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3Ecole Nationale Supérieure de Chimie de Paris-ENSCP, Université Pierre et
Marie Curie Paris, Paris, France

Abstract: Aggregation phenomena in n-alkane solutions of di-n-hexylphosphoric
acid (HDHP), N,N'-dimethyl-N,N'-dioctylhexylethoxymalonamide (DMDO-
HEMA), and their mixtures, were investigated by electrospray ionization—-mass
spectrometry (ESI-MS), vapor pressure osmometry (VPO), and small-angle
X-ray and neutron scattering (SAXS and SANS). The objective of the study was
to probe the formation of mixed HDHP-DMDOHEMA species before and after
extraction of trivalent lanthanide and actinide (M> *) nitrates. The most important
species formed by HDHP upon metal extraction has the composition
M(DHP);(HDHP);(H,O). These species exist as spherical aggregates of the
reverse micelle type with a polar core diameter of ~7A and total diameter of
~11to ~15A. The aggregation of DMDOHEMA is a progressive phenomenon,
with an average aggregation number of ~2 in the 0.2 to 0.6 M range and larger
aggregates forming at higher concentrations. The metal loaded DMDOHEMA
aggregates can be considered as interacting spheres with a polar core diameter
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between ~11 and ~ 16 A, depending on composition, a total diameter of up to
~25A, and a weight-average aggregation number of ~9. The results obtained
in this work provide strong evidence for the formation of mixed aggregates when
mixtures of HDHP and DMDOHEMA are used for the extraction of trivalent Ln
and An cations. These mixed reverse micelles have a diameter between 19 and 24 A
with a polar core diameter of 10 and to 14 A. The most recurrent micellar compo-
sition is 2 HDHP and either 4 or 5 DMDOHEMA molecules.

Keywords: Am and Eu extraction, aggregation, dialkylphosphoric acids, malon-
amide, supra-molecular chemistry

INTRODUCTION

In the DIAMEX (Diamide Extraction) — SANEX (Selective Actinide
Extraction) solvent extraction process (1), developed by the French Com-
missariat a I’Energie Atomique (CEA), the separation of the trivalent
actinide ions, An(III), from the trivalent lanthanide ions, Ln(III), is
accomplished by using a mixture of a diamide and a dialkylphosphoric
acid dissolved in an appropriate aliphatic diluent. Under the highly
acidic conditions of the aqueous phase, both An(III) and Ln(IIl) are
extracted by the diamide. The separation/recovery of the An(IIl) is then
accomplished in a subsequent step where the An(III) are selectively
stripped from the organic phase (2).

The N,N'-dimethyl-N, N'-dioctylhexylethoxymalonamide (DMDO-
HEMA, Fig. 1) and the di-n-hexylphosphoric acid (HDHP, Fig. 1)
are among the possible choices for the extractant mixture for the
DIAMEX-SANEX process. The extraction of Ln(III) and Am(III)
by the two single extractants and their mixtures in n-dodecane under
a variety of aqueous and organic phase conditions has recently been
investigated (2).

For HDHP, the extraction reaction at tracer concentration level of
the metal ions from HNO; aqueous solutions can be written as:

M** +3(HA), <> M(A - HA), + 3H" (1)

where M** stands for either Eu® " or Am® ©, HA represents HDHP, A is
the deprotonated acid, DHP ~, and bars indicate organic phase species
(2). In equilibrium 1, HDHP is assumed to be dimeric, consistent with
the general behavior of dialkylphosphoric acids in alkane diluents (3,4)
and with specific literature information on HDHP (5,6).

For the diamide, also at very low metal concentration, the extraction
reaction is:

M** + 3NO; + 2D « M(NO3);D, (2)
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Figure 1. Structures of DMDOHEMA, HDHP and HDEHP.

where D stands for DMDOHEMA (2). The extraction of M>" by
DMDOHEMA, however, can be more complex than that shown in
equilibrium 2, since nitric acid is coextracted to some extent by the
diamide (7), and, at higher metal ion concentrations, higher solvates
can be formed (2), e.g., M(NO3);D3. A further complication in the
solvent extraction chemistry of diamide reagents in alkane diluents,
is the tendency of the extractants to form small aggregates of the reverse
micelle type. A three to seven aggregation number for the N, N'-dimethyl-
N, N'-dibutyltetradecylmalonamide (DMDBTDMA) in #n-dodecane
has been reported (8,9,10), depending on the HNO; concentration in
the aqueous phase.

The extraction of Ln(III) and An(I11) by mixtures of the two extrac-
tants at constant HDHP concentration in the presence of increasing
DMDOHEMA concentrations (2), indicated antagonism in the extraction
of Eu>" and synergism in the extraction of Am*". These data were
interpreted as resulting from the formation of mixed HDHP-DMDOHEMA
species in the organic phase. The association model that provided results
consistent with experiments assumed the formation of a mixed extractant
species containing two HDHP and about five DMDOHEMA molecules.

The cation coordination environments in n-dodecane solutions
containing HDHP, DMDOHEMA or a mixture of the two extractants
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loaded with macroamounts of Eu(IIl) or Am(III), were investigated
through extended X-ray absorption fine structure (EXAFS)
measurements (11). With HDHP, according to the expectations from
equilibrium 1, the cations are coordinated to the six oxygens provided
by three monodeprotonated HDHP dimers. With DMDOHEMA, on
the other hand, the EXAFS data suggested a metal coordination sphere
of eight oxygen atoms, resulting from two bidentate diamide molecules
(see equilibrium 2) and a combination of monodentate and bidentate
coordination of nitrate ions. Interestingly, the EXAFS data for the
organic phase samples containing both extractants, when subjected to
principal component analysis, were adequately described as linear combi-
nations of the EXAFS data for the single ligand complexes with HDHP
and DMDOHEMA. The data on binary extractant samples, however,
could not distinguish between these two possibilities: the two ligands
coordinate the cations independently from each other, or, alternatively,
they are both involved in the formation of a supramolecular entity in
which the cation is bonded to either ligand.

In the present study, we supplemented the molecular level information
provided by distribution and EXAFS measurements with further molecular
level measurements (electrospray ionization—-mass spectrometry, ESI-MS).
We also extended our investigation to longer length scales (supramolecular
level) through measurements of colligative properties (vapor pressure
osmometry, VPO) and small-angle X-ray and neutron scattering (SAXS
and SANS). The objective of this work was to investigate the possible forma-
tion of mixed HDHP-DMDOHEMA species as suggested by our solvent
extraction measurements, to determine the composition of these species
and to follow their evolution with changing experimental conditions through
independent physico-chemical measurements.

EXPERIMENTAL SECTION
Materials and Procedure

DMDOHEMA, HDHP, di(2-ethylhexyl)phosphoric acid (HDEHP),
23Am, and all other reagents used in this work were the same as
described previously (2,11). Equal volumes of the organic phase contain-
ing HDHP, HDEHP, DMDOHEMA, or their mixtures in n-dodecane
were equilibrated in screw-cap tubes at 25°C by vortexing for several min-
utes, a time sufficient for equilibrium attainment. After centrifugation
and phase separation, the organic phases were subjected to the measure-
ments described in this paper. In most cases the conditions were such
that practically quantitative extraction of the metal took place. Water
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in the organic phases was determined by Karl Fischer titrations using
H,C,0,4-2H,0 as the standard.

ESI-MS Measurements

The investigation of metal-ligand interactions by mass spectrometry (MS)
has been very successful since the advent of the electrospray ionization
(ESI) technique, which has the ability to preserve and transport metal-
ligand complexes from the solution to the gas phase (12-14). An advan-
tage of this technique is its ability to determine the stoichiometry of the
complexes in solution and to investigate their stability in the gas phase
(15-17). However, despite its advantages, the technique of ESI-MS has
been rarely used for solvent extraction studies (18-20).

The mass spectrometry measurements were recorded in the positive
ionization mode using a Bruker Esquire-L.C quadrupole ion trap equipped
with an electrospray interface. The organic phase samples were diluted ten
times with ethanol and one thousand times with a water/acetonitrile mix-
ture (50/50) before analysis. A syringe infusion pump (Cole Parmer) deliv-
ered the sample at 60 uL/h to the electrospray source. The capillary
voltage was set to 4kV in the positive ionization mode. Nitrogen flowing
at 5L/min was employed as the drying gas, and at 5 psi as the nebulizing
gas. The source temperature was set to 250°C. The sample cone voltage
was optimized at 30 V. Spectra were acquired over an m/z (mass to charge
ratio) range of 45-2200. The energy resolved mass spectrometry experi-
ments were performed by varying the cone voltage (skimmer 1) between
20 to 100 V, with the skimmer 2 voltage kept constant at 10 V.

VPO Measurements

Vapor pressure, a colligative property, is directly related to the number of
particles in solution. Therefore, vapor pressure measurements are often
used to investigate aggregation phenomena. The VPO measurements
on solutions of the extractants were performed using a Knauer K-7000
vapor pressure osmometer as described previously (9). The measurements
were performed at various temperatures depending on the diluent used
(60, 40, and 24°C for n-dodecane, n-heptane and n-pentane, respectively).
1-Bromotetradecane or tri-z-octylamine was used as monomeric refer-
ence materials. The aggregation equilibria established in solution were
identified by writing the number-average aggregation number, n,,, as:

_ Ctot _ Ctot
My =79 T AV/K, ®)
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where C is the analytical concentration of the extractant, S is the sum
of the concentrations of each species present in the system, AV (in mV) is
the osmometer instrumental reading, and K, is the calibration constant
obtained from the measurements with the monomeric standard. C,
and S were expressed through the following mass balance equations
and aggregation equilibrium constants (f,):

Cot=a+n Z Bya" 4)

S=a+) Pa" (5)

where ““a” represents the monomer concentration. The calculation of n,,
and corrections from non-ideal behavior of the solutes were performed
following published procedures (9,21,22).

SAXS and SANS Measurements

X-ray and neutron scattering measurements are ideally suited for the
investigation of the morphology (shape and size) of particles of the
reverse micelle type, i.e., particles that have a polar core where polar,
inorganic solutes are confined, and a hydrophobic shell, where the lipo-
philic alkyl chains of the extractant(s) are located. The SAXS measure-
ments highlight the polar core of the particles, characterized by a
different electron density than the bulk solution. In contrast, SANS
measurements for samples prepared in a deuterated diluent highlight
the whole particle by taking advantage of the different nuclear properties
of the D atoms in the diluent and the H atoms in the hydrophobic shell.
The combined information from both techniques, therefore, should
provide a complete picture of the particle morphology.

Data Collection

SAXS data were collected at beam lines 12-BM-B (23) and 12-ID-C (24)
of the Advanced Photon Source at Argonne National Laboratory with
an incident photon energy of 18.0 keV, which was chosen to provide good
transmittance through the cells and, at the same time, to be just high
above the L-edge energies of Ce, Nd, and Eu, and below the Am Ls-edge
energy. Solutions without Am were contained in thin-layer (1.7 mm path
length), small volume (ca. 20uL), parallel-plate cells fabricated of
PCTFE with optically transparent PCTFE film windows of 0.010” thick-
ness (Boyd Technologies, Inc.). The Am solutions were contained in lar-
ger PCTFE cells (6 mm path length and 1 mL capacity) of parallel-plate



09: 12 25 January 2011

Downl oaded At:

2578 M. R. Antonio et al.

design with optically transparent PCTFE film (0.010”") windows (Boyd
Technologies, Inc.). Because both HDHP and DMDOHEMA alone
and in combination effectively wet and, over the course of several
weeks time, penetrate PCTFE, all cells containing Am solutions were
encapsulated in heat-sealable bags. The 2-D scattering profiles were
recorded with a MAR-CCD-165 detector (on 12-BM-B) and a 9-segment
CCD Gold detector (on 12-ID-C) (24). The sample-to-detector distances
were adjusted to provide a detecting range for momentum transfer of
0.02<Q<1A"!, where Q, the momentum transfer, was calibrated
using a silver behenate standard. After correction for spatial distortion
and detector sensitivity, the 2-D scattering images were azimuthally
averaged to produce plots of scattered intensity, I(Q) (cm™) vs. Q,
where Q = (4n/A) sin(0) (A7), in which 6 is half the scattering angle
and A is the X-ray wavelength, following standard procedures (25,26).
The background response was removed in identical fashion, involving
the subtraction of the empty cell scattering and the scattering
arising from the diluent, i.e., (dodecane — empty cell) x (solvent
volume fraction). The sample identifications and compositions are
provided in Table 1.

The SANS measurements were performed at the time-of-flight small-
angle neutron diffractometer (SAND) at the Intense Pulsed Neutron
Source of Argonne National Laboratory (27). The samples were measured
in standard Suprasil cells with a pathlength of 2 mm, a sample volume of
0.8 mL, and data collection time of four hours. For each sample, the data
were collected as scattered intensity, I(Q) (cm™') vs momentum transfer,
Q = (4n/)) sin(0) (Afl), where A, in this case, is the wavelength of the
probing neutrons. The samples for SANS measurements were prepared
by using deuterated n-dodecane as the diluent. Deuterated HDHP was
used for selected samples. The absolute intensity of the scattering data
was obtained using as secondary standards polymer and porous silica
samples with known cross sections, following the procedure reported
previously (28). The composition of the samples is shown in Table 2.

Data Interpretation

For the interpretation of the small-angle X-ray or neutron scattering
results, the following equation describing scattering by a monodisperse
system of particles was used:

1(Q) =N, V2 (p, — po)” P(Q) S(Q) + Iinc (6)

where I(Q) is the intensity of the X-ray or neutrons scattered by the solute
particles (obtained from the experimental intensities by subtracting the
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intensities measured for the diluent alone), N, is the number of scattering
units per unit volume, V,, is the particle volume, (pp-ps)2 is the contrast
factor (determined by the difference in electron density or the scattering
length density of particles and solvent for SAXS and SANS data, respect-
ively), P(Q) is the single particle form factor, which describes the angular
scattering distribution as a function of particle size and shape, S(Q) is the
structure factor, which accounts for interactions between the scattering
particles, and I, is the scattering background (29).

The background-subtracted I(Q) vs. Q SAXS data were fit using
various models, including ellipsoid, cylinder, and sphere models with Igor
Pro 5.01 (Wavemetrics, Inc.) and IPNS SAS macros. The best fits were
obtained by using a polydisperse interacting sphere model, which
assumes a spherical shape for the particles, with an adjustable diameter
of the polar core, dj,, and polydispersity, listed in Table 1. The polydisper-
sity values are relatively small, with an average of + 15% over all the
samples investigated.

For the interpretation of the SANS data, the particles were assumed
to be spherical and the evaluation of the extent of interaction between
particles was performed using the Baxter model for hard spheres with
surface adhesion, following the procedure described previously (30,31).
According to this model, an approximate value of the potential energy
of attraction (negative) between two hard spheres, U(r), expressed in
kgT units, is given by the following equation:

U(r) = lim ln[IZT(&

Jim - )] (7)
where dy, is the diameter of the hard spheres and (8-dys) represents
the width of a narrow square attractive well. The parameter t in
eq. 7 is the reciprocal of the “stickiness parameter,” 7', and its value
increases directly with the strength of the attraction between particles.
The Baxter model provides analytical expressions for the structure
factor, S(Q), in eq. 6 (30). The fit of each set of experimental data
to eq. 6 according to the Baxter model was done by using dy,, t
and I;,. as fitting parameters. For simplicity, based on the results
from the SAXS measurements, the particles were assumed to be
monodisperse spheres, which greatly simplifies the fitting procedure.
It is likely, however, that a similar average level of polydispersity
(£15%) also exists for the SANS samples. The interparticle attraction
potential energy, U(r), was calculated using eq. 7 with an extremely
narrow attractive well, i.e., with a width equal to 10% of the particle
diameter ((6—dps)/dps =0.1). The main results from the fits of the
SANS data are shown in Table 2.
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RESULTS AND DISCUSSION
HDHP
ESI-MS

The extraction of europium and neodymium was studied using two
dialkylphosphoric acids: di(2-ethylhexyl)phosphoric (HDEHP, Fig. 1)
and di-n-hexylphosphoric acid (HDHP). A complete discussion of the
organic phase species, based on a combination of mass spectrometry
data, molecular dynamic simulations and quantum chemistry calcula-
tions, has been reported elsewhere (20).

From the ESI-MS data, three species have been identified for
both extractants, i.e., [LnA,(HA),] *, [LnA>(HA);] " and [LnA,(HA),] *
(where HA and A represent the undissociated dialkylphosphoric acid and
its anion, respectively), with [LnA,(HA),]" being the most stable species
in the gas phase. The solution behavior of the two dialkylphosphoric
acids is similar, as they both form the neutral LnA3(HA); complex.
During the ionization process and the transfer into the gas phase, this
neutral species is transformed into [LnA(HA),] ™ by the addition of a
proton to form a positive ion. The fragmentation of this ion shows

NdA,(HA),*
14310
8 -
S 6-
©
N
=)
- (HA)Na*
:-; 4 - 3453
@ Nd,A,(HA),2*
g (HAK® (HALNa®  NdA(HA)? 000
=, 667.7
NdA,(HA);* NdA,(HA),*
1753.1
0 -

' 200 400 600 800 1000 1200 1400 1600 1800 2000
m/z
Figure 2. Positive ESI mass spectrum for 0.1 M HDEHP in n-dodecane after equili-
bration with 1 M Nd(NO3); in 0.1 M HNO;. AH represents HDEHP. The peak at
m/z = 99.1 is assigned to protonated H;POy arising from fragmentation of HDEHP

during the ionization process; the peaks at m/z = 345.3; 361.3; 645.6; 667.7 are
assigned to [(HA)Na]*, [(HA)K] ™", [(HA),H] ™", and [(HA),Na] ", respectively.
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that two ligands are less strongly bonded to the metal and the more stable
species in the gas phase is [LnA,(HA),] .

To supplement this study, an experiment was performed in which a
0.1 M HDEHP solution in n-dodecane was equilibrated with a 0.1 M
HNO; aqueous solution containing a large excess of Nd(NQOj3); in order
to achieve organic phase saturation. The ESI-MS results in Fig. 2 show
that the most abundant species in the gas phase was the [NdA,(HA),]"
ion. However, the presence of [NdA,(HA);] " and [NdA,(HA),] © with
a lower intensity, and of dinuclear species such as [Nd>A4(HA),J* " with
x =2 or 3 was also observed. The formation of dimeric species in
the extraction of Nd(IIT) by HDEHP at high loading of the organic
phase was reported earlier (32).

VPO

The VPO measurements were made on up to 0.6 M HDHP solutions in
n-pentane at 24°C. Before the measurements, the organic solutions were
first equilibrated with water, or 0.1 M HNO3;, in the absence and in the
presence of increasing Ce(NOs3); concentrations (in the 0.01 to 0.1 M
range). The results obtained after equilibration with water were inter-
preted with an aggregation model involving formation of dimers,
trimers and tetramers, with the dimer being the most important species,
followed by the tetramer at the highest HDHP concentrations
(B, =1.6-10%, B3 =1.6-10% Ps=1.0-10%). The presence of HNO; in
the aqueous phase caused a modest increase of the number-average
aggregation number, n,,.

The VPO data obtained after extraction of macroconcentrations of
Ce’* showed a pronounced increase of the extractant average aggregation
number, n,,, with an increase of the concentration of extracted metal. At
all extractant concentrations, a limiting value of n,, = 6 was reached when
the [HDHP]/[Ce],,, ratio approached six. Under these conditions, water
analysis in the organic phase revealed that the concentration of water
was close to that of the metal. These results led to the conclusion that
the Ce(DHP);(HDHP);(H,O) species predominates at high loading of
the organic phase, although smaller aggregates exist in solution (n,, < 6)
when the extractant is in large excess over the extracted metal.

SAXS

0.3M HDHP in n-dodecane was equilibrated with 0.1 or 3M HNO;, or
loaded with Am>* or Eu®* from 0.1 M HNO;. The SAXS data for these
organic phases were best fit using a polydisperse interacting sphere
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model. In all cases the diameter of the polar core, d,, of the spheres (to be
regarded as reverse micelles) was ~7 A, with only small changes with the
concentration of solutes in the organic phase (see Table 1, samples 1
through 5). The polar core of the micelles is thought to contain the polar
solutes, such as water, nitric acid, metal nitrate, and the O3P(O)(OH)
group of the extractant. Fig. 3a shows the data and the fit for the Am
containing sample 3 in Table 1.

SANS

SANS measurements were made for 0.3 M HDHP solutions in deuterated
n-dodecane after equilibration with 0.1 M HNOj in the absence and in
the presence of Nd>* (see samples 1 and 2 in Table 2). The data, inter-
preted using the Baxter model, showed that the HDHP aggregates have
a weight-average aggregation number, ny ,,, of ~2 in the absence of
metal, and of ~4, after Nd extraction. Metal extraction brings about a
significant increase of the particle diameter (dy, from ~11 to ~ ISA).
However, d, the diameter of the polar core, remains between 6 and
7 A, in agreement with the results from the SAXS measurements.

Fig. 3b shows the data and the Baxter model fit for sample 2. It is
interesting to observe that the energy of attraction between particles,
U(r), reached a value as high as —2.6kgT, which is close to the value
generally observed when the critical point of organic phase splitting
(third phase formation) is approached (8,9,31,33-36). The proximity of
sample 2 to the phase splitting condition is probably the reason why
the SANS data in Fig, 3B exhibit an increase in intensity for very low
Q values (<0.01 Afl).

DMDOHEMA
ESI-MS

The ESI-MS data for a 0.65M DMDOHEMA solution in n-dodecane,
after equilibration with an aqueous solution containing 0.1 M Nd(NOs)3,
IM HNOj; and 2M LiNOj; exhibited peaks corresponding to several
Nd-diamide species, with 2 to 7 diamide molecules for each metal center
(Fig. 4a, where D stands for DMDOHEMA).

To gain information about the stability of theses species, energy
resolved mass spectrometry experiments with cone voltage variation were
performed. The results showed that the most abundant and stable species
is [NdD,J® ©. Indeed, the intensity of ions such as [NdD,]* © with x > 5
strongly decreases with an increase of the cone voltage (Fig. 4b). These
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HDHP = 0.3 M, H,0 = 0.064 M, Am = 0.01 M
d,=58A
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1 | HDHP =0.3 M, H,0 = 0.064 M, Nd = 0.025 M
©=0.129,d, = 15.1A

0.1 4— . ———

Figure 3. A. SAXS data and interacting spheres fit for Am**-HDHP in n-dodecane
(sample 3 in Table 1). B. SANS data and Baxter model fit for HDHP sample 2 in

Table 2 (diluent: deuterated n-dodecane).
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Figure 4. A. Positive ESI mass spectrum for 0.65 M DMDOHEMA in n-dodecane
after equilibration with 0.1 M Nd(NO3)3 in 1 M HNO3 + 2 M LiNOs;. D stands for
DMDOHEMA. B. Intensity of Nd-diamide ions as a function of cone voltage for
0.65M DMDOHEMA in n-dodecane after equilibration with 0.1 M Nd(NO3); in
I M HNO; + 2 M LiNOs. D stands for DMDOHEMA.

species are not very stable and are probably formed during the ionization
process. The intensity for the [NdD4]* ™ species is maximum at a skimmer
voltage of 50 V. Further increase of the cone voltage leads to its fragmen-
tation by loss of a malonamide molecule and formation of [NdD;]* .
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From theses results it appears that the neutral complexes formed
in the organic phase are of the Nd(NO;);D, type with 2<x <4, the
most abundant being the Nd(NO3);D,4 species. During the ionization
process and transfer into the gas phase, these species are changed into
[Nd(NO;),D,] ", [Nd(NO3)D,J* ", and [NdD,J**.

VPO

VPO measurements made on DMDOHEMA solutions in n-dodecane at
60°C, n-heptane at 40°C, and n-pentane at 24°C consistently indicated
that the diamide is monomeric up to ~0.2 M, exhibits an average aggre-
gation number of ~2 in the 0.2 to 0.6 M range, and forms aggregates
with a n,, value of ~4 at higher concentrations. In all cases, solute
aggregation proceeds stepwise, thus making it difficult to assume for this
system the existence of a critical micelle concentration, cmc. Water analy-
ses and VPO measurements on the DMDOHEMA-pentane system at
24°C after equilibration with water showed that the water concentration
in the organic phase increased steeply after the onset of aggregation. This
suggests that water is mainly extracted by the aggregates, and likely
reports into the polar core of reverse micelles.

Upon extraction of either HNO; or Ce(NO3); by DMDOHEMA in
n-pentane, a strong increase of n,, was observed. This is shown in Fig.
5 where the n,, values are reported as a function of the diamide concen-
tration after equilibration with 3M HNOj; (panel A), and after extrac-
tion of progressively increasing amounts of Ce(NO;); from 3M HNO;
(panel B). The data in Fig. 5a clearly show that nitric acid has a much
stronger effect than water on the aggregation of DMDOHEMA. At the
same time, water analyses indicated that the extraction of HNOj; is
accompanied by a significant increase of water extraction into the
organic phase. This result is probably due to the swelling of the polar
core of DMDOHEMA reverse micelles following nitric acid extraction.
The data in Fig. 5b indicate a further increase of the diamide aggre-
gation number (up to n,, > 6) when macroconcentrations of metal
nitrates are extracted (the highest organic phase Ce concentration in
Fig. 5b was 0.066 M).

SAXS

0.7M DMDOHEMA in n-dodecane was equilibrated with aqueous
phases containing 3M HNO; (or 3M LiNOj) in the absence and in
the presence of macroconcentrations of europium, neodymium or amer-
iclum nitrates (samples 6 through 10 in Table 1). The SAXS data
were interpreted using the same model of polydisperse interacting spheres
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Figure 5. A. Number-average aggregation number, n,,, for DMDOHEMA in
n-pentane after equilibration with water or 3M HNOj; at 24°C. B. n,, for
DMDOHEMA in n-pentane after equilibration with 3M HNO3+0, 0.01, 0.05
or 0.1 M Ce(NO3);3 at 24°C.

as for the HDHP samples. Fig. 6a shows the data and the fits for
samples 7 and 8.

The diameter of the polar core of the aggregates, containing water,
nitric acid, metal nitrate, and the polar portion of the extractant mole-
cules, is ~14 A when the diamide is equilibrated with 3M HNOj5 in
the aqueous phase (sample 6), but decreases to ~11 A when HNO; is
replaced by LiNO3 (no HNOs in the organic phase, sample 7). Extraction
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Figure 6. A. SAXS data and interacting spheres fit for 0.7 M DMDOHEMA in
n-dodecane after equilibration with 3M LiNOjz with or without Eu(NOs);
(samples 7 and 8 in Table 1). B. SANS data and Baxter model fit for 0.7 M
DMDOHEMA in deuterated n-dodecane after equilibration with 3 M HNO; with
or without Nd(NOs)3 (samples 3 and 4 in Table 2).
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of metal nitrates from 3M HNOj; is accompanied by a contraction of the
polar core (d, = 11 to 124, samples 9 and 10), whereas metal extraction
from 3 M LiNOjs is followed by modest polar core swelling (d,, = ~ 12A,
sample 8 and Fig. 6a).

SANS

SANS measurements were made for 0.7M DMDOHEMA solutions in
n-dodecane (deuterated) after equilibration with 3M HNO; in the
absence and in the presence of Nd(NOs3); (samples 3 and 4 in Table 2).
Fig. 6b shows the data and the Baxter model fit for these samples. The
fit for sample 3 is poorer than that for sample 4. The SANS data for both
samples share common features, i.e., oscillations at high Q and increased
intensities at very low Q values. The high Q oscillations are due to the
spherical form factor (37) (P(Q) in eq. 6) used for the Baxter model cal-
culations. For simplicity, the calculations were performed for a single
particle size. Introduction of particle polydispersity would eliminate the
oscillations. As previously mentioned for the HDHP data, the increased
intensity at low Q values is caused, at least in part, by the presence in sol-
ution of microscopic heterogeneities which in turn are due to the proxim-
ity of the extraction system to the critical condition for phase splitting.
The SANS data, interpreted according to the Baxter model, indicate
that the reverse micelles formed by DMDOHEMA after extraction of
water and HNO; are relatively large, with a hard sphere diameter
of ~26A, a polar core diameter of ~ 17A (which compares
with ~14 A from SAXS data), and a weight-average aggregation num-
ber of 12. Note that the discrepancy between the d,, values from SAXS
and SANS data largely disappears when the polydispersity in the
SAXS results is taken into consideration. The SANS data obtained after
extraction of Nd(NOj3); from 3 M HNO; confirm the results from the
SAXS measurements: metal extraction is accompanied by a decrease in
overall size, polar core diameter and aggregation number of the micelles.

HDHP-DMDOHEMA Mixtures
ESI-MS

For the ESI-MS measurements, two dialkylphosphoric acids, HDHP
or HDEHP, were used in mixtures with DMDOHEMA. Solutions con-
taining 0.3M HDHP or HDEHP and 0.65M DMDOHEMA in
n-dodecane were used to extract Nd** from two different aqueous
solutions: 0.1 M Nd(NO3); +0.1M HNO3, or 0.1 M Nd(NO3); +1 M
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HNO; +2M NaNOs;. Organic phase samples for the ESI-MS tests were
prepared in the same way as for the single extractant systems. For the
HDHP-DMDOHEMA solution equilibrated with 0.1 M Nd(NOj);+
0.1 M HNOs3;, it was not possible to perform the measurements because
of the formation of a precipitate during sample preparation. However,
the organic phases contacted with the 1 M HNO; aqueous phase pro-
vided the same results for both HDHP and HDEHP. We assume this
to also hold for the organic phase prepared at the lower aqueous
HNOj; concentration.

The ESI-MS results showed that the species formed in the organic
phase are essentially the same for the two aqueous phases used to extract
Nd®*. The assignment of the species is reported in Table 3, where D
stands for the malonamide and A for the anion of the organophosphoric
acid, respectively. Nd-D and mixed Nd-D-HA species are observed
(Fig. 7a). The main difference is the absence of nitrato-species at the
lower acidity (0.1 M HNO;) in the aqueous phase. Since nitrato-species
are formed when the metal nitrate is extracted by the malonamide
(see equilibrium 2), this result suggests that the malonamide by itself
does not contribute to neodymium extraction at low aqueous acidity.
Indeed, under the conditions of low acidity and nitrate ion concentration,
the diamide is a poor extractant of lanthanide cations. The [DyNd]’ "
species (with x =3 or 4) in the ESI-MS spectrum can arise from
mixed complexes.

Table 3. m/z ratio and species assignment in the ESI-MS™* data for the
HDEHP-DMDOHEMA system after extraction of Nd** from I: 0.1 M
Nd(NO3);+0.1M HNO;, or II: 0.1M Nd(NO;);+1M HNO;+2M
NaNO; (D stands for DMDOHEMA and HA for HDEHP)

Species m/z I 11
[D3Nd** 530.9 + +
[D,Nd** 691.8 + +
[DsNd]** 852.3 + +
[D>NA(NOy)P*+ 585.4 — +
[DsNA(NO3)PP+ 826.9 - +
[D>Nd(NO;),] + 1232.8 - +
[D,NdAP* 715.0 + +
[DsNdAP T 956.2 + +
[DNdA,]* 1268.8 + +
[D,NdA(NO;)| * 1492.0 - +
[DNd(HA)A,]* 1591.0 + +
[D>NdAS]" 1751.2 + +

+: observed species; —: absent species
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Figure 7. A. Positive ESI mass spectrum for 0.65M DMDOHEMA +0.3M
HDEHP in n-dodecane after equilibration with 0.1 M Nd(NOs3); in 0.1M
HNOj;. D and A represent DMDOHEMA and DEHP ~, respectively. B. Inten-
sity of neodymium-species as a function of cone voltage for 0.65M
DMDOHEMA +0.3M HDEHP in n-dodecane after equilibration with 0.1 M
Nd(NO3); in 1M HNO3+2M LiNO;. D and A represent DMDOHEMA and
DEHP", respectively. To simplify the plot, the species [DsNd**,
[D>NA(NO3)**, and [DNd(HA)A,] " are not shown.
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At higher aqueous acidity and NO3 concentrations, the complexes
formed in the organic phase can be written as D,Nd(NO3); for Nd
extraction by the malonamide alone, and as DyNdA,(NO3) or DyNdA;
(with y<5) for the mixed complexes. During the ionization process
and the transfer into the gas phase, the last two complexes are trans-
formed into [D,NdP’* (with y<5), [DsNdAJP*, [D,NdA(NO;)] ",
[D>NdA,] " and [DNd(HA)A,] *.

An energy resolved mass spectrometry experiment with cone
voltage variation showed that the Nd-D-HA mixed complexes predomi-
nate over the metal complexes containing only the diamide for both aque-
ous phase conditions. Fig. 7b presents the results obtained with the 0.1 M
Nd(NO3); + 1 M HNOs + 2 M NaNOj; aqueous phase. Increasing the cone
voltage induces fragmentation of [DsNdAJ** leading to [D-NdA]*" by
the loss of one malonamide. This fragmentation has been confirmed by
MS? experiments. In the same way, the [DNdA,] " species, only observed
at high cone voltage, is probably formed by fragmentation of other ions.

To summarize, mixed species are formed whatever the aqueous phase
acidity, and Nd-DMDOHEMA complexes are also formed at higher
acidity. This is consistent with the fact that, at high aqueous phase acid-
ities, the diamide is a good extractant for Ln(III).

VPO

VPO measurements with mixtures of solutes can be used to investigate
the formation of mixed species. However, caution is needed in inter-
preting the results, because mixed species may form without changing
the total number of particles in solution. In our specific system, for
example, if the HDHP- DMDOHEMA mixed species were formed at
the expense of HDHP dimers, the new species would not be detected
by VPO measurements.

With this caveat in mind, VPO data for n-pentane solutions contain-
ing increasing concentrations of HDHP (from 0.001 to 0.3 M) and con-
stant 0.1 or 0.3M DMDOHEMA were obtained after equilibration
with water, and compared with those for the single extractants. The
results showed a significant decrease of the number of particles in sol-
ution for the mixtures containing 0.3 M DMDOHEMA, indicating the
formation of mixed extractant species, at least under this condition.

The results, together with those for the single extractants, are shown
in Fig. 8a as number-average aggregation number, n,,, vs. total solute
concentration. The increased slopes for the n,, values for the extractant
mixtures indicate that the n,, values for the mixtures are not equal to
the average of the values for the single extractants (e.g., for 0.3M
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Figure 8. A. Number-average aggregation number, n,,, as a function of total
extractant concentration for only HDHP, only DMDOHEMA, and 0.1 M or
0.3M DMDOHEMA in n-pentane in the presence of increasing concentrations
of HDHP after equilibration with water at 24°C. B. n,, for 0.1 M DMDOHEMA
in n-pentane in the presence of increasing concentrations of HDHP after equili-
bration with 0.1 M HNO; +2.9 M NaNO; + 0.01, 0.05 or 0.1 M Ce(NOs); at 24°C.
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HDHP +0.3M DMDOHEMA, n,, = 3, whereas for 0.6 M DMDO-
HEMA, n,, = 2.1, and for 0.6 HDHP M, n,, = 3.1). This result suggests
the presence in solution of mixed HDHP-DMDOHEMA aggregates.

Figure 8b shows VPO data obtained for 0.1 M DMDOHEMA in
the presence of increasing concentrations of HDHP in n-pentane after
extraction of Ce®>" from aqueous solutions under conditions favorable
for metal extraction by both extractants (2) (low acidity, i.e., pH = 1,
for HDHP, and high nitrate ion concentration, i.e., 3M, for DMDO-
HEMA). The results demonstrate that macroconcentrations of Ln(III)’s
in the organic phase strongly promote aggregation. Water analyses in
the organic phases of Fig. 8b indicated that the extraction of water by
the extractant mixtures is inversely proportional to that of the metal
ion, and that the sum of the metal and water concentrations in the
organic phase is practically constant. This suggests that each cation
transferred into the organic phase replaces a water molecule in the
extractant aggregate.

SAXS

Various HDHP-DMDOHEMA mixtures in n-dodecane were used
to determine the effect of a number of parameters, i.e., the acidity of
the aqueous phase (with or without Ln(III) or Am(III) cations), the
extractant concentrations, the nature and concentration of the cation,
on the size of the polar core of the organic phase micelles.

Samples 11 through 13 in Table 1 indicate that an increase of the
HNO; and water concentrations in the organic phase brings about an
increase of the size of the polar core of the aggregates. The SAXS data
for samples 11, 12, and 13 are shown in Fig. 9a. The diameter of the
polar core, d,, increases from 11 to 14 A as the organic phase HNOj3 con-
centration increases from 0 to 0.20 to 0.47M (corresponding to 0.1, 1,
and 3M HNOj; in the aqueous phase, respectively).

The presence of Nd(IIT) or Am(III) in the organic phase (samples 16
through 22 in Table 1) does not modify the tendency of the polar core size
to increase with the extracted amounts of acid and water. The results
obtained for the Am(III) containing samples 20, 21, and 22 exhibit the
same behavior as the samples without metal, with d;, increasing from
10 to 14A. The SAXS data for the Am(III) samples are shown in
Fig. 9b and illustrate the increase of the scattering intensity upon metal
extraction from 0.1, 1, and 3M aqueous HNO;. The Nd(III) case
(samples 16 and 19) is similar: d,, increases from 10.6 to 14.1 A when
the organic HNOj concentration increases from zero to 0.60M (0.1
and 3 M aqueous HNOj;, respectively). Similar results were obtained after
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Figure 9. A. SAXS data and interacting spheres fit for 0.3M HDHP+0.7M
DMDOHEMA in n-dodecane after equilibration with 0.1M, 1M and 3M
HNO; (samples 11, 12 and 13 in Table 1). B. SAXS data and interacting spheres
fit for 0.3M HDHP+0.7M DMDOHEMA in n-dodecane after equilibration
with 0.1 M, 1 M and 3M HNOj; containing 0.01 M Am(NOs)3 (samples 20, 21
and 22 in Table 1).
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extraction of Ce(IIl) and Eu(IIl) (samples 23 and 24 in Table 1), indi-
cating that the nature of the extracted metal species has no effect on
the organic phase aggregation of the extractants.

A comparison of the scattering in Fig. 9a and b shows that
the intensities are higher for the Am(III) containing samples, in spite of
the very similar values of the polar core sizes obtained for metal free
samples under the same extraction conditions. This is probably due to
the increased contrast created by the much higher electron density in
the Am-containing polar cores of the reverse micelles than in metal-free
particles.

SANS

Preliminary experiments provided an important clue about the formation
of HDHP-DMDOHEMA mixed reverse micelles in the organic phase.
The amount of water extracted by 0.3M HDHP + 0.7M DMDOHEMA
in n-dodecane under the same aqueous phase conditions (i.e., 0.1 M
HNO;, no metal ions) is much higher than the sum of the amounts of
water extracted by the single components of the mixture (0.52M, vs.
0.05M for HDHP and 0.3 M for DMDOHEMA). This synergistic water
extraction strongly suggests the formation of reverse micelles capable of
increased water solubilization in their polar core.

To investigate the size and the average composition of the mixed
reverse micelles, SANS data were collected for a series of samples
containing both extractants after extraction of Nd(NO3); under a variety
of conditions, including changes in the aqueous phase acidity, metal
concentration, and extractant concentrations. In one case Nd(NO3);3
was replaced with Ce(NO;3);. The composition of the SANS samples
and the major results from the Baxter model fit are collected in Table 2,
samples 5 through 16. The weight-average aggregation numbers for HDHP
and DMDOHEMA in the micelle, ny oy upap and Ny ay DMDOHEMA, WETE
calculated assuming that the volume of the hydrophobic shell of the
micelle is occupied by the nonpolar parts of HDHP and DMDOHEMA
in proportion to the analytical concentration of the two extractants in the
organic phase.

The effect of the aqueous acidity on the extractants organization in a
0.3M HDHP+0.7M DMDOHEMA organic phase upon Nd(NO3);
extraction from 0.1 and 1 M HNOj; can be seen by comparing samples
5 and 6 in Table 2 and in Fig. 10a. The increased HNO; concentration
in the organic phase is accompanied by swelling of the micellar polar core
(from 12 to 15 A diameter), in agreement with the results from the SAXS
data, and of the whole micelle (from 21 to 24 A diameter). The ny,
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#7: HNO, = 0 M, H,0 = 0.33 M, Nd = 0.01 M
1=0.0069, d,_=19.4 A

#8: HNO, = 0 M, H,0 = 0.36 M, Nd = 0.025 M
1=0.0496, d,_=20.5 A

#9: HNO, =0 M, H,0 = 0.37 M, Nd = 0.05 M
1=0.0404,d,_=208A 1

a A_1 0.1

(®)

Figure 10. A. SANS data and Baxter model fit for 0.3 M HDHP + 0.7 M DMDO-
HEMA in deuterated n-dodecane after extraction of Nd(NOs); from 0.1 and 1 M
HNO; (samples 5 and 6 in Table 2). B. SANS data and Baxter model fit for 0.3 M
HDHP + 0.7 M DMDOHEMA in deuterated n-dodecane after extraction of increas-
ing amounts of Nd(NOs); from 0.1 M HNO; (samples 7, 8, and 9 in Table 2).
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values are ~2 for HDHP and ~5 for DMDOHEMA. This result is in
good agreement with our previous conclusion that mixed species contain-
ing two HDHP and five DMDOHEMA molecules were needed to
explain metal distribution data (2).

The effect of increasing metal concentration in the 0.3M
HDHP +0.7M DMDOHEMA solution is illustrated by samples 7, 8,
and 9 in Table 2 and Fig. 10b. Nd(NO3); was extracted from 0.1 M
HNOj; (no co-extraction of HNO3). A fivefold increase of the metal con-
centration in the organic phase is accompanied by only a minor increase
of the size of the micelles and their polar core. Similar results were pro-
vided by the SAXS data. The mixed extractant aggregates contain 2 and 4
molecules of HDHP and DMDOHEMA, respectively. It is interesting to
note that although the size of the micellar polar core for the samples in
question does not change much, the energy of intermicellar attraction
increases significantly, as it should be expected based on the higher con-
centrations of trivalent cations in the micellar core. Accordingly, the
steep increase of the scattering intensity at very low Q values for samples
8 and 9 in Fig. 10b indicates that the extraction systems are close to the
critical point of organic phase splitting.

In an attempt to discriminate between the two extractants in the
mixed aggregates, some samples were prepared using deuterated HDHP
(D-HDHP). In mixed aggregates containing DMDOHEMA and
D-HDHP dissolved in deuterated n-dodecane, the D-HDHP should be
practically invisible, and the scattered neutrons should highlight only the
micellar volume occupied by the hydrogenous DMDOHEMA. Sample
10 in Table 2 and Fig. 11a was prepared under the same conditions as
for sample 5 except that D-HDHP was used for sample 10. Both the d;
and d,, values are essentially the same for samples 10 and 5, indicating that
under the conditions used for the two samples, the supramolecular organi-
zation of the aggregates is dominated by the bulkier and larger DMDO-
HEMA. In the case of sample 11, the extraction of Nd(NO;); was
performed using the same conditions as for sample 10, with the exception
that 0.1 M HNO; in D,O was used as the aqueous phase. This produced
lower scattering intensities as compared to sample 10 (Fig. 11a). However,
by taking into account the changes in the contrast factor due to the
presence of D,O instead of H,O in the organic phase, the results of the
calculations essentially confirmed those for sample 10.

The effect of the extractant concentrations in n-dodecane on the
organization of the mixed aggregates is shown by samples 12, 13, and
14 in Table 2. In these samples, the HDHP to DMDOHEMA concen-
tration ratio was 6, 1, and 0.14, respectively. The extraction of 0.05M
Nd(NOs); was effected under the same aqueous phase conditions
(0.1 M HNO3). Although the samples are not strictly comparable because
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1 | #16:HNO,=0M, H,0=0.36M,Nd=0.1 M
©=0.0655, d, = 21.6 A

QA"

Figure 11. A. SANS data and Baxter model fit for 0.3M deuterated
HDHP+0.7M DMDOHEMA in deuterated n-dodecane after extraction of
Nd(NO3)3 from 0.1 HNOj3 in H,O (sample 10) or D,O (sample 11 in Table 2).
B. SANS data and Baxter model fit for 0.3M HDHP+0.7M DMDOHEMA
mixtures in deuterated n-dodecane after extraction of Nd(NOs); from 0.1 M
HNO; (samples 5) or 0.1 M HNO3; + 3M LiNO; (sample 16 in Table 2).
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the amount of extracted water increases with the DMDOHEMA concen-
tration, the particle sizes and aggregation numbers in Table 2 indicate
that the extractant in excess dominates the aggregation.

Sample 15 in Table 2 was prepared by extracting Ce(NOj3); under the
same conditions used for the extraction of Nd(NOs3)z in sample 7. The close
similarity of results obtained for samples 15 and 7 provides evidence that
the nature of the extracted cation does not play a major role in determining
the aggregation of the HDHP-DMDOHEMA extractant mixtures.

Finally, Fig. 11b compares the results for sample 5 with those
obtained for sample 16 in Table 2. The two samples differ in the type
of aqueous phase used for the extraction of Nd(NOs)3, ie., 0.1 M
HNO; vs. 0.1 M HNO;+3M LiNOj. Contrary to HNO3, LiNOj is
not extracted by the 0.3 HDHP + 0.7 M DMDOHEMA mixture. In spite
of a somewhat higher scattering intensity for sample 16, the results for the
two samples in Table 2 are very similar. It is, however, remarkable that
the ny v ppap and ny .y pMponema values for sample 16 (~2 and ~5,
respectively) closely match the results of our previous solvent extraction
study under the same aqueous phase conditions (2).

CONCLUSIONS

Di-n-hexylphosphoric acid (HDHP) in n-alkane diluents forms
primarily dimeric aggregates in analogy with the general behavior of
dialkylphosphoric acids. Upon extraction of macroconcentrations of
Ln(IIT) cations from nitric acid solutions, various metal-containing
species, including dinuclear ones, are formed, the most important of
which has the composition M(DHP);(HDHP);(H,O), where M stands
for a generic Ln(III) or An(III) cation. These species exist as spherical
aggregates of the reverse micelle type with a polar core diameter
of ~7A and a total diameter of ~11 to ~15A, depending on metal
loading.

The aggregation of N,N'-dimethyl-N, N'-dioctylhexylethoxymalona-
mide (DMDOHEMA) in n-alkane diluents is a progressive phenomenon,
with an average aggregation number of ~2 in the 0.2 to 0.6 M range and
aggregates with an average aggregation number, n,,, of ~4, forming at
higher concentrations. Water extraction by DMDOHEMA increases
sharply after the onset of aggregation, which can be taken as an indicator
of extractant micellization. An increase of the DMDOHEMA n,, (up
to ~6) is brought about by extraction of either HNO; or lanthanide
nitrates. SAXS and SANS measurements showed that the metal loaded
DMDOHEMA aggregates can be considered as interacting spheres with
a polar core diameter between ~11 and ~16 A, depending on sample
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composition, a total diameter of up to ~25 A, and a weight-average
aggregation number, n, ,,, of ~9.

The results of the measurements performed in this work provided
strong evidence for the formation of mixed aggregates when mixtures
of HDHP and DMDOHEMA are used for the extraction of trivalent
Ln and An cations. For example, VPO data showed that the number
of particles in a mixture of the two extractants in contact with water is
significantly lower than that expected from the contribution of the two
single extractants. Also, synergistic water extraction was observed by
comparing water extraction for a mixture of extractants with that for
the single components. The formation of mixed aggregates upon metal
extraction was further confirmed by ESI-MS measurements which
identified, among others, species containing 2 organophosphorus acid
and several diamide molecules (up to 5) per metal center.

SAXS and SANS measurements for mixtures of HDHP and
DMDOHEMA in n-dodecane under a variety of conditions, i.e., by vary-
ing extractant concentrations, aqueous phase acidity and ionic strength,
type of cation extracted, and the level of loading of the organic phase,
concurred in providing information on the size and composition of the
mixed aggregates. Within the limits and approximations of the models
used for the interpretation of the data, the results consistently indicated
that the mixed reverse micelles have a diameter between 19 and 24 A with
a polar core diameter of 10 to 14 A, the upper values being obtained for
micelles swollen by the extraction of HNO; and water. The nature of the
metal cation and its concentration in the organic phase have little effect
on the micelle morphology.

The composition of the mixed micelles was estimated from the SANS
data. For 0.3M HDHP +0.7M DMDOHEMA in n-dodecane, a con-
dition of particular interest for process application, the most recurrent
micellar composition is 2 HDHP and 4 or 5 DMDOHEMA molecules.
This composition corresponds to that arrived at in our previous work
based solely on metal and extractant distribution data. The results from
our distribution and supramolecular chemistry investigations, thus, sup-
port each other and confirm the formation of mixed reverse micelles in
HDHP-DMDOHEMA extractant mixtures.
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