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Abstract

Time-Resolved Laser-Induced Fluorescence (TRLIF) and IR spectroscopy have been
applied to characterize Eu’" complexes with di-(2-ethylhexyl)phosphoric acid (HDEHP) and 2-
ethylhexyl phosphonic acid mono-2-ethylhexyl ester (HEH[EHP]) formed in the extraction of
Eu’" under TALSPEAK conditions. Emission spectra indicate no significant intensity changes
for the *Dy—F; transition (590-600 nm) or for the hypersensitive transition *Do—'F, (615-620
nm) in the 0.2 M, 0.5 M and 2.0 M HDEHP systems at low concentrations of Eu’™ (0.001 M). In
contrast, as the Eu®* concentration increases the *Dy—F, transition singlet is seen to split into a
doublet with a large increase in intensity observed for both the *Dy—'F; and the Dy—'F,
electronic transitions. It is also noted that isobestic points are present in both electronic
transitions. These results indicate the existence of multiple Eu’" coordination environments and
an overall reduction in symmetry of the extracted Eu’™ complex. Luminescence lifetime
measurements indicate that the extracted complexes have no coordinated water molecules. IR
spectroscopy results confirm a direct Ln’"-lactate interaction in the metal loaded systems. It
appears that at high metal loading a species like Ln-Lac(AHA), may dominate the speciation of

lanthanide complexes in TALSPEAK extractant phases.

Introduction



One of the challenges facing the development of a sustainable nuclear fuel cycle is the
separation of the lanthanides (nearly 30% of fission products) from the minor actinides (MAs)
Am’ and Cm®". The separation is necessary because the lanthanides (Ln*") must be sequestered
from the MAs before further treatment of the MAs (e.g. transmutation in a fast burner reactor)
can be done efficiently. The transmutation requires pure MAs, lanthanide-free since several
lanthanides (particularly Nd®*, Sm**, Eu®", Gd*") have high neutron capture cross sections that
would compete with MAs for the neutrons needed to transmute the An®". It is estimated that 90%
of the MAs can be transformed into shorter-lived fission products after 5-10 y if the

transmutation option is utilized'"’.

The separation, however, is difficult because the Ln*" and MAs all exist in solution
preferentially as trivalent ions with nearly the same ionic radii, creating a system with two
groups of metal ions with virtually the same chemical properties. TALSPEAK (Trivalent
Actinide Lanthanide Separation by Phosphorus-reagent Extraction from Aqueous Komplexes) is
a liquid / liquid extraction process designed to achieve the aforementioned separation®’. Since
its conception, research on TALSPEAK has focused mainly on improving separations'* up to
and including pilot-scale testing””. Understanding of the fundamental chemistry driving the
separations has not been a high priority until recently. Because of its inclusion in UREX+ as the
baseline process for separating Ln’" from MAs, TALSPEAK has become the focus of a number
of investigations. These investigations have focused on applying fundamental research to gain a
better understanding of the underlying chemistry that governs the separation system.!®'”
Nilsson and Nash have attempted to model the extraction system using stability constants for

(Ln*" and MAs) found in the literature!'¥. Discrepancies between the measured distribution

ratios and the thermodynamic model are seen at p[H] values above 3.5. The model predicts a



slight increase in extraction as pcH rises above 3.5 while measured distribution ratios decrease!’.

This result suggests that either the extraction system is more complex than the simple model or

that thermodynamics alone does not adequately describe the extraction process.

In previous work from this group, partitioning of lactic acid (HL) and water into an
organic phase containing 0.2 M di-(2-ethylhexyl)phosphoric acid (HDEHP or HA) dissolved in
1,4-diisopropyl benzene (DIPB) as a function of lactic acid was studied""). The experiments
showed a sharp increase in the partitioning of both HL and H,O into the organic phase when the
total lactate concentration in the aqueous phase reached 0.5 M. At the highest concentration of
lactate, 2.0 M, the [H»O]o and [HL],r, reached 100 mM and 40 mM respectively. It was
postulated that at a critical acid concentration the formation of reverse micelles in the organic
phase might be occurring. Small angle neutron scattering experiments have been completed to
address this possibility; the data is currently being analyzed and the results will be published
separately. Traditionally HDEHP has been used as the organic extractant in TALSPEAK.
Recent work from this group has shown promising results for developing a system based on
substituting HDEHP with a phosphonic acid extractant, 2-ethylhexyl phosphonic acid mono-2-
ethylhexyl ester (HEH[EHP] or HB). In this work some extractions have been done using
HEH[EHP] for comparison with HDEHP. Structures of the extractant molecules are shown in

Figure 1.

The objectives of this study are twofold, first, to address the origins of the process that
promotes water partitioning into the organic phase to gain an understanding of how the organic
phase can support such high concentrations of H,O. The second objective is to look for evidence
of mixed complexes (e.g., ML(AHA),) in the organic phase. In TALSPEAK lactic acid is present

in high concentrations (0.5 — 2.0 M); its affinity for the Ln’" and MAs is high enough to allow



the presence of mixed complexes. Most of the fundamental studies performed on TALSPEAK to
this point have focused on the aqueous phase chemistry. This study aims to make fundamental
observations of the organic phase by looking at the coordination environment of Eu’" using time-
resolve laser-induced fluorescence (TRLIF) and infrared IR spectroscopy. TRLIF is proven to

provide direct information about the inner coordination environment of the lanthanides and Cm®*
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Figure 1. The structures of the phosphoric acid extractant HDEHP (left) and the phosphonic acid extractant
HEH[EHP] (right).
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Experimental

Materials

HDEHP (97%) was purchased from Aldrich. The HEH[EHP] was graciously donated by
EichromNPO Technologies. Each was purified by the copper precipitation method"®. The
purified HDEHP and the HEH[EHP] were determined to be 99.8% and 99.7% pure by titration,

respectively. The organic diluent, DIPB (99%, Alfa Aesar) was used without further purification.

The organic phase samples were prepared by dissolving weighed amounts of the purified

HDEHP or HEH[EHP] into the DIPB. The aqueous phases were prepared using lanthanide



nitrate stocks (prepared from 99.999% lanthanide oxides or carbonates from Arris International
Co.). The solutions were standardized to determine metal concentration, nitrate concentration,
and H™ concentration using ICP-MS and ion-exchange chromatography (Dowex 50x beads, H"
form) and potentiometric titrations. Lactic acid solutions were prepared fresh on the day of
experimentation to minimize acid catalyzed product formation (e.g. polyesters, lactones or
lactides). Nitric acid was added to sodium lactate until the desired pH of 3.6 was reached.
Sodium lactate was purchased as a 60% (w/w) aqueous solution from Alpha Aesar and
standardized by titration after exchanging Na' for H' by cation exchange (Dowex 50x beads, H
form). NaNO; (ACS Reagent grade) was purchased from GFS chemicals, the crystals were
dissolved in deionized water, filtered through a fine glass frit filter then recrystallized from hot
water. The NaNO; solutions were then standardized using ion-exchange chromatography
(Dowex 50x beads, H' form) and potentiometric titrations. All aqueous solutions were prepared

in 18 MQ water.

Solvent Extraction

All solvent extraction experiments were completed using the same procedure. Equal
volumes of organic phase and aqueous phase were contacted by vigorous shaking for 15 min. at
room temperature (approximately 21 °C) followed by 15 min. of centrifugation. Samples were
pre-equilibrated with appropriate neat DIPB or 2.0 M NaNOs phases. All solvent extraction

experiments were carried out in triplicate.

Lactic Acid Partitioning



Aqueous phase lactic acid concentrations were varied from 0.01 — 2.0 M for all
partitioning experiments. Aqueous phase acidity was adjusted to pH 3.6. lonic strength was
adjusted to 2.0 M using NaNOs. A 10 pL spike of "*C labeled lactic acid was added to each
sample aqueous phase after pre-equilibration. Partitioning experiments were carried out at three
different HDEHP concentrations, 0.2, 0.5, 1.0 M. HEH[EHP] concentration was fixed at 0.2 M.
To determine the distribution ratios, a 300 pLL sample was taken from both phases and analyzed
by liquid scintillation counting (Beckman LS6500).

Extracted Eu’" Complexes

For one series of extraction experiments, the aqueous phase Eu’* concentrations were
held constant at 0.001 M while the aqueous phase lactic acid concentrations were varied from 0 —
2.0 M. Aqueous phase acidity was adjusted to pH 3.6 and the ionic strength was adjusted to 2.0
M using NaNOs. The organic phase samples were prepared by the quantitative extraction of Eu®*
ion.

It has been established separately that extraction of high concentrations of La*" into the
organic phase promotes additional reorganization of the organic phase!'®’. To study the effect of
metal loading on extractant structure without overloading the fluorescence spectrometer, the
metal loading experiments were conducted using a fixed low concentration of Eu®* in solutions
containing 5-50 times higher concentrations of La**. In these samples, [HDEHP] was fixed at 0.1
M; the aqueous phase La®>" concentrations were adjusted to 0.005, 0.015, 0.025, 0.035, and 0.055
M. After equilibration the organic phase La’" concentrations were determined by analysis to be
0.003 M, 0.010 M, 0.017 M, 0.025 M and 0.037 M. Each La®" aqueous sample was spiked with
0.001 M Eu’" to act as a fluorescence probe of the metal complex structure; in each case, the

Eu’" was quantitatively extracted. To determine distribution ratios for metal ion extraction, 100



uL samples of the aqueous phase before and after equilibrium were taken and diluted to 60 mL
with 2% HNO; for analysis (of lanthanide content) by Inductively Coupled Plasma Optical
Emission Spectroscopy (Perkin Elmer Optima 3200 RL).
Fluorescence Measurements

Emission spectra and lifetime studies of Eu’" in aqueous and organic phases were
collected using a HORIBA Jobin Yvon IBH FluoroLog-3 fluorometer adapted for time-resolved
measurements. Samples were analyzed at 25 °C in one cm cells. The light source used was a sub-
microsecond Xenon flash lamp (Jobin Yvon, 5000XeF) coupled to a double grating excitation
monochromator for spectral selection. The detector, a single photon detection module (HORIBA
Jobin Yvon IBH, TBX-04-D) incorporates a fast rise time PMT, a wide bandwidth preamplifier,
and a picosecond constant fraction discriminator. Data were collected using an IBH Data Station
Hub, and analyzed using the DAS 6 decay analysis software package from HORIBA Jobin Yvon
IBH. The lifetime data was fit using a single exponential decay curve with the exception of the
metal loading experiments, which required two exponential decay curve. Chi-squared values
between 0.985 and 1.07 were observed for the entire range of samples.
IR Studies

To further asses the role of lactic acid in the metal loaded systems, additional extraction
experiments were conducted and organic phase samples were analyzed using IR spectroscopy
(Nicolet 6700 FT-IR by the Thermo Corporation with a diamond 30,000-200 cm™ attachment). All
spectra were collected between 400 and 4000 cm™ using 100 scans and resolution of either 16
cm” or 32 cm’. The samples were prepared using solvent extraction methods previously
described. For one set of experiments, aqueous phase acidity was adjusted with HNO; rather than

lactate for comparison. To eliminate the need for heating and possible decomposition of the



organic extractant complex, benzene was used as the organic diluent. After equilibration with the
aqueous phase, the samples were placed in a fume hood and the organic diluent was allowed to
evaporate. As in the fluorescence studies, the aqueous phase La’" concentrations were adjusted
to 0.005 M, 0.015 M, 0.025 M, 0.035 M, and 0.055 M. The 0.055 M samples were not analyzed

since a waxy precipitation formed in the organic phase after contact.

Results

The solute/solvent partitioning isotherms for both HL and H,O are shown in figure 2.
The water content of the organic phase after equilibration with the aqueous phase was
determined by Karl Fischer titration. Both HL and H,O concentrations in the organic phase are
seen to increase with increasing HDEHP and lactate concentrations. Water content is seen to be
nearly constant in each organic solution up to about 0.2 M lactate, then to increase. Lactate
partitioning increases at a slightly greater than first power dependence on [Lactate]i up to

about 0.5 M total lactate, then to slightly increase slope at higher concentrations.

Emission spectra for the extracted Eu’” complexes of HDEHP and HEH[EHP] are
shown in figure 3. The excitation wavelength used to collect spectra for the extracted Eu’"
complexes was 464 nm. The Eu’" ions are excited to the °D, excited state at this wavelength.
They undergo a rapid nonradiative relaxation to the °Dy state, emission occurs during relaxation
from the Dy to the 'F, ground state manifold!"”. Changes occurring in the inner coordination
sphere of the Eu’" metal ion result in differing intensities for the 616 nm peak, which represents
the *Dy—'F, electronic transition. The relaxation pathway is assumed to be the same for all

extracted Eu’" complexes described in this section.
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Figure 2. Comparison of organic phase H,O concentration (open symbols) compared to HL concentrations (closed
symbols) at different HDEHP concentrations. (My;, (i) 1.0 M HDEHP, (AHL, AH,0) 0.5 M HDEHP, (®HL,
<{H,0) 0.2 M HDEHP. Water content in the organic phase was determined by Karl Fischer titration. The trend lines
in the graph are only to guide the eye.
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Figure 3. Emission spectra for the extracted Eu’" complexes of HDEHP and HEH[EHP] at different extractant
concentrations. The excitation wavelength for these experiments was 464 nm. Panel a (0.2 M HDEHP), panel b (0.2
M HEH[EHP]), panel ¢ (0.5 M HDEHP), panel d (1.0 M HDEHP). The aqueous phases conditions were the same
for all extractions: 0 — 2.0 M lactic acid, pH 3.6, ionic strength 2.0, adjusted with NaNOs.

As noted above, metal loading experiments were carried out by using La®*, which is
more soluble in the HDEHP phase than Eu®*. Furthermore, full-scale loading of the samples with
Eu’” would have provided excessive emission intensity and saturated the detector of the
spectrometer. The assumption is made that the La’" and Eu’" have similar coordination
environments in the organic phase. The emission spectra are shown in figure 4. The emission
spectra for the cation-saturation experiments indicate splitting of the >Dy—'F; magnetic-dipole
transition (585-600 nm) from a singlet to a doublet as the Ln*" concentration was increased. The

hypersensitive electric-dipole transition >Dy—'F; (610-620 nm) showed a decrease in the 608 nm



transition as the 614 nm transition increased with increasing Ln’" metal concentration. The
*Dy—F4 (680-710 nm) magnetic-dipole transition showed a splitting of a singlet into a triplet as
the concentration of Ln’" was increased indicating the presence of multiple electronic species.
The °Do—F,, electronic transitions both contained isosbestic points, suggesting the presence of

at least two species in solution.
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Figure 4. Emission spectra for extracted Eu complexes under loading conditions. La®* was used to load the organic
phase with a 0.001 M Eu spike to promote fluorescence. The excitation wavelength for these experiments was 464
nm. The aqueous conditions are as previously described. The La*" concentrations for metal loading were, 0.001M,
0.003 M, 0.010 M, 0.017 M, 0.025 M, and 0.037 M.

Horrocks and Sudnick developed a method for calculating hydration numbers for the
various lanthanides and actinides with fluorescent emission properties!'”. They developed an

empirical relationship connecting decay lifetimes to hydration numbers by exploiting the



differences between the kyps for solutions containing H,O and D,0O. Since this groundbreaking
work, workers have discovered a relationship between nH,O and ks in H,O solutions only, and
have utilized this relationship to develop simpler empirical equations for calculating waters of
hydration in the inner coordination sphere?®**!. The following equation developed by Kimura

was used to calculate the waters of hydration for this work>**],

Nizo = 1.05 x 107 kops(Eu) — 0.44 (1)

The validity of the empirical equation is based on the assumption that no de-excitation energy is

lost through the complexing ligand. All energy lost is through the vibration of the O—H group(s).

Luminescence decay constants for the extracted Eu’" complexes from lactate media
using HDEHP and HEH[EHP] as organic extractants are shown in table 1. Errors associated with

the above equation equal those of Horrock’s work, & 0.5 waters of hydration.

Table 4.1. Luminescence decay constants for Eu’" extracted into the organic phase from lactate media using both
HDEHP and HEH[EHP]. [Eu’"],= 0.001 M for all experiments, [HDEHP], [HEH[EHP]] = 0.2 M.

[Lactate], M 0.2M 0.5M 1.0 M 0.2M

HDEHP HDEHP HDEHP HEH[EHP]

Kobs (57) Kobs (57) Kobs (57) Kobs (57)

0 339+ 10 364+ 9 382+8 340+ 10

0.005 338+9 359+ 10 376 £ 9 336+ 11

0.1 337+7 - - -

0.5 347+ 11 359+9 378+ 9 331 +12

1 345+ 12 - - -

1.5 355+ 10 - - -

2 367+ 11 389+ 10 402 +7 331 £ 11




The IR spectra for La’" metal loaded organic phases are reported in Figure 5. Sample
preparation was as described above. The major features for all the spectra are summarized in
table 2. Samples were created using extraction from lactate media yield changing features in the
spectrum throughout the range of observation, but the most pronounced changes occur in the C-
H stretching, O-H stretching, and O-H deformation regions of the spectrum, with more subtle

variations occurring in the P-O stretching regions.
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Figure 5. IR spectra for evaporated residues of HDEHP organic phases loaded with [La’*] = 0.0 M, 0.003 M, 0.010
M, 0.017 M, 0.025 M La*". Panel a shows the effect of metal loading with lactate buffer present in the aqueous
phase at 1.0 M. The acidity of the aqueous phase was adjusted to a pH of 3.6. Panel b shows the effect of metal
loading (same as lactate systems) with no lactate present in the aqueous phase. HNO; was used to adjust the acidity
to a pH of 3.0. Ionic strength was adjusted to 2.0 M for both extraction systems.



Table 4.2. Summary of the IR spectra for La metal loaded organic phases at equilibrium after contact with aqueous phases containing lactate or HNO;. The
concentrations of La in the table are the actual concentrations determined by ICP-MS. It is assumed that the La concentration of the HNO3 is the same as for the

lactate systems.

Wavenumber,

1
cm

1.0 M Lactate,

pH 3.6 0.001 M HNO;
Stretching assignments =~ Neat HDEHP*  Neat HDEHP 0.003 M 0.010M 0.017M 0.025M 0.003 M-0.037 M
Previous work This work La* La* La* La* La*
Methyl, methylene 2965 2958 2958 2958 2958 2958
C—H stretching 2930 2927 2927 2927 2927 2927 2931
(sym and antisym.) 2870 2858 2858 2858 2858 2858 2869
O—H (st.) bonded 2750-2250 2638 2638 2638 2638 2638 2638
2280 2283 2283 2283 2283 2283 2283
O—H deformation 1680 1673 - - - - 1650
New Peak Formation 1740 1736 1700 1690 -
1570 1570
P—O stretching 1225 1214 1210 1203 1200 1200 1218
P—O st. (antisym.) 1040 1006 1010 1010 1010 1010 1018

* Peak assignments from previous work done by Peppard, D.F. and Ferraro, J.R.1**.




Discussion

Lactic acid partitioning

The HL partitioning experiments were conducted using different HDEHP concentrations
to develop a thermodynamic model describing lactic acid partitioning. The expectation was that
at high loading a terminal complex (e.g. HDEHP,:HL,(H,0),) with the same ratios of HDEHP,
HL, and H,O at the different HDEHP concentrations might be identified. If the terminal ratios
were consistent at different HDEHP concentrations, it would be valid to assume that the system
behaves the same for all extractant concentrations; variations in the ratios would suggest either
the need for another equilibrium expression or the formation of polymeric entities (probably
hydrogen-bonded aggregates of HL, HDEHP, and H,O) in the organic phase. The experimental
data could be used to calculate a K¢ for lactic acid using the following equilibrium expression

(since concentrations of all components, aqueous or organic would be known).

x HDEHP (ore) TY HL(aq) +z HzO(aq) = (HDEHP XHLy(Hzo)Z)(Org) (2)

The data in figure 2 show that both [HL]. and [H>O]o increase as the [HDEHP] is
increased. The isotherms for HL at 0.5 M and 1.0 M HDEHP do not show a sharp increase when
aqueous lactate concentration reaches 0.5 M as is observed for the 0.2 M HDEHP system. In
fact, the gradient increases with increasing [HDEHP]. Furthermore, in the accessible lactate
concentration range, the system does not appear to reach an organic phase lactic acid saturation
point. At 2.0 M [lactate]ora, 10% (0.5 M HDEHP) and 17% (1.0 M HDEHP) of the aqueous
phase lactate have partitioned to the organic phase, compared to 2% at 0.2 M HDEHP system.
From a practical, process development perspective, the losses of lactic acid to the organic phase

would have an impact on process development for TALSPEAK.



The transport of H,O in the 0.2 M HDEHP system shows constant [H,O]qe up to 0.5 M
lactic acid, above which concentration a notable increase is observed. The H,O isotherms for the
0.5 M and 1.0 M HDEHP systems show [H,O],, increasing across the entire aqueous lactate
concentration range, at 0.2 M [lactate]io @ sharp increase is observed. At 2.0 M [Lactate]iota1, the
organic phase H>O concentration for the 0.5 M and 1.0 M HDEHP systems is increased by a
factor of 4.5 and 10 respectively compared to the organic phase H,O concentration in the 0.2 M
HDEHP system. After equilibration with 2.0 M Lactate buffer, the water concentration in the
organic phases reaches 38% (relative to [HDEHP]) in 0.2 M HDEHP, 44% in 0.5 M HDEHP,
48% in 1.0 M HDEHP. The marked increase in slope of this relationship implies substantial
changes in the organization of solute molecules at high lactate concentrations. In a previous
report!' it was noted that HL partitioning into 0.2 M HDEHP actually increased with increasing
pH. This is noteworthy, because as the pH increases the factional concentrations of [HL]
([HLY/[HL]+[L]) actually decreases. It implies a specific ion salting effect arising from the

changing lactate concentration.

Though the partitioning trends for both HL and H,O are interesting, the identity of a
terminal species was not established for the different concentrations of HDEHP. This analysis
does not take into account the extraction of Na* (as NaDEHP(HDEHP);**)) which is known to
occur. When aqueous phase lactate concentration reaches 2.0 M, the ratios for the
HDEHP:HL:H,O species at 0.2, 0.5 and 1.0 M HDEHP were calculated to be 5:1:3 (previously
reported in reference 11), 3:1:3, and 3:1:4 respectively. The results at higher concentrations of
HDEHP seem to indicate a terminal complex of HL(HA); with some variation in the numbers of

water molecules dissolved in the loaded extractant phase.



Based on the dielectric constant for benzene of 2.27"%") (similar for DIPB), it is clear that
the organic diluent alone cannot support these high concentrations of water in the bulk phase.
Marcus'®® has reported the solubility of H>O in benzene to be 0.0635 wt%. (A 0.5 mL sample of
neat benzene can dissolve 31 mM of water). For partitioning experiments with 0.5 M and 1.0 M
HDEHP, the organic phase H,O content after equilibration with 2.0 M aqueous lactate (pH 3.6)
was observed to be 500 mM and 1100 mM in 0.5 mL respectively. The apparent HL:HDEHP
ratio of 1:3 suggests a specific tetra-molecular complex species (with some associated H,O)
might well be present. It is not clear whether the partitioning of HL and H,O increases because
of the increasing polarity of the organic phase due to larger amounts of HDEHP, or if the organic
extractant undergoes a rearrangement (e.g., reverse micelle formation) and traps the HL and H,O
in polar core. As mentioned before, SANS experiments have been completed to address this

possibility and the data is currently being analyzed.

Eu Fluorescence
Low Meatal-Loading Conditions

Under ideal conditions (i.e., minimal mixing of aqueous solute molecules into the organic
phase) the biphasic extraction of Ln’" using HDEHP as the extractant is considered to be as

expressed in equation 31%°%,
L™ ug) + 3 (HA) org) = Ln(AHA)s org) + 3 H g A3)

wherein three molecules of the predominantly dimeric extractant molecule complex the
lanthanide ion in the interface with exchange of three H' to the aqueous phase. The dimers are

believed to remain intact in the extracted complex, i.e., de-dimerization is not indicated. In its



simplest configuration, the metal ion forms a six-coordinate complex with three extractant

dimers.

In figure 3, panels a, ¢, and d show the emission spectra for the extracted Eu’" complex
using 0.2 M, 0.5 M, and 1.0 M HDEHP respectively. These samples were prepared by contacting
the HDEHP with solutions at variable concentration of lactate between 0-2.0 M in each of the
spectra in figure 3. There do not appear to be any significant intensity changes for the “Dy—'F,
magnetic-dipole transition (around 590-600 nm) or the hypersensitive electric-dipole transition
°Dy—'F, (around 615-620 nm) peaks. This result is consistent with the interpretation that there is
no change in the inner coordination sphere for the extracted Eu®” complex (described in equation
3) and the extracted complex remains symmetrical as the concentrations of [Lactate]i, are
increased to 2.0 M in the aqueous phase. At these concentrations of Eu®>" (1.0 mM), there is no
spectral evidence to support the existence of a metal ion/lactate interaction resulting in the
extracted mixed complex (e.g., EuL(AHA),). It is likely that the extracted complex identified in
equation 3 is the dominant species. An additional interpretation of the data may suggest that the
C-0O moieties found in the lactate molecule are not different enough from the P-O moieties found
in the HDEHP molecule to cause a change in the fluorescence spectra. If this is the case, the
lactate ion interaction with the extracted Eu’" metal ion would go undetected since there is
essentially no change to the inner coordination sphere of the extracted Eu®" complex. The latter

possibility is considered unlikely.

Panel b in figure 3 shows the emission spectra for the extracted Eu’" complex using 0.2
M HEH[EHP]. There are no intensity changes for the *Dy— F; magnetic-dipole transition
(around 590-600 nm) or the hypersensitive electric-dipole transition *Dy—'F, (around 615-620

nm) peaks. These results are consistent with the 0.2 M HDEHP extraction results, indicating the



likely extracted species is the six-coordinate Eu(BHB); complex. The fluorescence data suggests
similar extracted Eu®* complex formation for the HDEHP and the HEH[EHP] extractants under

operational TALSPEAK conditions.

The luminescence decay constants (table 1) indicate the extracted Eu’" complex is
completely dehydrated for both the HDEHP and the HEH[EHP] systems. This is consistent with
previous literature results that reported no residual hydration for extracted Eu’” complexes using
HDEHP !4 No literature reports are available for waters of hydration for extracted Eu’"
complexes with HEH[EHP]. There is a slight increase noted in the decay rate for each of the
HDEHP systems that correlates with increasing concentration of lactate in the equilibrating
aqueous phase. A similar trend is not seen in the HEH[EHP] system, suggesting a possible
participation of lactate in the Eu-HDEHP system at high concentrations of lactate. However,
whatever change in the cation coordination environment that may be occurring, it is not
accompanied by a significant increase in cation hydration in the extractant phase. The
consistencies between these new results and the previous literature and the analogous nature of
the phosphonic acid confirm the predominance of the Eu(AHA); and the Eu(BHB); extracted
complexes when the europium concentration is held to the millimolar concentration limit, i.e.,
less than 2% of the loading capacity of the organic phase (assuming an extracted complex as

defined in equation 3).
High Metal-Loading Conditions

The large intensity increase in the hypersensitive transition >Dy—'F at 614 nm indicates
a change in the inner coordination environment of the extracted Eu®" complex as the metal

concentration is increased. The splitting *Dy—F; magnetic-dipole transition from a singlet to a



doublet, and the increase in intensity of the *Dy—'F, electronic-dipole transition is consistent
with a reduction of symmetry of the extracted Eu’" complex. The six coordinate complex is
expected to have a near octahedral symmetry (based on inter-ligand repulsion rather than
directed valence from the Eu’"), thus, exhibiting low intensity in the >Dy—’F, electronic-dipole
transition. A shift reduction of the symmetry around the metal center could arise from a mix of
monomer/dimer HDEHP coordination, substitution of a lactate ion, or a shift to a polymeric

bridge.

Metal ion extraction to the organic phase is possible when the extracted complex is
charge neutral. Under the high metal-loading conditions in this study, HDEHP can-not form the
discrete 1:6, (3 dimer) metal to ligand complex necessary for charge neutrality. To support the
high concentrations of extracted metal ions observed, the HDEHP must (at least partially) de-
dimerize and extract the metal ions as the monomeric species forming the Ln(A); complex.
Alternatively, the addition of a nitrate or a lactate molecule in the extracted complex would
reduce the overall charge, producing the mixed complex Ln-NO3;(AHA), or Ln-Lac(AHA),, both
of which could be supported by the 0.1 M HDEHP concentration. However, the lactate ion is a
much stronger aqueous complexant than the other auxiliary ion (NOs); the log B values for the
1:1 aqueous complexes Eu(Lac)® and Eu(NO;)* are 2.51 and 0.26 respectively!'. Lactate is
also likely to be more lipophilic than nitrate hence more likely to be transported into the organic

phase.

Luminescence lifetime measurements for the metal-loaded systems produced ambiguous
results. The 0.003 M La*"/0.001 M Eu’" system was fit using a single first order decay. These
results indicated a completely dehydrated extracted metal ion, consistent with the 0.001 M Eu’"

system. The remainder of the high metal-loaded data (0.010 M, 0.017 M, 0.025 M, 0.037 M



La**/ 0.001 M Eu®") were fit using a double exponential model, indicating the presence of two
Eu’” coordination environments. These data were poorly resolved with a single exponential
model. The luminescence lifetime measurements are consistent with the emission spectra as they
both indicate the presence of at least two extracted Eu’" complexes present in the metal loaded
systems. The IR results further support the possible existence of multiple organic phase

complexes.

Based on the amount of aqueous solute partitioning seen in TALSPEAK, there are many
possible species present in the organic phase. These species may include a mixture of Eu’"
HDEHP dimer and HDEHP monomer complexes, or Eu’" complexes coordinated with one or
two lactate molecules. Macro concentrations of metal ion also have an impact on the extracted
species. Jensen et. al.**! have reported SANS measurements indicating a dinuclear Nd,DEHP;
species present in an organic phase when 0.1 M HDEHP (in toluene) was loaded with 0.01 M
Nd**. Considering these results, it seems reasonable to project the assembly of metal-bridged
polymers to support 0.037 M metal ion present in the 0.1 M HDEHP organic phases in this

study.

IR Spectra

To establish a benchmark for IR spectra comparisons, a neat HDEHP sample (HDEHP
dissolved in benzene with no further treatment) was analyzed and peak assignments compared to
those previously identified by Peppard and Ferraro®. The IR spectra for the neat HDEHP in this
work were consistent with the previous literature results. For the organic phase samples extracted
from lactic acid buffer, when La®" metal concentrations were at 0.003 M and 0.010 M, the 1680
cm’' absorption band shifted to around 1740 cm™, is much sharper and displays greater intensity

than the broad 1680 cm™ band observed for the neat HDEHP sample. As the metal concentration



increases to 0.017 M and 0.025 M the 1740 cm™ band decreases and a new absorption band is
observed at around 1570 cm”. The new band grows in intensity as a function of metal
concentration. The appearance of the two new peaks creates an isosbestic point indicating the
presence of two species in the La’" metal-loaded organic phases. Simultaneously with the
appearance of the 1570 cm™ band, the intensity in the P-O stretch (around 1200 cm™) and
asymmetric stretch bands (around 1010 cm™) decreases. These data combined is a clear
indication of the probable exchange of one or more HDEHP molecules for a lactate ion in the
extracted metal complex. The IR spectra in figure 5, panel b, (La*" loaded into HDEHP from an
aqueous phase containing nitric acid) does not show any change to the major absorption bands
over the entire range of extracted La’" metal to the organic phase. The 1680 cm™ band was
slightly shifted to 1650 cm™, the P-O stretch and asymmetric stretch bands are unaffected by the

increased organic phase metal concentrations.

The IR spectra indicate the lactate ion is directly involved with the changing 1680 cm™
absorption band and the reduction of the P-O stretch and the asymmetric stretch bands. The
isosbestic point created by increasing metal concentration in the organic phase may represent the
shift of the discrete six-coordinate La(AHA); complex to the mixed extracted complex that is
tentatively proposed to be La-Lac(AHA),. The IR spectral results agree with previous solvent
extraction/slope analysis work done by Kosyakov and Yerin®*. They postulated the presence of
the mixed extracted complex Ln-Lac(AHA), for both Eu*" and Cm®". The postulation was based
on a negative second power proton dependence from slope analysis using radiotracer
concentrations of metal ion. The IR data supports the premise that as the ratio of the molar
concentration of HDEHP to that of La®" drops below 6:1 (required for the formation of the

La(AHA);3 (org) complex), it is likely that lactate ion becomes a part of the extracted complex, in



effect providing the third H" ion needed to neutralize the charge of La’" while maintaining the
dimeric (HA); structure of the extractant. From the perspective of the thermodynamics of the
phase transfer reaction, it matters not whether La-Lac*" is formed in the aqueous phase then
extracted by two (HA), o dimers or if some species of HL(r complexes La(AHA)," in the
interface with the coordinated release of H' to the aqueous phase. The concept that La(NO3)*" is
extracted forming the La(NO;)(AHA,), extracted complex can be dismissed, since it is present at
high concentrations in both the lactate and sans-lactate samples but nitrate has no effect on the IR
spectra when lactate is absent. Ongoing work using NMR spectroscopy and neutron scattering
suggests that at the highest metal loading limits, large aggregates (potentially containing as many
as 20 HDEHP monomer units with an approximate Ln:Lac:2(HA) stoichiometry may be formed.

This latter work is in preparation for publication separately.
Conclusions

Spectroscopic measurements of organic extractant solutions relevant to the TALSPEAK
process have revealed that all extracted complexes are present in the organic phase, as expected,
completely dehydrated. This result would seem to eliminate the possibility of reverse micelles or
micro emulsions as important species in such organic phases. Lactic acid partitioning
experiments have established a terminal 3:1 HDEHP:HL ratio, suggesting a possible direct
interaction between the two molecules. More experiments are needed to confirm this possible

interaction.

Under most conditions, the dominant extracted species is the accepted 1:6 complex
Ln(AHA); in which the Ln®" ion is coordinated with three HDEHP (or HEH[EHP]) dimers. As

the lactate concentration increases, the fluorescence emission reveals that no large changes are



occurring in the inner coordination sphere of the complex, suggesting the dominant extracted
species at low Ln’" concentration is present in the organic phase as previously described. When
the ratio of extractant to Ln>* drops below the conventional stoichiometric limit of 6:1, it appears
the lactate becomes directly involved in the extracted complex. This results in the probable
extracted mixed complex Ln-Lac(AHA),. The highest organic phase Ln’" metal concentrations
supported by the HDEHP extractant are probably present as some mixture of Ln(AHA)s,

Ln-Lac(AHA);,, Ln(A)s, polynuclear bridged species or long chain polymers.
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