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In the framework of trace element analysis by Q ICP-MS in a simulated deep Callovo-Oxfordian
groundwater, separation procedures based on extraction chromatography were developed to eliminate
the high salt contents and to concentrate Zr and U simultaneously. Theoretical and experimental
speciation studies showed the importance of adjusting the medium to HNOs/HF (0.5 M/0.005 M) to
guarantee the stability over time of the analytes before removal of the matrix. Two preconcentration
methods based on TRU® and TODGA® resins were optimized for the simultaneous isolation of Zr and
U prior to Q ICP-MS measurements. Using TRU resin, alkali and alkali earth metals contained in the
deep groundwater were removed with 2 M HNO3 whereas Zr and U were recovered with a HNOs/
NH4HC,04 (0.02 M/0.05 M) medium. For the separation protocol based on TODGA resin, alkali and
alkali earth metals were eliminated with 3 M and 11 M HNOs; while Zr and U were simultaneously
stripped with a HNOs/HF (0.5 M/0.2 M) medium. The procedure optimized on TODGA resin was
validated with the French AFNOR NF T90-210 standard by studying linearity, limits of quantification
(LOQ) and separation yields. The LOQ was determined at 0.008 pg L~! for Zr and U after the separation.
Both analytes were recovered quantitatively. Compared to a sample dilution implemented to reduce
the matrix effects, the developed preconcentration method allowed improving the sensitivity up to a 20

fold factor for Zr and U measurements at trace level by Q ICP-MS.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, metallic fuels, such as UZr metallic alloys,
were used as nuclear fuels. Direct disposal in deep geological
repository can be an option for the long-term management of
spent nuclear fuels [1]. Such alternative is based on a multibarrier
concept consisting of natural and engineered barriers that would
isolate or delay the contact of spent fuels with water as well as
the transport of the dissolved radionuclides in the biosphere.
Transport by groundwater is the only credible mechanism for the
migration of radionuclides contained in the spent fuels from the
repository to the biosphere [2]. As a consequence, it is necessary
to evaluate the spent nuclear fuel source term which corresponds
to the combination of the rate of spent fuel dissolution and the
rate of release of the various radionuclides [2-4].

Leaching experiments on spent nuclear fuels have usually been
carried out to determine the source term. Most works have been
focused on UO,sy matrices with various experimental conditions
in terms of groundwater compositions or redox conditions [2,4,5].
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For the studied spent UZr metallic fuels, the leaching and the
release of two major radionuclides, 2>°U and 3Zr, have to be
investigated in the prospect of direct disposal in a deep geological
repository. In France, the reference groundwater to be considered
is a deep clayey Callovo-Oxfordian groundwater containing high
concentrations of salts (alkali and alkaline earth metals) [4,6].
Tribet et al. [4] proposed a methodology to investigate the
behavior of UO, fuels in contact with this reference groundwater
and to measure uranium releases. Fuel pellets have to be
immersed in a reactor containing 150 mL of the simulated deep
clayey Callovo-Oxfordian groundwater. The reactor is pressurized
to 3.5 bars with 3000 ppm CO, in Argon. Then, an aliquot has to
be sampled at different intervals during the leaching period of one
year. The samples have to be collected the first day, then each
week during the first two weeks and afterwards each month
during the first six months and finally every three months.
Because of the overall duration of experiments, only a small
volume (around 1 mlL) of the solution can be withdrawn for
subsequent analyses. Therefore, this issue implies the determina-
tion of 235U and 3Zr isotopes in a high salt content matrix of
simulated deep clayey Callovo-Oxfordian groundwater. It could
be possible to perform the leaching experiments in hot cells of
the LECI laboratory (Laboratory for Studies on Irradiated Fuel)
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whereas the subsequent analyses could be carried out at the LASE
laboratory (Laboratory for Operator Support Analyses). Thus, a
sample transfer is required between these two laboratories which
are located at the CEA (French Alternative Energies and Atomic
Energy Commission) Saclay, but in separated buildings.

Due to its composition [4], the Callovo-Oxfordian groundwater
must be considered as a complexing medium towards U and Zr.
Based on thermodynamic data, Robit-Pointeau demonstrated
that carbonated species of uranyl ion are predominant in such a
medium and that uranium is stabilized in solution [7]. The
chemistry of Zr in aqueous medium is extremely complex because
of its propensity to extensive hydrolysis and polymer formation
[8-11]. Several studies have been conducted to determine Zr
stability constants with various ligands (inorganic [8,9,12-15] or
organic ligands [16,17]). Davydov et al. underlined that Zr con-
centration decreased in solutions for pH>2 because of the
formation of colloid particles [16]. Zr speciation has not been
characterized in an environmental context, such as seawater or
groundwater. Hence, Zr analysis in groundwater requires a pre-
liminary speciation investigation to ensure the stability over time
of the analyte concentration in solution and to guarantee the
accuracy of subsequent measurements. Indeed, a delay of a few
weeks can be foreseen between the sampling of leaching solu-
tions and their analyses because of the regulatory and radiological
requirements related to sample transfer between the two involved
laboratories (LECI and LASE).

Given the expected concentrations of 23°U and **Zr isotopes
(<107%molL~" or<0.2 mgL~") in leaching solutions, Induc-
tively coupled plasma mass spectrometry (ICP-MS) can be con-
sidered as the most promising technique for their simultaneous
measurements. ICP-MS is a versatile tool to determine radio-
nuclides and enables to achieve very low detection limits for
many elements in short time analysis [18-20]. Neutron code
calculations indicate that no isobaric interferences are to be
expected between the radionuclides of interest and the isotopes
in the spent UZr fuels. Nonetheless, the presence of high salt
concentrations may reduce the analytical performance of ICP-MS
by generating spectral and non-spectral interferences [20,21].
The deep Callovo-Oxfordian groundwater can induce the forma-
tion of polyatomic ions such as 4°Ar>>C1'80 and “°Ar3’C1'®0 which
interfere with 93Zr. Non-spectral interferences, also known as
matrix effects, can be divided into two categories, namely
reversible and irreversible [22,23]. Reversible effects involve
analyte signal suppression or enhancement compared to the one
expected from the same analyte concentration in a matrix-free
solution [21,24,25]. For a solution containing Na at a concentra-
tion of 2 g L~! (close to the one measured in the deep Callovo-
Oxfordian groundwater), a 50% suppression up to a 50% enhance-
ment of signal intensity was reported depending on the elements
[23]. Irreversible effects are related to deposition of matrix salts
or oxides in the sample introduction system (nebulizer tips) and
at the MS interface (sampling cones) which results in gradual
signal losses until irreversible clogging [21]. As a result, the high
concentrations of salts contained in the deep Callovo-Oxfordian
groundwater have to be reduced. Sample dilution is the common
approach used [21,26,27]. In our study, a 100 fold dilution should
be recommended to achieve a Na concentration of 10 mgL~'
suitable for ICP-MS analysis [28]. However, this option is not
compatible with our requirements in terms of detection limits for
U and Zr determination at trace level.

For the last few years, interfaces based on liquid or aerosol
dilution have been developed to improve matrix tolerance of Q
ICP-MS instruments [29]. Wilbur et al. reported a limit of detec-
tion of 0.011 ugL~! for uranium contained in high matrix
certified reference materials by using a high matrix interface
[29]. Nonetheless, those results are not sufficient to achieve the

required detection limits. Consequently, chemical separation of
the analytes from the sample matrix is the only appropriate
solution to minimize the interferences generated by the high salt
contents [21,30]. Various techniques can be applied to eliminate
the matrix, such as precipitation [26,31], co-precipitation [32],
liquid-liquid extraction [15,32-34] or ion chromatography [35].
Additionally, extraction chromatography has become a leading
technique for separation and preconcentration of radionuclides in
the environmental, biological and nuclear fields [36]. The combi-
nation of an organic extractant coated on an inert support delivers
the selectivity of solvent extraction with the ease of use of resin
based methods [37,38]. Numerous works emphasized the effi-
ciency of extraction chromatography to isolate uranium or zirco-
nium prior to their measurements by radiometric or ICP-MS
techniques [19,30]. Three extraction resins present a high poten-
tial for our issue: UTEVA®, TRU® and TODGA® [39-41]. The
organic extractants impregnated on the inert polymeric resin are
respectively: diamyl-amylphosphonate (DAAP) [40], octylphenyl-
N,N-di-isobutyl carbamoylphosphine oxide (abbreviated CMPO)
dissolved in tri-n-butyl phosphate (TBP) [39] and N,N,N'N’ tetra-
octyl-1,5-DiGlycolAmide [41]. Tsai et al. developed a separation
protocol based on UTEVA resin to analyze U in environmental
samples (such as soil, groundwater and seawater) [42]. Osvath
et al. determined 23Zr in radioactive waste samples by applying
co-precipitation and extraction chromatography using UTEVA
[43]. Maxwell et al. combined UTEVA and TRU resins to isolate
U from water and bioassay samples [44]. Tagami and Uchida [45]
and Rozmaric et al. [46] also described a procedure dedicated to U
preconcentration from complex matrices (soils, drinking and
seawater) using TRU resin. Concerning isotopic measurements
of spent nuclear fuels, Quidelleur et al. optimized an analytical
method based on TRU resin to isolate U from a steel matrix
[47]. Hoshi et al. separated Zr from fission products contained
in a simulated high level effluent by using TODGA resin [48].
Pourmand and Dauphas recently determined distribution coeffi-
cients of 60 elements (including metals, high-field strength ele-
ments and actinides) on TODGA resin [49]. This extraction resin was
proven to be efficient for achieving U and Zr preconcentration from
a geostandard. However, no study has been devoted so far to the
simultaneous preconcentration of U and Zr from a high salt content
matrix, such as the deep Callovo-Oxfordian groundwater.

The aim of this work is to develop a procedure based on
extraction chromatography to concentrate simultaneously U and
Zr from a simulated deep Callovo-Oxfordian groundwater and to
collect purified fractions to be subsequently analyzed by Q ICP-
MS. Since U and Zr display different chemical behaviors in
solution, the speciation of these analytes is first discussed in the
paper so as to guarantee their concentration stability with time.
Then, the investigation and the optimization of preconcentration
procedures are described for the selected extraction resins
(UTEVA, TRU and TODGA®). The French AFNOR NF T90-210
standard was applied to validate the optimized separation proto-
cols. The limits of quantification and the separation yields were
experimentally determined. The method validation enabled to
choose the most appropriate preconcentration method for the
determination of U and Zr at trace level by Q ICP-MS.

2. Experimental
2.1. Reagents and solutions

All solutions were prepared using ultra-pure water (resistivity
18.2 M Q cm) obtained from a Milli-Q system (Millipore, France).

Nitric, hydrochloric and fluorhydric acids were all Ultrex II grade
(Baker). Ammonium hydrogen oxalate NH4HC,04 was prepared
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from oxalic acid dihydrate and diammonium oxalate monohy-
drate which presented a purity >99% (Merck). The optimization
of the separation methods was performed by using natural U and
Zr SPEX standards (SPEX Certiprep Company). The experiments
dedicated to the method validation were completed with iso-
topically enriched standards. °6Zr, 233U and 23°U were respec-
tively purchased from Eurisotop, IRMM and NBS with the
following enrichments: 86.4%, 98.0% and 93.3%. Given the isotopic
compositions of the samples expected from neutron calculation
codes, 233U isotope was chosen as a tracer to determine the
radiochemical yield of the whole separation. As no ®3Zr reference
material is commercially available, °*Zr was used to simulate the
behavior of ®3Zr. All U and Zr standards were diluted in a 1M
HNO5+0.01 M HF medium to guarantee the Zr concentration
stability over time.

To prevent any contamination of the samples, all Savillex®
PFA vials and Teflon (PTFE) vessels were cleaned before use with
analytical grade concentrated nitric acid (Merck) and distilled
water. Extraction resins were purchased from Triskem Interna-
tional (France). UTEVA and TRU resins were used as 2 mL
prepackaged columns with 100-150 pm particle size. Columns
with TODGA resin (50-100 um particle size) were prepared
in-house (0.8 cm diameter, 2 cm length).

2.2. Simulated deep clayey Callovo-Oxfordian groundwater

A simplified groundwater composition was used according to
previous works [4,50]. The synthetic groundwater was prepared
using the following analytical grade products: NaHCO3, NaySOy,,
NaCl, KCl, CaCl,-2H,0, MgCl,-6H,0. The composition of the
synthetic groundwater is detailed in Table 1. This solution was
used directly without any degassing and the pH was measured at
7.4. For the optimization of the preconcentration methods, 1 mL
of this synthetic groundwater was mixed with a solution contain-
ing 20 pg of natural Zr and U standards. For the method valida-
tion, the separation experiments were carried out using 0.09 ng of
97r and 23°U and 1.1 ng of 233U (used as a tracer). The sample
was then evaporated to dryness before loading on extraction
columns.

2.3. Instrumentation

An Activa M ICP-AES instrument (Horiba Jobin-Yvon) was first
used to measure the analyte concentrations during the optimiza-
tion step of the preconcentration procedures. The Q ICP-MS
instrument used for the method validation was an Elan DRCe
spectrometer (Perkin-Elmer). The main operating parameters are
summarized in Table 2. The alkali and alkali earth metals were
analyzed in a 1M HNOs; medium. After each preconcentration
step, the purified U and Zr samples were analyzed in a HNOs/
NH4HC,04 (0.01 M/0.025 M) medium when using the TRU resin
(following a 2 fold dilution); and in a HNOs/HF (0.5 M/0.005 M)
medium when using the TODGA resin (after evaporation to
dryness). Special care was taken of the rinsing step of resins
and ICP-MS in order to prevent any contamination of the samples
[51]. The blank signal of the ICP-MS instrument was an efficient
way to control the absence of contamination.

Table 1

3. Results and discussion
3.1. Speciation

The development of U and Zr preconcentration methods
requires the speciation characterization of these elements. Their
chemical properties are strongly different in solution [7,9,52].
Previous works showed that U(VI) is complexed and stabilized in
a medium such as the deep Callovo-Oxfordian groundwater [7].
But, Zr behavior has not been specified in such a matrix.
A theoretical study was performed to simulate a deep Callovo-
Oxfordian groundwater containing Zr at trace level at different pH
values at 25 °C. The underground temperature might be different
from 25 °C in the very vicinity of the UZr metallic fuel at first. But
the difference of temperature is not significant enough to induce a
drastic change in Zr speciation [53]. As for the redox potential, Zr
exists in aqueous solution in the +IV oxidation state only. There-
fore, the pH of the aqueous phase is the main factor controlling the
speciation of zirconium. A concentration of 15 pugL~"! Zr (1.6 x
107 M) was chosen so that it could be measured with Q ICP-MS
after a 100 fold dilution. Based on thermodynamic data [53], in-
house computer calculations were carried out by using the same
method as in Ref. [17] but with no ionic strength correction. All
calculations were made at zero ionic strength, instead of 0.1 M for
the Callovo-Oxfordian groundwater and 0.3 M for the HNOs/HF
adjusted groundwater. Because major species are utterly predomi-
nant at the pH of interest (respectively pH=7.4 in Fig. 1 and
pH=0.3 in Fig. 3), the influence of the ionic strength was considered
negligible on the identification of these species. Fig. 1 illustrates the
theoretical distribution diagram of Zr(IV) as a function of pH in the
conditions of a deep Callovo-Oxfordian groundwater. The theore-
tical speciation diagram is consistent with the works of Davydov
et al. [16]. In such a medium (pH=7.4), the Zr(IV) predominant
species is the Zr(OH)4.q) complex which can evolve into colloid
particles and lead to the decrease of the Zr concentration in solution
[16]. Due to the uncertainties associated with the stability constants
[53], this approach was complemented with experimental studies
to investigate the stability of Zr and U in solution at trace level.
Fig. 2 depicts the Zr and U concentrations evolution over 8 days in
the conditions of a simulated deep Callovo-Oxfordian groundwater.
The theoretical concentration of 15 ugL~! is considered as a
reference to calculate the trueness in %. From the “A test” of the
AFNOR NF T90-210 standard [54], the maximum accepted con-
fident limits were fixed at 10% for the concentrations stability over
time. Without any adjustment of the deep Callovo-Oxfordian
groundwater with complexing agents, the U concentration did not
evolve within one week. On the other hand, the Zr concentration
experienced a 50% decrease during the same period, showing a good
agreement with the theory but unsuited to our requirements.

Consequently, a complexing agent has to be introduced to
stabilize the Zr concentration in the deep Callovo-Oxfordian
groundwater. Connick and McVey studied the complexing ability
of various ligands and underlined that oxalate and fluoride form
the most stable complexes with Zr [9]. Furthermore, Chartier et al.
noticed that a mixture of HNOs/HF (0.5 M/0.005 M) enabled to
measure stable Zr isotopic ratio values within a few months [32].
As the Ca concentration is rather high in the deep Callovo-Oxfordian
groundwater, oxalic acid cannot be used because it induces its

Chemical composition of synthetic deep Callovo-Oxfordian groundwater.

Concentration Na* Ca%+ Mg2+ K+ cl- S03~ HCO3
mol L1 0.044 0.009 0.006 0.001 0.041 0.017 0.001
mgL~! 1012 360 144 39 1456 1594 89
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Table 2
ICP-AES and ICP-MS operating parameters.

% Zr species

Parameters Activa ICP-AES Elan DRCe Q ICP-MS
Plasma power 1000 W 1100 W
Cool gas flow rate 11 Lmin~! 15 L min~!
Auxiliary gas flow rate 0Lmin~! 1.2Lmin"!
Nebulizer gas flow rate 0.87 L min~" 0.91 L min~'
Sample uptake rate 1 mL min~' 1 mLmin~!
Nebulizer type Concentric GemTip Cross Flow Ryton
Spray chamber type Cyclonic Scott (double pass) type
Medium used for rinsing and analysis after TRU separation 0.01 M HNO3+0.025 M NH4HC,04
Medium used for rinsing and analysis after TODGA separation 0.5 M HNOs+0.005 M HF
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Fig. 1. Theoretical distribution diagram of Zr(IV) species as a function of pH in the
conditions of a simulated deep Callovo-Oxfordian groundwater (with a Zr total
concentration of 15 pg L™1).
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Fig. 2. Evolution of Zr and U concentrations in the conditions of a simulated deep
Callovo-Oxfordian groundwater without chemical adjustment and with an adjust-
ment to 0.5 M HNO5+0.005 M HF (the reference total concentration of Zr and U
was 15 ug L=1).

precipitation (CaC,0,4 solubility product constant equals to 2 x 10~°
at 25 °C). HF appears as the most promising complexing agent when
associated with HNOs (CaF, solubility product constant equals to
4 % 107! at 25 °C). When the deep Callovo-Oxfordian groundwater is
adjusted to 0.5 M HNO3+0.005 M HF (pH=0.3), CaFy, is not to be
considered because of the high HNO; acidity: the main calcium
species are Ca?* and CaNO5 . From the speciation diagram presented
in Fig. 3, it can be seen that the ZrF5 and ZrF, complexes are the
predominant Zr(IV) species when the Callovo-Oxfordian groundwater
is adjusted to 0.5 M HNOs+0.005 M HF (pH=0.3). Furthermore, the
experimental studies showed that the Zr(IV) and U(VI) concen-
trations are perfectly stable over a month when using this
conditioning medium (Fig. 2). Consequently, from now on, all
our U/Zr trace level samples in simulated Callovo-Oxfordian

pH

Fig. 3. Theoretical distribution diagram of Zr(IV) species as a function of pH in the
conditions of a simulated deep Callovo-Oxfordian groundwater adjusted to 0.5 M
HNO;+0.005 M HF (with a Zr total concentration of 15 ug L™ 1).

groundwater will be adjusted to 0.5 M HNO5+0.005 M HF before
applying any preconcentration procedure so as to guarantee Zr
chemical stability in solution.

3.2. Investigation and optimization of preconcentration methods

3.2.1. Preconcentration method based on UTEVA resin

The separation procedure using UTEVA resin was based on
previous literature works from the literature [40,43,55]. Osvath
et al. developed a sequential protocol to recover purified Zr and U
fractions from nuclear waste samples [43]. After conditioning a
UTEVA column and loading the sample in 8 M HNO3+0.1 M
(NH4)2S20s, Zr is first stripped with 4 M HCl and then U with
0.1 M HCI. A similar approach was applied to separate U and Zr
from the synthetic deep Callovo-Oxfordian groundwater. First,
alkali and alkali earth metals were quantitatively eluted using
8 M HNOs, but 15% of Zr were also co-eluted. Following the work
of Horwitz et al. on U(VI) [40], 0.01 M HCl was used to elute
uranium from UTEVA. A 70% recovery yield was obtained but
without any Zr stripping. To allow for Zr to be eluted, the addition
of HF to HNO; 8 M would be possible but would increase the
co-elution of Zr with alkali and alkali earth metals [38]. Although
oxalic acid would be a solution for Zr, no U recovery would be
observed [50,55]. As no convenient eluent was found in the
literature regarding the simultaneous recovery of U and Zr, no
further experiments were implemented using UTEVA resin.

3.2.2. Preconcentration method based on TRU resin

The development of TRU-based preconcentration method was
also supported by previous works [39,47,56]. Quidelleur et al.
performed a one-step U-Pu-Cs-lanthanides-steel separation [47],
loading their sample in 2 M HNOj3 on the TRU resin. The elements
of the steel matrix (Fe, Ni, Cr, Mo and Mn) were first eliminated
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with a 2 M HNOs step, whereas Pu was eluted next with a 1M
HCl+0.075 M H,C,04 mixture. Finally, U was stripped with a
0.02 M HNO3+0.1 M NH4HC,04 mixture (in these conditions, the
predominant form of oxalic acid is hydrogen oxalate HC;0; at
pH=1.7). Regarding our study, alkali and alkali earth metals were
quantitatively eluted first using 10 mL of 2 M HNOs3 (same step as
in [39]). Then, U and Zr were stripped simultaneously with 5 mL
of 0.02M HNOs+0.1 M NH4HC,0,4 with a good recovery yield
(>80%). Nonetheless, the presence of hydrogen oxalate in the
purified fractions may hamper the subsequent ICP-MS measure-
ments [57]. A supplementary step is usually applied to eliminate
this organic compound with multiple cycles of dissolution/eva-
poration to dryness using a concentrated HNO3/H,0, mixture
[47,55]. This operation is time consuming and can also induce
trace-level contamination of samples. To avoid the use of oxa-
lates, diluted HCl and a HNOs/HF (0.5 M/0.2 M) mixture were
tested to recover U and Zr from TRU column. Unfortunately, these
two options were completely unsuccessful. Hence, it was decided
to lower the hydrogen oxalate concentration in our HNOs/
NH4HC,04 eluting mixture. As a matter of fact, the same U and
Zr recoveries were obtained with a HNO3/NH4HC;04 (0.02 M/
0.05 M) mixture. Moreover, Chartier et al. emphasized that a
0.025 M oxalate concentration was suitable for Zr, both for its
stabilization in solution and its ICP-MS measurement [32]. Con-
sequently, the HNOs3/NH4HC,04 (0.02 M/0.05 M) mixture was
chosen for the simultaneous stripping of U and Zr, followed by
a 2 fold dilution prior to the Q ICP-MS analysis. The TRU-based
optimized preconcentration procedure is summarized in Table 3.
The percentage recoveries are higher than 95% for alkali and alkali
earth metals in 2 M HNO3 and higher than 80% for both U and Zr
in HNO3/NH4HC,0,4 mixture.

3.2.3. Preconcentration method based on TODGA resin

A similar approach was applied for the investigation of the
preconcentration procedure based on TODGA resin [41,49]. The
separation protocol of U and Zr from geostandards developed by
Pourmand and Dauphas [49] was adapted to our study. After
conditioning a TODGA column and loading the sample in 3 M
HNOs, Na, K and Mg were quantitatively eluted with 3 M HNOs.
Then, Ca was stripped from TODGA column with 11 M HNO5; and
then U and Zr with 3M HNOs+0.2 M HF. Our results were
consistent with the data obtained by Pourmand and Dauphas
[49]. The preconcentration procedure was then optimized to
reduce the elution time by decreasing the resin quantity and
the elution volumes. The influence of the stripping solution was
also investigated. Decreasing the HNO5 concentration from 3 M to
0.5 M did not change significantly the elution profiles related to U
and Zr. On the other hand, reducing the HF concentration from
0.2 M to 0.05 M lowered the Zr recovery to 60%. The same result
was obtained while using a HNOs/H,C;0, mixture [41].

Table 3

Consequently, the 0.5 M HNO3+0.2 M HF mixture was chosen
to recover quantitatively U and Zr from the TODGA resin. How-
ever, preliminary Zr measurements with the Q ICP-MS instrument
showed some memory effect signs, even though PFA-made
nebulizer and spray chamber were used. As a result, the purified
fractions were further evaporated to dryness and redissolved and
analyzed in a 0.5M HNO3+0.005 M HF medium. The TODGA-
based optimized preconcentration procedure is described in
Table 4. The percentage recoveries are higher than 90% for both
U and Zr.

3.3. Method validation

The preconcentration procedures using TRU and TODGA resins
were optimized to isolate U and Zr from a synthetic deep Callovo-
Oxfordian groundwater. Following the ISO 17025 standard guide-
lines, these methods needed to be validated [58], however no
unique technique is specified to evaluate linearity, separation
yields and limits of quantification (LOQ). Several approaches can
be used to determine LOQ, such as the concepts based on
instrumental repeatability, RSD of net signal, accuracy and preci-
sion, calibration graph, uncertainty, accuracy profile [59,60]. The
classical LOQ concept is based on 10 times the standard deviation
of the blank although this limit is only related to precision [59].
Recently, an approach based on the AFNOR NF T90-210 standard
was investigated [54,61-63]. This standard is dedicated to the
validation of analytical protocols in the field of water analysis. It
proposes a guide to evaluate the initial performance of a quanti-
tative method based on linear calibration curves. Relevant statis-
tical tests are outlined to characterize linearity, separation yields
and limits of quantification [54]. Consequently, the AFNOR NF
T90-210 standard can be applied to validate both optimized
preconcentration procedures.

The “B test” of the AFNOR NF T90-210 standard describes a
method to check whether a presupposed LOQ can be acceptable
[54]. It presents the advantage to assess experimentally a LOQ
value, which is a more realistic manner than to calculate one. The
accuracy of the presupposed LOQ is validated if the following
inequalities are fulfilled:

ZLoq—z X SLoQ > LOQ—-60% x LOQ (1)
Z100+2 X S100 < LOQ+60% x LOQ 2)

where z,oq is the calculated mean concentration (based on a
standard least square calibration) and s oq is the calculated
standard deviation of intermediate precision (dealing with a
precision of a single laboratory).

Preliminary tests were performed to evaluate the LOQ from the
prediction bands of calibration graphs [59] because only calcula-
tions from the calibration curves are required. A 0.008 pg L' LOQ
was presupposed both for U and Zr after the preconcentration step.

Analytical procedure for U and Zr determination from a simulated deep Callovo-Oxfordian groundwater using TRU resin,

100-150 pm, preconditioned 2 mL column.

Steps Reagents Volumes (mL) Actions
1 H,0 mQ 5 Column rinsing
2 0.02 M HNO3+0.05 M NH4HC,04 5 Column rinsing
3 H,0 mQ 5 Column rinsing
4 2 M HNO;3 5 Column rinsing
5 2 M HNOs3 5 Column conditioning
6 2 M HNOs3 0.5 Column loading
7 2 M HNOs3 0.5 Savillex rinsing
8 2 M HNOs3 9 Alkali and alkali earth metals elution
9 0.02 M HNO5+0.05 M NH4HC,04 5 U and Zr elution
10 0.01 M HNO3+0.025 M NH4HC,04 10 U and Zr measurements
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Table 4
Analytical procedure for U and Zr determination from a simulated deep Callovo-
Oxfordian groundwater using TODGA resin, 50-100 pm, column.

Steps Reagents Volumes (mL) Actions

1 H,0 mQ 5 Column rinsing

2 0.5M HNO5+0.2 M HF 5 Column rinsing

3 3 M HNO;3 5 Column rinsing

4 3 M HNOs3 5 Column conditioning

5 3 M HNOs3 0.5 Column loading

6 3 M HNO; 0.5 Savillex rinsing

7 3 M HNOs 4 Na, K, Mg elution

8 11 M HNO3 5 Ca elution

9 0.5 M HNO5+0.2 M HF 5 U and Zr elution
10 0.5M HNO5+0.005M HF 10 U and Zr measurements
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Fig. 4. Verification of the presupposed LOQ (ng L~") for U and Zr using TRU and
TODGA extraction chromatography according to the “B test” of the AFNOR NF T90-
210 standard.

The two protocols were repeated twice during three consecutive
days, using °°Zr and 23°U standards. The corresponding results are
presented in Fig. 4. It is clear that inequalities (1) and (2) are both
valid for the Zr and U fractions obtained with the TODGA resin,
confirming the accuracy of the presupposed LOQ at 0.008 ugL~".
Conversely, as illustrated in Fig. 4, the presupposed LOQ was not
validated whatever the analyte for the TRU resin separation. Higher
values of mean concentrations z;oq were measured in comparison
to the targeted LOQ. Despite thorough care was taken of the
reagents purity and of the rinsing steps of both extraction columns
and ICP-MS, sample contaminations occurred when the TRU-based
protocol was applied at trace level. It was particularly observed for
Zr which is known for its sticky nature as a high field strength
element [51,64,65]. Additionally, the memory effects are empha-
sized with the HNO3/NH4HC,0,4 mixture of the TRU-based protocol,
rather than with the HNOs;/HF mixture of the TODGA-based
protocol. As a result, the protocol based on the TODGA resin was
the only one for which the LOQ targeted at 0.008 pgL~! was
validated with the “B test”. Thus, the separation method using the
TODGA resin was selected as the most appropriate for our U and Zr
trace level measurements by Q ICP-MS.

At that point, the “A test” of the AFNOR NF T90-210 standard
was performed on the TODGA-based preconcentration protocol
[54]. This test allows validating a calibration curve for a concen-
tration range by comparing the measured trueness to the max-
imum accepted confident limits for the different calibration
standards. In our case, the relative trueness (in %) represents
the deviation from a 100% recovery and the maximum accepted
confident limits are respectively fixed at 20% for the lowest
concentration and 10% for the other ones. The U and Zr standards

30 -
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10 0 emmm e mmmmmmmmmmmmmmm—m———
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-30 4
Concentration of calibration standard (ug L)

Fig. 5. Relative trueness (in %) as a function of the concentration of the °°Zr and
235( calibration standards in a 0.5 M HNO3+0.005 M HF medium according to the
“A test” of the AFNOR NF T90-210 standard (the dotted lines represent the
maximum accepted confident limits which are respectively fixed at 20% for the
lowest concentration of the calibration standard and 10% for the other ones).

Table 5

Statistical data related to the verification of separation yields for U and Zr using
TODGA extraction chromatography according to the “C test” of the AFNOR NF
T90-210 standard.

Isotope 967r 235y 233y
Addition (ng) 0.09 0.09 1.1
Number of series 3 3 3
Number of repetitions per series 2 2 2

Mean separation yield (%) 9.1x10' 93 x10' 9.5x%10'

Relative standard deviation of intermediate 1.9x10' 5.7 6.7
precision (%)

Difference from targeted 100% yield 8.7 6.9 5.4

Acceptable separation yield Yes Yes Yes

were all prepared in 0.5 M HNO3+0.005 M HF, that is the medium
obtained after a separation on the TODGA resin. The relative
truenesses obtained for the °6Zr and 235U calibration standards
are depicted in Fig. 5. It can be observed that all values are within
the maximum accepted confident limits. Therefore, it can be
concluded from the “A test” that the °6Zr and 23°U calibration
curves are acceptable for the studied concentration range (0.005-
0.03 pg L~ ') and medium (0.5 M HNO5;+0.005 M HF).

Finally, the “C test” of the AFNOR NF T90-210 standard was used
to characterize the influence of the TODGA-based preconcentration
step and to evaluate whether the separation yield is acceptable
within 10% trueness from a 100% value [54]. The associated
statistical data are presented in Table 5. The mean separation yield
is acceptable for all the studied isotopes (°°Zr, 23°U and 233U). Hence,
there is no need to use 233U as a tracer and no separation yield
correction has to be applied to the U and Zr determination.

Since the TODGA-based preconcentration protocol was vali-
dated with the AFNOR NF T90-210 standard, it was decided to
assess its contribution to the improvement of sensitivity for Zr
and U determination. Accordingly, the limits of detection (LOD,
assuming LOD=L0Q/3) obtained with and without the elimina-
tion of the deep Callovo-Oxfordian groundwater matrix were
compared. The former LOD was determined at 0.03 ug L~! when
using the “B test” validated TODGA protocol. The latter LOD
was obtained with a simple 100 fold dilution prior to the ICP-
MS measurement and was determined at 0.6 ug L~! for Zr and
0.2 pg L~ for U. Therefore, it can be concluded that the TODGA-
based protocol improves the U and Zr sensitivities by a 10 and a
20 fold factor, respectively.
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4. Conclusions

This study shows the development of a procedure to determine
Zr and U at trace level in a simulated deep Callovo-Oxfordian
groundwater. Theoretical and experimental studies of speciation
characterization demonstrated the importance of adjusting the
medium to HNOs/HF (0.5 M/0.005 M) to guarantee the stability of
the analytes in solution before their analysis. Extraction chromato-
graphy was applied to eliminate large amounts of salts (alkali and
alkali earth metals) and to concentrate simultaneously Zr and U
prior to Q ICP-MS measurements. The preconcentration procedures
were optimized using TRU® and TODGA® resins. Both protocols
were then evaluated with relevant statistical tests as outlined in
the AFNOR NF T90-210 standard. The TODGA-based preconcentra-
tion procedure was the only one validated in terms of linearity,
limits of quantification and separation yields. It allowed improving
the sensitivity up to a 20 fold factor for Zr and U measurements at
trace level by Q ICP-MS. In the prospect of a direct disposal of UZr
metallic fuels in a deep geological repository, this work can be
implemented for the analysis of the leaching solutions and the
investigation of 93Zr and 23°U release.
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