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Extraction and speciation studies of new
diglycolamides for selective recovery of americium
by solvent extractiont
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Much research has gone into the development of extraction processes capable of separating minor
actinides from highly active raffinates generated by the PUREX process. In particular, the separation of
americium from curium remains challenging because of the similarity of their chemical properties. A new
class of diglycolamide extractants called “unsymmetrical” diglycolamides (UDGASs), which contain at least
two different alkyl chains, have recently been shown to have potential for improving the Am/Cm
selectivity. However, the influence of the alkyl chains on the extraction efficiency and selectivity, and the
formed complexes are not fully understood yet. For this purpose, using the AmSel system as reference,
six UDGAs were studied by performing both extraction experiments and speciation studies, and
compared to the benchmark extractant TODGA. The tested UDGAs all contain two dodecyl chains on
one of the amide nitrogen atoms, and either two n-propyl, isopropyl, n-butyl, isobutyl, or n-pentyl
chains, or a piperidine group on the opposing nitrogen atom. The results show that all of the tested
UDGASs have equal or higher distribution ratios than TODGA, with the isopropyl derivative showing the
most efficient extraction of Ln(i) and An(in). Selectivity for curium over americium was equal or higher in
comparison with TODGA, with isopropyl and piperidine giving the highest separation factors, followed by
pentyl, and the remaining UDGAs showing similar selectivity to TODGA. Speciation experiments of the
complexes formed in the organic phase with neodymium were performed using FTIR, ESI-MS, and UV-
vis spectrometry. This revealed very similar spectra for all of the diglycolamides, indicating no difference
in the extraction mechanism.

candidate for transmutation.* However, this would require the
separation of americium from the fission products present in

A potential solution for the growing global stock of spent
nuclear fuel is the implementation of a multi-recycling parti-
tioning and transmutation strategy." This would involve the
removal of actinides from the spent fuel, decreasing the heat
load and radiotoxicity levels of the remaining waste allowing it
to be stored more efficiently in deep underground repositories.”
Of the actinides, uranium and plutonium can be separated
through the PUREX process and ongoing research is aiming to
adapt this process for the treatment of neptunium as well.? The
long half-life of the most common americium isotopes and
their high heat-load make americium the most worthwhile
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the spent fuel, the lanthanides in particular, as these can act as
neutron poisons and inhibit the transmutation process. Addi-
tionally, the presence of curium greatly complicates the target
fabrication and any handling of these targets due to its neutron
radiation, as this requires extensive shielding.* The shorter half-
lives of Cm, as well as its much lower concentrations in spent
fuel as opposed to Am (more than 10 times lower concentration
for Cm than for Am®) means that storing the Cm in under-
ground repositories together with the fission products is
considered a preferable strategy.* For this purpose, an extrac-
tion system capable of separating americium not only from the
fission products, but also from curium, is required.

An important step in the development of such extraction
systems was the development of diglycolamide extractants, with
N,N,N',N'-tetraoctyldiglycolamide (TODGA, see Fig. 1a) being
the most intensively investigated one.®® These ligands have
good extraction properties in the highly acidic conditions of
PUREX raffinates, and show a good affinity towards trivalent
lanthanides and actinides. A characteristic phenomenon of
these extractants is the formation of a third phase when the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solubility of the metal-DGA complex in the organic diluent is
exceeded, so addition of a phase modifier such as tributyl
phosphate (TBP) or 1-octanol is necessary.'* A number of
different extraction processes have been developed based on
diglycolamide extractants, including i-SANEX" for minor acti-
nides (Am and Cm) recovery and EURO-EXAM for selective
americium partitioning."*** A third system based on TODGA,
also for the selective separation of americium, is the Americium
Selective extraction process (AmSel).”* This process involves an
initial co-extraction of Am, Cm, and Ln fission products with
TODGA, followed by selective stripping with a hydrophilic BTBP
or BTPhen complexant, typically 3,3',3”,3"-([2,2'-bipyridine]-
6,6'-diylbis(1,2,4-triazine-3,5,6-triyl))tetrabenzenesulfonate
(SO3-Ph-BTBP, see Fig. 1b). The separation is achieved through
the combination of a hard O-donor extractant (TODGA) and
a soft N-donor complexant (SO;-Ph-BTBP), in a so-called “push-
pull system”.'* Due to the lanthanide/actinide contraction,
trivalent ions become harder with increasing mass number,
leading to preferential coordination with TODGA, whereas the
softer ions with lower mass number prefer coordination with
SO;-Ph-BTBP. The separation between lanthanides and acti-
nides is further increased as a result of a stronger covalent
character of the bond between the N-donor atoms and the
actinides’ 5f orbitals as opposed to the lanthanides’ 4f orbitals.”
The combination of two ligands with inverse selectivity, i.e., the
lipophilic TODGA with a preference for Cm over Am (SFcm/am =
1.6) and the hydrophilic SO;-Ph-BTBP with a selectivity for Am
over Cm (SFem/am = 1.6) yields a combined separation factor of
2.5 for the AmSel process.*® This system benefits from a highly
water-soluble complexant that performs well in acidic condi-
tions. However, due to the presence of sulfur, the system is not
compliant with the CHON principle. This principle requires
that only carbon, hydrogen, oxygen, and nitrogen atoms are
present in the extraction system, allowing entire decomposition
and limiting the generation of residual solid waste.'® Further-
more, the AmSel system is hindered by a low Am/Cm separation
factor that makes upscaling to a continuous process difficult.
So far, within the context of Am-Cm separation, diglycola-
mides have been considered primarily as extracting agents
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Fig. 1 Structures of the extractants of the AmSel process: (a) TODGA
and (b) SO3-Ph-BTBP.
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Fig. 2 General structures of type 1 and type 2 unsymmetrical
diglycolamides.

meant to co-extract Am, Cm, and the Ln, and research trying to
improve the separation factor mainly focused on Am-selective
nitrogen-donor compounds. The possibility of improving the
selectivity of Am-extracting processes through modification of
the diglycolamide extractant has therefore been inadequately
explored. Nevertheless, some work has already been performed
investigating the influence of DGA structure on its extraction
properties, either to improve lanthanide-actinide or intra-
lanthanide selectivity, or to affect other properties such as third-
phase formation. Shortening the alkyl chains below five carbon
atoms leads to diglycolamide extractants that are water-
soluble.” One such extractant, N,N,N',N'-tetraethyldiglycola-
mide (TEDGA), is used as a hydrophilic masking agent in the
EXAm process, where it enhances the selectivity for americium
when combined with the organic extractants DMDOHEMA and
HDEHP.* The addition of TEDGA to the system increases the
SFcm/am from 1.6 to 2.5, which is on par with the AmSel process.
Experiments investigating the effect of the alkyl chains' length
on DGA performance were able to determine a trend whereby
longer alkyl chains correlate with lower extraction of metal
ions.”** The most common explanations given for this obser-
vation are the increased lipophilicity of the molecules hindering
its approach of the organic-aqueous interphase where the
complex must be formed, and the increase in steric hindrance
making complexation more difficult.”**** When extractions are
performed with 2,2'-oxybis(N,N-di-n-decylpropanamide)
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Fig. 3 Structures of the unsymmetrical diglycolamides investigated in
this work: (a) PDdDGA, (b) BDADGA, (c) PnDdDGA, (d) iPDdDGA, (e)
iBDADGA, and (f) pipDdDGA.
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Table 1 Initial lanthanide/yttrium composition of the aqueous phases
Concentration
Element (gL™
La 0.289
Ce 0.600
Pr 0.262
Nd 1.02
Sm 0.184
Eu 0.039
Gd 0.031
Y 0.098
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Fig. 4 Distribution ratios for extraction of Eu, Am, and Cm with
diglycolamides. Aqueous phase: 18 mmol L™ Ln(i) + 50 kBg mL™t of
152gy, 21Am, and 2**Cm each dissolved in HNOsz solution with initial
concentration 3 mol L% Organic phase: 0.1 mol L™ diglycolamide
extractant dissolved in n-dodecane + 5 vol% 1-octanol. Shaking time:
15 min. Temperature: 20 °C.

(mTDDGA) which is methylated on the two carbons of the
central skeleton, large differences in extraction behavior are
observed for different diastereomers, further highlighting the
importance of steric hindrance.”

Based on the theory that steric hindrance hinders complex-
ation, it is expected that increased branching will lead to lower
extraction strength, especially when the branched chains are
close to the central diglycolamide skeleton. This is indeed
observed for N,N,N',N'-tetra-2-ethylhexyldiglycolamide
(TEHDGA) which, despite having the same number of carbon
atoms in its chains as TODGA, shows much weaker extrac-
tion.>****” Similar observations were also made for diglycola-
mides containing butyl chains in various conformations, where
branched butyl chains resulted in lower extraction strength.'>*
It was further shown that branching on the o or B position
decreases the extraction efficiency, whereas branching at
further positions showed little influence on the extraction
strength but did still affect intra-lanthanide separation.*®
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Fig. 5 Distribution ratios for extraction of lanthanides with diglyco-
lamides. Aqueous phase: 18 mmol L™ Ln(in) + 50 kBg mL™? of *2Eu,
2MAm, and 2*'Cm each dissolved in HNOs solution with initial
concentration 3 mol L. Organic phase: 0.1 mol L™! diglycolamide
extractant dissolved in n-dodecane + 5 vol% 1-octanol. Shaking time:
15 min. Temperature: 20 °C.
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Fig. 6 Distribution ratios for stripping of Eu, Am, and Cm with SOz-Ph-
BTBP. Organic phase: 0.1 mol L~! diglycolamide extractant dissolved in
n-dodecane + 5 vol% 1-octanol, loaded from a solution containing
18 mmol L™ Ln(in) (A) or 10> mol L™t Eu(in) (B) + 50 kBq mL~2 of 152Eu,
241Am, and 2**Cm each dissolved in 3 mol L™ HNOs solution. Aqueous
phase: 10 mmol L™! SOs-Ph-BTBP dissolved in 0.3 mol L™ HNO;
solution. Shaking time: 30 min. Temperature: 20 °C.

A more recent development was the synthesis of “unsym-
metrical” diglycolamides (UDGAs), of which the state of the art
is discussed in more detail in our previous work.> These are
molecules that keep the same central diglycolamide skeleton,
but have at least two different types of alkyl chains grafted onto
the amide functions. This allows fine-tuning of the steric
hindrance around the complexing center. Two types of such
extractants can be identified: type 1 unsymmetrical diglycola-
mides contain on each side two identical alkyl chains while the
two sides differ from each other (Fig. 2 top), and type 2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Distribution ratios for stripping of lanthanides with SOz-Ph-
BTBP. Organic phase: 0.1 mol Lt diglycolamide extractant dissolved in
n-dodecane + 5 vol% 1-octanol, loaded from a solution containing
18 mmol L™t Ln(n) + 50 kBg mL™* of %2Eu, 2Am, and 2*“Cm each
dissolved in 3 mol L™* HNOs solution. Aqueous phase: 10 mmol L™*
SO3-Ph-BTBP dissolved in 0.3 mol L~* HNOj3 solution. Shaking time:
30 min. Temperature: 20 °C.
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Fig. 8 FTIR spectra obtained for the iPDADGA organic phase (0.1 mol
L' DGA in n-dodecane + 5 vol% 1-octanol) before extraction, after
contact with 3 mol L™t HNOs, and after contact with 10 mmol L™
Nd(NO3)s dissolved in 3 mol L™ HNOs. [H*]oq = 0.36 mol L7,
[INd**15,g = 10 mmol L2,

unsymmetrical diglycolamides contain on each side two
different alkyl chains while the two sides are identical to each
other (Fig. 2 bottom).** Both of these types contain only one
mirror plane, as opposed to the symmetrical diglycolamides
that contain two. Furthermore, diglycolamides with three or
four different types of alkyl chains contain no mirror planes and
are fully unsymmetrical. Of the type 2 unsymmetrical diglyco-
lamides N,N'-dimethyl-N,N'-dioctyldiglycolamide (DMDODGA)
is the most intensively studied, mainly for the extraction of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lanthanides or uranyl.*** One study also investigated the
extraction of the actinides Np(v), U(vi), Am(u), and Pu(wv) by this
diglycolamide.** These studies showed that due to the decrease
in steric hindrance, DMDODGA is a far more efficient extractant
than TODGA, but retained good solubility in the organic phase
because of the two long octyl chains. Its selectivity for Cm over
Am has not yet been determined, but one study showed it was
possible to separate the lanthanides Nd(m) and Dy(m) from the
fission products Fe(m) and Ni(u) with DMDODGA.** The higher
extraction efficiency observed for Dy(m) over Nd(um) indicates
some intra-lanthanide selectivity is retained after shortening
the alkyl chains.

The type 1 unsymmetrical diglycolamides have been well
studied by, amongst others, Ravi et al.**** who mainly focused
on separating actinides and lanthanides from other fission
products. By tuning the lengths of the various alkyl chains, they
were able to obtain extractants with good selectivity, that did
not form a third phase at elevated metal and nitric acid
concentrations.* By fixing on one side of the diglycolamide two
dodecyl chains, modifier-free extraction was found to be
possible when the alkyl groups on the other side were varied
from butyl to decyl, with the best solubility found for the decyl
variant.’” High extraction efficiency for the lanthanide Eu(m)
was also observed for diglycolamides that combined straight
alkyl chains (hexyl and octyl) with cyclic alkyl moieties grafted
onto the amidic nitrogen (pyrrolidinyl, piperidinyl, morpho-
linyl).* However, these extractants have not yet been tested on
systems containing both americium and curium. Another
investigated approach is elongating the alkyl chains on one side
and shortening them on the other side of the diglycolamide
extractant.>>*® This resulted in extractants that, while still
soluble in the organic phase, showed significantly stronger
extraction than what is observed for symmetrical diglycola-
mides with the same total number of carbons in the alkyl
chains. Surprisingly, an improvement in intra-lanthanide
separation was also observed.*

Follow-up experiments during the European GENIORS
project tested three extractants of this type for americium-
curium separation in combination with the hydrophilic com-
plexant N,N,N'N'-tetrakis[(6-carboxypyridin-2-yl)methyl]
ethylenediamine (TPAEN), the complexant used in the EURO-
EXAM process.”® N,N-diisopropyl-N',N'-didodecyldiglycolamide
(iPDADGA, see Fig. 3d) proved the most promising one of these
extractants, showing a SFcp/am value of 6.8 in combination with
TPAEN, a nearly 50% improvement over the 4.3 value observed
with TODGA in combination with the same complexant.*! In our
recent study, iPDdDGA was further investigated in combination
with the SO;-Ph-BTBP complexant of the AmSel system, and
showed a general improvement of SF¢y/am from 2.5 up to 3.0.”°
However, the strong increase in extraction efficiency, with
distribution ratios 10-100 times higher than those observed for
TODGA, could hinder the stripping process, especially during
the recovery of Cm and Ln during solvent regeneration.
Furthermore, no explanation for the increase in selectivity could
be provided based on extraction experiments alone.

Therefore, in order to better understand the influence of the
diglycolamide structure on the extraction strength and

RSC Adv, 2025, 15, 9864-9874 | 9867
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Table 2 Wavenumbers of the C=0 and C-O-C bands before and after extraction of Nd with various diglycolamides

C=0
band free ligand (cm ™)

C=0

band Nd complex (cm ™)

C-0-C
band free ligand (cm ™)

C-0-C
band Nd complex (cm ™)

TODGA 1657 1614
iPDADGA 1655 1612
PDADGA 1659 1614
iBDADGA 1659 1612
BDADGA 1655 1614
PnDADGA 1657 1614
pipDdDGA 1657 1616
—— TODGA
—— iPDdDGA
—— BDdDGA
—— iBDdDGA
—— PDdDGA

PnDdDGA

Absorbance

T
500 600

Wavelength (nm)

Fig. 9 UV-vis spectra of the organic phases containing 0.1 mol L™t of
diglycolamide extractant in n-dodecane + 5 vol% 1-octanol after
contact with 10 mmol L™ Nd(NOs)z in 3 mol L™t HNOs.

selectivity, five new unsymmetrical diglycolamide structures of
the first type were investigated in the present work. The struc-
tures all contain on one side two dodecyl alkyl chains and on the
other side propyl, butyl, isobutyl, or pentyl chains, or a piper-
idinyl group (see Fig. 3). Additionally, both iPDdDGA and

1122 1124
1120 1120/1136
1122 1124
1120 1120
1124 1124
1124 1124
1122 1130

TODGA were included in the study as reference molecules.
During extraction experiments, both the extraction step and
stripping step in combination with SO;-Ph-BTBP were investi-
gated, which was followed by speciation experiments using ESI-
MS, FTIR, and UV-vis spectroscopy.

Experimental

Chemicals

Of the diglycolamide extractants, TODGA (>99%) was acquired
from Inabata Pharmasynthese S.A.S. (Saint-Pierre-Les-Elbeuf,
France), iPDADGA (>99%) was acquired from Diverchim
CDMO (Roissy-en-France, France), and N,N-piperdinyl-N',N'-
didodecyldiglycolamide (pipDdDGA, see Fig. 3f) (>95%) was
acquired from AtlanChim pharma (Saint-Herblain, France). The
remaining extractants were synthesized according to litera-
ture.®® A detailed synthesis procedure, as well as characteriza-
tion data, can be found in the ESI (see S1).f 2-
Methyltetrahydrofuran (>99.0%), dipropylamine (synthesis
grade), dibutylamine (synthesis grade), diisobutylamine (99%),
and 1-octanol (ACS grade) were acquired from Sigma-Aldrich
(Steinheim, Germany). Didodecylamine (>97.0%) and dipentyl-
amine (>98.0%) were acquired from TCI Europe N.V. (Paris,
France). The  coupling agent  (1-cyano-2-ethoxy-2-
oxoethylideneaminooxy)di-methylamino-morpholino-

carbenium hexafluorophosphate (COMU) (98%) was acquired
from Apollo Scientific (Manchester, UK). Diglycolic anhydride

2.5x10°
LH* iPDdDGA + Nd 10mM in 3M HNO,
ox10° 553.6752
L,Ng®*
> 1.5x1 0° 600.1371
:‘%
g L,Ca®*
 1x10°- 849.2324
5;_5’\512;7 LoNa”
L,Ca* - 24 1127.9804 +
5 2 LsNd(NO,) L,Nd(NO;),
5x10 572.4706 4311796 L,NA(NO,* 3728732
1206.9257 /
04 L . . / —
400 600 800 1000 1200 1400 1600
m/z

Fig. 10 ESI-MS spectrum of the organic phase containing 0.1 mol L™ of iPDdDGA in n-dodecane + 5 vol% 1-octanol after contact with 10 mmol
L™t Nd(NO3)s in 3 mol L HNOs3. Organic phases diluted 1:10 000 in acetonitrile.
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Table 3 m/z Ratios and assignments of the main ions detected by ESI-MS. Organic phases: 0.1 mol L™ DGA in n-dodecane + 5 vol% 1-octanol.
Extraction performed from a feed solution containing 10 mmol L™ Nd(NOs)z in 3 mol L™t HNO3

Assignment TODGA iPDdDGA BDdDGA iBDADGA PDADGA PnDdDGA pipDdDGA
LH" 582.5 553.7 581.5 581.5 553.5 609.6 537.5
L,Ca? 600.5 572.5 600.5 600.5 573.0 — 556.5
LNa* 603.5 575.5 603.5 603.5 575.5 631.6 559.5
L,Nd** 628.8 600.1 628.5 628.5 600.5 656.5 584.4
L,Nd(NO,)*" 683.5 — 681.4 683.4 655.4 — 639.4
L,Nd* 822.3 — — — — 860.4 —
LiCa® 891.2 849.2 891.3 891.2 849.2 933.3 825.2
L;Nd(NO,)*" 974.2 931.2 973.7 973.7 931.7 1015.8 907.7
L,Na* 1184.0 1128.0 1184.0 1184.0 1128.0 1240.1 1095.9
L,Nd(NO,)*" 1264.0 1207.0 1263.0 1263.0 1206.9 1319.1 1174.9
L,Nd(NO,)*" 1426.9 1372.9 1428.9 1428.9 1372.9 1485.0 1340.8

(>97.0%) and n-dodecane were acquired from Thermo Scientific
(Waltham, MA, USA). HNO; solutions were prepared from 68%
Normapur grade HNO; acquired from VWR (Radnor, PA, USA).
SO;-Ph-BTBP (>98%) was acquired in free acid form from
Technocomm Ltd (Edinburgh, UK).

Methods

Extractions. The extraction experiments were performed in
two steps. First, an “extraction” step was performed by con-
tacting an aqueous feed solution with the DGA-containing
organic phase. In a second “stripping” step, an aliquot of the
organic phase obtained after the extraction step (the “loaded”
organic phase) was contacted with a fresh aqueous stripping
solution. The aqueous feed solution contained 18 mmol L™"
Ln(m) and ca. 50 kBq mL™" of "*’Eu, **'Am, and **’Cm each
dissolved in 3 mol L' HNO; solution. Due to the hazards
associated with radiotracers, and alpha emitters in particular,
the experiment was performed in a glovebox. Special precau-
tions should be taken when handling radioactive materials. The
exact concentrations of the different lanthanides and yttrium
can be found in Table 1 and represent the approximate ratios
for these elements expected in a PUREX highly active raffinate
(HAR).”? Organic phases were prepared by dissolving
0.1 mol L' of DGA extractant and 5 vol% 1-octanol in n-
dodecane. For the stripping experiment, the aqueous phases
contained 10 mmol L™* SO,;-Ph-BTBP in 0.3 mol L™' HNO;
solution.

Equal volumes of organic and aqueous phases were
combined in Eppendorf safe-lock 2 mL microcentrifuge tubes,
which were shaken at a fixed temperature of 20 °C using an IKA
Vibrax with custom cooling cell. The samples were shaken for
15 minutes during extraction experiments, and 30 minutes
during stripping experiments, as these times were shown to be
more than sufficient to achieve equilibrium. Afterwards, the
samples were centrifuged and the two phases separated with
Eppendorf micropipettes. The organic phases were not pre-
equilibrated with acid, but both aqueous and organic phases
were titrated to determine the equilibrium acid concentration,
with the results reported in the ESI (see S2).1 Aliquots of both
the aqueous and organic phases were analyzed with gamma
spectrometry (to measure °>Eu and **'Am), alpha spectrometry

© 2025 The Author(s). Published by the Royal Society of Chemistry

(to measure **'Am and ***Cm), and ICP-OES (to measure the
inactive lanthanides). The samples were diluted according to
necessity (see below). For speciation experiments, extractions
were performed with a simplified starting solution containing
10 mmol L™ of Nd(m), without any radiotracer, in 3 mol L™*
HNO;. An identical organic phase was used as during extraction
experiments.

Gamma spectrometry. Aqueous samples were diluted with
1 mol L' HNO; solution and organic samples were diluted with
0.2 mol L™ TODGA dissolved in 5 vol% 1-octanol in n-dodecane
solution (for all DGAs) to an activity concentration of maximum
10 kBq mL™"' in total. Gamma samples were prepared by
pipetting 500 pL of these dilutions into 1.5 mL Thermo scien-
tific Nalgene system 100 cryogenic tubes. These were measured
on a Canberra Eurisys gamma spectrometer equipped with
a high purity germanium (BEGe) semiconductor detector.
Activities for "**Eu and **"Am were calculated using Genie2000
software based on the area of their peaks at respectively 121.8
keV and 59.5 keV.

Alpha spectrometry. Aqueous samples were diluted with
1 mol L' HNO; solution and organic samples were diluted with
0.2 mol L' TODGA dissolved in 5 vol% 1-octanol in n-dodecane
solution (for all DGAs) to an activity concentration of maximum
10 kBq mL " in total. Alpha samples were prepared by pipetting
10 pL (maximum 100 Bq) of these dilutions onto a stainless steel
planchet. The samples were then first dried on an epiradiator at
100 °C, and subsequently fixed on a second epiradiator at 300 °©
C. The samples were then measured in a Canberra Model 7401
alpha spectrometer equipped with Passivated Implanted Planar
Silicon (PIPS) detectors. Activities for **'Am and ***Cm were
calculated using Genie2000 software based on the total counts
of their peaks at respectively 5.485 MeV and 5.805 MeV.

ICP-OES. Samples of the aqueous phases were diluted with
0.3 mol L™" HNOj; to a final volume of 2 mL. 5 ppm of scandium
was added to each sample as internal standard. For organic
phases, 50 puL of sample was first stripped with a solution
containing 0.2 mol L' TEDGA dissolved in water at an A/O ratio
of 5 to 10, depending on the sample. 200-400 uL of the aqueous
stripping phases were subsequently diluted with 0.3 mol L™"
HNO; to a final volume of 2 mL with 5 ppm of scandium. The
uncertainty on these measurements is 10%.
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ESI-MS. Organic phases were diluted 1:10 000 with aceto-
nitrile. These were then injected into the electrospray source at
a rate of 180 uL h™" with a Cole Palmer syringe infusion pump.
The samples were measured in positive ionization mode with
a Bruker Daltonics microOTOF-Q II quadrupole TOF mass
spectrometer. The capillary voltage of the spectrometer was set
at —4500 V and the end-plate offset voltage was set at —500 V.
The samples were dried and nebulized with nitrogen gas, the
gas pressure was set at 0.3 bar, the temperature at 200 °C, and
the flow rate at 4.0 L min~". Spectra were recorded over an m/z
range from 40 to 3000. Collision induced dissociation experi-
ments were performed using nitrogen as collision gas. Typical
collision energies varied between 15 and 50 eV and were opti-
mized for individual ions. The spectra were analyzed with
DataAnalysis 4.0 software.

FTIR. Measurements of infrared spectra were performed
with a Bruker Vertex 70 FTIR spectrometer equipped with an
attenuated total reflectance (ATR) cell. The spectra were
collected between 80 and 4000 cm™ " and a resolution of 4 cm ™.
Each measurement was performed with 32 scans.

UV-vis. Measurements of UV-vis spectra were performed with
a Shimadzu UV-3600i plus spectrophotometer. The spectra were
collected between 200 and 1000 nm with a resolution of 0.5 nm.
Organic phases were measured in Fisher scientific disposable
Semi-Micro cuvettes with 1 cm path length. Blanks containing
the same organic phases loaded with only nitric acid were used.

Results and discussion
Extraction

In the first step of the AmSel process, a co-extraction of Am, Cm,
and lanthanides from a highly acidic HAR solution with TODGA
takes place. In the following extraction experiment it was
examined whether UDGAs would be a suitable replacement for
TODGA in this first step. For this, extractions were performed
with 0.1 mol L™" solutions prepared with the various diglyco-
lamides in n-dodecane with 5 vol% 1-octanol, and a feed solu-
tion containing lanthanides (see Table 1) and ***Am, ***Cm,
and '*?Eu radiotracer in 3 mol L' HNO;. Distribution ratios for
Am, Cm, and Eu are shown in Fig. 4, and data for lanthanides is
shown in Fig. 5.

Very efficient extraction of Am, Cm, and Eu was observed for
all of the tested diglycolamides. Of the new diglycolamides,
nearly all showed much stronger extraction behavior compared
to TODGA. Most showed distribution ratios in excess of 1000.
Above this value, it becomes difficult to accurately measure
distribution ratios as the remaining activity in the aqueous
phase at equilibrium approaches the limit of detection. Only
PnDADGA showed distribution ratios comparable to TODGA.
While it can be concluded that all diglycolamides show suffi-
cient extraction to replace TODGA in the first step of the AmSel
process, their relative extraction strength and Am/Cm selectivity
could not be determined from the tracer experiment due to the
high extraction efficiency.

Of the lanthanides, only La, Ce, and Pr showed distribution
ratios that were sufficiently low to be measured. As Eu ratios
were too high to measure with either gamma spectrometry, or

9870 | RSC Adv, 2025, 15, 9864-9874

Paper

ICP-OES, a comparison between the two methods could not be
made. In the case of pipDdDGA, only distribution ratios for La
and Ce could be determined, while for iPDdDGA the lantha-
nides are extracted to such an extent that their remaining
concentrations in the aqueous phase at equilibrium fall below
the limit of detection (1 mg L™ "). Nevertheless, data measured
for La and Ce indicate a general trend whereby shorter alkyl
chains correspond with higher distribution ratios. The stron-
gest extraction was observed for pipDdDGA (29 carbon atoms in
alkyl chains) followed by PDADGA (30 carbons in alkyl chains).
After these, the highest distribution ratios were measured for
BDADGA and iBDADGA (containing 32 carbons in the alkyl
chains) which showed similar values to each other. This was
followed by PnDdDGA (containing 34 carbons in the alkyl
chains). This trend of higher distribution ratios for shorter alkyl
chains can generally be explained by the decrease of steric
hindrance, which makes complexation more favorable.”**
Interestingly, slightly higher distribution ratios were found for
La, Ce, and Pr extraction with PnDdDGA than for TODGA,
despite the latter having fewer carbon atoms (32 instead of 34)
in its alkyl chains. This might be related to the asymmetry of the
diglycolamide extractants. While very long chains give a similar
degree of steric hindrance (some studies showing only small
differences between octyl and decyl chains®), differences
between short alkyl chains have a much more pronounced
effect. Such effects were already observed for the type 2 UDGAs,
and have been attributed to this lowering of overall steric
hindrance.*®**** This could also explain the very strong extrac-
tion observed for the UDGAs in this study, as higher distribu-
tion ratios were obtained than would be expected based on
solely the number of carbon atoms in the alkyl chains. Whereas
N,N,N',N'-tetrahexyldiglycolamide (with only 24 carbon atoms)
gives distribution ratios similar to TODGA, the UDGAs con-
taining 32 carbon atoms give exponentially higher distribution
ratios.*” This highlights one of the benefits of unsymmetrical
diglycolamides, the steric hindrance of the extractants can be
significantly decreased, resulting in a stronger extractant, while
retaining a good solubility of the extractants in the organic
phase.

The effect of branching is not clear from the data. In the case
of BDADGA and iBDdDGA, branching does not affect the
distribution ratios to a significant extent. However, in the case
of PDADGA and iPDdDGA, the distribution ratios being above
the limit of quantification for iPDdDGA suggests significantly
stronger extraction than for PDdDGA. This might be a result of
the position of the branching: in the case of iBDdDGA the
branching is on the B-carbon whereas for iPDADGA the
branching is on the a-carbon. The proximity of the branching to
the diglycolamide core, and the length of the branching alkyl
chains have previously been found to be of importance.”®**® In
the case of TEHDGA, containing ethyl branches on the  carbon,
much lower distribution ratios are observed than for the
unbranched TODGA. Such a decrease is not observed for methyl
branches on this position, as shown in this work as well as in
literature.*® For the type 2 UDGAs it was also found that a 2-
ethylhexyl chain affects the extraction strength much more
significantly than an isobutyl chain.*®* For type 2 UDGAs,
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similarly to iPDdDGA and PDdDGA in this study, higher
distribution ratios were also found for variants with branched
propyl/butyl groups than for variants bearing linear propyl/butyl
chains.***¢ This appears to be in contrast to the systematic study
of Stamberga et al. where generally higher distribution ratios
were found for extractants with the branching point further
away from the complexing core, and the highest distribution
ratios were found for linear extractants.”® A possible explanation
for these observations is that only bulky groups were tested,
with the smallest branched group being a 2-ethylhexyl. Extrac-
tants with alkyl chains of five or fewer carbons were not tested.

Stripping

The aim of this study was to find an extractant that shows better
selectivity for Am over Cm than TODGA, but does not show the
same excessive extraction strength that iPDdDGA shows, as this
can complicate the stripping step. To further assess the selec-
tivity of the new DGA extractants, stripping was performed by
contacting the organic phases, loaded with elements of interest
in the previous extraction experiment, with fresh aqueous
phases containing 10 mmol L™* of SO;-Ph-BTBP dissolved in
0.3 mol L™! of HNO;. These conditions were chosen based on
experiences with iPDdDGA.* The distribution ratios for the Am
stripping step are shown in Fig. 6A for **'Am, >**Cm, and "*’Eu
radiotracer, and Fig. 7 for the lanthanides.

During the stripping step, it was observed that for iPDdDGA
and pipDdDGA, an emulsion-like third phase had formed and
a full separation of the phases was not possible even after
centrifugation. No third phase was observed for the other
diglycolamide extractants. Typically, a third phase is observed
when the amount of formed complex exceeds the solubility in
the diluent, causing the phases to split.*” It is therefore usually
found at elevated acid and/or metal concentrations, making the
extraction stage more susceptible to the phenomenon than the
stripping stage. As the acid and metal ion concentration are
lower in the stripping step than in the extraction step, it is very
unusual to observe third-phase formation in this step. Further
investigation revealed that the addition of SO;-Ph-BTBP had no
influence on the formation of this third phase, and that the
third phase could also be observed during the extraction step if
the HNO; concentration of the feed solution was 1 mol L™* or
lower. The formation of a third phase could also be prevented by
lowering the Ln concentration to 1 mmol L, or by increasing
the 1-octanol concentration to 10 vol%. Analysis of the phases
by FTIR and ESI-MS showed that a majority of complex was
present in the emulsion, confirming that it is indeed a third
phase. A possible explanation for this behavior could be the
formation of different species at lower acid concentrations, with
a lower solubility in the organic phase causing the phases to
split. However, this could not be confirmed by speciation
techniques including ESI-MS and FTIR. Alternatively, the
increase in acidity might help solubilize the formed complexes,
so that a difference in supramolecular organization of the
organic phases at different acid concentrations is the explana-
tion for the occurrence of a third phase at lower nitric acid
concentrations. Further investigation into the supramolecular
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structure (e.g. by using small angle neutron scattering) could
provide more insight into this occurrence. For iPDdDGA and
pipDdDGA, the extractions were repeated with a feed solution
containing a lower Ln concentration of 10> mol L™ Eu as well
as *'Am, ***Cm, and '"?Eu radiotracer in order to verify
whether a third phase would appear during stripping if a lower
metal concentration is used. The organic phases were then
contacted again with a stripping solution containing 10 mmol
L' of SO;-Ph-BTBP dissolved in 0.3 mol L™* of HNO;. No third-
phase formation was observed under these conditions, the
distribution ratios for the tracers are presented in Fig. 6B.

A comparison of TODGA and the UDGAs shows that despite
the high distribution ratios observed during the extraction step,
efficient stripping of Am can still be obtained with 10 mmol L ™"
of SO;-Ph-BTBP. As both D,,,, and D¢, values were found to be
below 1, a lower concentration of BTBP and/or higher HNO;
concentration would be required to obtain selective stripping of
americium. A comparison of the distribution ratios reveals the
same general trend as was previously found during the extrac-
tion step, i.e., higher distribution ratios were found for DGAs
with shorter alkyl chains. TODGA again showed the lowest
distribution ratios of all tested DGAs, despite having fewer
carbon atoms in its alkyl chains than PnDdDGA. Distribution
ratios measured for iPDdDGA and pipDdDGA were more than
an order of magnitude higher than those observed for the other
DGAs. However, these distribution ratios cannot be directly
compared with the other tested extractants because of the lower
lanthanide concentration used for these two extractants. A
lower concentration of extractable metal ions results in a higher
free ligand concentration, which itself increases the distribu-
tion ratio.

Good separation factors between Am and the lanthanides
were observed for all of the diglycolamides. SFg,/am increases
with the distribution ratios, with TODGA showing a value of
around 300, PnDdDGA, iBDdDGA, BDdDGA, and PDdDGA
showing a value of around 400. For iPDdDGA and pipDdDGA,
with different extraction conditions, SFgy/am around 1.0 x 10°
were observed. No significant differences were observed in the
separation factors between lanthanum and americium, with all
measured values ranging between 12 and 14. This separation
was previously found to be mainly influenced by the SO;-Ph-
BTBP concentration, and can be further optimized.* All of the
new diglycolamides showed equal or better selectivity for
americium over curium than what is observed for TODGA.*®
TODGA, iBDdDGA, BDdADGA, and PDADGA showed similar
separation factors of 2.5. PnDdDGA showed a separation factor
of 2.8, and iPDdDGA and pipDdDGA both showed a separation
factor of 3.0. Again, some caution should be used when
comparing separation factors at different extraction conditions.
However, data from a previous study on iPDdDGA extraction
showed similar SFgmam values despite using higher Ln
concentrations.” The current data suggests that PnDdDGA is
the most interesting extractant for further testing, as it shows
higher selectivity for curium over americium than TODGA, but
does not share the same excessive extraction strength as
iPDADGA. Moreover, PnDdDGA did not form a third phase at
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higher metal concentrations when 5 vol% of 1-octanol was used
as a phase modifier.

Speciation

During extraction experiments, a large difference in extraction
strength was observed between the different diglycolamides. In
order to better understand which complexes are formed
between the lanthanides and the various UDGA extractants, the
organic phases were characterized by several spectroscopic
techniques. To do this, new extractions were performed in
which a feed solution with 10 mmol L™" of Nd(NO;); was dis-
solved in 3 mol L' HNO;. The same organic phases as in the
extraction experiments was used, ie., 0.1 mol L™' DGA in n-
dodecane + 5 vol% 1-octanol. The organic phases were then
studied by Fourier-transform infrared spectroscopy (FTIR),
ultraviolet-visible spectroscopy (UV-vis), and electrospray ioni-
zation mass spectrometry (ESI-MS).

FTIR. Infrared spectra of the free iPDdDGA ligand, iPDdDGA
after extraction of HNOj3, and iPDADGA after extraction of both
HNO; and Nd(m) are presented in Fig. 8. A high similarity was
observed in the infrared spectra of the various diglycolamides.
For that reason, iPDdDGA was chosen as representative for the
infrared spectra, with the remaining spectra added to the ESI
(see S3).T Wavenumbers for the C=0 and C-O-C stretches of all
the tested diglycolamides are shown in Table 2.

The most notable difference between free and complexed
ligand is found for the C=0 stretching band that is present at
1655 cm ™' for the free ligand.®**** When the solvent is con-
tacted with nitric acid, a band displacement towards lower
wavenumbers can be observed. This weakening of the C=0
bond is a result of protonation of the carbonyl oxygen at
elevated nitric acid concentration.®® When the ligand is con-
tacted with both acid and Nd(m), a new large band can be
observed at 1612 cm™!, with a smaller free C=0 band at
1654 cm™ ', This represents a red-shift of 42 cm ™, indicating
a similar coordination with the Ln(m) ion as has already been
observed for TODGA.***>** A similar shift was observed for all of
the tested diglycolamides, ranging from 41 cm ™" and 47 em ™,
which suggests that there are no significant differences in the
bond strength between the neodymium ion and the extractant
in the formed complexes. There also does not appear to be
a correlation between the observed distribution ratios and the
shift, with the largest shift found for iBDdDGA and the smallest
shift found for BDdDGA. It can also be noted that no splitting of
the carbonyl band can be observed despite the different
symmetry shown by iPDdDGA. Such a split has previously been
observed for the unsymmetrical DMDODGA extractant and was
explained by the difference in inductive effects from the
different chemical environment near the two carbonyl groups.**
This could also explain why such a split was only seen for type 1
UDGAs and not for type 2 UDGAs, even when the same
substituents are used.

Apart from the carbonyl stretching band, a number of other
bands can be recognized. 1466 cm™ ' and 1377 cm ™' represent
C-H and C-N stretching bands. Around 1300 cm ™' a broad
band can be observed after extraction of acid that corresponds
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with N-O vibrations of nitrates from HNO; and Nd(NOj)s.
Similarly, a peak observed at 1045 cm ™" also represents the N-O
vibrations of HNO;.**%> The band observed at 1120 cm '
corresponds with the ether C-O-C vibration, and a second peak
can be observed to grow in at 1136 cm ™' when both HNO; and
Nd (i) is extracted with iPDdDGA. When only HNO; is extracted,
a single band is observed at 1136 cm ', indicating this shift
might represent interaction between HNO; and the ether
oxygen. This shift is also observed for pipDdDGA, but not for
TODGA or the other tested diglycolamides. It is worth noting
that iPDdDGA and pipDdDGA were the only diglycolamides for
which a third phase was observed during the stripping step and
showed the strongest extraction of all tested diglycolamides.

UV-vis. UV-vis spectroscopy was used to compare the direct
environment of the Nd** ion after extraction with the various
diglycolamides. Neodymium shows a hypersensitive transition
around 577 nm (*Ioj, = *Gs, + 2G5 that is sensitive to changes
in the first coordination sphere and has been used to identify
changes in coordination.**** This hypersensitive band is
shown in Fig. 9, with the full UV-vis spectrum added in the ESI
(see Fig. S201). Zooming in on the hypersensitive transition
band reveals triplet structures for all of the UDGA-Nd
complexes, with the three peaks observed at 575, 582, and
587 nm. In a previous study of TODGA-Nd complexes, such
a triplet structure was associated with a 1:3 M: L stoichiom-
etry.*® Our results for TODGA-Nd complexes corroborate these
results and indicate the same ML; complex structure. The
spectra for the different UDGA-Nd complexes show a great
degree of similarity and no significant differences can be
observed for either the hypersensitive band measured around
582 nm, nor the non-hypersensitive transition band measured
at 736 nm (*Io;, = *Fy, + >S3),), which was previously also found
to be influenced by complexation with metal ions.** This further
indicates that the unsymmetrical diglycolamides form the same
ML; complexes as the symmetrical TODGA.

ESI-MS. The ESI-MS spectrum for the organic phases after
extraction of Nd(ur) with iPDdDGA is shown in Fig. 10. The
spectra for TODGA and the other UDGAs were added to the ESI
(see S4).1 The ions detected for the different DGA extractants are
compared directly in Table 3. The spectrum obtained for
TODGA (see Fig. S227) can be directly compared with literature,
and shows many of the ions that were already found previ-
ously.* Similarly to previous studies, Na* and Ca®" adducts can
be observed with the extractants, which is a common artefact of
the technique.®® Comparing the different diglycolamide extrac-
tants with each other shows again a great similarity in the
spectra, with mostly the same species observed throughout the
series. The L,Nd*" ion is an exception, detected only for TODGA
and PnDdDGA, albeit in low abundance. This suggests that
there is no important difference in the extraction mechanism of
the unsymmetrical diglycolamides as compared to the
symmetrical diglycolamide TODGA. All Nd(m) ions contain at
least three ligands. Three types of ions were observed: ions
containing no nitrate and 3-4 DGA molecules (L,Nd**), ions
containing one nitrate and 2-4 DGA molecules (L,Nd(NO;)*"),
and ions containing two nitrates and 1-2 DGA molecules (L,
Nd(NO3),"). The strongest intensities were found for the L;Nd**
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ions, followed by L;Nd(NO;)**, with other ions only observed at
lower intensities. Fragmentation of complexes containing more
than three ligands shows successive loss of DGA ligand until
only three ligands remain (ie.,, in the form of L;Nd*',
L,Nd(NO;)**, or LNd(NO;),"). This behavior was already
observed for TODGA complexes, and indicates that the Nd** ion
keeps three ligands in its inner coordination sphere, and that
further ligands are kept in the second coordination sphere
through weak interactions.*®

Conclusion

A systematic study is presented on the influence of the alkyl
chain length on the extraction properties of unsymmetrical
diglycolamide extractants. Six UDGAs and TODGA were
compared in both extraction and stripping tests, as well as in
speciation experiments. The results show a significant increase
in extraction efficiency for most UDGAs compared to TODGA.
This shows that DGA extractants with different alkyl chains,
where one side is shortened and the other lengthened, allow for
an optimization of the steric hindrance, which determines
extraction strength, while retaining good solubility in organic
diluents. Furthermore, PnDdDGA, iPDdDGA, and pipDdDGA
showed slightly higher curium/americium separation factors
than TODGA when combined with SO;-Ph-BTBP. Despite
iPDADGA and pipDdDGA showing very large distribution ratios
during the loading step, a third-phase was formed during the
stripping step, making PnDdDGA the most promising extrac-
tant for further development. Analysis of the formed complexes
with FTIR, ESI-MS, and UV-vis spectrometry did not show any
significant differences in the complexes formed in the organic
phase with the various diglycolamide extractants, implying that
the extraction equilibrium is similar, regardless of the differ-
ence in alkyl chains. As no differences could be observed in the
extraction mechanism, the higher extraction efficiency might be
explained by the supramolecular organization of the extrac-
tants. The formation of a third phase for iPDdDGA and
pipDdDGA during the stripping step, rather than during the
loading step where a higher acid concentration is used, is not
yet understood.
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