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Recycling minor actinides (Am, Cm and Np) from spent nuclear fuel is considered by a few countries as an
important option for a future sustainable nuclear fuel cycle. For this purpose, solvent extraction processes
are developed to separate minor actinides, especially from lanthanides and other fission products. The
development of fast and powerful analytical methods is essential to acquire the data needed to model
these processes and to improve their performances. For this purpose, this study presents the
development, validation and application of a new analytical approach based on the simultaneous
coupling of hydrophilic interaction chromatography (HILIC) to electrospray ionization mass spectrometry
(ESIMS) and inductively coupled plasma mass spectrometry (ICPMS), using specific isotope dilution (SID)
as a method of quantification for the determination of the affinity and selectivity of chelating molecules
(TPAEN, NM and DTPA) towards lanthanides (Ln). The best separation conditions of ™Nd and "*'Sm
complexes formed with the three molecules were defined. Then, downscaling the separation was
investigated, to reduce effluent volumes, the consumption of materials and the time devoted to
experiments which are of concern in the nuclear field. The separation was carried out using an amide
grafted stationary phase column in isocratic and gradient elution modes depending on the separation
format. The separated complexes were online identified and the quantitative distribution of the Ln
among the complexes was simultaneously determined owing to our quantification strategy. The results
obtained were similar for the three separation formats, allowing us to validate the robustness of the
method. By applying this method, the affinity of TPAEN, NM and DTPA present in competition for the

complexation reaction with "*Nd and "™'Sm was further determined in a single step, allowing a quick
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of Am and Cm in order to partially or totally recycle them is
considered a promising strategy by a few countries.”> Hence,

1. Introduction

In the energy sector, recycling recoverable materials is a societal
and economic challenge. Concerning the nuclear fuel cycle, the
minor actinides (An) such as americium (Am) and curium (Cm),
although representing only 1% by weight of spent nuclear fuel
from current light water reactors," are responsible for much of
the radiotoxicity and long-term heat load of the final high level
waste. That is why following the extraction of uranium (U) and
plutonium (Pu) from spent fuel solutions, the selective recovery
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several studies are focused on the development of specific
molecules to set up dedicated treatment processes, especially
for the partitioning of Am.>*

The treatment processes developed to ensure the selective
recovery of the target radionuclides are mainly based on liquid-
liquid extraction. A key step is the design of the extraction/back-
extraction molecules that must exhibit high selectivity and
affinity towards the elements of interest, requiring the synthesis
and the screening of numerous molecules. Two of the major
criteria for selecting the candidate molecules are (i) the affinity
for the targeted element(s); (ii) the selectivity versus impurities
or secondary elements to be able to perform separation of intra-
group or inter-group elements.

This journal is © The Royal Society of Chemistry 2023
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In general, the affinity and the selectivity of the molecules
are evaluated by combining information obtained from
conventional methods such as liquid-liquid extraction, giving
distribution coefficients and from solution chemistry tech-
niques, through the thermodynamic and structural character-
isation of the complexes formed with the molecules, by time-
resolved laser fluorescence spectroscopy (TRLFS), fluorescence
spectroscopy, microcalorimetry, potentiometry, infrared and
UV-visible spectroscopy, nuclear magnetic resonance (NMR),
extended X-ray absorption fine structure spectroscopy (EXAFS)
or electrospray ionization mass spectrometry (ESI-MS) using
direct introduction of samples.*™* In addition, these experi-
ments are carried out in sequential mode and are often devoted
to the characterisation of each complex independently, leading
to significant consumption of materials and time, and pre-
venting to assess affinity/selectivity properties when the mole-
cules are in competing complexation reactions towards several
elements.

The development of analytical methods allowing the quick
determination of the selectivity and the affinity of molecules
towards the targeted elements, while reducing the consumption
of materials, effluent volumes and the time devoted to the
screening experiments, is of great concern for an accelerated
and rational research of efficient molecules. To meet this goal,
the strategy of this work was based on the simultaneous
coupling of hydrophilic liquid chromatography (HILIC) to
electrospray ionization mass spectrometry (ESIMS) and induc-
tively coupled plasma mass spectrometry (ICPMS) previously set
up in the laboratory.” This powerful approach allows, online
and simultaneously, the structural, multi-elemental and
isotopic characterization of chemical species coming from the
chromatographic separation. Hence, the quantitative distribu-
tion of the elements among the complexes formed with the
different chelating molecules (CMs) in a sample can be deter-
mined, allowing the selectivity and the affinity of the molecules
for the elements to be reached, in a single analysis. This
approach has been undertaken to determine the selectivity and
affinity of two hydrophilic CMs towards natural samarium
("*Sm) and natural neodymium ("**Nd), compared to those of
commercial diethylene triamine pentaacetic acid (DTPA) as
a reference molecule (Fig. 1). One of the molecules, investigated
as potential selective back-extraction reagents of actinides
especially for Am/Cm partitioning, contains a diamine bridge
and four picolinic acid arms: N,N,N'N-tetrakis[(6-
carboxypyridin-2-yl)methyl]ethylenediamine (TPAEN)"“** and
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the second new one is a nitrogenous macrocycle (NM) (Fig. 1).
Sm and Nd were chosen as analogues of Am and Cm to develop
the method in a conventional laboratory, because of their
similar physicochemical properties'®™® such as similar ionic
radius, hard acid character according to the Pearson theory,'®
same +III oxidation state in solution and high coordination
numbers.

In the first step, the best HILIC separation conditions of the
"2Sm and "**Nd complexes formed with the three molecules
were defined. To our knowledge, only HILIC separations of
gadolinium complexes containing contrast agents based on
linear/cyclic polyaminocarboxylic acid derivatives are reported
in the literature**° and our group has also developed the
separation of Ln complexes formed with DTPA and EDTA
ligands.'**' However, the separation mechanism of HILIC mode
is known to be very complex,** which required developments in
order to separate these new sets of complexes. To this end,
several stationary phases functionalized with different polar
groups were tested in the conventional chromatographic format
as well as several mobile phase compositions. An important
part of this work was further dedicated to the reduction of the
scale of separation to the capillary and to the nano-flow formats
while maintaining the performance of the analytical method.
The aim was to reduce the consumption of the quantity of
materials and molecules used since their synthesis is delicate,
a limiting aspect leading to the availability of very few amounts
of TPAEN and NM to develop our method. Another aim was to
decrease the volume of effluents generated during the analysis,
which is of great concern in the nuclear domain.

Then, a method of quantification by specific isotope dilution
(SID) was developed and validated, to quantify online and
precisely the distribution of "'Sm and "**Nd among the sepa-
rated complexes simultaneously identified by ESIMS. Compared
to external calibration, the SID quantification method allows
the reduction of the material consumption and analysis time
and makes the results more precise because the errors resulting
from the analytical procedure can be corrected mathematically
and quantitatively.®® Briefly, SID is based on the measurement
of isotope ratios in a sample whose analyte isotopic composi-
tion is altered by the addition of a known amount of an isoto-
pically modified analyte (spike).** The advantage of SID is that
once the isotopic equilibrium between the sample and the
spike(s) is achieved, the physical effects induced by the matrix,
potential species loss (e.g., incomplete extraction) or trans-
formation (e.g. oxidation and/or reduction) during the
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Fig. 1 Chemical structures of DTPA (a), TPAEN (b) and NM (c).
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analytical process does not influence the method accuracy,
owing to the measurement of isotopic ratios rather than the
absolute or relative signals as for conventional analytical
methods.* In the nuclear domain, the quantification of Ln and/
or An has been widely developed using non-specific isotopic
dilution, to measure elemental concentrations with low
uncertainties.*** To our knowledge, the separation, online
identification and quantification of Ln complexes by HILIC-
ESIMS-SID-ICPMS has never been reported in the literature.

By applying this approach, the affinity of the three chelating
molecules for "'Sm and "**Nd could be determined online and in
a single analysis. For this, several stoichiometric ratios of TPAEN,
NM and DTPA were added in competition for the complexation
reaction of "Sm and "Nd in the samples, leading to the
formation of the complexes in different proportions according to
the selectivity and affinity of the molecules towards the Ln. The
benefits provided by our approach compared to studies reported
in the literature have been highlighted.

2. Experimental section

2.1. Chemicals and reagents

All the aqueous solutions and mobile phases were prepared
with ultrapure water (18.2 MQ c¢cm, Merck Millipore, Guyancourt
- France). Acetonitrile (ACN, CH;CN, LC-MS grade), formic acid
(Normapur grade) and ammonia solution 22% (v/v) were
purchased from VWR Prolabo (Briare-le-Canal, France).
Ammonium acetate (NH,CH3;CO,) was supplied by Sigma
Aldrich (Saint Quentin Fallavier, France).

Standard solutions (1000 mg L™ in HNO; 2% w/w) of "*'Sm
and "Nd were provided by SCP SciencePlasmaCal (Courta-
boeuf, France) and standard solutions of bismuth (*°°Bi) and
indium (**°In) were from the Spex Certiprep Group (Long-
jumeau, France). Nitric acid (67-69% w/w, NORMATOM®,
VWR, Fontenay-sous-Bois, France) was used to prepare HNO;
2% w/w in ultrapure water. The isotopically enriched oxide
powders '*’Sm,0; and *°Nd,0; were from Euriso-top (Saint-
Aubin CEDEX, France) with the isotope abundance of respec-
tively 94.0% and 87.1% as provided by the manufacturer's
certificate, but without uncertainties. The standard reference
materials, Sm - 3147a and Nd - 3135a (NIST, Gaithersburg, US),
both at 8.52 + 0.02 mg g~ in HNO; 10% w/w, were used for the
quantification of the spike solutions by thermal ionization mass
spectrometry (TIMS).

Diethylene triamine pentaacetic acid (DTPA, C;,H,3010N3,
purity = 98%) was provided by Sigma Aldrich (Saint Quentin
Fallavier, France), N,N,N'N-tetrakis[(6-carboxypyridin-2-yl)
methyl]ethylenediamine (TPAEN)'> and the nitrogenous
macrocycle (NM) were synthesized, characterized and supplied
by the LCIS team (Université de Montpellier, DES/ISEC/DMRC,
CEA Marcoule, France).

2.2. Preparation of stock, intermediate, contact and control
solutions, samples and controls

2.2.1. Stock solutions of chelating molecules, natural
lanthanides and spikes. Stock solutions of the chelating
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molecules were prepared by dissolving the appropriate amount
of powder in ultrapure water to obtain 3.0 x 10~ mol L™" for
TPAEN, NM and DTPA.

The commercial standard solutions of "*'Sm and "*"Nd were
diluted in HNOj3; 2% w/w to obtain individual stock solutions at
5.0 x 10 > mol L™

The stock solutions of the spikes isotopically enriched in
479m and '°Nd (*P*°Ln) were prepared by dissolving the
appropriate amount of the corresponding enriched Ln,O; oxide
powders (**’Sm,0; and '**Nd,0;) in HNO; 2% w/w to obtain
a concentration of each isotope of 5.1 x 10> mol L™,

2.2.2. Intermediate solutions. One intermediate solution
containing "**Sm and "**Nd was prepared weekly by diluting the
corresponding stock solutions in ultrapure water to obtain
a concentration of 5.0 x 10~ * mol L™! for each Ln, which was
measured offline by ICP-MS.

2.2.3. Contact solutions. The contact solutions were
prepared in polypropylene tubes as follows:

f nat, nat-

naty 5y + sPike] 5y + YTPAEN + yNM + zDTPA

where 100 pL (for conventional separation format) or 50 pL (for
capillary and nano-flow separation formats) of the "*'Sm and
"2'Nd intermediate solution were added to the required volume
of 7sm and '*°Nd spike solutions to reach '*’Sm/"*’Sm and
3Nd/"*’Nd ratios equal to 1, by considering the most abundant
natural isotopes "?Sm and '*’Nd. The equilibration between
"M ("Sm + "Nd) and P*°Ln (**’Sm + '*°Nd) solutions is
a critical step in the SID technique to carry out accurate quan-
titative measurements.*® In order to ensure the equilibration,
the blends containing all the lanthanides (Lny = "*Ln + *P*°Ln)
were stirred manually for 5 minutes. Adequate volume of the
stock solutions of each chelating molecule was added after-
wards to obtain different stoichiometric ratios of the three CMs
(x:y:2) compared to those of the Lny which was fixed, as re-
ported in Table 1. The pH of each contact solution was adjusted
to 1 by adding around 1 pL of ammonia solution (22% v/v).

2.2.4. Control solutions. Three control solutions were
prepared as previously but only one of each CM was added to
ensure the complexation of all the lanthanides (Lny), according
to ™ Ln + P*°Ln + 4CM, with the CM being TPAEN or NM or
DTPA. Hence, the CM stoichiometric ratio was equimolar
compared to this of Lny, being the sum of one equivalent of
each natural and spike Ln, as can be seen in Table 1. These
control solutions were required to control and calculate the
chromatographic recovery of the Ln after each separation run of
the samples containing the three CMs in different proportions
and also to validate the SID method.

2.2.5. Samples and controls. The following day, the contact
and control solutions were diluted by a factor of 22 in the
mobile phase to obtain samples and controls with concentra-
tions of "™'Sm and "*'Nd consistent with the separation format
(Table 1).

Samples 1, 2, 3 and 4 contained different CM stoichiometric
ratios compared to this of Lny, being one equivalent of each
natural and enriched Ln, according to Lny:xTPAEN:yNM:
ZzDTPA. The composition of each sample was 4:2.5:1.4:0.1

This journal is © The Royal Society of Chemistry 2023
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Table1 Composition of the controls and samples according to the format of the separation, with x : y : z being the stoichiometric ratios of the
chelating molecules compared to this of the Lnt. The experimental concentrations obtained from the weight of the Ln and the CM solutions are

given in brackets (mol L™

Format Lng* xTPAEN YNM ZDTPA

Conventional Control 1 4(1.1 x 10> mol L) 4 (1.7 x 10 mol L") 0 0
Control 2 4(1.2 x 10 > mol L) 0 4(1.8 x 10 > mol L) 0
Control 3 4(1.1 x 10> mol L) 0 0 4(1.7 x 10> mol L)
Sample 1 4(1.1 x 10> mol L") 2.5(3.0 x 10> mol L) 1.4 (6.1 x 10 *mol L™ 0.1 (4.5 x 107" mol L™
Sample 2 4(1.2 x 10 °mol L) 1.4 (6.5 x 10 ®*mol L") 2.5 (1.1 x 10 > mol L) 0.1 (4.6 x 107" mol L)
Sample 3 4(1.0 x 10 > mol L) 1.8 (7.4 x 10 ®*mol L) 1.8 (7.6 x 10 ®*mol L) 0.4 (1.3 x 10 *mol L)
Sample 4 — — — —

Capillary Control 1 4(22x10 °mol L) 4(3.6 x 10 *mol L) 0 0
Control 2 4(2.3 x 10 °mol L") 0 4(3.6 x 10 *mol L) 0
Control 3 4(22 %10 °mol L) 0 0 4(3.5%x 10 °mol L)
Sample 1 4(3.1 x 10" °mol L) 2.5 (1.6 x 107> mol L) 1.4 (1.8 x 10" ° mol L) 0.1 (1.4 x 1077 mol L)
Sample 2 4(3.6 x 10 °*mol L) 1.4 (2.0 x 10°°mol L") 2.5 (3.6 x 10" ®mol L) 0.1 (1.4 x 107" mol L)
Sample 3 4(2.9 x 10 °mol L) 1.8 (2.0 x 10 °mol L") 1.8 (2.0 x 10 °*mol L) 0.4 (4.5 x 107" mol L)
Sample 4 4(2.6 x 10 *mol L) 1.3 (1.3 x 10 ®mol L) 1.3 (1.2 x 10 ® mol L) 1.3 (1.3 x 10 ®mol L)

Nano Control 1 4(5.8 x 10°°mol L) 4(9.4 x 10 mol L) 0 0
Control 2 4(57 x 10 *mol L") 0 4(9.1 x 10 °*mol L) 0
Control 3 4(59 x 10 °mol L") 0 0 4(9.3 x 10 °mol L)
Sample 1 4(6.0 x 10 *mol L) 2.5 (5.7 x 10 ®mol L") 1.4 (3.5 x 10 ®*mol L) 0.1(2.6 x 10" mol L)
Sample 2 4(6.0 x 10 °mol L) 1.4 (3.0 x 10 ° mol L") 2.5 (6.0 x 10 ®*mol L) 0.1 (2.1 x 107" mol L)
Sample 3 4(59 x 10 °*mol L) 1.8 (4.1 x 10" ®mol L) 1.8 (4.0 x 10" ® mol L) 0.4 (9.1 x 107" mol L)
Sample 4 4(6.1 x 10 *mol L) 1.3 (3.1 x 10 ®*mol L) 1.3 (3.0 x 10 *mol L) 1.3 (3.1 x 10 °mol L)

@ Lnp = "n + sPikepp,

(sample 1), 4:1.4:2.5:0.1 (sample 2), 4:1.8:1.8:0.4 (sample
3)and 4:1.3:1.3:1.3 (sample 4). Controls 1, 2 and 3 contained
one of each CM in equimolar stoichiometric ratios with respect
to this of Lny. The composition of each control was Lnm:4TPAEN
(control 1), Ln:4NM (control 2), Ln:4DTPA (control 3), with
Loy = 1™%Sm + 1%*Nd + 1°P*°sm + 1°P**Nd. The samples and
controls were prepared and injected in duplicate in the column
after 1 hour. The stock, intermediate and contact solutions were
stored in a refrigerator at 4-5 °C for a maximum of one month.

Additional five contact solutions containing equimolar ratios
of the CM regarding this of the Lnr, 4:1.33:1.33:1.33 (sample
4) were prepared and the pH was adjusted between 1 and 10
(1.36, 2.85, 5.31, 6.93 and 9.56) with ammonia solution 22% (v/
v). The solutions were left overnight and diluted into the
working mobile phase the next day to obtain the corresponding
samples.

2.3. Instrumentation

The chromatographic separations in conventional format were
carried out using an ultimate 3000 UHPLC" system (Dionex/
Thermofisher Scientific, Courtaboeuf, France), consisting of
a degasser, a dual RS pump, an RS autosampler, a column
compartment and an RS diode array detector. The ultimate 3000
RSLCnano System (Thermofisher Scientific, Courtaboeuf,
France) was composed of a pump module equipped with pro-
flow and capillary flowmeters.

A triple quadrupole TSQ Quantum Ultra™ mass spectrom-
eter (Thermo Fisher Scientific, San Diego CA, USA) equipped
with an H-ESI IT ionisation probe was used for the simultaneous
coupling to the separations in conventional and capillary

This journal is © The Royal Society of Chemistry 2023

formats. Mass spectra were registered in full scan mode (m/z
300-800) and in selected ion monitoring mode (SIM) by
considering the most abundant m/z ratio of the isotopic pattern
associated with the Ln-complexes, namely m/z = 743 for the Ln-
TPAEN complexes, m/z = 702 for the Ln-NM complexes and m/z
= 537 for the Ln-DTPA complexes, with Ln being natural and
spike Sm and Nd (spectral width m/z + 12). The data were
processed with Xcalibur software.

The ICPMS instrument used for the simultaneous coupling
of the separations carried out in conventional format was an
XSeriesII (Thermo Electron SAS, Courtaboeuf, France) equipped
with platinum skimmer and sampler cones, a MicroMist
nebulizer operating at 400 pl min~' (Thermo Scientific
BRE0009386) and a quartz cyclonic spray chamber (Thermo
Scientific 1317080) thermostated at 3 °C. The data were pro-
cessed with PlasmaLab software.

An 8800 Triple Quadrupole ICPMS (Agilent, Courtaboeuf,
France) was also used for the coupling experiments associated
with the chromatographic downscaling, owing to its better
sensitivity when working at micro flow rates. A total consump-
tion micro nebulizer operating 10 uL min~" (Agilent G3280-
80602) equipped with a single pass spray chamber (Agilent
G3280-80603 in quartz material) was used for the coupling
experiments in capillary and nano-flow rate formats. The data
were processed with Mass Hunter software.

In order to prevent any carbon deposition on the cones due
to the use of acetonitrile, oxygen was injected at 8 mL min~" in
the plasma after the spray chamber when using the ICPMS
XSeriesII'**' and O,/Ar mix at 0.5 L min~" of for the ICPMS 8800

TQ.

J. Anal. At. Spectrom., 2023, 38, 2674-2690 | 2677
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Table 2 Operating ESI-QqQ-MS and ICPMS parameters according to the separation format. The ESI mass spectrometer was used with the
ICPMS XSeriesll for coupling in conventional and capillary formats and only ICPMS 8800TQ was coupled for nano-flow format

ESIMS TSQ
Quantum Ultra

ICPMS XSeriesII ICPMS 8800 TQ

1 1

Spray voltage —-3.7kv Plasma gas flow rate 14 L min~ 15 L min~
Capillary transfer 250 °C Auxiliary gas flow rate 0.9 L min* 0.9 L min™"
temperature
Vaporisation temperature 150 °C Nebuliser gas flow rate 0.8 L min~* 0.7 L min™*
Sheath gas pressure 15 a.u Dilution gas flow rate 8 mL min~" (O,) 0.5 L min~" (O,/Ar 20%/80%)
Auxiliary gas pressure 35a.u Nebulizer liquid flow rate 130 uL min " 0.3 uL min "
Scan width 20 (m/z) Tip material Platinum Platinum
Scan time 0.7 s Sampler cone diameter (Pt) 1.0 mm 1.2 mm
FWHM 0.5 Plasma power 1550 W 1550 W
Dwell time 30 ms 10 ms

Monitored isotopes

% Used as internal standards.

The operating ESI-QqQ-MS, ICP-MS XseriesIl and 8800 TQ
parameters are summarized in Table 2.

2.4. Chromatographic conditions

The separation of the Ln complexes was developed in the
conventional format and further transposed to the capillary
flow format, before reaching the nano-flow format. The physi-
cochemical properties and the dimensions of the columns used
in the different formats are summarized in Table 3.

The chromatographic parameters: retention factor (i),
selectivity and resolution factors (¢ and R,) were calculated to
evaluate the performance of the different columns.**

The retention factor (k') was calculated according to eqn (1):

(1R — o)
)

K = (1)
where t; is the retention time (min) of each complex deter-
mined by HILIC-ESIMS and ¢, is the void time of the toluene as
an unretained marker (10~ * mol L™, Vjy; = 1 pL), determined by
HILIC-UV/VIS at 254 nm.

The selectivity factor (o) was calculated based on eqn (2) and
the resolution factor (R,) based on eqn (3):

ks
= 2
@= ©)
IRp — 1
R =118x — 2 Rl 3)
Wo.5sh1 — Wo.5h2

Analyte 2 was more retained than analyte 1 and w5, corre-
sponds to full-width at half-maximum of each peak.

The chromatographic conditions for each separation format
are presented in Table 4.

2.5. Simultaneous coupling of HILIC to ESIMS and ICPMS

The instrumental configuration of the simultaneous coupling of
HILIC in conventional separation format to ESIMS and the

2678 | J Anal At. Spectrom., 2023, 38, 2674-2690
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ICPMS XSerieslII was previously developed in the laboratory.™
By applying this setup, the outflow from the column was split to
enter the ESIMS with a flow rate of 295 L min ™" (98.3%) and 5
uL min~" for the flow entering the ICPMS (1.7%). A make-up
made of 2% HNO; w/w and containing 10 ppb of **’Bi as
internal standard was added to the flow entering the ICPMS,
with a flow rate of 140 pL min~". More details regarding the
instrumental conditions are provided in ref. 13.

For the simultaneous coupling involving the separation
downscaling, the outflow from the capillary column was split to
simultaneously enter the ESIMS with a flow rate of 4.70
UL min~ " (94%) and the ICPMS with a flow rate of 0.30 uL min~"
(6%). In the case of nano-flow format experiments, the capillary
was only coupled to ICPMS with a flow rate of 0.30 uL min ™.

The torch position, the nebulizer and auxiliary gas as well as
the optical lens system were optimized daily using a mixed
solution of "*Sm-"*"Nd-DTPA. **°Bi solution at 10 ppb in 2%
HNO; w/w was used as an internal standard for the conven-
tional separation format and '*’In at 50 ppb was the internal
standard added in the mobile phase of the capillary and nano-
flow separations, to monitor the signal stability before and
during the analyses.

2.6. Development of the quantification method by specific
isotope dilution (SID)

A dedicated quantification method using SID was developed
and validated based on the mathematical model provided in the
literature,*” to quantify precisely and online the distribution of
"Sm and "Nd among the complexes coming from the
separations.

In the first step, the concentration of "*>Nd and **’Sm in the
stock solutions of the spikes was determined based on thermal
ionization mass spectrometry (TIMS), which was used to
measure isotopic ratios of mixed solutions made of the spikes
and standard reference material of "'Sm and "*'Nd. The precise
concentration of '*°Nd and '*’Sm was further quantified, by
applying the methods developed by the CEA-LANIE.**** The

This journal is © The Royal Society of Chemistry 2023
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Table 3 Physico-chemical properties and dimensions of the columns tested. The columns with the best performance in conventional, capillary
and nano-flow formats are shown in bold®

Dimension (mm); particle Stationary phase
Name (manufacturer) size (um); pore size (A) Material support functionalization Functional group
ACQUITY BEH Amide (Waters) 150 x 2.1; 1.7; 130 BEH silica Amide Q;‘.’;‘_@.f
InertSustain Amide (GLSiences) 150 x 0.3; 3.0; 100 Ultra-pure silica Amide ¢ .
InertSustain Amide (GLSiences) 150 x 0.075; 3; 100 Ultra-pure silica Amide 1 0
Accucore Amide (Thermofisher) 100 x 2.1; 2.6; 150 Ultra-pure silica Amide 9 RSN,
TSKgel Amide-80 (Tosoh) 150 x 2.1; 3.0; 80 Silica Amide b i
W, ns,
BioZen Glycan (Phenomenex) 150 x 2.1; 2.6; 100 n.a Amide polyol me S me
. . O 1 1 3 . o4 "

Triart Diol HILIC (YMC) 150 x 2.1; 1.9; 120 rganic/inorganic Diol . 5

hybrid silica o Jalnl »
Luna HILIC (Phenomenex) 100 x 2.1; 3.0; 200 Silica Diol —
Inertsil HILIC (GL Science) 100 x 2.1; 3.0; 100 Ultra-pure silica Diol Qo0 L
Inertsil Diol (GL Science) 150 x 2.1; 3.0; 100 Ultra-pure silica Diol e
Acclaim HILIC-10 (Thermofisher) 150 x 2.1; 3.0; 120 Ultra-pure silica Proprietary group Proprietary
Acclaim WCX-1 (Thermofisher) 150 x 2.1; 5.0; 120 Ultra-pure silica Mixed mode —
Acclaim Trinity P1 (Thermofisher) 150 x 2.1; 3.0; 300 Hybrid silica Mixed mode —
Hypersil Gold HILIC (Thermofisher) 100 x 2.1; 1.9; 175 Ultra-pure silica Polyethylenimine —
Hypersil Gold silica (Thermofisher) 100 x 2.1; 1.9; 175 Highly pure Silica —

deactivated silica
Pack Sil (YMC) 100 x 2.1; 3.0; 120 Ultra-pure silica Silica —
Triart Sil (YMC) 100 x 2.1; 3.0; 120 Organic/inorganic Silica —

hybrid silica
Luna silica (Phenomenex) 100 x 2.1; 3.0; 100 Ultra-high purity silica  Silica Si—0-si—OH
ACQUITY BEH HILIC (Waters) 150 x 2.1; 1.7; 150 BEH silica Silica —

Syncronis HILIC (Thermofisher)

ZIC-HILIC (Merck)

150 x 2.1; 5.0; 100

150 x 2.1; 3.5; 100

“ BEH - bridged ethylene hybrid; n.a — not available.

measured concentrations of ***Nd and **’Sm were 1067.01 pg
g7 ' 4+0.94 and 984.22 pg g~ ' + 0.41 respectively and were taken

into account for the SID calculations.
The samples were spiked with known amounts of **>Nd and

'7Sm to achieve "*Nd/**’Nd and *’Sm/"*’Sm isotope ratios

Ultra-pure silica

Polymeric

Table 4 Best HILIC separation conditions for the three separation formats

145 _
MSP =

Zwitterionic (sulfobetaine)

Zwitterionic (sulfobetaine)

(N

equal to one in the blend samples. For this purpose, the mass of
each spike stock solution to add to the sample was calculated
based on eqn (4) (example provided here for

(Nd142 X m )/ F145/I42

145

Nd spike solely).

145
Cs

(4)

Separation format

Conventional

Capillary

Nano

Mobile phase

Elution mode

Injection volume
Flow rate

Sampler temperature
Column temperature
Separation time

74/26 (v/v) ACN/H,0 + 0.5%
v/v formic acid + 15 mmol
L' NH,CH;CO,

Isocratic

3 uL

300 uL min—
22 +1°C
40 =1 °C
20 min

1

Isocratic

1 pL

5 puL min~

22 +1°C

20 min

This journal is © The Royal Society of Chemistry 2023

74/26 (v/v) ACN/H,0 + 0.5%
v/v formic acid + 10 mmol
L' NH,CH;CO,

1

Solvent A: 60/40 (v/v) ACN/

0-0.5 min: 75% B
0.5-3.0 min: 70% B
3.0-6.5 min: 55% B
6.5-25.0 min: 45% B

0.050 pL
0.3 pL min~

22 +1°C

25 min

1

Solvent B: 90/10 (v/v) ACN/
H,O+ 0.5% v/v formic acid + H,O0 + 0.5% v/v formic acid +
7.5 mmol L™' NH,CH;CO,
Gradient

7.5 mmol L™ NH,CH,CO,
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where M§**, mass of **°Nd spike solution added into the sample
(g); Nd'*?, expected concentration of ***Nd in the sample (ug
kg™); m,, sample mass (g); F***/**?) ratio of the abundance of
4°Nd in the spike solution and the natural abundance of ***Nd;
Cs®, concentration of the '*°Nd in the spike solution (ug
kg™™).

The natural abundances of the considered **>Sm and '**Nd
isotopes were 26.749 and 27.152% as reported by the Internal
Union of Pure and Applied Chemistry.*® The abundances of
15Nd and **”Sm in the spike solutions were 87.1% and 94.0% as
provided by the manufacturer's certificate.

The "**Sm and "*'Nd contained in the separated complexes
were further online quantified based on the elution profiles
registered by ICPMS, by monitoring the signal of Sm and Nd
isotopes needed for this study as given in Table 2. The inte-
gration of the total area of the chromatographic peaks corre-
sponding to the Ln complexes formed with the three chelating
molecules in different proportions, combined with the appli-
cation of SID allowed determination of the quantitative distri-
bution of "'Sm and "*Nd among the different complexes.

The measured ***Nd/***Nd and **’Sm/*>*Sm natural isotopic
ratios were corrected with the mass bias factor (k), determined
daily before each analytical procedure, using eqn (5).

k= RJ/R, (5)

where R, and R, are the reference isotopic ratios provided by
IUPAC and the measured isotopic ratios for a given pair of
isotopes.

The concentration of "*Nd and "*'Sm in each separated
complex was calculated based on eqn (6).

a
Aaspike - Rm (B) X Abspike

a
Rm (B) X Abnat - Aanat

Cnat m spike

= Cspike X X MMnaI
Mpat

(6)

where C"*, concentration of "*Nd or "Sm (ug g™ '); Cspikes
concentration of "*°Nd or "*’Sm in the spike solution (ug g™ );
Mgpike, Mass of the "*>Nd or *”Sm in the spike solution (g); Mnat
mass of "*Nd or "Sm in the sample (g); Aaspire, isotopic
abundance (%) of each isotope (a = **>Nd or *’Sm) in the spike
solution; Abpike, isotopic abundance (%) of each isotope (b =
2Nd or '*Sm) in the spike solution; Aa,, isotopic abundance
(%) of each isotope (a = **°Nd or **’Sm) in the sample solution;
Ab,,, isotopic abundance (%) of each isotope (b = '**Nd

nat,

. . a .
or *>Sm) in the sample solution; Ry (B)’ measured isotope

ratio based on the chromatographic peak integration of
the corresponding complex; MM, molar mass of "**Nd or
"Sm (g mol ).

The limit of detection (LOD) and limit of quantification
(LOQ) of ™'Sm and "**Nd-DTPA complexes were determined
based on the common method using the calibration curve
applying eqn (7):*%*

F xSD

LOD or LOQ = 5 (7)
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where F, factor of 3 and 10 for LOD and LOQ respectively; SD,
standard deviation of ordinate intercept (n = 3); b, slope of the
calibration curve (n = 3).

The LOD and LOQ obtained by nano-HILIC-ICPMS were 3.6
and 12.1 pg kg~ * for the "'Sm complex and 4.9 and 16.6 ug kg™
for the "'Nd complex, respectively.

3. Results and discussion

3.1. Definition of the conditions for separating the Ln
complexes in conventional format

3.1.1. Selectivity of different polar stationary phases.
Lanthanide complexes are known to be difficult to separate due
to their very close physicochemical properties.”® Because of
HILIC features,*** this separation mode is well suited for the
separation of such complexes by involving polar stationary
phases® and hydro-organic mobile phases, which are moreover
compatible with both ESIMS and ICPMS detection
conditions.***

HILIC separations of Ln (Er, Eu, Gd, and Nd) with strong
chelating molecules such as DTPA and EDTA have been previ-
ously investigated'**' and our first tests in this work showed
that the "*'Sm/"*'Nd-DTPA complexes were more retained than
the complexes containing NM and TPAEN molecules. Hence,
our efforts were first focused on the screening of the selectivity
of several columns to separate "*'Sm and "*Nd complexes of
NM and TPAEN.

For all the columns, a reference mobile phase composed of
70/30 (v/v) ACN/H,O containing 15 mmol L™ NH,CH;CO, and
0.5% formic acid was initially used and eluted in isocratic
mode.” It must be noted that using Luna HILIC, Acclaim
Mixed-mode and Biozen Glycan columns, NM and TPAEN
complexes co-eluted or were not observed, even with different
mobile phase compositions. Therefore, these columns were not
selected for the rest of the study. The chromatographic
parameters such as retention factor (k'), selectivity factor («) and
resolution factor (R;) are shown in Table 5. From this table, it
can be seen that the TPAEN complexes were well separated from
the NM complexes, with selectivity factors between 1.55 and
11.17, except for the Acclaim Trinity column with a value of 1.08.
In all cases, NM complexes were more retained than TPAEN
complexes with the highest retention factors of NM complexes
ranging from 13.5 to 40. The particularly high retention factors
obtained with the most polar non-grafted silica columns as well
as with the ZIC-HILIC, the Acclaim Trinity or the TSK Gel Amide
columns, led us to also exclude these columns. In addition,
most of the columns were not selective enough in these
conditions to separate efficiently the complexes containing the
same molecule, namely the pairs "*'Sm-TPAEN/"*'Nd-TPAEN
and "*'Sm-NM/"**Nd-NM, as for the Triart HILIC or the Acclaim
HILIC-10 columns, with « around 1. Except for the ACQUITY
UPLC BEH Amide, resolution factors lower than 0.1 to separate
the peaks of "*'Sm-TPAEN and "**Nd-TPAEN were obtained for
all the columns under the reference conditions.

Finally, the ACQUITY UPLC BEH Amide (150 x 2.1 mm; 1.7
pum) column was selected since it led to the best compromise
between acceptable retention factors, satisfying separation of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Chromatograms simultaneously acquired by ESIMS and ICPMS coupled to the separation of the "™Nd and "*'Sm complexes previously
formed with TPAEN, NM and DTPA and mixed in the working mobile phase before the injection. ESIMS spectra were recorded using SIM mode by
considering the most abundant m/z ratio of the isotopic pattern of the Ln-complexes, namely m/z = 743 for the Ln—TPAEN complexes, m/z =
702 for the Ln—NM complexes and m/z = 537 for the Ln—DTPA complexes. ICPMS profiles were obtained by registering the signal of the most
abundant isotope of "Nd (m/z = 142) and "'Sm (m/z = 152) (a) Extracted ESI mass spectra of "*Nd and "'Sm-TPAEN complexes and (b)
extracted ES| mass spectrum of the "**Nd—DTPA complex. Column: ACQUITY UPLC BEH Amide (150 x 2.1 mm:; 1.7 um). Mobile phase: 74/26 (v/
v) ACN/H,0 containing 15 mmol L~* NH4CHzCO; and 0.5% formic acid, eluted in isocratic mode. Flow rate: 300 pL. min~—*and Vinj = 3 uL. Note:

*NM is a "'Sm and "™*Nd tertiary complex of NM.

the NM complexes and its commercial availability in capillary
and nano-flow formats for downscaling of the separation.

3.1.2. Selection of the mobile phase composition. The
composition of the mobile phase was adjusted in order to
improve the separation performance using the ACQUITY UPLC
BEH Amide column. To this end, the acetonitrile content in the
mobile phase was increased from 70% to 74 and 76%. As ex-
pected, the increase in the ACN content resulted in an increased
retention of the complexes, but the "*'Sm and "**Nd-TPAEN
complexes still co-eluted. The best separation of NM complexes
was obtained for 74% of ACN, with a resolution factor of around
10 in 25 minutes. The effect of the concentration variation of
NH,CH;CO, from 5 to 20 mmol L™" was also evaluated and the
best results were obtained for 15 mmol L™, The separations
were also run at temperatures ranging from 22 to 60 °C. This
parameter had no significant influence on the separation and
a temperature of 40 °C was chosen for the rest of the experi-
ments (results not shown).

Finally, the best separation conditions were obtained using
a mobile phase made of 74/26 (v/v) ACN/H,O containing
15 mmol L' NH,CH;CO, and 0.5% formic acid, eluted in
isocratic mode as presented in Fig. 2.

The peaks in the chromatograms registered by ICPMS could
be attributed by comparison with the mass spectra extracted

2682 | J Anal At. Spectrom., 2023, 38, 2674-2690

from the peaks of the ESIMS chromatograms, allowing the
identification of the associated complexes. For all the chelating
molecules, complexes of 1/1 stoichiometry were online observed
in agreement with the literature, in which TPAEN complexes
were characterized by spectroscopic techniques™ and DTPA
complexes using HILIC-ESIMS.**3*

In this study, the HILIC conditions have been set up to
separate new sets of Ln complexes formed with hydrophilic
synthetic chelating molecules, thanks to an amide functional-
ized stationary phase. Regarding the studies of Ln species,
numerous studies have reported the analysis of Gd-based
contrast agents containing DTPA and linear/cyclic poly-
aminocarboxylic acid derivatives such as BT-DO3A, DOTA, BMA
and BOPTA, by HILIC-ESIMS*® and/or HILIC-ICPMS in blood
plasma and urine samples,*>* waters>° and plants.*® Most of
these studies involved zwitterionic-grafted and unmodified
silica columns and the separations were generally run in
conventional chromatographic format (100-150 mm x 2-3
mm; 2.6-5 pm).

3.1.3. Downscaling the separation. As previously
mentioned, one of the concerns in the nuclear field is the
reduction of effluent volumes and the consumption of mate-
rials. The initial separation based on the simultaneous coupling
to ESIMS and ICPMS was set up to guarantee these premises. In

This journal is © The Royal Society of Chemistry 2023
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Table 6 Downscaling parameters associated with the chromatographic separation formats, compared with classical approaches

Classical approach Our approach
Format Batch® Conventional Capillary Nano
Column inner diameter — 2.1 0.3 0.075
(mm)
Flow rate (uL min ") — 300 5 0.3
Injection volume (uL) 2 3 1 0.05
"Sm (ng) — 1.80 0.15 0.015
"2'Nd (ng) — 1.73 0.14 0.014
Eu (ng) 62 600 — — —
CMota (ng) 12 000 36.00 2.40 0.24
Effluent volume (mL)/1 h — 18 0.3 0.018
Total analysis time (min) — 20 20 25

“ Complexation of Eu by TPAEN was followed by microcalorimetric titrations.

order to further reduce these parameters, the separation was
downscaled by decreasing the inner diameter of the column
from 2.1 mm to 300 and 75 pm, involving lower flow rates and
sample injection volumes. As a consequence, the mass of "*'Sm
and "™Nd in the injected volume was reduced approximately 12
and 120 times from the conventional format to the capillary and
nano-flow formats, and the mass of chelating molecules was
accordingly 15 and 150 times lower. Another crucial parameter

2,5x10% 4 (@)
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2,0x10* 4

1,5x10% 4

Intensity (CPS)
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25 30
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is the decreased effluent volumes from 60 to 1000 times per
hour, as can be seen in Table 6.

Compared to the determination of the TPAEN affinity for Eu by
microcalorimetric titrations described in the literature," the total
amount of Ln and chelating molecules in the injection volume of
our nano-flow method was decreased by around 4 x 10° times
and 5 x 10° times respectively, while enabling quantitative data
for several molecules complexed by two Ln to be acquired.

3
20997 (b)) Ln-TPAEN
— 142 Nd
15110 ftn-NM 445 Nd
_ f 147 Sm
% i
5 152 Sm
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Fig. 3 HILIC-ICPMS chromatograms for the four samples analysed in duplicate. Separations were run in nano-flow format using the conditions
presented in Table 4. Composition of the samples as indicated in Table 1: Lnt: xXTPAEN : yNM : zDTPA with (a) 4:2.5:1.4: 0.1 (sample 1), (b) 4 :
14:25:0.1 (sample 2), (c) 4:1.8:1.8:0.4 (sample 3) and (d) 4:1.3:1.3:1.3 (sample 4).
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Table 7 Online measured concentrations of "'Sm and "*Nd complexes of TPAEN, NM and DTPA, expressed in pg kg’l and mass balance (%)

obtained by summing the ratios of ["*Ln(CM)] in the samples and in the controls

Complex "2Sm(CM) "2Nd(CM)

cM TPAEN NM DTPA TPAEN NM DTPA

Sample 1

[™*Ln(CM)eontrol 340.9 (2.3 x 323.0 (2.1 x 324.4 (2.1 x 343.6 (2.3 x 333.2 (2.3 x 325.1 (2.3 x
10 ®*mol L) 10 ®mol L) 10 °mol L) 10 ®mol L) 10 ®mol L) 10 ®*mol L)

["*Ln(CM)Jsample 347.6 (2.3 x 0 0 376.3 (2.6 x 0 0
10 °mol L) 10 ®mol L™

3" (sample/ 102.0 109.5

control) (%)

Sample 2

[™*Ln(CM)|eontrol 348.7 (2.3 x 325.7 (2.2 x 323.8 (2.2 x 323.7 (2.2 x 336.9 (2.3 x 325.0 (2.3 x
10 ° mol L) 10 °mol L) 10"° mol L) 10 ®mol L™ 10 °mol L) 10 ®mol L™

["*Ln(CM)sample 157.6 (1.1 x 193.0 (1.3 x 4.4 (2.9 x 272.2 (1.9 x 96.9 (0.9 x 0
10 °mol L) 10 ®mol L) 10" ¥ mol L) 10 ®mol L) 10 °mol L)

> (sample/ 101.7 102.7

control) (%)

Sample 3

[™Ln(CM)control 349.4 (2.3 x 323.5 (2.2 x 348.7 (2.3 x 340.7 (2.4 x 337.6 (2.3 x 342.5 (2.4 x

10 ®mol L™ 10 ° mol L) 10 ®mol L™ 10 °mol L) 10 ®mol L™

10 °mol L)

["*Ln(CM)Jsample 278.4 (1.9 x 93.9 (6.2 x 21.9 (1.5 x 298.9 (2.1 x 32.8 (2.3 x 0
10 °mol L) 1077 mol L) 107" mol L) 10 ®mol L) 1077 mol L)

> (sample/ 105.7 97.4

control) (%)

Sample 4

[™Ln(CM)]control 361.7 (2.4 x 375.6 (2.5 x 382.4 (2.5 x 345.6 (2.4 x 349.4 (2.4 x 348.7 (2.4 x
10 °*mol L) 10 ®mol LY 10 °*mol L) 10 ®mol L) 10 ®mol L) 10 ®mol LY

["*Ln(CM)Jsample 150.0 (9.9 x 83.9 (5.6 x 149.4 (9.9 x 261.2 (1.8 x 42.3 (2.9 x 28.7 (1.9 x
10" mol L) 107 mol L) 10" mol L) 10 ®mol L) 1077 mol L) 107 mol L)

> (sample/ 100.7 95.9

control) (%)

3.2. Online determination of the affinity of TPAEN, NM and
DTPA towards "*'Sm and "*‘Nd

To meet this aim, various stoichiometric ratios of the three
chelating molecules (CMs) were added to "Nd and "*'Sm in
a competing complexation reaction, as indicated in Table 1. The
formed complexes were further separated by HILIC, online
identified by ESIMS and simultaneously quantified by ICPMS
using the SID. By applying the mass balance, the quantitative
distribution of "**Nd and "**Sm among the complexes of TPAEN,
NM and DTPA could be deduced and the affinity of the CM for
each Ln determined.

3.2.1. Online quantitative distribution measurement of
"26m and "**Nd among the TPAEN/NM/DTPA complexes. In the
HILIC conditions defined in Section 3.1, very good chro-
matographic recoveries of "'Sm and "*Nd were obtained
following each separation run. The recovery percentages of
both Ln in all separation formats were between 96 and 106%
for TPAEN complexes, 92-104% for NM complexes and 93—
107% for DTPA complexes, showing that no Ln remained
adsorbed on the stationary phase during the separation
process.

2684 | J Anal. At. Spectrom., 2023, 38, 2674-2690

The chromatograms obtained by HILIC-ICPMS for the four
samples analysed in the nano-flow format are presented in
Fig. 3.

The peaks of the Sm and Nd complexes formed with each CM
were co-eluted in the nano-flow format compared to the capil-
lary and the conventional formats, even after optimising the
composition and elution mode of the mobile phase. It must
however be pointed out that this was not an obstacle since
ICPMS makes it possible the integration of each individual
peak, allowing the quantification of each complex in the
different samples.

Samples and controls were subjected to the separation run in
duplicate and the complexes were online quantified based on
the integration of their total peak area, allowing us to deduce for
each of them the "Ln/P’°Ln ratio that was used in SID
calculations. The measured concentrations of "**Sm and "*'Nd
complexes of TPAEN, NM and DTPA in the samples and controls
are summarized in Table 7.

The mass balance (%) of "**Sm and "*‘Nd was calculated by
summing the ratios of the complex concentrations obtained by

This journal is © The Royal Society of Chemistry 2023
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SID in the samples and the corresponding controls, as shown in

(eqn (8)).
Z sample/control (%) = [[]]“jl((?;iléi))}} sample
[Ll’l(N M)]sample

(
[Ln(DTPA)]
[Ln(DTPA)]

controll

sample ( 8)

control3

+

The quantitative distribution (%) of "*'Sm and "*Nd among
the separated complexes was obtained by applying eqn (9) and
is presented in Fig. 4 and 5 for samples 1-4.
[“Ln(CMx)]
["“Ln(CMx)]

sample

x 100

©)

Quantitative distribution (%) =

control

This journal is © The Royal Society of Chemistry 2023

where "™Ln is "Sm or "Nd and CMx for TPAEN, NM or
DTPA.

From Table 7, it can be seen that the mass balance of "*'Sm
and "'Nd ranged from 95.9 to 109.5%, which shows that all the
chelating molecules fully complexed the Ln.

For samples 1, 3 and 4, when the TPAEN ratio is equal or
greater than these of NM and DTPA, "*Sm is preferentially
complexed by TPAEN than by NM, namely 102%, 74% and 39%
for "*'Sm(TPAEN) compared to 0%, 25% and 22% for "**Sm(NM),
as can be seen in Fig. 4. In the same samples, 0%, 6% and 39%
correspond to "*'Sm(DTPA). For sample 2, when the ratio of NM
is 1.8 times higher than that of TPAEN, only 55% was complexed
by NM while 45% of "'Sm was complexed by TPAEN and the
DTPA complex was negligible. Regarding sample 4 containing
equimolar ratios of the three chelating molecules, "*Sm is
equally distributed under DTPA and TPAEN complexes, being
39% while only 22% is involved in NM complexation.
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Table 8 Calculated affinity of CM for intra and inter-group "'Ln,
based on sample 4

Intra-group "Sm "Nd
ATPAEN-NM 9.9 25.3
ATPAEN-DTPA 4.3 188.5
ANM-DTPA 0.4 7.4
Inter-groups natN g/t m
ATpAEN 830.7
Anm 324.3
Aprpa 19.0

For all the samples, "™Nd is preferentially complexed by
TPAEN than NM and DTPA, as can be seen in Fig. 5. In sample 2,
when the ratio of NM is 1.8 times higher than this of TPAEN,
76% of "*'Nd remains complexed by TPAEN against 27% by NM
and no DTPA complex was formed. Regarding sample 4 con-
taining equimolar ratios of the three chelating molecules, "*'Nd
is predominantly complexed by TPAEN (76%) while only around
10% by NM and DTPA.

Overall, when the molecules are present in equimolar ratios
(sample 4), TPAEN and DTPA show similar affinity towards
"2'Sm and higher than this of NM, while TPAEN exhibits much
higher affinity for "'Nd, reflecting the selectivity of each
molecule for the two Ln.

The Ln quantitative distribution among the different
complexes calculated for experiments carried out in duplicate
for the three separation formats was similar with an RSD < 5%,
showing the robustness of the developed analytical method.

3.2.2. Determination of the affinity of TPAEN/NM/DTPA
towards "*Sm and "*Nd. From a thermodynamic point of
view, the complexation constants of a metal (log K for stepwise
reactions and log @ for cumulative reactions) are expressed
relative to the totally ionized form of the ligands, e.g. DTPA®~
where all the carboxylic acid functions (Fig. 1a) are deproto-
nated. It assures that all constants can be compared. As the
acidity of NM is not known, only conditional complexation
constants °K, without taking into account the acidity of the
functional groups, can be determined and compared to this
obtained with the other molecules.

Taking into account the data determined in the previous
part, the °K values were calculated for the complexes formed
with the three chelating molecules at pH = 1.2 by applying eqn
(10), taking "**Sm(CM) as an example and eqn (10.1) and (10.2)
for the calculation of the free proportion of "'Sm and CM.

["Sm(CM)]

¢ prnat _
K Sm(CM) B [natsmfree} I:CMfree}

(10)
where CM = TPAEN, NM or DTPA

["*'SMfree] = [SMyorar] — ((SM(TPAEN)] + [Sm(NM)] +
[Sm(DTPA)]) (10.1)
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[CMiree] = [CMiopa] — (SM(CM)] + [NA(CM))) (10.2)

In our case, the complexation between the Ln and CM is
mostly total, rendering impossible the determination of the
thermodynamic complexation constants using the usual
representation, according to eqn (11).

[Ln(CM)] _ oo

log——— 2=
o8 [Ln] free

+nlog K

(11)

free

As [Ln]gee tends to nil at high CM concentration, the slope of
eqn (11) cannot be used.

Nevertheless, the ratio between conditional complexation
constants can be used to represent the affinity of one CM
towards one Ln. Affinity (4) is the degree to which a substance
tends to combine with another, that is, the ratio of conditional
complexation constants (°K) between complexes of elements
from different groups (inter-groups) or elements within the
same group (intra-group). The affinity of one molecule for "*'Nd
and "*'Sm, as inter-group elements is represented using eqn
(12).

‘K [Nd(CM)]

= (12)

Ao = T Sm(CM)]

In agreement with the trends observed in the previous part,
TPAEN presents the highest affinity for "'Sm compared to this
of NM and DTPA, followed by NM having a slightly higher
affinity than DTPA (ca. 0.4 times). TPAEN exhibits also the
highest affinity for "*‘Nd with a factor of 25 in relation to NM
and 189 when compared to the affinity of DTPA. Finally, NM
shows higher affinity for "**Nd than DTPA (ca. 7 times). As can
also be seen from the inter-group data, all the CMs exhibit
higher affinity for "‘Nd than for "*'Sm, with a factor of 830 for
TPAEN, 324 for NM and 19 for DTPA (Table 8). The selectivity
and affinity of TPAEN for "'Sm and "*Nd follow the same
trends observed in the literature, in which this molecule was
identified as a potential back-extraction agent for the selective
partitioning of Am from nuclear fuel solutions.” Our method
allowed us to determine the affinity and selectivity of NM
towards both Ln simultaneously, leading to the conclusion that
this latter could be less performant for selective back extraction
of Am.

A preliminary study has also been carried out to assess the
complexation power of CM for "*'Sm and "*'Nd by increasing
the pH of the contact solution, involving different degrees of
CM deprotonation according to their pK,s that are known for
DTPA** and TPAEN."

Very good mass balance, between 79 and 106% for both
"¥Ln, was obtained for the different pH. The quantitative
distribution of the ™'Ln among the different complexes in
samples containing an equimolar ratio of CM compared to
"2Sm and "*Nd is shown in Fig. 6. The results were obtained by
applying eqn (9).

The results obtained for pH = 1 were consistent with the
results presented in Fig. 4 and 5. Whatever the pH, TPAEN
exhibits the highest complexation ability towards "**Nd, with

This journal is © The Royal Society of Chemistry 2023
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82% formation rate of "Nd(TPAEN) at pH = 1, which
decreased to 65% for pH between 5 and 10. In contrast, the pH
seems to have no influence on the NM complexation ability of
"Nd, since the proportion of "*Nd(NM) ranged between 15
and 19% whatever the pH. The highest formation rate of
"2'Sm(TPAEN) was 43% at pH = 5 but with small variations for
the other pH, between 33 and 40%. The same trend was
observed for the "*Sm(DTPA) complex. The NM complexation
ability of "**Sm was less efficient than those of TPAEN and DTPA
whatever the pH, with 26% of "*'Sm(NM) formation rate at pH
=~ 1, which undergoes a subsequent decrease to 9% when the
PH increased up to 10.

These results show that despite the increase in the pH,
involving the deprotonation of the CMs, the trends observed
regarding the distribution of the complexes remain similar,
with the highest affinity and selectivity of TPAEN for "*Nd.

5. Conclusion

The objective of the present work was to develop a dedicated
method to determine on-line and in a single step the selectivity
and the affinity of two hydrophilic synthesized molecules
towards "**Nd and "*‘Sm used as analogues of Am and Cm, in
comparison with DTPA as a reference molecule. The analytical
strategy was based on the simultaneous coupling of HILIC to
ESIMS and ICPMS combined with the online quantification of
"Nd and "'Sm among the separated complexes by specific
isotopic dilution.

The selectivity of several polar stationary phases of
commercial columns in conventional format was evaluated and
the composition of the mobile phase was adjusted to separate
the Ln complexes formed with the three chelating molecules,
leading to the selection of the ACQUITY UPLC BEH amide
column and a mobile phase made of 74/26 (v/v) ACN/H,0,
containing 0.5% (v/v) formic acid and 15 mmol L™ NH,CH3-
CO,. The separation downscaling from conventional to nano-

This journal is © The Royal Society of Chemistry 2023

flow format allowed us to reduce 120 times the mass of Ln
and 150 times the chelating molecules involved in one analysis,
as well as a reduction of the effluent volumes by a factor of 1000.
This latter format also allowed a significant reduction of
chelating molecules and Ln involved in the analysis compared
to classical solution chemistry approaches.

The quantification method developed and validated by SID
allowed us to quantify online the separated Ln(CM) complexes
simultaneously identified by ESIMS, in a single analysis. By
applying our approach, the selectivity and the affinity of each
chelating molecule for "*'Nd and "**Sm were determined based
on the sample containing stoichiometric ratios of TPAEN, NM
and DTPA in competition towards the Ln complexation. In
particular, TPAEN exhibits affinity for "**Nd 830 times higher
than for "‘Sm, which is consistent with the selection of TPAEN
as a potential selective back-extraction agent in treatment
processes dedicated to selective Am partitioning. We could also
determine in the same analysis the selectivity and the affinity of
NM for "**Nd and "*‘Sm.

This approach can be extended to the online evaluation of
the affinity/selectivity of these chelating molecules for the
actinides (Pu, Am, Cm...) because of similar physicochemical
properties of Ln and An, and by means of an instrumental
platform integrated in glove boxes. Moreover, it can be
implemented for the screening of the affinity/selectivity
properties of various classes of chelating molecules towards
elements of interest in the fields of energy, toxicology and
environment.
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