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Paris, November 30, 2015

To the Editors, Journal of Chromatography A

Dear Madam/Sir,

Please find enclosed a paper entitled “Development of a capillary
electrophoresis method for the analysis in alkaline media of two strategic
metals: niobium and tantalum” for submission to Journal of
Chromatography A.

This work focuses on the physicochemistry of Nb(V) and Ta(V) chemistry
in alkaline media. In the present work, we developed and optimized a
capillary zone electrophoresis (CE) method to simultaneously analyze
niobium and tantalum in alkaline media. The development of such a
method was accomplished using a chemometric approach based on
experimental designs and an ad hoc data treatment.

The method offers a new analytical strategy for Nb and Ta samples and is
in line with the current approach of the Nb-Ta industry where processes
are being developed in alkaline media. The results obtained show that the
proposed method is three time faster than any CE method previously
reported for the separation of Nb and Ta.

We firmly believe that this study complement earlier works and could be
helpful for researchers and industrials working in the field of Nb and Ta
chemistry.

Thank you very much for considering this paper for publication in Journal
of Chromatography A.

Kindest Regards,

Dr. DEBLONDE Gauthier
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Highlights

e Nb and Ta are simultaneously analyzed in less than 2.5 min

e Nb and Ta are separated in alkaline media by CE due a slight difference
in their polyoxometalates speciations

e Optimization of the method was performed using a non-conventional
data treatment

e The method does not require any chromophoric reagent for the detection
of Nb and Ta



*Manuscript

Click here to view linked References

10
11

12
13
14

15

16

17

18

19

20

21

22

Development of a capillary electrophoresis method for
the analysis in alkaline media of two strategic metals:

niobium and tantalum

Gauthier J-P. Deblonde *™*, Alexandre Chagnes®, Gérard Cote®, Jérdme Vial®,
Isabelle Rivals®, Nathalie Delaunay®*

& Chimie ParisTech, PSL Research University, CNRS, Institut de Recherche de Chimie Paris (IRCP), F-75005
Paris, France

b Eramet Research, Hydrometallurgy department, Trappes, France

© PSL Research University, ESPCI ParisTech, Laboratory of Analytical and Bioanalytical Sciences and
Miniaturization, UMR CBI 8231, Paris, France

¢ Equipe de Statistique Appliquée, ESPCI ParisTech, PSL Research University, UMRS1158, Paris, France
®CNRS, UMR CBI 8231, Paris, France

* gauthier.deblonde@alumni.chimie-paristech.fr

Keywords:

Niobium

Tantalum

Capillary zone electrophoresis
Polyoxometalates

Design of experiments


mailto:gauthier.deblonde@chimie-paris.org
http://ees.elsevier.com/chroma/viewRCResults.aspx?pdf=1&docID=37226&rev=0&fileID=1562215&msid={E4BB44CD-AF40-49EB-8F2B-17646C835E78}

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47

48

49

Abstract: Tantalum (Ta) and niobium (Nb) are two strategic metals essential to several key sectors,
like the aerospace, gas and oil, nuclear and electronic industries, but their separation is really difficult
due to their almost identical chemical properties. Whereas they are currently produced by
hydrometallurgical processes using fluoride-based solutions, efforts are being made to develop
cleaner processes by replacing the fluoride media by alkaline ones. However, methods to analyze Nb
and Ta simultaneously in alkaline samples are lacking. In this work, we developed a capillary zone
electrophoresis (CE) method able to separate and quantify Nb and Ta directly in alkaline media. The
method takes advantage of the hexaniobate and hexatantalate ions which are naturally formed at pH >
9 and absorb in the UV domain. First, the detection conditions, the background electrolyte (BGE) pH,
the nature of the BGE co-ion and the internal standard (IS) were optimized by a systematic approach.
As the BGE counter—ion nature modified the speciation of both ions, sodium- and lithium-based BGE
were tested. For each alkaline cation, the BGE ionic strength and separation temperature were
optimized using experimental designs. Since changes in the migration order of IS, Nb and Ta were
observed within the experimental domain, the resolution was not a monotonic function of ionic
strength and separation temperature. This forced us to develop an original data treatment for the
prediction of the optimum separation conditions. Depending on the consideration of either peak
widths or peak symmetries, with or without additional robustness constraints, four optima were
predicted for each tested alkaline cation. The eight predicted optima were tested experimentally and
the best experimental optimum was selected considering analysis time, resolution and robustness. The
separation voltage was finally optimized, resulting in the separation of Nb, Ta, and IS in less than 2.5
min, which is three time faster than any CE method ever reported for the separation of Nb and Ta
(acidic media included). Some figures of merit of the method were determined such as linearity
ranges and limits of quantitation. Finally, the method was successfully applied to the analysis of a real

industrial sample.
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1. Introduction

Niobium (Nb; Z = 41) and tantalum (Ta; Z = 73) are two group V elements which remain largely
unknown to the general public even though they are used in several applications. Nb is primary
consumed as ferroniobium (i.e. Fe-Nb alloys with at least 55 w% Nb) in the production of high-
strength low-alloy steels used in the automotive, gas pipeline and structural steel industries [1,2]. Nb
is also a key component of the superconducting magnets found in NMR spectrometers and in particle
accelerators like the Large Hadron Collider [3,4]. Nuclear fuel claddings, optical lenses, collection
coins and electronic capacitors are also among Nb-based products. With only 2 ppm in the continental
crust, Ta is about ten times less abundant than Nb [5]. Hence, Ta compounds are usually more
expensive than their Nb counterparts. Nonetheless, Ta is consumed worldwide for the manufacture of
electronic components (capacitors, acoustic filters, touchscreen technology...) that are essential to the
smartphones and other hi-tech products [6,7]. Other commercial outlets for Ta include cutting tools,

high-melting point alloys, medical implants and military projectiles.

In aqueous solutions, niobium and tantalum exist only as Nb(V) and Ta(V) and are barely soluble in
the usual mineral acids HCI, H,SO, or HNO3. The two ions also have the same ionic radius [8], which
renders their separation very arduous. These two strategic elements are currently produced by
hydrometallurgical processes which are operated in highly acidic media and in the presence of
fluoride ions (coming from NH,F or HF) [9]. However, alkaline media (mainly NaOH or KOH-based
media) are catching growing attention in the Nb-Ta industry because of the lower health risks and

environmental footprint of alkaline solutions as compared to fluoride ones [10-12].

Contrasting with the increasing interest for processing Nb and Ta in alkaline media, the analytical
methods for such solutions are still limited to Inductively Coupled Plasma (ICP) spectrometry. We
recently developed an UV-based method for the determination of Nb in both synthetic and industrial
samples, but this method is not appropriate for tantalum [13]. A handful of capillary electrophoresis
(CE) methods were also reported for the separation and quantitation of Nb and Ta, but all were
performed in acidic media and the analytical times ranged between 7 and 42 min. Moreover, these
methods required the addition of chromophoric and sometime toxic reagents, like Arsenazo Ill, for the
metal detection [14-17]. Thus, the available methods are not in line with the current approach of the
Nb-Ta industry.

We recently developed a capillary zone electrophoresis method able to separate Nb and Ta directly in
alkaline media [18]. The method was only used for speciation studies and was not designed for
analytical purpose. With this non-optimized method, the separation of Nb and Ta was accomplished
within 6 min and the signal to noise ratio was low for both metals. This CE method took an innovative
approach because it was based on the formation of HyNbgO1*® and H,Tas015*® ions (0<x<3)

(namely, hexaniobate and hexatantalate). These polyoxometalates are the only species that Nb and Ta
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form at pH > 9 [19] and they absorb in the UV domain which allowed the direct detection of Nb and
Ta ions without using chromophoric reagents. The development and optimization of a capillary zone
electrophoresis method able to separate and quantify Nb and Ta directly in alkaline media could be
helpful for the development of cleaner industrial processes and it is the purpose of this paper. The
development of such a method was accomplished using a chemometric approach based on
experimental designs [20,21]. Additional constraints, inherent to the specificity of Nb and Ta
chemistries in alkaline media, also implied to use an ad hoc data treatment which allowed optimizing
simultaneously multiple criteria, including analysis time, peak width and peak asymmetry.

2. Experimental section

2.1. Reagents

All stock solutions were prepared with Ultra-Pure water delivered by a Direct-Q3 UV system
(Millipore, Molsheim, France). NaCl (> 99.5%), NaHCOO (> 99%) and sodium naphthalene-1,5-
disulfonate (98%) were purchased from Sigma Aldrich and used without further purification.
LiOH,H,0 (> 98%, Alfa Aesar), LiCl (> 99%, Fluka), LiCH3;COO,2H,0 (reagent grade, Alfa Aesar),
and NaCH;3;COO (> 99.0 %, VWR AnalaR NormaPur®) were used as received. NaOH solutions were
prepared from standardized solutions (Prolabo Normadose). Na;HNbgO19,15H,O and
NagTagO14,24.5H,0 were synthesized and characterized as previously reported [13,22]. Stock
solutions of Nb(V) and Ta(V) were prepared by dissolution of Na;HNbgO,15H,0 and
NagTagO14,24.5H,0 in deionized water, respectively, and filtered at 0.20 um with a syringe filter
(Minisart® RC25, Sartorius) before CE experiments.

An alkaline industrial solution of Nb and Ta, coming from a hydrometallurgical process, was
provided by Eramet Research (Trappes, France). The pH of the sample was 12.4. The ICP-AES
analysis provided by Eramet Research is as follow: [NbgO49] = 3.40 (x0.17) mM; [NbsTaO,o] = 0.227
(£0.011) mM. Impurities in the sample were: [Na] = 54 (x3) mM; [S] = 1.09 (x£0.05) mM; [Ti] =
0.104 (+0.005) mM and [Fe] = 0.023 (+0.002) mM.

2.2. Electrophoretic conditions

All CE experiments were carried out with an Agilent Technologies 7100 CE system (Massy, France)
equipped with a diode array detector (deuterium lamp). The detection wavelength, detection
bandwidth, reference wavelength and reference bandwidth for Nb and Ta were optimized, as
discussed below. Separations were performed in a 30 cm (effective length: 8.5 cm) x 50 um ID fused-

silica capillary (Photonlines, Marly-le-Roi, France). A personal computer using HP 3D ChemStation
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controlled the HP 7100 CE instrument and allowed data analysis. New capillaries were activated by
flushes under approximately 1 bar with 1 M NaOH (or 1 M LiOH), then 0.1 M NaOH (or 0.1 M
LiOH) and water (10 min each). Every day, the capillary was flushed under 1 bar for 10 min with
0.1 M NaOH (or 0.1 M LiOH) followed by the desired background electrolyte (BGE) for 10 min. All
stock solutions were filtered using 0.20 um syringe filters (Ministart®, Sartorius) before preparing the
samples used for CE analysis. The BGEs were prepared less than 24 h before their injection in the CE
system. Nb and Ta stock solutions were stored at 4 °C and renewed every week. The samples were
hydrodynamically injected at the anodic end at a pressure of 10 mbar for 3 s (about 0.3% percent of
the capillary volume at 25°C). Afterwards, the desired voltage was applied at the injection end. The
CE cartridge was thermostated. Before each experiment, the capillary was flushed with the BGE for
10 min. At the end of the day, the capillary was flushed with Ultra-Pure water for 15 min. pH
measurements were performed with a 827 pH-lab (Metrohm) pH-meter and low alkaline error
combined electrode (Unitrode, Metrohm). The pH-meter was calibrated with NIST standards at pH
4.00, 7.00 and 10.00.

2.3. Experimental design
2.3.1 Choice of the factors, variation domains and responses

The three most important parameters that are likely to affect the separation of H,NbsO:s*® and
H,.TagO1*® ions are the temperature, the ionic strength and the nature of the alkaline counter-ion of
the BGE (the latter influences the solution chemistry of HyNDsO16* %) and HyTas010™%5q) [22-24]).
Temperature and ionic strength are continuous factors whereas counter-ion nature is not.
Consequently, T and | were selected as the two factors used for a design of experiments, which would
be carried out for each tested counter-ion. The selected domains were: 25 <I1<75mM and 25 <T <
40 °C. The tested counter-ions were Na* and Li*. For quantitation purpose, an internal standard (IS)
was added to the samples and, as a consequence, the separation of the three peaks (corresponding to
Nb, Ta and IS) was required. The choice of IS is detailed in section 3.1. The responses measured to
evaluate the quality of the separation were the peak start, peak migration and peak end times of Nb,
Taand IS.

2.3.2. Central composite design and models

The experimental designs consisted in a central composite design with three levels for each factor
(ionic strength and temperature). The center point was also repeated 5 times to evaluate the
experimental error. Each experimental design corresponds to 13 experimental conditions (Table 1).
Because of peak overlapping in the case of LiOH-LICH;COO BGE, Nb and Ta were injected
separately for some points. The experimental results corresponding to the two counter-ions are given
in Table S1.
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Table 1: Central composite design.

Block Experimental order Factor 1: lonic strength® Factor 2: Temperature®

1 0 0
2 -1 +1

| 3 -1 -1
4 +1 -1
5 +1 +1

6 0 0

7 0 0

8 +1 0

9 -1 0

I 10 0 0
11 0 +1

12 0 -1

13 0 0

a: coded values: -1=25mM ; 0=50 mM ; +1 =75 mM.
b: coded values: -1 =25°C; 0=325°C; +1 =40 °C.

The relationship between the factors and a response Y (peak start, migration or end time or Ta, Nb or
IS) was modeled by a full second-degree polynomial law:

2 2
Y =0,+ > 0%+ 0" +0,%X, +W
i=1 i=1

where x; and x, denote the factors to be optimized (ionic strength and temperature, respectively), 6o,
0;, 0;;, and 0,, the constant, affine, quadratic and first-order interaction parameters, respectively, and
W the experimental error. The model parameters were estimated using ordinary least squares multiple
regressions. Thanks to the repetitions at the center, the models could be tested for lack of fit [25]: for
both counter-ions, all the models could be considered as unbiased (p >> 5%).

Using the Na counter-ion, the coefficients of variations of the peak times were of the order of 15%.
All the linear effects were significant with a type | error risk of 5%, but the nonlinear effects were not,
be the tests performed with the residual or the pure error mean squares for variance estimation. Using
the Li counter-ion, the coefficients of variations of the peak times were of the order of 3% and all the

effects were significant at the 5% level except for the temperature quadratic term.

2.3.3. Optimization of the separation

The goal was to find an optimal separation conditions in terms of analysis time and resolution
between peaks. However, due to changes in the migration order of Ta, Nb and IS (see Table S1),
neither analysis time nor resolution were continuous functions of the factors to be optimized. Thus,
we developed a strategy based on the systematic evaluation of the constraints to be satisfied and of the
criteria to be optimized in the whole experimental domain using the predictions of the previously

validated models. The 2D experimental domain was divided in elementary pixels of width 0.1 (hence
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a total of 21x21 = 441 pixels) and, for each of them, the time intervals between the three possible

pairs of peaks were estimated using the models of hormalized peak start and peak end times:
Atii (k) = maX (tistart (k) _ t;)nd (k),t,;tart (k) _ tiend (k))
i y .

where i and j index the peaks (i, j = 1to 3, i <], i.e. 3 different couples) and k indexes the elementary
pixel (k = 1 to 441). In addition, the predicted peak times were used to compute the peak widths (i.e.

thew, (k) =t (k)- " (k)) as well as the peak asymmetry coefficients aj(k) defined as:

(£ ()= (k) - (1% () - (k))‘
£ (k) - £ (k)

a (k)=

The analysis time, i.e. the peak end time of the last migrating component, which is not always the

same one, was also predicted for each pixel as 7'(k) = max(tf”d(k)). For each pixel k, we chose to:

1) impose model consistency, i.e. £ (k) <™ (k) <" (k) (hard constraint which proved to be

satisfied everywhere for both counter-ions)

2) impose strictly no peak overlap, i.e. Az;(k)> Az, =0.1min (hard constraint),
3) optimize the resolution by either minimizing the peak widths w (k), or maximizing their

asymmetry coefficienta.(k),
4) minimize the analysis time T(k),
5) as an option, optimize robustness by maximizing the number of neighboring pixels satisfying

the hard constraints 1) and 2) n(k) (a value between 0 and 8 for pixels inside the experimental

domain, but between 0 and only 3 for a factorial pixel).

In order to perform the simultaneous optimization of 3), 4) and 5), we chose a desirability approach.
The desirability function [26] was defined in each pixel as a function of the analysis time, of the peak
widths (D) or of their asymmetry coefficients (D), and of their numbers of neighboring satisfying

the hard constraints, i.e.:

D, (k)=d(T(k), T,, T;) x | [d(w(k), wy, wy)x d(n(k), wy, w,)

=1

D, (k)=d(T (k) T;,T,) ﬁd(a(k), wo, wy)x d(n(k), wo, w;)

i=1

where d(t, xo, X;1) is Derringer type function [27], i.e. a continuous piecewise linear function with

values in [0 ; 1] and:
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d(tx,,x) =" if tT §min(x,x)max(c,x, )b
x -

1 xO
and whose value is equal to 0 or to 1 outside this interval in a continuous fashion. Based on the

distributions of the analysis time, peak width and symmetry coefficient, the following parameter

values where chosen:

- analysis time: Ty =6, T; =4, in minutes;
- peak width: wy = 0.4, w; = 0.2, in minutes;

- asymmetry: 3, =0.3,a; =0;

For the number of neighbors satisfying the hard constraints, we chose either ng =4, n; =8, 0rng<n; <
0 (robustness constraint relaxed).

Thus, depending on whether peak widths or asymmetries were minimized, and whether the robustness
constraint on the neighbors was relaxed or not, we obtained 4 predicted optima for each counter-ion,
see Table 2.

Table 2: Predicted optima for each counter-ion. It is chosen either to minimize peak width or asymmetry, either
with or without the robustness constraint on the number of neighbors. x;= ionic strength, x, = temperature, given
in coded values. The detailed analysis of the optimum of cell highlighted in grey is given in Error! Reference
source not found.Figure 3.

Na* Li
Robustness — Robustness + Robustness — Robustness +
Peak width X;=-04,%x,=1 X1=-0.3,%X=09 | x;,=-02,%x,=1 X;=-0.2,%X,=0.5
Peak X;=-05%x,=-03 | x3=-0.3,%x=04 | x,=-0.3,Xx,=-03 | x;,=-0.2,%x,=-0.2
asymmetry

Experimental design and optimization were performed using Matlab version 8.5.0.197613 (R2015a).
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3. Results and discussion

3.1. Preliminary tests: detection conditions, BGE co-ion and internal standard

In a previous study [18], we showed that hexaniobate and hexatantalate ions could be separated using
a classical bare-fused silica capillary having a total length of 35 cm and an effective length of 8.5 cm.
The non-optimized method allowed separating Nb and Ta anions in about 6 min with a resolution
superior to 5. This short effective length was thus kept and the injected sample volume was adapted to
prevent from band-broadening.

In the non-optimized CE method that we previously reported for the Nb-Ta separation in alkaline
media [18], the detection was done at 240 (£2) nm for Nb and 214 (£2) nm for Ta, and the reference
wavelength was set at 340 (£40) nm. We here performed a systematic study in order to find the best
detection conditions for Nb and Ta. The results given in Figure S1 show that the highest signal to
noise ratio is obtained when Age = 211 (24) nm and Aes = 325 (£20) nm for Nb and Age = 211 (£5) nm
and A 325 (£50) nm for Ta. For Nb, the detection at 211 (£5) nm with a reference at 325 (£50) nm
also gives a high signal to noise ratio. Thus these parameters were selected so that both metals could
be detected at the same wavelength, which facilitates the data treatment of the experimental designs.

These parameters improved the signal to noise ratio by a factor of 2.3 for Nb and 6.1 for Ta.

Previously reported results [18] showed that the ratio between the effective electrophoretic mobility of
HNbsO1® and that of H,Tas01*® increases slightly between pH 9 and 13 and that this ratio is
higher in Li*-based and Na'-based BGE as compared to K*-based BGE. Therefore, the K*-containing
media were not studied in the present work. In order to keep a sufficient buffer capacity and to be able
to vary the ionic strength of the BGE while keeping it lower than 100 mM (to avoid uncontrolled
heating by Joule effect), we decided to perform the Nb-Ta separation at pH 12. This means that the
BGE were composed of 10 mM LiOH or 10 mM NaOH in addition to a Li*-based or a Na*-based salt.
Since the HyNbgO16*® and H,Tas01*® ions absorb in the low-UV range, the nitrate, thiocyanate and
carbonate ions are not suitable co-ions. Among the usual co-ions used in CE, CI, HCOO™ and
CH3COO" were tested (Figure 1).

0.5 mAu I

HCOO- ¢ 0.5 mAu

HCOO-
CH,COOr
CH,COO
_;' 3?2 3‘i4 3t6 3i8 1‘1 4i2 4‘4 5j2 5t7 Stl 6[7

Time (min) Time (min)
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Figure 1: Peak shapes for H,TagO1s*® ions (A) and H,NbsO15*® (B) obtained by CE in 10 mM NaOH + 40 mM
NaCl (green curve), 10 mM NaOH + 40 mM NaHCOO (blue curve) and 10 mM NaOH + 40 mM NaCH;COO
(red curve). [TagOyg] = 0.10 mM, [NbeOg] = 0.10 mM. T = 25.0 °C. CE conditions; bare-fused silica capillary,
50 um ID x 30 cm (detection at 8.5 cm). Hydrodynamic injection at the anodic end: 3s, 10 mbar. Applied
voltage: 10 kV at the injection end. Detection: direct UV, Age = 211 (£5) nm and Arr = 325 (£50) nm.

As shown in Figure 1, the symmetry for both Nb and Ta peaks is better in the presence of acetate co-
ions. These results are in accordance with the measured effective electrophoretic mobilities of
HNbO1® (-61 x 10 cm? s V') and H,Tag01*® (-54 x 10° cm? s V') (1= 15 mM and T = 25°C)
[18], which are closer to the absolute electrophoretic mobility at infinite dilution at 25°C of CH;COO"
(-57 x 10° cm? s* V?) than those of CI" (-79 x 10° cm?® s* V1) and HCOO™ (-42 x 10®° cm? s* V%)
[28]. Hence, all CE experiments were carried out in LIOH-LICH;COO or NaOH-NaCHs;COO based
BGEs

In order to perform a quantitative determination of Nb and Ta, an internal standard (IS) had to be
found. The internal standard should not interact with HyNbsO1o*® and H,Tas015® ions, be stable at
pH 12, should absorb the UV light and must have an electrophoretic mobility close but different to the
ones of HNbsO1*® and H,Tag015*® ions. Based on the literature data, the naphthalenesulfonic acid
derivatives were expected to fulfill these requirements. Among the tested candidates, naphthalene-1,5-
disulfonate ion was found to be a suitable internal standard. The two pKa values for naphthalene-1,5-
disulfonate are lower than 1 [29], so that it is completely deprotonated under our CE conditions (pH
12).

3.2. Prediction of the optimum separation conditions

As expected, preliminary tests confirmed that the two most important parameters that affect the
separation of H,NbsO1s*® and H,TagO1*® ions are the temperature (T) and the ionic strength (I). A
design of experiments involving these two factors was selected. The investigated domain for ionic
strength was chosen considering a short analysis time for its inferior value and the solubilities of
H,NbsO15® and H,Tag015*® in the BGEs and Joule heating for its superior value. For temperature, the
minimum value was set at 25 °C to keep a short analysis time and due to solubility considerations and
the maximum value was fixed at 40 °C. Even if higher temperatures could have been considered
regarding the specifications of the CE system used here, we chose to limit the temperature to 40 °C in
order to prevent from premature ageing of the bare-fused silica capillary since the analyses were
performed in alkaline media. The selected final domains were: 25 <1< 75 mM and 25 < T <40 °C.
As mentioned above, two independent experimental designs were performed (one with LiOH-
LiCH;COO BGE and one with NaOH-NaCH3;COO BGE) because the nature of the alkaline ion
influences the solution chemistry of HyNbgO16™® ) and HyTagO10* % gy [22-24].
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We first expected to find the best separation conditions using a classical response surface
methodology, based on optimizing resolution values between peaks while minimizing analysis time.
However, as shown in Figure 2, changes in the migration order of the peaks of hexaniobate,
hexatantalate and naphthalene-1,5-disulfonate ions were observed as a function of the ionic strength,
at constant temperature with lithium-based electrolytes. Similar observations were made with sodium-

based electrolytes.

T=25°C IzmAU IS
S

I
IS

Ta Nb [I=75mM
-
I\ N\ Ta Nb 1=50 mM

Ta Ny 1=25mM

15 2.5 35 4.5 55 6.5 7.5 85
Time (min)
Figure 2: Electropherograms of solutions containing niobium (Nb), tantalum (Ta) and the internal standard
naphatalene-1,5-disulphonate (IS). BGE: 10 mM NaOH + NaCH;CQOO. | = 25 mM (bottom), 50 mM (middle)

or 75 mM (top). T = 25.0 °C. [TagO1g] = 0.10 mM. [NbgO19] = 0.05 mM. [IS] = 0.17 mM. Other CE conditions:
see Figure 1.

It is worth noticing that the ionic strength did not change the migration order of Ta and Nb ions,
which have very similar electronic and structural features. The migration order observed for
HxNDbsO15 gy and H,Tag010*%; ions has been explained elsewhere [18]. The variation in the
migration order of IS and Nb-Ta with the ionic strength is thought to be due to different effective
charges that exhibit HNDgO19 % aq) and HeTas015™ gy (0 < x < 3) in Li*- or Na'-based BGE compared
to naphthalene-1,5-disulfonate, which has only two negative charges at pH 12. Indeed, as observed by
Friedl et al. [30], the influence of the ionic strength on electrophoretic mobility of ions is strongly
related to the charge of the considered ions. Nevertheless, the use of their empirical equation did not
allow a correct fitting of the electrophoretic mobility values that we measured as a function of ionic
strength at constant temperature and constant BGE nature. This may be linked to the complexity of
the condensation with alkali ions or cation exchange phenomena already observed with the Nb(V) or
Ta(V) ions in alkaline media [18,22]. Consequently, an increase in ionic strength reduced the
electrophoretic mobilities of our polyanions, which should decrease their migration times with our
experimental setting (counter-electroosmotic flow). Nonetheless, an increase in ionic strength also
induced a significant decrease (of about 70%) in the electroosmotic flow. This second phenomenon is

predominant and explains why the analysis time was drastically lengthened, changing from 3.3 min at
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I =25 mM to 8.1 minat | =75 mM (Figure 2). Contrary to the ionic strength, the temperature has no
effect on the migration order and, as expected, the total analysis time decreases when the temperature
increases. However, the migration order of Nb, Ta and IS does not remain constant over the ionic

strength domain investigated, as highlighted in Figure 2.

As a consequence of this change in the migration order, it is obvious that for some conditions, the IS
peak overlaps with the Nb or Ta peak. This renders the data treatment more complex because the peak
resolutions, which are usually chosen as appropriate responses, are not monotonic functions over the
whole experimental domain. For example, it can be inferred from Figure 2 that the resolution between
the peak of Ta and the peak of IS equals zero for one ionic strength value in the domain 25 mM <1 <
50 mM (at T = 25 °C) whereas it is a positive number for the other ionic strength values.

To overcome this issue, new responses were chosen and an ad hoc data treatment was developed as
detailed in section 2.3. The selected responses were: start time, migration time and end time for each
peak. This type of responses was previously used to optimize the CE separation of aromatic
hydrocarbons [21]. In our case, the optimization was then focused on finding the conditions where the
peaks did not overlap, where the total analysis time was as short as possible, and where the peaks
were most symmetric or narrowest, including or not an additional constraint of robustness on the
neighboring points of the predicted optimum point. An example of the calculated desirability function

for a given set of constraints is detailed in Figure 3.



332

333
334
335
336
337
338
339
340
341

asymmetry Ta: ao=0.3, a1=0 asymmetry IS: au=0.3, a1=0 asymmetry Nb: a0=0.3, a1=0

1 o 1 1
.2

g 025 g 0.3 g 0.3
2 0.2 3 E
£o 015 29 025 £ 0o
o 0.1 o Q
£ : = 02 € 0.1
< 005 & S

-1 -1 0.15 -1

-1 0 1 -1 0 1 -1 0 1
ionic strength ionic strength ionic strength

O  experimental points
7  predicted optimum

non-overlap (> 0.1 min) # neigbours ok, n0=4, n1=B analysis time (min), T0=6, T1=4

1 o 1 1 8 1 o] 14
12
10
0 0.5 0 0 o I,
v
6
-1 0 -1 -1 4
-1 0 1 -1 0 1

temperature
(o]

temperature

temperature

-1 0 1
ionic strength ionic strength ionic strength

predicted electropherogram for optimum
x1=-0.2,x2 =-0.2

overall desirability Da
! 0.2
[0} : = « 1) Q0
E 0.15 5 = = <
>
g9 s
“g’_ 0.1 _g
I3 0.05 <
-1 0
-1 0 1
ionic strength , , . X
25 3 3.5 4

retention time (min)

Figure 3: Detailed analysis of the predicted optimum for counter-ion Li*, minimizing asymmetry, under the
robustness constraint that a maximum number of neighboring pixels do not overlap (grey cell in Table 2). Top
graphs: asymmetries a;j(k) of each of the 3 components (Ta, IS, Nb). Middle left graph: 1 if min(At;)>0.1 min
(hard non-overlapping constraint satisfied), else 0. Middle graph: number of neighbors satisfying the hard
constraint n(k). Middle right graph: analysis time T(k) in minutes. Bottom middle graph: desirability function
D,. Bottom right graph: predicted (schematic) electropherogram for the predicted optimum (peaks heights are
not modeled).
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3.3. Experimental validation

The 8 predicted optimal points (4 in LiOH-LiCH;COO BGE and 4 in NaOH-NaCH;COO BGE) were
tested experimentally (Figure 4). Regarding the four predicted optima in NaOH-NaCH;COO media,
two different domains of | and T values were obtained considering either peak widths or peak
symmetries. Nevertheless, the four resulting electropherograms were quite similar. The peaks of Nb,
Ta and IS were always baseline resolved and the total analysis times were comprised between 4.1 and
5.5 min. In the case of LiOH-LiCH3;COO-based BGEs, the four predicted optimum conditions
involved about the same ionic strength value (42.5 or 45 mM) whereas the temperature values varied
between -0.3 and 1 in coded values. However, the four resulting electropherograms are also very
similar and show that the three peaks were baseline resolved except for one condition (Figure 4-B).
Even if the separation was already satisfactory in Na*-based BGEs, the peak symmetries were slightly
better and the total analysis times were all inferior to 4.2 min when working with LiOH-LiCH;COO.
Taking these results into account, the optimum conditions selected to perform the Nb-Ta separation in
the presence of the internal standard (naphthalene-1,5-disulfonate) are a BGE composed of 10 mM
LiOH and 35 mM LiCH;COO (I = 45 mM or -0.2 in coded value) and a temperature of 31.0 °C (-0.2
in coded value), which corresponds to the optimum predicted taking into consideration optimizing the
peak symmetries and demanding robustness of predicted neighborhood points. It is also worth
noticing that the predicted migration times (Figure 3) and the experimental ones (Figure 4-B), under

the optimal conditions, are in close agreement.

A BGE: NaOH /NaCH;COD B BGE: LiOH / LiCH;C00
( ) x ( ) 15 I 2mAU
2mAu

25mM-393C 45.0mM - 36.3 °C
40.0 mM - 40.0°C 45.0mM - 40.0°C
42.5 mM - 35.5 °C I\ 45.0 mM - 31.0 °C

I\ \ N\
S 7/\m.,,f‘ A ,/ N N B
37.5 mM - 30.3 °C 42.5mM-30.3°C
.................................... ; . : : . . . \
2 25 3 35 4 45 5 55 2 2.5 3 35 4 45 5 5.5

Time (min) Time (min)

Figure 4: Electropherograms of solutions containing niobium (Nb), tantalum (Ta) and the internal standard (1S)
measured under the predicted optimum conditions. BGE: 10 mM LiOH + LiCH;COO (A) or 10 mM NaOH +
NaCH3;COO (B). [TagO1g] = 0.10 mM. [NbgOyg] = 0.05 mM. [IS] = 0.17 mM. Other CE conditions: see Figure
1. The ionic strength and the temperature used for the CE separations are indicated below each
electropherogram. The corresponding coded values (I; T) are (from top to bottom): (-0.3; +0.9), (-0.4; +1.0), (-
0.3; +0.4), (-0.5; -0.3) in NaOH-NaCH;COO BGEs and (-0.2; +0.5), (-0.2; +1.0), (-0.2; -0.2), (-0.3; -0.3) in
LiOH-LiCH;COO BGEs.

Up to now, all the electropherograms related to the experimental designs were recorded with an

applied voltage of 10 kV, which avoids Joule heating even for the samples with the highest ionic
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strength (checked experimentally). After determining the optimal temperature and ionic strength for
the separation, the applied voltage was increased since it is known that it reduces the analysis time
without impairing the quality of the separation. Under the optimized conditions, Joule effect tests
were performed (measurement of the current intensity versus the applied voltage) in order to evaluate
the maximum voltage that could be applied without noticing a detrimental effect due to Joule heating.
This led to an increase in the applied voltage from 10 up to 16 kV which induced a decrease in the
total analysis time to 2.3 min. The electropherogram of a solution containing Nb, Ta and IS measured
under the final optimized conditions is presented in Figure 5. The electropherogram obtained with the
previously reported and non-optimized method is also given for comparison. It is clear from the
results presented in Figure 5 that detection sensitivity, peak symmetry, peak width, efficiency and
analysis time were greatly improved. The separation with the optimized method was accomplished in
2.3 min which is, to our knowledge, about 3 times faster than any CE method that has ever been

Il mAU

reported for the separation of niobium and tantalum.

Nb
Ta

Optimized method

Nb

Ta

Non-optimized method

1.25 2.25 3.25 4.25 5.25 6.25
Time (min)

Figure 5: Top: electropherogram of a solution containing Nb, Ta and IS obtained with the optimized method.
BGE: 10 mM LiOH + 35 mM LiCH;COO (I = 45 mM). U = 16 kV, T = 31.0 °C. [TasO10] and [NbgOse] =
0.050 mM. [IS] = 0.085 mM. Bare-fused silica capillary, 50 um ID x 30 cm (detection at 8.5 cm). Age = 211
(£5) nm and A, = 325 (£50) nm. Bottom: electropherogram of a solution containing Nb and Ta obtained with
the initial non-optimized conditions [18]. BGE: 10 mM NaOH + 40 mM NaCl (I =50 mM). U =10 kV, T =
25.0 °C. [Tag044] and [NbeOyo] = 0.125 mM. Bare-fused silica capillary, 50 pm ID x 35 cm (detection at 8.5
cm), Aget = 214 (£2) nm and Ay = 350 (£40) nm.

The robustness of the method with the final conditions (16 kV ; 1 =45 mM ; T = 31.0 °C) was also
evaluated (Figure S2). Electropherograms of a solution containing Nb, Ta and IS were measured
when varying the temperature or the ionic strength to £ 1% from their optimal values. The Ta peak
was found to be the most sensitive with a standard deviation of 2.5% for its normalized migration
time, whereas the corresponding parameter was of 0.7% for Nb. The standard deviations measured for

the normalized corrected areas are 2.0% for Ta and 2.1% for Nb. Nonetheless, the total analysis time



401
402

403
404
405
406
407
408
409
410
411

412

413
414
415

416

417

418
419
420
421
422
423
424
425
426

was lower than 2.5 min and the peaks of Nb, Ta and IS were baseline resolved regardless the tested

conditions.

The linearity and quantitation limits of the optimized method were also determined (Figure S3). The
linearity of the method was evaluated by regressing the normalized corrected areas against the total
NbsO19 Or TagO1g concentrations and using the least-squares method (Table 3). The method was linear
up to 4.5 mM for hexatantalate ions, and up to 1.0 mM for hexaniobate ions. The upper limit for Nb is
governed by peak overlapping between Nb and IS. The limits of quantitation, calculated considering a
signal to noise ratio of 10, were estimated at 0.016 mM for H,NbsO15*® and 0.022 mM for H,Tag0:4*
® These values led to a quantitation domain of 9 to 557 mg.L™* for Nb and 24 to 4,890 mg.L™ for Ta.
By comparison, the Nb and Ta concentrations encountered in industrial processes are typically higher
than 100 mg.L™ [12,31,32].

Table 3: Linear regression calibration parameters for H,NbeO1<® and H,TagO5® ions. Seven concentration
levels between 0.02 and 1.00 mM were used for H,NbsO15® and nine concentration levels between 0.02 and
4.50 mM for H,Tas01°%. CE conditions: see Figure 5. The calibration curves are given in Figure S3.

lons

Parameter Hexatantalate Hexaniobate

Slope +8.50 +10.4
Intercept  -0.227 +0.127
o, 0.047 0.116
R2 0.9988 0.9993

a: Standard error of the Y estimates.
3.4. Application to a real sample

The optimized method was then applied to the determination of Nb and Ta in a real alkaline industrial
sample provided by Eramet Research company (France). This sample differs slightly from the
synthetic samples we used because it was composed of pure hexaniobate ions ([NbegO1g] = 3.40 £0.17
mM) and also mixed Nb-Ta polyoxometalates ([NbsTaO,q] = 0.227 £0.011 mM). The insertion of Ta
into hexaniobate ions is inherent to the process used by the company. Taking into account that Nb and
Ta have very similar chemical properties, the separation of the pure ions HyNbsOy*® and the
substituted ions H,NbsTas01® seemed challenging. Nonetheless, we applied our optimized CE
method to the industrial sample and we also spiked it with pure hexatantalate ions in order to evaluate
the potential separation of H,NbsO1®, H,Tas01s*® and H,NbsTa01*® ions (Figure 6).
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Figure 6: Electropherogram of an industrial Nb sample spiked with hexatantalate ions. Peak identification:
HyTagO1s*® (Ta) ; HyNbsO1g*® (Nb) ; HyNbsTaO15*® (NbTa) ; internal standard (IS). Industrial sample diluted
25 times in 10 mM LiOH + 35 mM LiCH5;COO and spiked with 0.09 mM (top) or 0.18 mM (bottom) of
H,Tas015 % ions. T = 31.0 °C. BGE: 10 mM LiOH + 35 mM LiCH5COO (I = 45 mM). U = 16 kV.

As shown on Figure 6, the separation between H,NbgO1s*®, H,Tag0*® and H:NbsTaOy*® ions is
accomplished in less than 2.3 min with our optimized method. The small peak at 1.9 min was
attributed to the substituted ions HyNb:TaO;*® taking into account the migration times, the expected
concentrations and the UV absorbance spectra of the different peaks. The IS peak and the Nb peak
slightly overlap, but with a resolution value of 1.4 which allows correct quantitation, and the Ta peak
is slightly broader than for the standard solutions. This is thought to be due to the presence of
interfering ions in the industrial sample (54 mM of Na® ions, etc) that may induce some destacking.
The H,NbsO1*® concentration determined by the CE method is 3.53 mM, which is in the range given
by the industrial (3.40 £0.17 mM), thereby demonstrating the applicability of CE to perform the

determination of Nb and Ta in real alkaline solutions.

4. Conclusion

For the first time, a CE method was developed for the analysis of Nb and Ta in alkaline media. The
separation is performed with classical bared-fused silica capillary and does not require any chelating
or chromophoric reagent. First, based on a method designed for speciation studies, we optimized the
detection conditions and the nature of the BGE co-ion, and we found a suitable internal standard for
the analysis of H,NbsO15*® and H,Tas015® ions. Two experimental designs were then performed in
order to find the best ionic strength and temperature for the separation, in both Li- and Na-based
BGEs. Unfortunately, the ionic strength influences the migration order between IS and Nb-Ta, which
necessitated an optimized data treatment. The original data processing used allowed predicting 8
optimal conditions which were then tested experimentally. The final separation conditions involved a
BGE composed of 10 mM LiOH + 35 mM LiCH;COO (I = 45 mM) and a temperature of 31.0 °C.
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The applied voltage was next optimized and the separation of H,NbsO168, H,Tag0:0*® and IS was
performed in 2.3 min, which is three times faster than any CE method reported so far for the
separation of Nb and Ta (acidic media included). Some figures of merit of the methods were also
determined. The quantitation limits (S/N = 10) are 0.016 mM for H,NbgO1o® and 0.022 mM for
H,Tas01"® and the linearity is extended to 1.0 mM for H,NbsO1*® and 4.5 mM for H,TagO*".
Finally, the optimized method was successfully applied to a real Nb-Ta industrial sample.
Furthermore, the separation was pushed to the separation of the non-substituted ions (HyNbgOy*?,
H,Tas01"®) and the substituted ones (HNbsTaO4s®). Our optimized method will be used in a future
work to probe the formation of other substituted niobium-metal polyoxometalates. An on-going work
is also focused on the development of a semi-quantitative method, without internal standard, for the
ultra-fast screening of hexaniobate and hexatantalate ions.
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Table 1

Table 1: Central composite design.

Block Experimental order

Factor 1: lonic strength?

Factor 2: Temperature®

1 0 0
2 -1 +1

| 3 -1 -1
4 +1 -1
5 +1 +1

6 0 0

7 0 0

8 +1 0

9 -1 0

I 10 0 0
11 0 +1

12 0 -1

13 0 0

a: coded values: -1=25mM ; 0=50 mM ; +1 =75 mM.

b: coded values: -1 =25°C;0=325°C;+1=40°C.



Table 2

Table 2: Predicted optima for each counter-ion. It is chosen either to minimize peak width or asymmetry, either
with or without the robustness constraint on the number of neighbors. x;= ionic strength, x, = temperature, given
in coded values. The detailed analysis of the optimum of cell highlighted in grey is given in Error! Reference
source not found.Figure 3.

asymmetry

Na* Li*
Robustness — Robustness + Robustness — Robustness +
Peak width X1=-04,%x,=1 X;=-0.3,%x,=09 | x,=-02,x,=1 x;=-0.2,X,=0.5
Peak X;=-05,%x,=-03 | x3=-0.3,%x=04 | x,=-0.3,Xx,=-03 | x;=-0.2, X, =-0.2




Table 3

Table 3: Linear regression calibration parameters for Hy;NbgO1s® and H,TagO:s*® ions. Seven concentration
levels between 0.02 and 1.00 mM were used for H,NbgOo*® and nine concentration levels between 0.02 and
4.50 mM for H,Tas014*®. CE conditions: see Figure 5. The calibration curves are given in Figure S3.

lons

Parameter Hexatantalate Hexaniobate

Slope +8.50 +10.4
Intercept  -0.227 +0.127
oy 0.047 0.116
R2 0.9988 0.9993

a: Standard error of the Y estimates.
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Abstract: Tantalum (Ta) and niobium (Nb) are two strategidatseessential to several key sectors,
like the aerospace, gas and oil, nuclear and elgictindustries, but their separation is reallyidifit

due to their almost identical chemical properti®§hereas they are currently produced by
hydrometallurgical processes using fluoride-basellitions, efforts are being made to develop
cleaner processes by replacing the fluoride meglialkaline ones. However, methods to analyze Nb
and Ta simultaneously in alkaline samples are tackin this work, we developed a capillary zone
electrophoresis (CE) method able to separate aadtifiy Nb and Ta directly in alkaline media. The
method takes advantage of the hexaniobate anddmtaktte ions which are naturally formed at pH >
9 and absorb in the UV domain. First, the deteatimmditions, the background electrolyte (BGE) pH,
the nature of the BGE co-ion and the internal stesh@lS) were optimized by a systematic approach.
As the BGE counter—ion nature modified the spemmatif both ions, sodium- and lithium-based BGE
were tested. For each alkaline cation, the BGEcimirength and separation temperature were
optimized using experimental designs. Since changéise migration order of IS, Nb and Ta were
observed within the experimental domain, the rdsmiuwas not a monotonic function of ionic
strength and separation temperature. This forcetb ugevelop an original data treatment for the
prediction of the optimum separation conditions.p&sding on the consideration of either peak
widths or peak symmetries, with or without additbmobustness constraints, four optima were
predicted for each tested alkaline cation. Thetgigadicted optima were tested experimentally and
the best experimental optimum was selected consglanalysis time, resolution and robustness. The
separation voltage was finally optimized, resultinghe separation of Nb, Ta, and IS in less th&n 2
min, which is three time faster than any CE methudr reported for the separation of Nb and Ta
(acidic media included). Some figures of merit bé tmethod were determined such as linearity
ranges and limits of quantitation. Finally, the hwat was successfully applied to the analysis afh r

industrial sample.
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1. Introduction

Niobium (Nb; Z = 41) and tantalum (Ta; Z = 73) & group V elements which remain largely
unknown to the general public even though they weed in several applications. Nb is primary
consumed as ferroniobium (i.Ee-Nb alloys with at least 55 w% Nb) in the pratt of high-

strength low-alloy steels used in the automotiaes gipeline and structural steel industries [INY.

is also a key component of the superconducting etagound in NMR spectrometers and in particle
accelerators like the Large Hadron Collider [3Mclear fuel claddings, optical lenses, collection
coins and electronic capacitors are also amongasied products. With only 2 ppm in the continental
crust, Ta is about ten times less abundant tharfS\bHence, Ta compounds are usually more
expensive than their Nb counterparts. Nonethelesss consumed worldwide for the manufacture of
electronic components (capacitors, acoustic filtengchscreen technology...) that are essentialgo th
smartphones and other hi-tech products [6,7]. Otbermercial outlets for Ta include cutting tools,

high-melting point alloys, medical implants anditaily projectiles.

In aqueous solutions, niobium and tantalum exi$g as Nb(V) and Ta(V) and are barely soluble in
the usual mineral acids HCI,80, or HNGO;. The two ions also have the same ionic radiusy8]ch
renders their separation very arduous. These twategic elements are currently produced by
hydrometallurgical processes which are operatedhighly acidic media and in the presence of
fluoride ions (coming from NKEF or HF) [9]. However, alkaline media (mainly Na@HKOH-based
media) are catching growing attention in the Nbii@dustry because of the lower health risks and

environmental footprint of alkaline solutions asmared to fluoride ones [10-12].

Contrasting with the increasing interest for pregag Nb and Ta in alkaline media, the analytical
methods for such solutions are still limited to untively Coupled Plasma (ICP) spectrometry. We
recently developed an UV-based method for the detation of Nb in both synthetic and industrial
samples, but this method is not appropriate foratam [13]. A handful of capillary electrophoresis
(CE) methods were also reported for the separatimh quantitation of Nb and Ta, but all were
performed in acidic media and the analytical timmsged between 7 and 42 min. Moreover, these
methods required the addition of chromophoric adetime toxic reagents, like Arsenazo lll, for the
metal detection [14-17]. Thus, the available mesharck not in line with the current approach of the
Nb-Ta industry.

We recently developed a capillary zone electroptisnmethod able to separate Nb and Ta directly in
alkaline media [18]. The method was only used foeciation studies and was not designed for
analytical purpose. With this non-optimized methttd separation of Nb and Ta was accomplished
within 6 min and the signal to noise ratio was fowboth metals. This CE method took an innovative
approach because it was based on the formation, b, and HTa0.s 2 ions (0<x<3)

(namely, hexaniobate and hexatantalate). Thes@xymhyetalates are the only species that Nb and Ta
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form at pH> 9 [19] and they absorb in the UV domain whichaka the direct detection of Nb and
Ta ions without using chromophoric reagents. Theelbgpment and optimization of a capillary zone
electrophoresis method able to separate and guaitifand Ta directly in alkaline media could be
helpful for the development of cleaner industrisbgesses and it is the purpose of this paper. The
development of such a method was accomplished uainghemometric approach based on
experimental designs [20,21]. Additional constininherent to the specificity of Nb and Ta
chemistries in alkaline media, also implied to aeead hoc data treatment which allowed optimizing

simultaneously multiple criteria, including analy$ime, peak width and peak asymmetry.

2. Experimental section

2.1. Reagents

All stock solutions were prepared with Ultra-Puraiter delivered by a Direct-Q3 UV system
(Millipore, Molsheim, France). NaCl (> 99.5%), NaBO (> 99%) and sodium naphthalene-1,5-
disulfonate (98%) were purchased from Sigma Aldraoid used without further purification.
LiOH,H,0 (> 98%, Alfa Aesar), LiCl (> 99%, Fluka), LiGBOO,2H0 (reagent grade, Alfa Aesar),
and NaCHCOO (> 99.0 %, VWR AnalaR NormaPur®) were usedeagived. NaOH solutions were
prepared from standardized solutions (Prolabo Ndos@). NaHNbsO1,,15H0 and
NagTas019,24.5H0O were synthesized and characterized as previoteghprted [13,22]. Stock
solutions of Nb(V) and Ta(V) were prepared by diggson of NgHNbO;,,15H,0 and
NagTas019,24.5H0 in deionized water, respectively, and filtered0&20 pum with a syringe filter
(Minisart® RC25, Sartorius) before CE experiments.

An alkaline industrial solution of Nb and Ta, compifirom a hydrometallurgical process, was
provided by Eramet Research (Trappes, France).pFhef the sample was 12.4. The ICP-AES
analysis provided by Eramet Research is as fol[blv;O,¢] = 3.40 (£0.17) mM; [NbTaO,q] = 0.227
(x0.011) mM. Impurities in the sample were: [Nap4 (£3) mM; [S] = 1.09 (x0.05) mM; [Ti] =
0.104 (+0.005) mM and [Fe] = 0.023 (x0.002) mM.

2.2. Electrophoretic conditions

All CE experiments were carried out with an Agil@rtchnologies 7100 CE system (Massy, France)
equipped with a diode array detector (deuteriumplanThe detection wavelength, detection
bandwidth, reference wavelength and reference batldvwior Nb and Ta were optimized, as
discussed below. Separations were performed ina@rB(&ffective length: 8.5 cm) x 50n ID fused-

silica capillary (Photonlines, Marly-le-Roi, Francé personal computer using HP 3D ChemStation
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controlled the HP 7100 CE instrument and alloweth denalysis. New capillaries were activated by
flushes under approximately 1 bar with 1 M NaOH {oM LiOH), then 0.1 M NaOH (or 0.1 M
LiOH) and water (10 min each). Every day, the dapilwas flushed under 1 bar for 10 min with
0.1 M NaOH (or 0.1 M LiOH) followed by the desirbdckground electrolyte (BGE) for 10 min. All
stock solutions were filtered using 0.20 um syrifiljers (Ministart®, Sartorius) before preparirget
samples used for CE analysis. The BGEs were prepass than 24 h before their injection in the CE
system. Nb and Ta stock solutions were stored °&l 4nd renewed every week. The samples were
hydrodynamically injected at the anodic end atesgure of 10 mbar for 3 s (about 0.3% percent of
the capillary volume at 25°C). Afterwards, the degdivoltage was applied at the injection end. The
CE cartridge was thermostated. Before each expatjrige capillary was flushed with the BGE for
10 min. At the end of the day, the capillary wassfled with Ultra-Pure water for 15 min. pH
measurements were performed with a 827 pH-lab @het) pH-meter and low alkaline error
combined electrode (Unitrode, Metrohm). The pH-metas calibrated with NIST standards at pH
4.00, 7.00 and 10.00.

2.3. Experimental design
2.3.1 Choice of thefactors, variation domains and responses

The three most important parameters that are likehaffect the separation of JNbsO.s® and
H,Ta0:s 8 ions are the temperature, the ionic strength hadature of the alkaline counter-ion of
the BGE (the latter influences the solution cherpist HNbBsO; % and HTas0:0 % aq) [22-24]).
Temperature and ionic strength are continuous factwhereas counter-ion nature is not.
Consequently, T and | were selected as the tworacised for a design of experiments, which would
be carried out for each tested counter-ion. Thecsatl domains were: 251 <75 mM and 25X T <

40 °C. The tested counter-ions were'Mad Li". For quantitation purpose, an internal standa®yl (I
was added to the samples and, as a consequencepidration of the three peaks (corresponding to
Nb, Ta and IS) was required. The choice of IS it in section 3.1The responses measured to
evaluate the quality of the separation were thé g#at, peak migration and peak end times of Nb,
Taand IS.

2.3.2. Central composite design and models

The experimental designs consisted in a centralposite design with three levels for each factor
(ionic strength and temperature). The center peias also repeated 5 times to evaluate the
experimental error. Each experimental design cpamds to 13 experimental conditions (Table 1).
Because of peak overlapping in the case of LIOHHJCOO BGE, Nb and Ta were injected
separately for some points. The experimental resultresponding to the two counter-ions are given
in Table S1.
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Table 1: Central composite design

Block Experimental order Factor 1: lonic strerfgtiFactor 2: Temperatute

0
-1
-1
+1

0

0

+1

-1

I 10 0
11 0 +
12 0 -
13 0 0

O oo~NOOUGTAWN PP

0
+1
-1
-1
+1 +1
0
0
0
0
0

a: coded values: -1 =25mM ; 0=50 mM ; +1 = M.m
b: coded values: -1 =25°C;0=325°C; +1=@0

The relationship between the factors and a respgr(peak start, migration or end time or Ta, Nb or

IS) was modeled by a full second-degree polynotaiai

Y=6,43 0%+ 30 + 6,00, +W

i=1 i=1
where % and » denote the factors to be optimized (ionic streragi temperature, respectivelg),
6, 6;, and6,, the constant, affine, quadratic and first-ordeeraction parameters, respectively, and
W the experimental error. The model parameters wstienated using ordinary least squares multiple
regressions. Thanks to the repetitions at the cetie models could be tested for lack of fit [2fg)
both counter-ions, all the models could be consides unbiased (p >> 5%).
Using the Na counter-ion, the coefficients of viiwias of the peak times were of the order of 15%.
All the linear effects were significant with a typerror risk of 5%, but the nonlinear effects war,
be the tests performed with the residual or the puror mean squares for variance estimation. Using
the Li counter-ion, the coefficients of variationfsthe peak times were of the order of 3% andhal t

effects were significant at the 5% level excepttha temperature quadratic term.

2.3.3. Optimization of the separation

The goal was to find an optimal separation condgion terms of analysis time and resolution
between peaks. However, due to changes in the tiaigrarder of Ta, Nb and IS (see Table S1),
neither analysis time nor resolution were contirsufunctions of the factors to be optimized. Thus,
we developed a strategy based on the systematicatiom of the constraints to be satisfied anchef t

criteria to be optimized in the whole experimerdamain using the predictions of the previously

validated models. The 2D experimental domain weasled in elementary pixels of width 0.1 (hence
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a total of 21x21 = 441 pixels) and, for each ofnth¢he time intervals between the three possible

pairs of peaks were estimated using the modelsmhalized peak start and peak end times:
At (k)= max(tf‘a”(k) —t (K), £ (k) ~t™ (k))
)

wherei andj index the peaks,(j = 1 to 3,i <j, i.e. 3 different couples) and k indexes the eleany
pixel (k = 1 to 441). In addition, the predicted peak timese used to compute the peak widths (i.e.

thew (K) =t (k) —t**(k)) as well as the peak asymmetry coefficieztis) defined as:

‘(tf“d (k) -t™ (k)) - (t;“’g (k) -t (k))‘
£ (k) -t (k)

a (k)=

The analysis time, i.e. the peak end time of tls¢ maigrating component, which is not always the

same one, was also predicted for each pixdl &3 = m.ax(tf"d(k)). For each pixel k, we chose to:

1) impose model consistency, i.€™ (k) <ti”‘9(k) <tie”d(k) (hard constraint which proved to be

satisfied everywhere for both counter-ions)

2) impose strictly no peak overlap, i.at; (k) > At ;, =0.1min (hard constraint),
3) optimize the resolution by either minimizing theakewidths w, (k), or maximizing their
asymmetry coefficierd (k),

4) minimize the analysis time T(k),
5) as an option, optimize robustness by maximizingniinaber of neighboring pixels satisfying

the hard constraints 1) and 8(k) (a value between 0 and 8 for pixels inside the exyntal

domain, but between 0 and only 3 for a factorigepi

In order to perform the simultaneous optimizatiér8) 4) and 5), we chose a desirability approach.
The desirability function [26] was defined in egmkel as a function of the analysis time, of thalpe
widths ©,) or of their asymmetry coefficient®), and of their numbers of neighboring satisfying

the hard constraints, i.e.:

D, (k) =d(T (k), T,,T)) ﬁ d(w(k), wo, wy) > d(n(k), we, w; )

i=1

D, (k) =d(T (k), Ty, T}) X ﬁ d(a(k), wo, w) x d(n(k), wo, w,)

i=1

whered(t, %, %) is Derringer type function [27], i.e. a continuopigcewise linear function with

values in [0 ; 1] and:
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t- . .
d(t,XO.X1)=H if tD[mln(xo,xl);maxQ%,xl)]
and whose value is equal to O or to 1 outside ititerval in a continuous fashion. Based on the

distributions of the analysis time, peak width ayimetry coefficient, the following parameter

values where chosen:

- analysis time: §= 6, T, = 4, in minutes;
- peak width: w= 0.4, w = 0.2, in minutes;
- asymmetry: @=0.3,a=0;

For the number of neighbors satisfying the hardstraints, we chose eithesn4,n =8, org<mn <

0 (robustness constraint relaxed).

Thus, depending on whether peak widths or asymesetvere minimized, and whether the robustness
constraint on the neighbors was relaxed or notpltained 4 predicted optima for each counter-ion,

see Table 2.

Table 2: Predicted optimdor each counter-ion. It is choseither to minimize peak width or asymmetry, either
with or without the robustness constraint on thmber of neighbors.x ionic strength, x= temperature, given
in coded values. The detailed analysis of the autinof cell highlighted in grey is given Erreur ! Source du
renvai introuvable.Figure 3.

Na' Li*
Robustness — Robustness + Robustness — Robustness
Peak width x=-04,%=1 »=-0.3,%=09| x=-0.2,%x=1 x»=-0.2,%=0.5
Peak X;=-0.5,%=-0.3 =-03,%=04 =-03,%=-0.3 | x;=-0.2,%x=-0.2
asymmetry

Experimental design and optimization were performeidg Matlab version 8.5.0.197613 (R2015a).
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3. Results and discussion

3.1. Preliminary tests. detection conditions, BGE co-ion and internal standard

In a previous study [18], we showed that hexanelaid hexatantalate ions could be separated using
a classical bare-fused silica capillary havingtaltength of 35 cm and an effective length of &

The non-optimized method allowed separating Nb &adanions in about 6 min with a resolution
superior to 5. This short effective length was tkeigt and the injected sample volume was adapted to

prevent from band-broadening.

In the non-optimized CE method that we previouglgarted for the Nb-Ta separation in alkaline
media [18], the detection was done at 240 (+2) anNb and 214 (+2) nm for Ta, and the reference
wavelength was set at 340 (+40) nm. We here peddrensystematic study in order to find the best
detection conditions for Nb and Ta. The resultegiin Figure S1 show that the highest signal to
noise ratio is obtained whege = 211 (+4) nm and.e = 325 (x20) nm for Nb anklye; = 211 (x5) nm
and.s 325 (£50) nm for Ta. For Nb, the detection at 243) nm with a reference at 325 (x50) nm
also gives a high signal to noise ratio. Thus thesameters were selected so that both metals could
be detected at the same wavelength, which faeéitie data treatment of the experimental designs.

These parameters improved the signal to noise bgtaofactor of 2.3 for Nb and 6.1 for Ta.

Previously reported results [18] showed that thie tzetween the effective electrophoretic mobitify
H,NbsO,5® and that of HI'a0.s® increases slightly between pH 9 and 13 and that ritio is
higher in Li"-based and Nabased BGE as compared té-Based BGE. Therefore, the ontaining
media were not studied in the present work. In otdéeep a sufficient buffer capacity and to bkeab
to vary the ionic strength of the BGE while keepithdpwer than 100 mM (to avoid uncontrolled
heating by Joule effect), we decided to performNieTa separation at pH 12. This means that the
BGE were composed of 10 mM LiOH or 10 mM NaOH imli¢idn to a Li-based or a Nabased salt.
Since the ENbgO;s® and HTa0.5 8 ions absorb in the low-UV range, the nitrate, ¢yEmate and
carbonate ions are not suitable co-ions. Amongubal co-ions used in CE, CHCOO and
CHSCOO were tested (Figure 1).

0.5 mAu 1

HCOO- $osmau

HCOO-

CH,COOr
CH,COO

3 3.2 3.4 3.6 3.8 4 4.2 4.4 5.2 5.7 6.2 6.7

Time (min) Time (min)
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Figure 1: Peak shapes for,fla;015® ions (A) and HNbsO15® (B) obtained by CE in 10 mM NaOH + 40 mM
NacCl (green curve), 10 mM NaOH + 40 mM NaHCOO (htueve) and 10 mM NaOH + 40 mM NagEDO
(red curve). [TgD.g = 0.10 mM, [NRO.g] = 0.10 mM. T = 25.0 °C. CE conditions: bare-fusdita capillary,

50 um ID x 30 cm (detection at 8.5 cm). Hydrodynmanmjection at the anodic end: 3s, 10 mbar. Applied
voltage: 10 kV at the injection end. DetectionedirUV, Age; = 211 (25) nm and,e = 325 (x50) nm.

As shown in Figure 1, the symmetry for both Nb diadpeaks is better in the presence of acetate co-
ions. These results are in accordance with the unedseffective electrophoretic mobilities of
HNbgO158 (-61 x 10° cn? s* V') and HTag015? (-54 x 10° cnf s* V) (1= 15 mM and T = 25°C)
[18], which are closer to the absolute electroptiomaobility at infinite dilution at 25°C of C¥COO

(-57 x 10° cnf s* VY than those of C(-79 x 10° cnt s* V) and HCOO (-42 x 10° cnf s* V%)

[28]. Hence, all CE experiments were carried outi@H-LICH;COO or NaOH-NaCkCOO based
BGEs

In order to perform a quantitative determinationNif and Ta, an internal standard (IS) had to be
found. The internal standard should not interat¢hwh,NbsO,5® and HTa0: ions, be stable at

pH 12, should absorb the UV light and must havelantrophoretic mobility close but different to the
ones of HNbO;s® and HTa0,58 ions. Based on the literature data, the naphtkaldfonic acid
derivatives were expected to fulfill these requiesits. Among the tested candidates, naphthalene-1,5-
disulfonate ion was found to be a suitable intestahdard. The two pKa values for naphthalene-1,5-
disulfonate are lower than 1 [29], so that it isnpdetely deprotonated under our CE conditions (pH
12).

3.2. Prediction of the optimum separ ation conditions

As expected, preliminary tests confirmed that tive tmost important parameters that affect the
separation of HNbsO,5® and HTa0.s® ions are the temperature (T) and the ionic streiigt A
design of experiments involving these two factoeswvgelected. The investigated domain for ionic
strength was chosen considering a short analysis tor its inferior value and the solubilities of
H,NbsO,5® and HTa0.58 in the BGEs and Joule heating for its superiou@akor temperature, the
minimum value was set at 25 °C to keep a shortyaisalime and due to solubility considerations and
the maximum value was fixed at 40 °C. Even if higtemperatures could have been considered
regarding the specifications of the CE system umzd, we chose to limit the temperature to 40 °C in
order to prevent from premature ageing of the ased silica capillary since the analyses were
performed in alkaline media. The selected final dm® were: 25 1 <75 mM and 25 T < 40 °C.

As mentioned above, two independent experimentaigde were performed (one with LiOH-
LiCH,COO BGE and one with NaOH-Na@EIOO BGE) because the nature of the alkaline ion
influences the solution chemistry ofMbs016 % and HTas016 % aq) [22-24].
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We first expected to find the best separation domtd using a classical response surface
methodology, based on optimizing resolution valbesveen peaks while minimizing analysis time.
However, as shown in Figure 2, changes in the raraorder of the peaks of hexaniobate,
hexatantalate and naphthalene-1,5-disulfonatewars observed as a function of the ionic strength,
at constant temperature with lithium-based elegtesl Similar observations were made with sodium-

based electrolytes.

T=25°C IZmAU IS
S

|
IS

Ta Nb I=75mM
o
Nb

Ta I=50 mM
Ta Nb I1=25mM
1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5

Time (min)

Figure 2: Electropherograms of solutions containing niobiudb), tantalum (Ta) and the internal standard
naphatalene-1,5-disulphonate (I1S). BGE: 10 mM Na©ONaCHCOO. | = 25 mM (bottom), 50 mM (middle)
or 75 mM (top). T = 25.0 °C. [§®1q] = 0.10 mM. [NRO¢] = 0.05 mM. [IS] = 0.17 mM. Other CE conditions:
see Figure 1.

It is worth noticing that the ionic strength didtreghange the migration order of Ta and Nb ions,
which have very similar electronic and structurehtfires. The migration order observed for
HxNDBsO19 % g and HTa015 %4 ions has been explained elsewhere [18]. The vamian the
migration order of IS and Nb-Ta with the ionic sigéh is thought to be due to different effective
charges that exhibit JNbsO:15%aq) and HTa6016 %) (0 < x < 3) in Li*- or N&'-based BGE compared
to naphthalene-1,5-disulfonate, which has only hegative charges at pH 12. Indeed, as observed by
Friedl et al. [30], the influence of the ionic stggh on electrophoretic mobility of ions is strongl
related to the charge of the considered ions. Nlegkss, the use of their empirical equation did no
allow a correct fitting of the electrophoretic miitlyi values that we measured as a function of ionic
strength at constant temperature and constant BaaiEe1 This may be linked to the complexity of
the condensation with alkali ions or cation excleapgenomena already observed with the Nb(V) or
Ta(V) ions in alkaline media [18,22]. Consequently) increase in ionic strength reduced the
electrophoretic mobilities of our polyanions, whishould decrease their migration times with our
experimental setting (counter-electroosmotic floNpnetheless, an increase in ionic strength also
induced a significant decrease (of about 70%) énetlectroosmotic flow. This second phenomenon is

predominant and explains why the analysis time dvastically lengthened, changing from 3.3 min at
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| =25 mM to 8.1 min at | = 75 mM (Figure 2). Caarly to the ionic strength, the temperature has no
effect on the migration order and, as expectedtdta analysis time decreases when the temperature
increases. However, the migration order of Nb, fd E5 does not remain constant over the ionic

strength domain investigated, as highlighted iruFécR.

As a consequence of this change in the migratidergit is obvious that for some conditions, the IS
peak overlaps with the Nb or Ta peak. This rentegslata treatment more complex because the peak
resolutions, which are usually chosen as appr@prizdéponses, are not monotonic functions over the
whole experimental domain. For example, it cannberfed from Figure 2 that the resolution between
the peak of Ta and the peak of IS equals zerorferionic strength value in the domain 25 MmN <

50 mM (at T = 25 °C) whereas it is a positive nunfoe the other ionic strength values.

To overcome this issue, new responses were chagkearaad hoc data treatment was developed as
detailed in section 2.3. The selected responses: wtart time, migration time and end time for each
peak. This type of responses was previously usedptimize the CE separation of aromatic
hydrocarbons [21]. In our case, the optimizatiors Ween focused on finding the conditions where the
peaks did not overlap, where the total analysi® timas as short as possible, and where the peaks
were most symmetric or narrowest, including or antadditional constraint of robustness on the
neighboring points of the predicted optimum pofat.example of the calculated desirability function

for a given set of constraints is detailed in Fegy8r
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333  Figure 3: Detailed analysis of the predicted optimum for dewion Li', minimizing asymmetry, under the
334  robustness constraint that a maximum number ofhbeigng pixels do not overlap (grey cell in Tab)e Pop
335 graphs: asymmetriem(k) of each of the 3 components (Ta, IS, Nb). Midéi graph: 1 if mingt;)>0.1 min
336 (hard non-overlapping constraint satisfied), elseMiddle graph: number of neighbors satisfying therd
337  constraintn(k). Middle right graph: analysis timg(k) in minutes. Bottom middle graph: desirability ftioo
338 D, Bottom right graph: predicted (schematic) elgat@rogram for the predicted optimum (peaks heights
339  not modeled).
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3.3. Experimental validation

The 8 predicted optimal points (4 in LIOH-LIGEIOO BGE and 4 in NaOH-NaGHBOO BGE) were
tested experimentally (Figure 4). Regarding the fmedicted optima in NaOH-NaGBOO media,
two different domains of | and T values were oledirconsidering either peak widths or peak
symmetries. Nevertheless, the four resulting edptierograms were quite similar. The peaks of Nb,
Ta and IS were always baseline resolved and thédaoglysis times were comprised between 4.1 and
5.5 min. In the case of LIOH-LIC}£OO-based BGEs, the four predicted optimum conuitio
involved about the same ionic strength value (42.85 mM) whereas the temperature values varied
between -0.3 and 1 in coded values. However, the fesulting electropherograms are also very
similar and show that the three peaks were basetipaved except for one condition (Figure 4-B).
Even if the separation was already satisfactolyditbased BGEs, the peak symmetries were slightly
better and the total analysis times were all infetdo 4.2 min when working with LIOH-LICkCOO.
Taking these results into account, the optimum tmm$ selected to perform the Nb-Ta separation in
the presence of the internal standard (naphthdenedisulfonate) are a BGE composed of 10 mM
LiOH and 35 mM LIiCHCOO (I = 45 mM or -0.2 in coded value) and a terapee of 31.0 °C (-0.2

in coded value), which corresponds to the optimuedisted taking into consideration optimizing the
peak symmetries and demanding robustness of peediceighborhood points. It is also worth
noticing that the predicted migration times (FigB)eand the experimental ones (Figure 4-B), under

the optimal conditions, are in close agreement.

A BGE: NaOH / NaCH,CO0 B BGE: LiOH / LiCH,CO0
( ) Iz mAU ( ) 1S 1 2mAU

Nb A T_a Nb
42.5mM-39.3°C 45.0mM-36.3 °C }

40.0 mM - 40.0 °C T 45.0 mM - 40.0 °C u

42.5 mM-35.5°C | 45.0 mM-31.0°C

37.5mM-30.3°C 42.5 mM - 30.3 °C
T 1 r T

r : : : r T v T T T )
2 2.5 3 35 4 45 5 55 2 2.5 3 3.5 4 4.5 5 5.5
Time (min) Time (min)

Figure 4: Electropherograms of solutions containing niobilb), tantalum (Ta) and the internal standard (IS)
measured under the predicted optimum conditiond£:BI® mM LiOH + LICHCOO (A) or 10 mM NaOH +
NaCH,COO (B). [Tg@O.g = 0.10 mM. [NROyg] = 0.05 mM. [IS] = 0.17 mM. Other CE conditiongesFigure

1. The ionic strength and the temperature used tfer CE separations are indicated below each
electropherogram. The corresponding coded valyég) @re (from top to bottom): (-0.3; +0.9), (-041.0), (-
0.3; +0.4), (-0.5; -0.3) in NaOH-NaGHOO BGEs and (-0.2; +0.5), (-0.2; +1.0), (-0.22)0(-0.3; -0.3) in
LIOH-LICH;COO BGEs.

Up to now, all the electropherograms related to eékperimental designs were recorded with an

applied voltage of 10 kV, which avoids Joule heataven for the samples with the highest ionic
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strength (checked experimentally). After determgnthe optimal temperature and ionic strength for
the separation, the applied voltage was increasee & is known that it reduces the analysis time
without impairing the quality of the separation. dén the optimized conditions, Joule effect tests
were performed (measurement of the current intensitsus the applied voltage) in order to evaluate
the maximum voltage that could be applied withaatiaing a detrimental effect due to Joule heating.
This led to an increase in the applied voltage fittrup to 16 kV which induced a decrease in the
total analysis time to 2.3 min. The electropherogrd a solution containing Nb, Ta and IS measured
under the final optimized conditions is presente&igure 5. The electropherogram obtained with the
previously reported and non-optimized method i® ajszen for comparison. It is clear from the

results presented in Figure 5 that detection seitgjtpeak symmetry, peak width, efficiency and

analysis time were greatly improved. The separatiith the optimized method was accomplished in

2.3 min which is, to our knowledge, about 3 timastér than any CE method that has ever been

11 mAU

reported for the separation of niobium and tantalum

Nb
Ta

Optimized method
Nb

Ta

Non-optimized method

1.25 2.25 3.25 4.25 5.25 6.25
Time (min)

Figure 5: Top: electropherogram of a solution containing Wa,and IS obtained with the optimized method.
BGE: 10 mM LiOH + 35 mM LIiCHCOO (I = 45 mM). U = 16 kV, T = 31.0 °C. [§@.g and [NkOyq] =
0.050 mM. [IS] = 0.085 mM. Bare-fused silica cagilt, 50 um ID x 30 cm (detection at 8.5 crye = 211
(5) nm and\ = 325 (x50) nm. Bottom: electropherogram of a solucontaining Nb and Ta obtained with
the initial non-optimized conditions [18]. BGE: 1M NaOH + 40 mM NaCl (I = 50 mM). U =10 kV, T =
25.0 °C. [Ta0qg and [NkO;g] = 0.125 mM. Bare-fused silica capillary, 50 pm X85 cm (detection at 8.5
cm), Aget = 214 (£2) nm and,; = 350 (£40) nm.

The robustness of the method with the final cood&i(16 kV ; | =45 mM ; T = 31.0 °C) was also
evaluated (Figure S2). Electropherograms of a wwolutontaining Nb, Ta and IS were measured
when varying the temperature or the ionic strengthk 1% from their optimal values. The Ta peak
was found to be the most sensitive with a standasdation of 2.5% for its normalized migration
time, whereas the corresponding parameter was/é6 @or Nb. The standard deviations measured for

the normalized corrected areas are 2.0% for Ta2atfb for Nb. Nonetheless, the total analysis time
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was lower than 2.5 min and the peaks of Nb, Tal8ndere baseline resolved regardless the tested

conditions.

The linearity and quantitation limits of the optitetl method were also determined (Figure S3). The
linearity of the method was evaluated by regrestlirggnormalized corrected areas against the total
NbsO19 Or TaO,9 concentrations and using the least-squares mé¢ltadde 3). The method was linear
up to 4.5 mM for hexatantalate ions, and up tomMM for hexaniobate ions. The upper limit for Nb is
governed by peak overlapping between Nb and IS.lifvhies of quantitation, calculated considering a
signal to noise ratio of 10, were estimated at ®.@M for HNbsO:s® and 0.022 mM for ETac0;"

® These values led to a quantitation domain of 856 mg.L* for Nb and 24 to 4,890 mgifor Ta.

By comparison, the Nb and Ta concentrations eneoedtin industrial processes are typically higher
than 100 mg.[* [12,31,32].

Table 3: Linear regression calibration parameters fQNBEO16® and HTas0:5® ions. Seven concentration
levels between 0.02 and 1.00 mM were used {05 and nine concentration levels between 0.02 and
4.50 mM for HTas0.5 8. CE conditions: see Figure 5. The calibration esgrare given in Figure S3.

lons

Parameter Hexatantalate Hexaniobate

Slope +8.50 +10.4
Intercept  -0.227 +0.127
o, 0.047 0.116
R2 0.9988 0.9993

a: Standard error of the Y estimates.
3.4. Application to areal sample

The optimized method was then applied to the detation of Nb and Ta in a real alkaline industrial
sample provided by Eramet Research company (Frafde$ sample differs slightly from the
synthetic samples we used because it was compbsraeohexaniobate ions ([hD;¢] = 3.40 £0.17
mM) and also mixed Nb-Ta polyoxometalates {NO,g] = 0.227 £0.011 mM). The insertion of Ta
into hexaniobate ions is inherent to the proceed by the company. Taking into account that Nb and
Ta have very similar chemical properties, the ssfmm of the pure ions JMbsO.s® and the
substituted ions HENbsTa015® seemed challenging. Nonetheless, we applied otimized CE
method to the industrial sample and we also spitketith pure hexatantalate ions in order to evaduat
the potential separation ofNbsO15%, H,Tas015® and HNbsTaO,s® ions (Figure 6).
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Figure 6: Electropherogram of an industrial Nb sample spikéth hexatantalate ions. Peak identification:
H,Tas0158 (Ta) ; HNbgO1s® (Nb) ; H,NbsTaO,s® (NbTa) ; internal standard (IS). Industrial samgileited
25 times in 10 mM LiOH + 35 mM LiCHCOO and spiked with 0.09 mM (top) or 0.18 mM (botjoof
H,Tas0 % ions. T = 31.0 °C. BGE: 10 mM LiOH + 35 mM LiGEOO (I = 45 mM). U = 16 kV.

As shown on Figure 6, the separation betwegNbkD:s®, H,Ta:Os® and HNbsTaO,s® ions is
accomplished in less than 2.3 min with our optidizeethod. The small peak at 1.9 min was
attributed to the substituted iongN-TaO, o2 taking into account the migration times, the expec
concentrations and the UV absorbance spectra ofliffte¥ent peaks. The IS peak and the Nb peak
slightly overlap, but with a resolution value oft Wwhich allows correct quantitation, and the Takpea
is slightly broader than for the standard solutionkis is thought to be due to the presence of
interfering ions in the industrial sample (54 mMNd' ions, etc) that may induce some destacking.
The HNbsO15® concentration determined by the CE method is 8168 which is in the range given
by the industrial (3.40 £0.17 mM), thereby demoatstig the applicability of CE to perform the

determination of Nb and Ta in real alkaline solnso

4. Conclusion

For the first time, a CE method was developed Hieranalysis of Nb and Ta in alkaline media. The
separation is performed with classical bared-fuskch capillary and does not require any chelating
or chromophoric reagent. First, based on a metlestyded for speciation studies, we optimized the
detection conditions and the nature of the BGEorp-and we found a suitable internal standard for
the analysis of NbsO1 8 and HTas0,58 ions. Two experimental designs were then perforined
order to find the best ionic strength and tempeeafar the separation, in both Li- and Na-based
BGEs. Unfortunately, the ionic strength influenties migration order between IS and Nb-Ta, which
necessitated an optimized data treatment. Thenatiglata processing used allowed predicting 8
optimal conditions which were then tested experii@én The final separation conditions involved a
BGE composed of 10 mM LiOH + 35 mM LiGEOO (I = 45 mM) and a temperature of 31.0 °C.
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The applied voltage was next optimized and the ragipa of HNbsO158, H,Ta0:5® and IS was
performed in 2.3 min, which is three times fasteant any CE method reported so far for the
separation of Nb and Ta (acidic media includedm&digures of merit of the methods were also
determined. The quantitation limits (S/N = 10) &816 mM for HNbsO.s® and 0.022 mM for
H,TasO® and the linearity is extended to 1.0 mM fofNBsO15® and 4.5 mM for KTac0.s°".
Finally, the optimized method was successfully mgplto a real Nb-Ta industrial sample.
Furthermore, the separation was pushed to the at@parnf the non-substituted ions ,{#bgO:6*®,
HXTaeong‘B) and the substituted onesx(‘li-lbsTaOng'B). Our optimized method will be used in a future
work to probe the formation of other substitutedbmim-metal polyoxometalates. An on-going work
is also focused on the development of a semi-quaine method, without internal standard, for the

ultra-fast screening of hexaniobate and hexatdetaas.
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