study was performed to measure the distribution of Np(V), Pu(IIl),
Am(III), and Pa(V) between the aqueous and organic phases as a function of temperature. The
conditional enthalpies and entropies of extraction were subsequently calculated by van’t Hoff analysis.
Prior to performing the extraction studies, the stability of Np(V) and Pu(Ill) in lactic acid/DTPA solutions
was evaluated by UV-vis spectroscopy. We found that it was necessary to reduce Pu to Pu(IIl) prior to
combining with the lactic acid and DTPA. The reduction was performed using either HAN or FS. When
FS was used, Np was reduced to Np(IV). The spectroscopic studies showed that Np(V) and Pu(Ill) are
not stable in the lactic acid/DTPA solutions used as the aqueous phase in the TALSPEAK process. The
stability of Np(IV)-DTPA and Pu(IV)-DTPA complexes are much greater than the stability of the
Np(V)-DTPA and Pu(Ill)-DTPA complexes, and as a result, Np is slowly reduced to Np(IV) and Pu is
slowly oxidized to Pu(IV) due to the reduced activity of the stable complexes. When Np(V) was added to
a solution containing a 1.5 M lactic acid/ammonium lactate buffer and 0.05 M DTPA, approximately 50%
of the Np was reduced to Np(IV) in the first day. The fraction of Np(V) in the solution continued to
diminish with time and was essentially reduced to Np(IV) after one week. When Pu(Ill) was added to a
lactic acid/DTPA solution of the same composition, the spectrum recorded following at least two days
after preparation of the solution continued to show some sign of Pu(Ill). The Pu(IIl) was completely
oxidized to Pu(IV) after 3-4 days.

The actinide distribution coefficient measurements showed that the 5+ actinides (Np and Pa) were
more strongly extracted into the HDEHP solvent than the 3+ actinides (Puand Am). The increased
extraction of Np and Pa was attributed to the increased affinity of the DTPA for the 3+ actinides
compared to the 5+ actinides. The stability of the 3+ DTPA complexes prevents the extraction of Pu and
Am into the solvent to a greater extent. The actinide distribution coefficients decreased with decreasing
pH and increasing temperature. These trends in the data are due to the protonation of the HDEHP solvent
(which reduces the number of complexation sites) and the exothermic nature of the extraction process. At
pH 3.5, the conditional enthalpies of extraction were approximately -10 kJ/mole for Pu(Ill) and Am(III), -
40 kJ/mol for Np(V), and 48 kJ/mol for Pa(V). The entropies of extraction were negative which results
in more positive free energies of extraction as the temperature increases. The uncertainties associated
with the majority of the conditional thermodynamic properties varied between approximately 10 and
50%. The nonlinearity in the data is primarily attributed to changes in the enthalpy of extraction over the
temperature range; although, the instability of Np(V) and Pu(Ill) likely contributed to the variance.
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FUTURE WORK

Recommendations for areas of additional study to follow the actinide distribution coefficient
measurements and thermodynamic analysis discussed in this report fall into two distinct areas. The
spectroscopic studies showed that Np(V) and Pu(III) are not stable in lactic acid/DTPA solutions. To
understand the rates at which Np(V) is reduced and Pu(IIl) is oxidized in these solution, an investigation
of the oxidation/reduction kinetics should be performed as future work. The measurement of additional
distribution coefficients for Np, Pu, Am, and Pa is also recommended. Since we demonstrated that the
most stable Np and Pu valences in lactic acid/DTPA solutions are Np(IV) and Pu(IV), measuring
distribution coefficients for the 4+ oxidation states in the TALSPEAK process and performing the van’t
Hoff analysis would be an appropriate focus of future work. It would also be beneficial to perform
additional measurements for Am without the presence of HAN in the aqueous phase to ensure that its
presence had no effect on the extraction of Am into the HDEHP solvent.
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Figure 1 Reference Spectra for Np in buffered lactic acid/DTPA systems
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Figure 2 Reference Spectra for Pu in buffered lactic acid/DTPA systems
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Figure 3 UV-vis spectrum of Np + 0.1 M HAN added to 1.5 M lactic acid/0.05 M DTPA
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Figure 4 UV-vis spectrum of Np + 0.1 M FS added to 1.5 M lactic acid/0.05 M DTPA
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Figure 5 UV-vis spectrum of Pu+ 0.1 M HAN added to 1.5 M lactic acid/0.05 M DTPA

Pu(IV)

Pu(Ill)

Absorbance

300 400 500 600 700 800 900 1000 1100
Wavelength

(nm)

—— Pu- 1.5 M lactic acid/0.05 M DTPA/0.1 M HAN
—— Pu+ 0.1 M HAN then 1.5 M lactic acid/0.05 M DTPA




Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
94 September 17", 2010

Figure 6 UV-vis spectrum of Pu+ 0.1 M FS added to 1.5 M lactic acid/0.05 M DTPA
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Figure 7 UV-vis spectra of Np(V)/HAN/lactic acid/DTPA solution
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Figure 8 UV-vis spectra of Np(V)/FS/lactic acid/DTPA solution
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Figure 9 UV-vis spectra of Pu(Ill)/HAN/lactic acid/DTPA solution
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Figure 10 UV-vis spectra of Pu(Ill)/FS/lactic acid/DTPA solution
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Figure 11 van’t Hoff analysis for TALSPEAK extractions at pH 3.5
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Figure 12 van’t Hoff analysis for TALSPEAK extractions at pH 2.8

6
4 -
A
s 27
éﬁ
A
= 0 - .
-2
4 : . . . :
0.0029  0.0030 0.0031 0.0032 0.0033 0.0034  0.0035
1/T
(K™
® Np
A Py
O Am
A Pa




Thermodynamics and Kinetics of Advanced Separations Systems — FY2010 Summary Report
September 17", 2010 101

Appendix DA

Solution Preparation for Valence Adjustment Study

Chemical Reagents

The manufacturer and purity information for the chemicals used in the valence adjustment study and
distribution coefficient measurements are provided in Table A.1.

Table A.1 Chemical manufacturer and purity information

Chemical Manufacturer Concentration Purity
lactic acid Sigma Aldrich 85 wt % M
DTPA Aldrich 97 wt %
NH,OH Fisher Scientific  29.05 wt % (7.8 M) @
HNO;, Fisher Scientific 15.0 M©® 2
HAN 4 1.77M N/A
FS “4) ~24M N/A
HDEHP Sigma Aldrich 97 wt %
Dodecane Sigma Aldrich > 99 wt %
(1) ACS Reagent
(2) Certified ACS PLUS
(3) Analyzed by titration.

(4) Manufacturer is unknown; reductant was obtained from the SRS H-Canyon facility.

Solution Preparation for UV-vis Spectroscopy
0.1 M HNO; Solution

A 1.0 M HNO; stock solution was initially prepared by diluting concentrated (15 M) HNO; with
deionized water. To obtain a 0.1 M HNO; solution once the Np or Pu was added and the pH was adjusted
to 2.8, it was necessary to initially prepare a solution containing 0.11 M HNOj;. The solution was
prepared by diluting a portion of the 1.0 M HNOj stock solution to the desired concentration with
deionized water.

1.5 M Lactic Acid Solution

To obtain a 1.5 M lactic acid solution once the Np or Pu was added and the pH was adjusted to 2.8, it was
necessary to initially prepare a solution containing 1.7 M lactic acid. One hundred milliliters of 1.7 M
lactic acid were prepared by transferring 17.8006 g of 85 wt % lactic acid to a volumetric flask and
diluting the flask to volume with deionized water. The pH of the lactic acid solution was preadjusted to
nominally 2.8 by adding approximately 2.5 mL of 7.8 M NH4OH. The pH of the solution was measured
using an Accumet® Basic AB15 pH meter which was calibrated using pH 1, 3, and 6 buffer solutions.

1.5 M lactic acid/0.05 M DTPA Solution

To obtain a 1.5 M lactic acid/0.05 M DTPA solution once the Np or Pu was added and the pH was
adjusted to 2.8, 1.7 M lactic acid was used to prepare a solution containing 0.06 M DTPA. To prepare

50 mL of the solution, 1.1004 g of DTPA were transferred to a 100 mL beaker. Approximately 40 mL of
1.7 M lactic acid were added. The solution was stirred using a magnetic stir bar and heated at 70-80 °C.
A watch glass containing water was placed on the beaker to reduce evaporation losses. To dissolve the
solids, it was necessary to increase the pH by adding 4.40 mL of 3.9 M NH,OH. The solution was
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transferred to a 50 mL volumetric flask which was diluted to volume with 1.7 M lactic acid. The pH of
the lactic acid/DTPA solution was preadjusted to nominally 2.8 by adding approximately 0.25 mL of
7.8 M NH,OH.

1.5 M lactic acid/0.05 M DTPA/0.1 M HAN Solution

To obtain a 1.5 M lactic acid/0.05 M DTPA solution once the Np or Pu and HAN were added and the pH
was adjusted to 2.8, it was necessary to initially prepare a solution containing 1.8 M lactic acid and

0.06 M DTPA. One hundred milliliters of 1.8 M lactic acid were prepared by transferring 19.0578 g of
85 wt % lactic acid to a volumetric flask and diluting the flask to volume with deionized water. To
prepare 50 mL of solution containing 1.8 M lactic acid/0.06 M DTPA, 1.1778 g of DTPA were initially
transferred to a 100 mL beaker. Approximately 40 mL of 1.8 M lactic acid were added. The solution
was stirred using a magnetic stir bar and heated. A watch glass containing water was placed on the
beaker to reduce evaporation losses. To dissolve the solids, it was necessary to increase the pH by adding
2.5 mL of 3.9 M NH,OH. The solution was transferred to a 50 mL volumetric flask which was diluted to
volume with 1.8 M lactic acid. The pH of the lactic acid/DTPA solution was nominally 2.8 and was not
adjusted. To achieve 0.1 M HAN in the final solution, a 0.65 mL aliquot of a 1.77 M solution was added
to 9.35 mL of the 1.8 M lactic acid/0.06 M DTPA solution.

Test Solution Preparation

The assembly of the four Np and Pu test solutions prepared for the valence adjustment study are
summarized below.

Solution 1 (Np) —0.10 M HNO3/3 g/LL Np
Preparation: 10 mL 0.11 M HNO; + 1 mL 32.0 g/L. Np

Solution 1 (Pu) — 0.10 M HNOs/4 g/L Pu
Preparation: 10 mL 0.11 M HNO; + 1 mL 45.3 g/L Pu

Solution 2 (Np) — 1.5 M lactic acid/3 g/L Np
Preparation: 10 mL 1.7 M lactic acid + 1 mL 32.0 g/LL Np

Solution 2 (Pu) — 1.5 M lactic acid/4 g/L Pu
Preparation: 10 mL 1.7 M lactic acid + 1 mL 45.3 g/L Pu

Solution 3 (Np) — 1.5 M lactic acid/0.05 M DTPA/3 g/LL Np
Preparation: 10 mL 1.7 M lactic acid/0.06 M DTPA + 1 mL 32.0 g/L. Np

Solution 3 (Pu) — 1.5 M lactic acid/0.05 M DTPA/4 g/L Pu
Preparation: 10 mL 1.7 M lactic acid/0.06 M DTPA + 1 mL 45.3 g/L Pu

Solution 4 (Np) — 1.5 M lactic acid/0.05 M DTPA/0.1 M HAN/3 g/L Np
Preparation: 9.35 mL 1.8 M lactic acid/0.06 M DPTA + 0.65 mL HAN + 1 mL 32.0 g/L Np

Solution 4 (Pu) — 1.5 M lactic acid/0.05 M DTPA /0.1 M HAN/4 g/L Pu
Preparation: 9.35 mL 1.8 M lactic acid/0.06 M DTPA + 0.65 mL HAN + 1 mL 45.3 g/L Pu

pH Adjustment

The pH of the buffered solutions (numbers 2-4) was adjusted to nominally 2.8 using 3.8 M NH,OH. The
NH,OH was added drop-wise using a disposable transfer pipette. A Thermo Scientific Orion 3 Star pH
meter was used for the measurements. The instrument was calibrated using pH 2, 4, and 7 buffer
solutions. The pH adjustments are summarized in Table A.2.
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Table A.2 pH adjustment of buffered lactate solutions

Solution Composition Initial Drops NH;OH Final
No. pH Added pH
2 Pu— 1.5 M lactic acid 2.35 9 2.76
2 Np — 1.5 M lactic acid 1.31 20 2.77
3 Pu— 1.5 M lactic acid/0.05 M DTPA 2.46 8 2.77
3 Np — 1.5 M lactic acid/0.05 M DTPA 1.92 15 2.79
4 Pu-— 1.5 M lactic acid/0.05 M DTPA/0.1 M HAN  2.21 13 2.77
4 Np — 1.5 M lactic acid/0.05 M DTPA/0.1 M HAN  1.55 28 2.78

Preparation of Additional Solutions for UV-vis Spectroscopy

Four additional solutions were prepared for analysis by UV-vis spectroscopy in which the reductant was
added to the actinide solution prior to combining with the buffered lactate solution containing DTPA.

Both HAN and FS were used as reductants. The four solutions prepared for study included: (1a) Np +

HAN added to 1.5 M lactic acid/0.05 M DTPA, (2a) Pu + HAN added to 1.5 M lactic acid/0.05M DTPA,

(3a) Np + FS added to 1.5 M lactic acid/0.05 M DTPA, and (4a) Pu+ FS added to 1.5 M lactic

acid/0.05 M DTPA. The volume of the HAN and FS stock solutions added to the actinide solutions was

sufficient to achieve a concentration of 0.1 M when combined with the lactic acid and the DTPA. The
lactic acid/DTPA solutions prepared for the initial spectroscopic studies were used to prepare the four

solutions. The assembly of the test solutions are summarized below.

Solution 1a (Np/HAN) — 1.5 M lactic acid/0.05 M DTPA/0.1 M HAN/3 g/L Np

Preparation: 1 mL 32.0 g/LL Np +0.65 mL. HAN added to 9.35 mL 1.8 M lactic acid/0.06 M DPTA

Solution 2a (Pu/HAN) — 1.5 M lactic acid/0.05 M DTPA/0.1 M HAN/3 g/ Pu

Preparation: 1 mL 45.3 g/L Pu + 0.65 mL HAN added to 9.35 mL 1.8 M lactic acid/0.06 M DPTA

Solution 3a (Np/FS) — 1.5 M lactic acid/0.05 M DTPA/0.1 M FS/3 g/L Np*!
Preparation: 1 mL 32.0 g/LL Np +0.65 mL FS added to 9.35 mL 1.7 M lactic acid/0.06 M DPTA

Solution 4a (Pu/FS) — 1.5 M lactic acid/0.05 M DTPA/0.1 M FS/3 g/L Pu

Preparation: 1 mL 45.3 g/L. Pu + 0.65 mL FS added to 9.35 mL 1.8 M lactic acid/0.06 M DPTA

(1) The amount of 1.8 M lactic acid/0.06 M DTPA available was not sufficient to prepare the FS-containing solution;
therefore, the solution was prepared using the 1.7 M lactic acid/0.06 M DTPA stock solution instead. The final
concentration of lactic acid was approximately the same.

The pH of the buffered solutions was adjusted to nominally 2.8 using 3.8 M NH,OH. The NH4OH was
added drop-wise using a disposable transfer pipette. The pH adjustments are summarized in Table A.3.

Table A.3 pH adjustment of actinide solutions containing HAN and FS

Solution Composition Initial Drops NH,OH Final
No. pH Added pH
la (Np + 0.1 M HAN) + 1.5 M lactic acid/0.05 M DTPA  2.07 16 2.79
2a (Pu+0.1 M HAN) + 1.5 M lactic acid/0.05M DTP 1.77 22 2.76
3a (Np+0.1 M FS) + 1.5 M lactic acid/0.05 M DTPA 271 31 2.77
4a (Pu+0.1 M FS)+ 1.5 M lactic acid/0.05 M DTPA 1.24 45 2.78
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Appendix DB

Solution Preparation for Distribution Coefficient
Measurements

Chemical Reagents

The manufacturer and purity information for the chemicals used in the distribution coefficient
measurements is provided in Table A.1.

Preparation of 1.9 M lactic acid/0.05 M DTPA

To obtain a 1.5 M lactic acid/0.05 M DTPA solution once the Np or Pu and HAN were added and the pH
was adjusted to 2.8 (or 3.5), it was necessary to initially prepare a solution containing 1.9 M lactic acid
and 0.06 M DTPA. Two hundred milliliters of 1.9 M lactic acid were prepared by transferring 40.6831 g
of 85 wt % lactic acid to a volumetric flask and diluting the flask to volume with deionized water. To
prepare 200 mL of solution containing 1.9 M lactic acid/0.06 M DTPA, 4.9567 g of DTPA were initially
transferred to a 250 mL beaker. Approximately 150 mL of 1.9 M lactic acid were added. The solution
was stirred using a magnetic stir bar and heated. A watch glass containing water was placed on the
beaker to reduce evaporation losses. To dissolve the solids, it was necessary to increase the pH by adding
44 mL of 7.8 M NH4OH. The solution was transferred to a 200 mL volumetric flask which was diluted
to volume with 1.9 M lactic acid. The pH of the solution was subsequently adjusted from 2.58 to 2.80 by
the addition of 55 drops of 7.8 M NH,OH.

TALSPEAK Extractions

The activities of the Np, Pu, and Am in the stock solutions are summarized in Table A .4.

Table A.4 Actinide concentrations in stock solutions

Np/Pu Solution Am Solution
Element Activity Element Activity
(dpm/mL) (dpm/mL)

Np 498x10°  Am  1.28x10’
Pu 442 x10°

To prepare the actinide solution for subsequent addition to the lactic acid/DTPA solution, a 250 pL
aliquot of the Am stock solution was combined with 1 mL of the Np/Pu stock solution. A 100 pL aliquot
of 1.77 M HAN was then added to reduce the Pu to Pu(Ill). The concentrations of Np (Cy), Pu (Cpy),
Am (Cap), and HAN (Cpay) in this solution are calculated by equations A.1-A.4, respectively.

(4.98 x 107 ﬁn)(l.o mL)

= ~3.69x 107 3P0 Al
*  (1.0mL+0.25mL+0.10 mL) mL
(4.42){ 10° dpanJ(l.o mL) .
b= m =328x10° 2 A2
(1.0 mL + 0.25 mL + 0.10 mL) mL
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(1.28 x 107 ‘iﬁf‘)(o.zs mL) .
o = —238x10° P A3
(1.0mL +0.25 mL + 0.10 mL) mL
177 N TE 610 mL)
_ L /{1000 mL B mol
Coax = T 013
(1LOmL+0.25mL+0.10mL)[ -~
1000 mL

The actinide solution was then combined with an 11.4 mL aliquot of 1.9 M lactic acid/0.06 M DTPA to
prepare the aqueous phase for the extractions. Once the solutions were combined, the pH was adjusted to
nominally 2.8 or 3.5 using 3.9 M NH,OH. The pH of the solution was measured using an Accumet®
Basic AB15 pH meter which was calibrated using pH 1, 3, and 6 buffer solutions. During the preparation
of the lactic acid/DTPA solution, we assumed that approximately 1.5 mL of NH,OH would be required to
adjust the pH to the desired value. The number of drops of NH,OH required to perform the adjustment

and the initial and final pH of the aqueous phase are provided in Table A.5 for each series of
measurements.

Table A.5 Aqueous phase pH adjustment for TALSPEAK extractions

Experiment Drops NH,OH Initial  Final
Added pH pH

TAL-1 20 <2417 293
TAL-2 14 2.12 2.81
TAL-3 37 2.10 3.49
TAL-4 40 2.18 3.50
TAL-5 42 2.08 3.49

(1) Initial reading was incorrect due to electrode position.

The final concentrations of each component (Np, Pu, Am, HAN, lactic acid (C4), and DTPA (Cprpa)) in

the aqueous phase are calculated by equations A.5-A-10. The calculations assume that nominally 1.5 mL
of 3.9 M NH,OH were added during the pH adjustments.

[3.69 x 107 ‘:EILHJ(MS mL)

Cy, = =3.50x 10° —— A5
* (1.35mL+ 11.40 mL + 1.50 mL) mL
s dpm
3.28x 10 L (1.35 mL) d
C,, = m ~3.10x 10° 2 A6
(1.35mL + 11.40 mL + 1.50 mL) mL
(2.38){ 10° ‘iEan](ms mL) .
C, = =225x10° 22 AT
(1.35mL +11.40 mL + 1.50 mL) mL
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(0.13 “flj(mloLij(lss mL) |
Con = T —0.0124 % A8
(1.35 mL + 11.40 mL + 1.50 mL) )
1000 mL
(1.9 n;f)lj(l()()l()LL)(”A mL) |
C,, = m 1 “E’ A9
(135mL+11.40 mL+ 1.50 mL)| —————
1000 mL
[0.06 n}?lj(l()()l()LLj(“A mL) |
Corpp = m =0.05 % A.10

1000 mL

Appendix DC

(1.35 mL + 11.40 mL + 1.50 mL)[le

Np and Pu Distribution Coefficients

Measured Actinide Activities in the TALSPEAK Organic and Aqueous Phases

TALSPEAK extraction experiments were performed using an aqueous phase containing a 1.5 M lactic
acid/ammonium lactate buffer and 0.05 M DTPA. The aqueous phase was adjusted to either pH 2.8 or
3.5. At pH 2.8, extraction experiments were performed at 20.0 and 59.0 °C. The experiments at pH 3.5
were performed at 20.0, 40.0, and 59.5 °C. The organic phase used for each extraction experiments was
1.0 M HDEHP in dodecane. Each experiment was performed in triplicate. The Np, Pu, Am, and Pa
activities measured in each series of experiments are given in Tables C.1-C.5.

Table C.1 Activity measurements for Experiment TAL-1
(pH 2.8, temperature 20.0 °C)

Element  Organic 1 sigma  Aqueous 1 sigma
Counts  uncertainty Counts  uncertainty
(dpm/mL) (%) (dpm/mL) (%)

Np 1.12E+06 0.10 1.27E+05 0.37
Np 1.28E+06 0.10 1.35E+05 0.37
Np 1.16E+06 0.10 1.26E+05 0.37
Pu 1.82E+04 2.70 2.64E+05 0.26
Pu 2.27E+04 2.30 2.68E+05 0.20
Pu 1.90E+04 2.70 2.60E+05 0.25
Am 2.35E+05 0.30 6.37E+04 0.41
Am 2. 71E+05 0.30 6.59E+04 0.40
Am 2 44E+05 0.30 6.32E+04 0.41
Pa 5.14E+05 0.10 4.66E+03 1.62
Pa 5.90E+05 0.10 5.97E+03 1.53
Pa 5.32E+05 0.14 3.99E+03 1.78
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Table C.2 Activity measurements for Experiment TAL-2
(pH 2.8, temperature 59.0 °C)

Element Organic 1 sigma Aqueous 1 sigma
Counts  uncertainty Counts  uncertainty
(dpm/mL) (%) (dmp/mL) (%)
Np 2.57E+05 0.20 2.13E+05 0.20
Np 2.72E+05 0.20 2.02E+05 0.20
Np 2.14E+05 0.20 2.42E+05 0.20
Pu 5.01E+03 491 1.26E+05 0.40
Pu 5.88E+03 5.30 1.19E+05 0.40
Pu 4.05E+03 5.30 1.24E+05 0.40
Am  524E+04 0.60 3.63E+04 0.60
Am  5.26E+04 0.70 3.37E+04 0.70
Am  5.11E+04 0.70 3.56E+04 0.70
Pa 2.62E+05 0.20 6.97E+03 1.20
Pa 2.58E+05 0.20 1.13E+04 1.00
Pa 2 A8E+05 0.20 8.80E+03 1.10

Table C.3 Activity measurements for Experiment TAL-3
(pH 3.5, temperature 20.0 °C)

Element Organic 1 sigma  Aqueous 1 sigma
Counts  uncertainty Counts  uncertainty
(dpm/mL) (%) (dmp/mL) (%)
Np 3.76E+05 0.174 7.86E+04 0411
Np 3.41E+05 0.176 8.36E+04 0.397
Np 3.51E+05 0.221 7.83E+04 0410
Pu 5.14E+03 225 1.19E+05 0.352
Pu 5.34E+03 4.25 1.22E+05 0.341
Pu 5.84E+03 4.09 1.16E+05 0.359
Am  2.89E+04 1.11 5.57E+04 0.430
Am  2.82E+04 1.05 5.64E+04 0.507
Am  2.86E+04 1.18 5.32E+04 0.489
Pa 2.70E+05 0.198 2.70E+03 2.02
Pa 2.61E+05 0.202 2.79E+03 2.01
Pa 2.68E+05 0.200 2.98E+03 2.04
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Table C.4 Activity measurements for Experiment TAL-4
(pH 3.5, temperature 59.5 °C)

Element Organic 1 sigma  Aqueous 1 sigma
Counts  uncertainty Counts  uncertainty
(dpm/mL) (%) (dmp/mL) (%)
Np 1.29E+05 0.289 2.08E+05 0.246
Np 1.06E+05 0.320 1.04E+05 0.324
Np 1.11E+05 0313 2.00E+05 0.249
Pu 2.62E+03 8.13 8.46E+04 0.497
Pu 1.98E+03 10.8 2.25E+03 9.01
Pu 1.64E+03 13.1 8.07E+04 0.510
Am 1.44E+04 1.70 4.70E+04 0.638
Am 1.43E+04 1.72 1.41E+04 2.00
Am 1.31E+04 1.71 4.51E+04 0.597
Pa 1.92E+05 0.240 2.30E+04 0.738
Pa 1.83E+05 0.248 1.79E+05 0.246
Pa 1.71E+05 0.256 2 A8E+04 0.694

Table C.5 Activity measurements for Experiment TAL-5
(pH 3.5, temperature 40.0 °C)

Element  Organic 1 sigma  Aqueous 1 sigma
Counts  uncertainty Counts  uncertainty
(dpm/mL) (%) (dmp/mL) (%)
Np 2.95E+05 0.157 1.12E+05 0.373
Np 2.62E+05 0.208 1.15E+05 0.362
Np 2.76E+05 0.195 1.27E+05 0.354
Pu 4.94E+03 5.36 9.54E+04 0.443
Pu 4.85E+03 5.68 9.25E+04 0.450
Pu 5.01E+03 534 1.05E+05 0.436
Am  2.27E+04 1.30 4.76E+04 0.577
Am  2.19E+04 1.27 4.69E+04 0.584
Am  2.11E+04 1.29 5.24E+04 0.566
Pa 1.74E+05 0.254 2.21E+03 2.94
Pa 1.69E+05 0.257 3.45E+03 1.88
Pa 1.68E+05 0.258 3.94E+03 1.77

Calculated Distribution Coefficients

The actinide distribution coefficients were calculated for each of the extraction experiments using
equation 1. The values are given in Tables C.6-C.10.
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Table C.6 Calculated distribution coefficients for Experiment TAL-1

(pH 2.8, temperature 20.0 °C)

Element  Day, o 1 sigma
uncertainty

(%)

Np 8.82E+00 0.39
Np 9.48E+00 0.39
Np 9.21E+00 0.39
Pu 6.89E-02 2.71
Pu 8.47E-02 2.30
Pu 7.31E-02 2.71
Am 3.69E+00 0.52
Am  4.11E+00 0.48
Am 3.86E+00 0.50
Pa 1.10E+02 1.62
Pa 9.88E+01 1.54
Pa 1.33E+02 1.78

Table C.7 Calculated distribution coefficients for Experiment TAL-2

(pH 2.8, temperature 59.0 °C)

Element  Dap, o 1 sigma
uncertainty

(%)
Np 1.21E+00 0.31
Np 1.35E+00 0.32
Np 8.84E-01 0.31
Pu 3.98E-02 4.92
Pu 4.94E-02 5.36
Pu 3.27E-02 5.35
Am 1.44E+00 0.89
Am 1.56E+00 1.00
Am 1.44E+00 1.00
Pa 3.76E+01 1.26
Pa 2.28E+01 1.02
Pa 2.82E+01 1.14
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Table C.8 Calculated distribution coefficients for Experiment TAL-3
(pH 3.5, temperature 20.0 °C)

Element  Day, o 1 sigma
uncertainty
(%)
Np 4.78E+00 0.45
Np 4.08E+00 0.43
Np 4 48E+00 0.47
Pu 4.32E-02 2.28
Pu 4.38E-02 4.26
Pu 5.03E-02 4.11
Am 5.19E-01 1.19
Am 5.00E-01 1.17
Am 5.38E-01 1.28
Pa 1.00E+02 2.03
Pa 9.35E+01 2.02
Pa 8.99E+01 2.05

Table C.9 Calculated distribution coefficients for Experiment TAL-4
(pH 3.5, temperature 59.5 °C)

Element  Dap, o 1 sigma
uncertainty

(%)

Np 6.20E-01 0.38
Np”  1.02E+00 0.46
Np 5.55E-01 0.40
Pu 3.10E-02 8.14
Pu”  8.80E-01 14.1
Pu 2.03E-02 13.2
Am  3.06E-01 1.82
Am"”  1.01E+00 2.64
Am  2.90E-01 1.81
Pa 8.35E+00 0.78
Pa  1.02E+00 0.35
Pa 6.90E+00 0.74

(1) Second replication is an outlying data point.
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Table C.10 Calculated distribution coefficients for Experiment TAL-5
(pH 3.5, temperature 40.0 °C)

Element  Day, o 1 sigma
uncertainty

(%)
Np 2.63E+00 0.40
Np 2.28E+00 0.42
Np 2.17E+00 0.40
Pu 5.18E-02 5.37
Pu 5.24E-02 5.69
Pu 4.77E-02 5.36
Am 4.77E-01 1.42
Am 4.67E-01 1.40
Am 4.03E-01 1.41
Pa 7.87E+01 2.95
Pa 4.90E+01 1.90
Pa 4.26E+01 1.79

van’t Hoff Analysis

The slope and y-intercept from the linear regressions performed to calculate the conditional enthalpies
and entropies of extraction from the TALSPEAK distribution data are summarized in Table C.11.

Table C.11 Linear regressions results from van’t Hoff analysis

pH Element Slope Standard y-intercept Standard Correlation

Deviation Deviation Coefficient
Slope y-intercept
35 Np 4762 584 -14.63 1.89 0.9578
Pu 1261 597 -7.268 1.930 0.6529
Am 1287 225 -5.004 0.729 0.9189
Pa 5806 1085 -15.03 3.506 0.9093
2.8 Np 5173 315 -15.43 1.01 0.9927
Pu 1559 332 -7.905 1.067 0.9201
Am 2384 102 -6.774 0.328 0.9964
Pa 3367 416 -6.756 1.338 0.9708

The conditional enthalpies and entropies of extraction for the actinide elements were calculated using
equations C.1 and C.2, respectively,

AH’ = - (slope) R (C.1)
AS’ = (y-intercept) R (C2)

where R is the ideal gas constant. The values are shown in Table 7 for each of the actinide element.



