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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 
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Abstract: Tantalum (Ta) and niobium (Nb) are two strategic metals essential to several key sectors, 23 

like the aerospace, gas and oil, nuclear and electronic industries, but their separation is really difficult 24 

due to their almost identical chemical properties. Whereas they are currently produced by 25 

hydrometallurgical processes using fluoride-based solutions, efforts are being made to develop 26 

cleaner processes by replacing the fluoride media by alkaline ones. However, methods to analyze Nb 27 

and Ta simultaneously in alkaline samples are lacking. In this work, we developed a capillary zone 28 

electrophoresis (CE) method able to separate and quantify Nb and Ta directly in alkaline media. The 29 

method takes advantage of the hexaniobate and hexatantalate ions which are naturally formed at pH > 30 

9 and absorb in the UV domain. First, the detection conditions, the background electrolyte (BGE) pH, 31 

the nature of the BGE co-ion and the internal standard (IS) were optimized by a systematic approach. 32 

As the BGE counter–ion nature modified the speciation of both ions, sodium- and lithium-based BGE 33 

were tested. For each alkaline cation, the BGE ionic strength and separation temperature were 34 

optimized using experimental designs. Since changes in the migration order of IS, Nb and Ta were 35 

observed within the experimental domain, the resolution was not a monotonic function of ionic 36 

strength and separation temperature. This forced us to develop an original data treatment for the 37 

prediction of the optimum separation conditions. Depending on the consideration of either peak 38 

widths or peak symmetries, with or without additional robustness constraints, four optima were 39 

predicted for each tested alkaline cation. The eight predicted optima were tested experimentally and 40 

the best experimental optimum was selected considering analysis time, resolution and robustness. The 41 

separation voltage was finally optimized, resulting in the separation of Nb, Ta, and IS in less than 2.5 42 

min, which is three time faster than any CE method ever reported for the separation of Nb and Ta 43 

(acidic media included). Some figures of merit of the method were determined such as linearity 44 

ranges and limits of quantitation. Finally, the method was successfully applied to the analysis of a real 45 

industrial sample. 46 

 47 

 48 

  49 



1. Introduction 50 

Niobium (Nb; Z = 41) and tantalum (Ta; Z = 73) are two group V elements which remain largely 51 

unknown to the general public even though they are used in several applications. Nb is primary 52 

consumed as ferroniobium (i.e. Fe-Nb alloys with at least 55 w% Nb) in the production of high-53 

strength low-alloy steels used in the automotive, gas pipeline and structural steel industries [1,2]. Nb 54 

is also a key component of the superconducting magnets found in NMR spectrometers and in particle 55 

accelerators like the Large Hadron Collider [3,4]. Nuclear fuel claddings, optical lenses, collection 56 

coins and electronic capacitors are also among Nb-based products. With only 2 ppm in the continental 57 

crust, Ta is about ten times less abundant than Nb [5]. Hence, Ta compounds are usually more 58 

expensive than their Nb counterparts. Nonetheless, Ta is consumed worldwide for the manufacture of 59 

electronic components (capacitors, acoustic filters, touchscreen technology…) that are essential to the 60 

smartphones and other hi-tech products [6,7]. Other commercial outlets for Ta include cutting tools, 61 

high-melting point alloys, medical implants and military projectiles. 62 

In aqueous solutions, niobium and tantalum exist only as Nb(V) and Ta(V) and are barely soluble in 63 

the usual mineral acids HCl, H2SO4 or HNO3. The two ions also have the same ionic radius [8], which 64 

renders their separation very arduous. These two strategic elements are currently produced by 65 

hydrometallurgical processes which are operated in highly acidic media and in the presence of 66 

fluoride ions (coming from NH4F or HF) [9]. However, alkaline media (mainly NaOH or KOH-based 67 

media) are catching growing attention in the Nb-Ta industry because of the lower health risks and 68 

environmental footprint of alkaline solutions as compared to fluoride ones [10-12]. 69 

Contrasting with the increasing interest for processing Nb and Ta in alkaline media, the analytical 70 

methods for such solutions are still limited to Inductively Coupled Plasma (ICP) spectrometry. We 71 

recently developed an UV-based method for the determination of Nb in both synthetic and industrial 72 

samples, but this method is not appropriate for tantalum [13]. A handful of capillary electrophoresis 73 

(CE) methods were also reported for the separation and quantitation of Nb and Ta, but all were 74 

performed in acidic media and the analytical times ranged between 7 and 42 min. Moreover, these 75 

methods required the addition of chromophoric and sometime toxic reagents, like Arsenazo III, for the 76 

metal detection [14-17]. Thus, the available methods are not in line with the current approach of the 77 

Nb-Ta industry. 78 

We recently developed a capillary zone electrophoresis method able to separate Nb and Ta directly in 79 

alkaline media [18]. The method was only used for speciation studies and was not designed for 80 

analytical purpose. With this non-optimized method, the separation of Nb and Ta was accomplished 81 

within 6 min and the signal to noise ratio was low for both metals. This CE method took an innovative 82 

approach because it was based on the formation of HxNb6O19
x-8

 and HxTa6O19
x-8

 ions (0 ≤ x ≤ 3) 83 

(namely, hexaniobate and hexatantalate). These polyoxometalates are the only species that Nb and Ta 84 



form at pH ≥ 9 [19] and they absorb in the UV domain which allowed the direct detection of Nb and 85 

Ta ions without using chromophoric reagents. The development and optimization of a capillary zone 86 

electrophoresis method able to separate and quantify Nb and Ta directly in alkaline media could be 87 

helpful for the development of cleaner industrial processes and it is the purpose of this paper. The 88 

development of such a method was accomplished using a chemometric approach based on 89 

experimental designs [20,21]. Additional constraints, inherent to the specificity of Nb and Ta 90 

chemistries in alkaline media, also implied to use an ad hoc data treatment which allowed optimizing 91 

simultaneously multiple criteria, including analysis time, peak width and peak asymmetry.  92 

 93 

2. Experimental section 94 

2.1. Reagents 95 

All stock solutions were prepared with Ultra-Pure water delivered by a Direct-Q3 UV system 96 

(Millipore, Molsheim, France). NaCl (> 99.5%), NaHCOO (> 99%) and sodium naphthalene-1,5-97 

disulfonate (98%) were purchased from Sigma Aldrich and used without further purification. 98 

LiOH,H2O (> 98%, Alfa Aesar), LiCl (> 99%, Fluka), LiCH3COO,2H2O (reagent grade, Alfa Aesar), 99 

and NaCH3COO (> 99.0 %, VWR AnalaR NormaPur®) were used as received. NaOH solutions were 100 

prepared from standardized solutions (Prolabo Normadose). Na7HNb6O19,15H2O and 101 

Na8Ta6O19,24.5H2O were synthesized and characterized as previously reported [13,22]. Stock 102 

solutions of Nb(V) and Ta(V) were prepared by dissolution of Na7HNb6O19,15H2O and 103 

Na8Ta6O19,24.5H2O in deionized water, respectively, and filtered at 0.20 µm with a syringe filter 104 

(Minisart® RC25, Sartorius) before CE experiments. 105 

An alkaline industrial solution of Nb and Ta, coming from a hydrometallurgical process, was 106 

provided by Eramet Research (Trappes, France). The pH of the sample was 12.4. The ICP-AES 107 

analysis provided by Eramet Research is as follow: [Nb6O19] = 3.40 (±0.17) mM; [Nb5TaO19] = 0.227 108 

(±0.011) mM. Impurities in the sample were: [Na] = 54 (±3) mM; [S] = 1.09 (±0.05) mM; [Ti] = 109 

0.104 (±0.005) mM and [Fe] = 0.023 (±0.002) mM. 110 

 111 

2.2. Electrophoretic conditions 112 

All CE experiments were carried out with an Agilent Technologies 7100 CE system (Massy, France) 113 

equipped with a diode array detector (deuterium lamp). The detection wavelength, detection 114 

bandwidth, reference wavelength and reference bandwidth for Nb and Ta were optimized, as 115 

discussed below. Separations were performed in a 30 cm (effective length: 8.5 cm) x 50 μm ID fused-116 

silica capillary (Photonlines, Marly-le-Roi, France). A personal computer using HP 3D ChemStation 117 



controlled the HP 7100 CE instrument and allowed data analysis. New capillaries were activated by 118 

flushes under approximately 1 bar with 1 M NaOH (or 1 M LiOH), then 0.1 M NaOH (or 0.1 M 119 

LiOH) and water (10 min each). Every day, the capillary was flushed under 1 bar for 10 min with 120 

0.1 M NaOH (or 0.1 M LiOH) followed by the desired background electrolyte (BGE) for 10 min. All 121 

stock solutions were filtered using 0.20 µm syringe filters (Ministart®, Sartorius) before preparing the 122 

samples used for CE analysis. The BGEs were prepared less than 24 h before their injection in the CE 123 

system. Nb and Ta stock solutions were stored at 4 °C and renewed every week. The samples were 124 

hydrodynamically injected at the anodic end at a pressure of 10 mbar for 3 s (about 0.3% percent of 125 

the capillary volume at 25°C). Afterwards, the desired voltage was applied at the injection end. The 126 

CE cartridge was thermostated. Before each experiment, the capillary was flushed with the BGE for 127 

10 min. At the end of the day, the capillary was flushed with Ultra-Pure water for 15 min. pH 128 

measurements were performed with a 827 pH-lab (Metrohm) pH-meter and low alkaline error 129 

combined electrode (Unitrode, Metrohm). The pH-meter was calibrated with NIST standards at pH 130 

4.00, 7.00 and 10.00. 131 

 132 

2.3. Experimental design 133 

2.3.1 Choice of the factors, variation domains and responses 134 

The three most important parameters that are likely to affect the separation of HxNb6O19
x-8

 and 135 

HxTa6O19
x-8

 ions are the temperature, the ionic strength and the nature of the alkaline counter-ion of 136 

the BGE (the latter influences the solution chemistry of HxNb6O19
x-8

(aq) and HxTa6O19
x-8

(aq) [22-24]). 137 

Temperature and ionic strength are continuous factors whereas counter-ion nature is not. 138 

Consequently, T and I were selected as the two factors used for a design of experiments, which would 139 

be carried out for each tested counter-ion. The selected domains were: 25 ≤ I ≤ 75 mM and 25 ≤ T ≤ 140 

40 °C. The tested counter-ions were Na
+
 and Li

+
. For quantitation purpose, an internal standard (IS) 141 

was added to the samples and, as a consequence, the separation of the three peaks (corresponding to 142 

Nb, Ta and IS) was required. The choice of IS is detailed in section 3.1. The responses measured to 143 

evaluate the quality of the separation were the peak start, peak migration and peak end times of Nb, 144 

Ta and IS. 145 

2.3.2. Central composite design and models 146 

The experimental designs consisted in a central composite design with three levels for each factor 147 

(ionic strength and temperature). The center point was also repeated 5 times to evaluate the 148 

experimental error. Each experimental design corresponds to 13 experimental conditions (Table 1). 149 

Because of peak overlapping in the case of LiOH-LiCH3COO BGE, Nb and Ta were injected 150 

separately for some points. The experimental results corresponding to the two counter-ions are given 151 

in Table S1. 152 



Table 1: Central composite design. 153 

Block Experimental order Factor 1: Ionic strength
a
 Factor 2: Temperature

b
 

I 

1 0 0 

2 -1 +1 

3 -1 -1 

4 +1 -1 

5 +1 +1 

6 0 0 

II 

7 0 0 

8 +1 0 

9 -1 0 

10 0 0 

11 0 +1 

12 0 -1 

13 0 0 

a: coded values: -1 = 25 mM ; 0 = 50 mM ; +1 = 75 mM.  154 

b: coded values: -1 = 25 °C ; 0 = 32.5 °C ; +1 = 40 °C. 155 

 156 

The relationship between the factors and a response Y (peak start, migration or end time or Ta, Nb or 157 

IS) was modeled by a full second-degree polynomial law: 158 

WxxxxY
i

iiii

i

i  


2112

2

1

2
2

1

0   159 

where x1 and x2 denote the factors to be optimized (ionic strength and temperature, respectively), 0, 160 

i, ii, and 12 the constant, affine, quadratic and first-order interaction parameters, respectively, and 161 

W the experimental error. The model parameters were estimated using ordinary least squares multiple 162 

regressions. Thanks to the repetitions at the center, the models could be tested for lack of fit [25]: for 163 

both counter-ions, all the models could be considered as unbiased (p >> 5%). 164 

Using the Na counter-ion, the coefficients of variations of the peak times were of the order of 15%. 165 

All the linear effects were significant with a type I error risk of 5%, but the nonlinear effects were not, 166 

be the tests performed with the residual or the pure error mean squares for variance estimation. Using 167 

the Li counter-ion, the coefficients of variations of the peak times were of the order of 3% and all the 168 

effects were significant at the 5% level except for the temperature quadratic term. 169 

 170 

2.3.3. Optimization of the separation 171 

The goal was to find an optimal separation conditions in terms of analysis time and resolution 172 

between peaks. However, due to changes in the migration order of Ta, Nb and IS (see Table S1), 173 

neither analysis time nor resolution were continuous functions of the factors to be optimized. Thus, 174 

we developed a strategy based on the systematic evaluation of the constraints to be satisfied and of the 175 

criteria to be optimized in the whole experimental domain using the predictions of the previously 176 

validated models. The 2D experimental domain was divided in elementary pixels of width 0.1 (hence 177 



a total of 21x21 = 441 pixels) and, for each of them, the time intervals between the three possible 178 

pairs of peaks were estimated using the models of normalized peak start and peak end times: 179 

 180 

where i and j index the peaks (i, j = 1 to 3, i < j, i.e. 3 different couples) and k indexes the elementary 181 

pixel (k = 1 to 441). In addition, the predicted peak times were used to compute the peak widths (i.e. 182 

thewi (k) = ti
end (k)- ti

start (k)) as well as the peak asymmetry coefficients ai(k) defined as: 183 

a
i
(k) =

t
i

end (k) - t
i

mig (k)( ) - t
i

mig (k) - t
i

start (k)( )
t
i

end (k) - t
i

start (k)
 184 

The analysis time, i.e. the peak end time of the last migrating component, which is not always the 185 

same one, was also predicted for each pixel as T (k) = max
i
t
i

end (k)( ) . For each pixel k, we chose to: 186 

1) impose model consistency, i.e. t
i

start (k) < t
i

mig (k) < t
i

end (k) (hard constraint which proved to be 187 

satisfied everywhere for both counter-ions) 188 

2) impose strictly no peak overlap, i.e. 
 
∆tij (k) > ∆tmin = 0.1min  (hard constraint), 189 

3) optimize the resolution by either minimizing the peak widths w
i
(k) , or maximizing their 190 

asymmetry coefficient a
i
(k) , 191 

4) minimize the analysis time T(k), 192 

5) as an option, optimize robustness by maximizing the number of neighboring pixels satisfying 193 

the hard constraints 1) and 2) n(k) (a value between 0 and 8 for pixels inside the experimental 194 

domain, but between 0 and only 3 for a factorial pixel). 195 

In order to perform the simultaneous optimization of 3), 4) and 5), we chose a desirability approach. 196 

The desirability function [26] was defined in each pixel as a function of the analysis time, of the peak 197 

widths (Dw) or of their asymmetry coefficients (Da), and of their numbers of neighboring satisfying 198 

the hard constraints, i.e.: 199 

Dw (k) = d(T (k),T0 ,T1)´ d(w(k),w0 ,w1)
i=1

3

Õ ´d(n(k),w0 ,w1)

Da(k) = d(T (k),T0 ,T1)´ d(a(k),w0 ,w1)
i=1

3

Õ ´d(n(k),w0 ,w1)

ì

í

ï
ï

î

ï
ï

 200 

where d(t, x0, x1) is Derringer type function [27], i.e. a continuous piecewise linear function with 201 

values in [0 ; 1] and: 202 

∆ t
ij
(k) = max

i , j
t
i

start (k)- t
j

end (k),t
j

start (k)- t
i

end (k)( )



d(t,x
0
,x

1
) =
t - x

0

x
1
- x

0

   if   t Î min(x
0
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1
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0
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1
)é
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ù
û 203 

and whose value is equal to 0 or to 1 outside this interval in a continuous fashion. Based on the 204 

distributions of the analysis time, peak width and symmetry coefficient, the following parameter 205 

values where chosen: 206 

- analysis time: T0 = 6, T1 = 4, in minutes; 207 

- peak width: w0 = 0.4, w1 = 0.2, in minutes; 208 

- asymmetry: a0 = 0.3, a1 = 0; 209 

For the number of neighbors satisfying the hard constraints, we chose either n0 = 4, n1 = 8, or n0 < n1 < 210 

0 (robustness constraint relaxed). 211 

Thus, depending on whether peak widths or asymmetries were minimized, and whether the robustness 212 

constraint on the neighbors was relaxed or not, we obtained 4 predicted optima for each counter-ion, 213 

see Table 2. 214 

Table 2: Predicted optima for each counter-ion. It is chosen either to minimize peak width or asymmetry, either 215 
with or without the robustness constraint on the number of neighbors. x1= ionic strength, x2 = temperature, given 216 
in coded values. The detailed analysis of the optimum of cell highlighted in grey is given in Error! Reference 217 
source not found.Figure 3. 218 

 Na
+
 Li

+
 

 Robustness – Robustness + Robustness – Robustness + 

Peak width x1 = –0.4, x2 = 1 x1 = –0.3, x2 = 0.9 x1 = –0.2, x2 = 1 x1 = –0.2, x2 = 0.5 

Peak 

asymmetry 

x1 = –0.5, x2 = –0.3 x1 = –0.3, x2 = 0.4 x1 = –0.3, x2 = –0.3 x1 = –0.2, x2 = –0.2 

 219 

Experimental design and optimization were performed using Matlab version 8.5.0.197613 (R2015a). 220 

 221 

  222 



3. Results and discussion 223 

3.1. Preliminary tests: detection conditions, BGE co-ion and internal standard 224 

In a previous study [18], we showed that hexaniobate and hexatantalate ions could be separated using 225 

a classical bare-fused silica capillary having a total length of 35 cm and an effective length of 8.5 cm. 226 

The non-optimized method allowed separating Nb and Ta anions in about 6 min with a resolution 227 

superior to 5. This short effective length was thus kept and the injected sample volume was adapted to 228 

prevent from band-broadening. 229 

In the non-optimized CE method that we previously reported for the Nb-Ta separation in alkaline 230 

media [18], the detection was done at 240 (±2) nm for Nb and 214 (±2) nm for Ta, and the reference 231 

wavelength was set at 340 (±40) nm. We here performed a systematic study in order to find the best 232 

detection conditions for Nb and Ta. The results given in Figure S1 show that the highest signal to 233 

noise ratio is obtained when λdet = 211 (±4) nm and λref = 325 (±20) nm for Nb and λdet = 211 (±5) nm 234 

and λref 325 (±50) nm for Ta. For Nb, the detection at 211 (±5) nm with a reference at 325 (±50) nm 235 

also gives a high signal to noise ratio. Thus these parameters were selected so that both metals could 236 

be detected at the same wavelength, which facilitates the data treatment of the experimental designs. 237 

These parameters improved the signal to noise ratio by a factor of 2.3 for Nb and 6.1 for Ta. 238 

Previously reported results [18] showed that the ratio between the effective electrophoretic mobility of 239 

HxNb6O19
x-8

 and that of HxTa6O19
x-8

 increases slightly between pH 9 and 13 and that this ratio is 240 

higher in Li
+
-based and Na

+
-based BGE as compared to K

+
-based BGE. Therefore, the K

+
-containing 241 

media were not studied in the present work. In order to keep a sufficient buffer capacity and to be able 242 

to vary the ionic strength of the BGE while keeping it lower than 100 mM (to avoid uncontrolled 243 

heating by Joule effect), we decided to perform the Nb-Ta separation at pH 12. This means that the 244 

BGE were composed of 10 mM LiOH or 10 mM NaOH in addition to a Li
+
-based or a Na

+
-based salt. 245 

Since the HxNb6O19
x-8

 and HxTa6O19
x-8

 ions absorb in the low-UV range, the nitrate, thiocyanate and 246 

carbonate ions are not suitable co-ions. Among the usual co-ions used in CE, Cl
-
, HCOO

-
 and 247 

CH3COO
-
 were tested (Figure 1). 248 

 249 



Figure 1: Peak shapes for HxTa6O19
x-8

 ions (A) and HxNb6O19
x-8 

(B) obtained by CE in 10 mM NaOH + 40 mM 250 
NaCl (green curve), 10 mM NaOH + 40 mM NaHCOO (blue curve) and 10 mM NaOH + 40 mM NaCH3COO 251 
(red curve). [Ta6O19] = 0.10 mM, [Nb6O19] = 0.10 mM. T = 25.0 °C. CE conditions: bare-fused silica capillary, 252 
50 µm ID x 30 cm (detection at 8.5 cm). Hydrodynamic injection at the anodic end: 3s, 10 mbar. Applied 253 
voltage: 10 kV at the injection end. Detection: direct UV, λdet = 211 (±5) nm and λref = 325 (±50) nm. 254 

 255 

As shown in Figure 1, the symmetry for both Nb and Ta peaks is better in the presence of acetate co-256 

ions. These results are in accordance with the measured effective electrophoretic mobilities of 257 

HxNb6O19
x-8

 (-61 x 10
-5

 cm
2
 s

-1
 V

-1
) and HxTa6O19

x-8 
(-54 x 10

-5
 cm

2
 s

-1
 V

-1
) (I = 15 mM and T = 25°C) 258 

[18], which are closer to the absolute electrophoretic mobility at infinite dilution at 25°C of CH3COO
-
 259 

(-57 x 10
-5

 cm
2
 s

-1
 V

-1
) than those of Cl

- 
(-79 x 10

-5
 cm

2
 s

-1
 V

-1
) and HCOO

-
 (-42 x 10

-5
 cm

2
 s

-1
 V

-1
) 260 

[28]. Hence, all CE experiments were carried out in LiOH-LiCH3COO or NaOH-NaCH3COO based 261 

BGEs 262 

In order to perform a quantitative determination of Nb and Ta, an internal standard (IS) had to be 263 

found. The internal standard should not interact with HxNb6O19
x-8

 and HxTa6O19
x-8

 ions, be stable at 264 

pH 12, should absorb the UV light and must have an electrophoretic mobility close but different to the 265 

ones of HxNb6O19
x-8

 and HxTa6O19
x-8

 ions. Based on the literature data, the naphthalenesulfonic acid 266 

derivatives were expected to fulfill these requirements. Among the tested candidates, naphthalene-1,5-267 

disulfonate ion was found to be a suitable internal standard. The two pKa values for naphthalene-1,5-268 

disulfonate are lower than 1 [29], so that it is completely deprotonated under our CE conditions (pH 269 

12). 270 

 271 

3.2. Prediction of the optimum separation conditions 272 

As expected, preliminary tests confirmed that the two most important parameters that affect the 273 

separation of HxNb6O19
x-8

 and HxTa6O19
x-8

 ions are the temperature (T) and the ionic strength (I). A 274 

design of experiments involving these two factors was selected. The investigated domain for ionic 275 

strength was chosen considering a short analysis time for its inferior value and the solubilities of 276 

HxNb6O19
x-8

 and HxTa6O19
x-8

 in the BGEs and Joule heating for its superior value. For temperature, the 277 

minimum value was set at 25 °C to keep a short analysis time and due to solubility considerations and 278 

the maximum value was fixed at 40 °C. Even if higher temperatures could have been considered 279 

regarding the specifications of the CE system used here, we chose to limit the temperature to 40 °C in 280 

order to prevent from premature ageing of the bare-fused silica capillary since the analyses were 281 

performed in alkaline media. The selected final domains were: 25 ≤ I ≤ 75 mM and 25 ≤ T ≤ 40 °C. 282 

As mentioned above, two independent experimental designs were performed (one with LiOH-283 

LiCH3COO BGE and one with NaOH-NaCH3COO BGE) because the nature of the alkaline ion 284 

influences the solution chemistry of HxNb6O19
x-8

(aq) and HxTa6O19
x-8

(aq) [22-24]. 285 



We first expected to find the best separation conditions using a classical response surface 286 

methodology, based on optimizing resolution values between peaks while minimizing analysis time. 287 

However, as shown in Figure 2, changes in the migration order of the peaks of hexaniobate, 288 

hexatantalate and naphthalene-1,5-disulfonate ions were observed as a function of the ionic strength, 289 

at constant temperature with lithium-based electrolytes. Similar observations were made with sodium-290 

based electrolytes. 291 

 292 

Figure 2: Electropherograms of solutions containing niobium (Nb), tantalum (Ta) and the internal standard 293 
naphatalene-1,5-disulphonate (IS). BGE: 10 mM NaOH + NaCH3COO. I = 25 mM (bottom), 50 mM (middle) 294 
or 75 mM (top). T = 25.0 °C. [Ta6O19] = 0.10 mM. [Nb6O19] = 0.05 mM. [IS] = 0.17 mM. Other CE conditions: 295 
see Figure 1. 296 
 297 

It is worth noticing that the ionic strength did not change the migration order of Ta and Nb ions, 298 

which have very similar electronic and structural features. The migration order observed for 299 

HxNb6O19
x-8

(aq) and HxTa6O19
x-8

(aq) ions has been explained elsewhere [18]. The variation in the 300 

migration order of IS and Nb-Ta with the ionic strength is thought to be due to different effective 301 

charges that exhibit HxNb6O19
x-8

(aq) and HxTa6O19
x-8

(aq) (0 ≤ x ≤ 3) in Li
+
- or Na

+
-based BGE compared 302 

to naphthalene-1,5-disulfonate, which has only two negative charges at pH 12. Indeed, as observed by 303 

Friedl et al. [30], the influence of the ionic strength on electrophoretic mobility of ions is strongly 304 

related to the charge of the considered ions. Nevertheless, the use of their empirical equation did not 305 

allow a correct fitting of the electrophoretic mobility values that we measured as a function of ionic 306 

strength at constant temperature and constant BGE nature. This may be linked to the complexity of 307 

the condensation with alkali ions or cation exchange phenomena already observed with the Nb(V) or 308 

Ta(V) ions in alkaline media [18,22]. Consequently, an increase in ionic strength reduced the 309 

electrophoretic mobilities of our polyanions, which should decrease their migration times with our 310 

experimental setting (counter-electroosmotic flow). Nonetheless, an increase in ionic strength also 311 

induced a significant decrease (of about 70%) in the electroosmotic flow. This second phenomenon is 312 

predominant and explains why the analysis time was drastically lengthened, changing from 3.3 min at 313 



I = 25 mM to 8.1 min at I = 75 mM (Figure 2). Contrary to the ionic strength, the temperature has no 314 

effect on the migration order and, as expected, the total analysis time decreases when the temperature 315 

increases. However, the migration order of Nb, Ta and IS does not remain constant over the ionic 316 

strength domain investigated, as highlighted in Figure 2.  317 

As a consequence of this change in the migration order, it is obvious that for some conditions, the IS 318 

peak overlaps with the Nb or Ta peak. This renders the data treatment more complex because the peak 319 

resolutions, which are usually chosen as appropriate responses, are not monotonic functions over the 320 

whole experimental domain. For example, it can be inferred from Figure 2 that the resolution between 321 

the peak of Ta and the peak of IS equals zero for one ionic strength value in the domain 25 mM ≤ I ≤ 322 

50 mM (at T = 25 °C) whereas it is a positive number for the other ionic strength values. 323 

To overcome this issue, new responses were chosen and an ad hoc data treatment was developed as 324 

detailed in section 2.3. The selected responses were: start time, migration time and end time for each 325 

peak. This type of responses was previously used to optimize the CE separation of aromatic 326 

hydrocarbons [21]. In our case, the optimization was then focused on finding the conditions where the 327 

peaks did not overlap, where the total analysis time was as short as possible, and where the peaks 328 

were most symmetric or narrowest, including or not an additional constraint of robustness on the 329 

neighboring points of the predicted optimum point. An example of the calculated desirability function 330 

for a given set of constraints is detailed in Figure 3. 331 



 332 

Figure 3: Detailed analysis of the predicted optimum for counter-ion Li
+
, minimizing asymmetry, under the 333 

robustness constraint that a maximum number of neighboring pixels do not overlap (grey cell in Table 2). Top 334 
graphs: asymmetries ai(k) of each of the 3 components (Ta, IS, Nb). Middle left graph: 1 if min(∆tij)>0.1 min 335 
(hard non-overlapping constraint satisfied), else 0. Middle graph: number of neighbors satisfying the hard 336 
constraint n(k). Middle right graph: analysis time T(k) in minutes. Bottom middle graph: desirability function 337 
Da. Bottom right graph: predicted (schematic) electropherogram for the predicted optimum (peaks heights are 338 
not modeled). 339 
 340 
  341 



3.3. Experimental validation 342 

The 8 predicted optimal points (4 in LiOH-LiCH3COO BGE and 4 in NaOH-NaCH3COO BGE) were 343 

tested experimentally (Figure 4). Regarding the four predicted optima in NaOH-NaCH3COO media, 344 

two different domains of I and T values were obtained considering either peak widths or peak 345 

symmetries. Nevertheless, the four resulting electropherograms were quite similar. The peaks of Nb, 346 

Ta and IS were always baseline resolved and the total analysis times were comprised between 4.1 and 347 

5.5 min. In the case of LiOH-LiCH3COO-based BGEs, the four predicted optimum conditions 348 

involved about the same ionic strength value (42.5 or 45 mM) whereas the temperature values varied 349 

between -0.3 and 1 in coded values. However, the four resulting electropherograms are also very 350 

similar and show that the three peaks were baseline resolved except for one condition (Figure 4-B). 351 

Even if the separation was already satisfactory in Na
+
-based BGEs, the peak symmetries were slightly 352 

better and the total analysis times were all inferior to 4.2 min when working with LiOH-LiCH3COO. 353 

Taking these results into account, the optimum conditions selected to perform the Nb-Ta separation in 354 

the presence of the internal standard (naphthalene-1,5-disulfonate) are a BGE composed of 10 mM 355 

LiOH and 35 mM LiCH3COO (I = 45 mM or -0.2 in coded value) and a temperature of 31.0 °C (-0.2 356 

in coded value), which corresponds to the optimum predicted taking into consideration optimizing the 357 

peak symmetries and demanding robustness of predicted neighborhood points. It is also worth 358 

noticing that the predicted migration times (Figure 3) and the experimental ones (Figure 4-B), under 359 

the optimal conditions, are in close agreement. 360 

 361 

 362 

Figure 4: Electropherograms of solutions containing niobium (Nb), tantalum (Ta) and the internal standard (IS) 363 
measured under the predicted optimum conditions. BGE: 10 mM LiOH + LiCH3COO (A) or 10 mM NaOH + 364 
NaCH3COO (B). [Ta6O19] = 0.10 mM. [Nb6O19] = 0.05 mM. [IS] = 0.17 mM. Other CE conditions: see Figure 365 
1. The ionic strength and the temperature used for the CE separations are indicated below each 366 
electropherogram. The corresponding coded values (I; T) are (from top to bottom): (-0.3; +0.9), (-0.4; +1.0), (-367 
0.3; +0.4), (-0.5; -0.3) in NaOH-NaCH3COO BGEs and (-0.2; +0.5), (-0.2; +1.0), (-0.2; -0.2), (-0.3; -0.3) in 368 
LiOH-LiCH3COO BGEs. 369 
 370 

Up to now, all the electropherograms related to the experimental designs were recorded with an 371 

applied voltage of 10 kV, which avoids Joule heating even for the samples with the highest ionic 372 



strength (checked experimentally). After determining the optimal temperature and ionic strength for 373 

the separation, the applied voltage was increased since it is known that it reduces the analysis time 374 

without impairing the quality of the separation. Under the optimized conditions, Joule effect tests 375 

were performed (measurement of the current intensity versus the applied voltage) in order to evaluate 376 

the maximum voltage that could be applied without noticing a detrimental effect due to Joule heating. 377 

This led to an increase in the applied voltage from 10 up to 16 kV which induced a decrease in the 378 

total analysis time to 2.3 min. The electropherogram of a solution containing Nb, Ta and IS measured 379 

under the final optimized conditions is presented in Figure 5. The electropherogram obtained with the 380 

previously reported and non-optimized method is also given for comparison. It is clear from the 381 

results presented in Figure 5 that detection sensitivity, peak symmetry, peak width, efficiency and 382 

analysis time were greatly improved. The separation with the optimized method was accomplished in 383 

2.3 min which is, to our knowledge, about 3 times faster than any CE method that has ever been 384 

reported for the separation of niobium and tantalum. 385 

 386 

Figure 5: Top: electropherogram of a solution containing Nb, Ta and IS obtained with the optimized method. 387 
BGE: 10 mM LiOH + 35 mM LiCH3COO (I = 45 mM). U = 16 kV, T = 31.0 °C. [Ta6O19] and [Nb6O19] = 388 
0.050 mM. [IS] = 0.085 mM. Bare-fused silica capillary, 50 µm ID x 30 cm (detection at 8.5 cm). λdet = 211 389 
(±5) nm and λref = 325 (±50) nm. Bottom: electropherogram of a solution containing Nb and Ta obtained with 390 
the initial non-optimized conditions [18]. BGE: 10 mM NaOH + 40 mM NaCl (I = 50 mM). U = 10 kV, T = 391 
25.0 °C. [Ta6O19] and [Nb6O19] = 0.125 mM. Bare-fused silica capillary, 50 µm ID x 35 cm (detection at 8.5 392 
cm), λdet = 214 (±2) nm and λref = 350 (±40) nm. 393 
 394 

The robustness of the method with the final conditions (16 kV ; I = 45 mM ; T = 31.0 °C) was also 395 

evaluated (Figure S2). Electropherograms of a solution containing Nb, Ta and IS were measured 396 

when varying the temperature or the ionic strength to ± 1% from their optimal values. The Ta peak 397 

was found to be the most sensitive with a standard deviation of 2.5% for its normalized migration 398 

time, whereas the corresponding parameter was of 0.7% for Nb. The standard deviations measured for 399 

the normalized corrected areas are 2.0% for Ta and 2.1% for Nb. Nonetheless, the total analysis time 400 



was lower than 2.5 min and the peaks of Nb, Ta and IS were baseline resolved regardless the tested 401 

conditions. 402 

The linearity and quantitation limits of the optimized method were also determined (Figure S3). The 403 

linearity of the method was evaluated by regressing the normalized corrected areas against the total 404 

Nb6O19 or Ta6O19 concentrations and using the least-squares method (Table 3). The method was linear 405 

up to 4.5 mM for hexatantalate ions, and up to 1.0 mM for hexaniobate ions. The upper limit for Nb is 406 

governed by peak overlapping between Nb and IS. The limits of quantitation, calculated considering a 407 

signal to noise ratio of 10, were estimated at 0.016 mM for HxNb6O19
x-8

 and 0.022 mM for HxTa6O19
x-

408 

8
. These values led to a quantitation domain of 9 to 557 mg.L

-1
 for Nb and 24 to 4,890 mg.L

-1
 for Ta. 409 

By comparison, the Nb and Ta concentrations encountered in industrial processes are typically higher 410 

than 100 mg.L
-1

 [12,31,32]. 411 

 412 

Table 3: Linear regression calibration parameters for HxNb6O19
x-8

 and HxTa6O19
x-8

 ions. Seven concentration 413 
levels between 0.02 and 1.00 mM were used for HxNb6O19

x-8
 and nine concentration levels between 0.02 and 414 

4.50 mM for HxTa6O19
x-8

. CE conditions: see Figure 5. The calibration curves are given in Figure S3. 415 

 Ions 

Parameter Hexatantalate Hexaniobate 

Slope +8.50 +10.4 

Intercept -0.227 +0.127 

σy
a
 0.047 0.116 

R² 0.9988 0.9993 

 a: Standard error of the Y estimates. 416 

3.4. Application to a real sample 417 

The optimized method was then applied to the determination of Nb and Ta in a real alkaline industrial 418 

sample provided by Eramet Research company (France). This sample differs slightly from the 419 

synthetic samples we used because it was composed of pure hexaniobate ions ([Nb6O19] = 3.40 ±0.17 420 

mM) and also mixed Nb-Ta polyoxometalates ([Nb5TaO19] = 0.227 ±0.011 mM). The insertion of Ta 421 

into hexaniobate ions is inherent to the process used by the company. Taking into account that Nb and 422 

Ta have very similar chemical properties, the separation of the pure ions HxNb6O19
x-8

 and the 423 

substituted ions HxNb6Ta6O19
x-8

 seemed challenging. Nonetheless, we applied our optimized CE 424 

method to the industrial sample and we also spiked it with pure hexatantalate ions in order to evaluate 425 

the potential separation of HxNb6O19
x-8

, HxTa6O19
x-8

 and HxNb5TaO19
x-8

 ions (Figure 6). 426 



 427 

Figure 6: Electropherogram of an industrial Nb sample spiked with hexatantalate ions. Peak identification: 428 
HxTa6O19

x-8
 (Ta) ; HxNb6O19

x-8
 (Nb) ; HxNb5TaO19

x-8
 (NbTa) ; internal standard (IS). Industrial sample diluted 429 

25 times in 10 mM LiOH + 35 mM LiCH3COO and spiked with 0.09 mM (top) or 0.18 mM (bottom) of 430 
HxTa6O19

x-8
 ions. T = 31.0 °C. BGE: 10 mM LiOH + 35 mM LiCH3COO (I = 45 mM). U = 16 kV. 431 

As shown on Figure 6, the separation between HxNb6O19
x-8

, HxTa6O19
x-8

 and HxNb5TaO19
x-8

 ions is 432 

accomplished in less than 2.3 min with our optimized method. The small peak at 1.9 min was 433 

attributed to the substituted ions HxNb5TaO19
x-8

 taking into account the migration times, the expected 434 

concentrations and the UV absorbance spectra of the different peaks. The IS peak and the Nb peak 435 

slightly overlap, but with a resolution value of 1.4 which allows correct quantitation, and the Ta peak 436 

is slightly broader than for the standard solutions. This is thought to be due to the presence of 437 

interfering ions in the industrial sample (54 mM of Na
+
 ions, etc) that may induce some destacking. 438 

The HxNb6O19
x-8

 concentration determined by the CE method is 3.53 mM, which is in the range given 439 

by the industrial (3.40 ±0.17 mM), thereby demonstrating the applicability of CE to perform the 440 

determination of Nb and Ta in real alkaline solutions. 441 

 442 

4. Conclusion 443 

For the first time, a CE method was developed for the analysis of Nb and Ta in alkaline media. The 444 

separation is performed with classical bared-fused silica capillary and does not require any chelating 445 

or chromophoric reagent. First, based on a method designed for speciation studies, we optimized the 446 

detection conditions and the nature of the BGE co-ion, and we found a suitable internal standard for 447 

the analysis of HxNb6O19
x-8

 and HxTa6O19
x-8

 ions. Two experimental designs were then performed in 448 

order to find the best ionic strength and temperature for the separation, in both Li- and Na-based 449 

BGEs. Unfortunately, the ionic strength influences the migration order between IS and Nb-Ta, which 450 

necessitated an optimized data treatment. The original data processing used allowed predicting 8 451 

optimal conditions which were then tested experimentally. The final separation conditions involved a 452 

BGE composed of 10 mM LiOH + 35 mM LiCH3COO (I = 45 mM) and a temperature of 31.0 °C. 453 



The applied voltage was next optimized and the separation of HxNb6O19
x-8

, HxTa6O19
x-8

 and IS was 454 

performed in 2.3 min, which is three times faster than any CE method reported so far for the 455 

separation of Nb and Ta (acidic media included). Some figures of merit of the methods were also 456 

determined. The quantitation limits (S/N = 10) are 0.016 mM for HxNb6O19
x-8

 and 0.022 mM for 457 

HxTa6O19
x-8

 and the linearity is extended to 1.0 mM for HxNb6O19
x-8

 and 4.5 mM for HxTa6O19
x-8

. 458 

Finally, the optimized method was successfully applied to a real Nb-Ta industrial sample. 459 

Furthermore, the separation was pushed to the separation of the non-substituted ions (HxNb6O19
x-8

, 460 

HxTa6O19
x-8

) and the substituted ones (HxNb5TaO19
x-8

). Our optimized method will be used in a future 461 

work to probe the formation of other substituted niobium-metal polyoxometalates. An on-going work 462 

is also focused on the development of a semi-quantitative method, without internal standard, for the 463 

ultra-fast screening of hexaniobate and hexatantalate ions. 464 

 465 

  466 
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Table 1: Central composite design. 

Block Experimental order Factor 1: Ionic strength
a
 Factor 2: Temperature

b
 

I 

1 0 0 

2 -1 +1 

3 -1 -1 

4 +1 -1 

5 +1 +1 

6 0 0 

II 

7 0 0 

8 +1 0 

9 -1 0 

10 0 0 

11 0 +1 

12 0 -1 

13 0 0 

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

b: coded values: -1 = 25 °C ; 0 = 32.5 °C ; +1 = 40 °C. 

Table 1



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. x1= ionic strength, x2 = 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 x1 = –0.4, x2 = 1 x1 = –0.3, x2 = 0.9 x1 = –0.2, x2 = 1 x1 = –0.2, x2 = 0.5 

Peak 

asymmetry 

x1 = –0.5, x2 = –0.3 x1 = –0.3, x2 = 0.4 x1 = –0.3, x2 = –0.3 x1 = –0.2, x2 = –0.2 

 

Table 2



Table 3: Linear regression calibration parameters for HxNb6O19
x-8

 and HxTa6O19
x-8

 ions. Seven concentration 

levels between 0.02 and 1.00 mM were used for HxNb6O19
x-8

 and nine concentration levels between 0.02 and 

4.50 mM for HxTa6O19
x-8

. CE conditions: see Figure 5. The calibration curves are given in Figure S3. 

 Ions 

Parameter Hexatantalate Hexaniobate 

Slope +8.50 +10.4 

Intercept -0.227 +0.127 

σy
a
 0.047 0.116 

R² 0.9988 0.9993 

 a: Standard error of the Y estimates. 

Table 3
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Abstract: Tantalum (Ta) and niobium (Nb) are two strategic metals essential to several key sectors, 23 

like the aerospace, gas and oil, nuclear and electronic industries, but their separation is really difficult 24 

due to their almost identical chemical properties. Whereas they are currently produced by 25 

hydrometallurgical processes using fluoride-based solutions, efforts are being made to develop 26 

cleaner processes by replacing the fluoride media by alkaline ones. However, methods to analyze Nb 27 

and Ta simultaneously in alkaline samples are lacking. In this work, we developed a capillary zone 28 

electrophoresis (CE) method able to separate and quantify Nb and Ta directly in alkaline media. The 29 

method takes advantage of the hexaniobate and hexatantalate ions which are naturally formed at pH > 30 

9 and absorb in the UV domain. First, the detection conditions, the background electrolyte (BGE) pH, 31 

the nature of the BGE co-ion and the internal standard (IS) were optimized by a systematic approach. 32 

As the BGE counter–ion nature modified the speciation of both ions, sodium- and lithium-based BGE 33 

were tested. For each alkaline cation, the BGE ionic strength and separation temperature were 34 

optimized using experimental designs. Since changes in the migration order of IS, Nb and Ta were 35 

observed within the experimental domain, the resolution was not a monotonic function of ionic 36 

strength and separation temperature. This forced us to develop an original data treatment for the 37 

prediction of the optimum separation conditions. Depending on the consideration of either peak 38 

widths or peak symmetries, with or without additional robustness constraints, four optima were 39 

predicted for each tested alkaline cation. The eight predicted optima were tested experimentally and 40 

the best experimental optimum was selected considering analysis time, resolution and robustness. The 41 

separation voltage was finally optimized, resulting in the separation of Nb, Ta, and IS in less than 2.5 42 

min, which is three time faster than any CE method ever reported for the separation of Nb and Ta 43 

(acidic media included). Some figures of merit of the method were determined such as linearity 44 

ranges and limits of quantitation. Finally, the method was successfully applied to the analysis of a real 45 

industrial sample. 46 

 47 

 48 

  49 



1. Introduction 50 

Niobium (Nb; Z = 41) and tantalum (Ta; Z = 73) are two group V elements which remain largely 51 

unknown to the general public even though they are used in several applications. Nb is primary 52 

consumed as ferroniobium (i.e. Fe-Nb alloys with at least 55 w% Nb) in the production of high-53 

strength low-alloy steels used in the automotive, gas pipeline and structural steel industries [1,2]. Nb 54 

is also a key component of the superconducting magnets found in NMR spectrometers and in particle 55 

accelerators like the Large Hadron Collider [3,4]. Nuclear fuel claddings, optical lenses, collection 56 

coins and electronic capacitors are also among Nb-based products. With only 2 ppm in the continental 57 

crust, Ta is about ten times less abundant than Nb [5]. Hence, Ta compounds are usually more 58 

expensive than their Nb counterparts. Nonetheless, Ta is consumed worldwide for the manufacture of 59 

electronic components (capacitors, acoustic filters, touchscreen technology…) that are essential to the 60 

smartphones and other hi-tech products [6,7]. Other commercial outlets for Ta include cutting tools, 61 

high-melting point alloys, medical implants and military projectiles. 62 

In aqueous solutions, niobium and tantalum exist only as Nb(V) and Ta(V) and are barely soluble in 63 

the usual mineral acids HCl, H2SO4 or HNO3. The two ions also have the same ionic radius [8], which 64 

renders their separation very arduous. These two strategic elements are currently produced by 65 

hydrometallurgical processes which are operated in highly acidic media and in the presence of 66 

fluoride ions (coming from NH4F or HF) [9]. However, alkaline media (mainly NaOH or KOH-based 67 

media) are catching growing attention in the Nb-Ta industry because of the lower health risks and 68 

environmental footprint of alkaline solutions as compared to fluoride ones [10-12]. 69 

Contrasting with the increasing interest for processing Nb and Ta in alkaline media, the analytical 70 

methods for such solutions are still limited to Inductively Coupled Plasma (ICP) spectrometry. We 71 

recently developed an UV-based method for the determination of Nb in both synthetic and industrial 72 

samples, but this method is not appropriate for tantalum [13]. A handful of capillary electrophoresis 73 

(CE) methods were also reported for the separation and quantitation of Nb and Ta, but all were 74 

performed in acidic media and the analytical times ranged between 7 and 42 min. Moreover, these 75 

methods required the addition of chromophoric and sometime toxic reagents, like Arsenazo III, for the 76 

metal detection [14-17]. Thus, the available methods are not in line with the current approach of the 77 

Nb-Ta industry. 78 

We recently developed a capillary zone electrophoresis method able to separate Nb and Ta directly in 79 

alkaline media [18]. The method was only used for speciation studies and was not designed for 80 

analytical purpose. With this non-optimized method, the separation of Nb and Ta was accomplished 81 

within 6 min and the signal to noise ratio was low for both metals. This CE method took an innovative 82 

approach because it was based on the formation of HxNb6O19
x-8 and HxTa6O19

x-8 ions (0 ≤ x ≤ 3) 83 

(namely, hexaniobate and hexatantalate). These polyoxometalates are the only species that Nb and Ta 84 



form at pH ≥ 9 [19] and they absorb in the UV domain which allowed the direct detection of Nb and 85 

Ta ions without using chromophoric reagents. The development and optimization of a capillary zone 86 

electrophoresis method able to separate and quantify Nb and Ta directly in alkaline media could be 87 

helpful for the development of cleaner industrial processes and it is the purpose of this paper. The 88 

development of such a method was accomplished using a chemometric approach based on 89 

experimental designs [20,21]. Additional constraints, inherent to the specificity of Nb and Ta 90 

chemistries in alkaline media, also implied to use an ad hoc data treatment which allowed optimizing 91 

simultaneously multiple criteria, including analysis time, peak width and peak asymmetry.  92 

 93 

2. Experimental section 94 

2.1. Reagents 95 

All stock solutions were prepared with Ultra-Pure water delivered by a Direct-Q3 UV system 96 

(Millipore, Molsheim, France). NaCl (> 99.5%), NaHCOO (> 99%) and sodium naphthalene-1,5-97 

disulfonate (98%) were purchased from Sigma Aldrich and used without further purification. 98 

LiOH,H2O (> 98%, Alfa Aesar), LiCl (> 99%, Fluka), LiCH3COO,2H2O (reagent grade, Alfa Aesar), 99 

and NaCH3COO (> 99.0 %, VWR AnalaR NormaPur®) were used as received. NaOH solutions were 100 

prepared from standardized solutions (Prolabo Normadose). Na7HNb6O19,15H2O and 101 

Na8Ta6O19,24.5H2O were synthesized and characterized as previously reported [13,22]. Stock 102 

solutions of Nb(V) and Ta(V) were prepared by dissolution of Na7HNb6O19,15H2O and 103 

Na8Ta6O19,24.5H2O in deionized water, respectively, and filtered at 0.20 µm with a syringe filter 104 

(Minisart® RC25, Sartorius) before CE experiments. 105 

An alkaline industrial solution of Nb and Ta, coming from a hydrometallurgical process, was 106 

provided by Eramet Research (Trappes, France). The pH of the sample was 12.4. The ICP-AES 107 

analysis provided by Eramet Research is as follow: [Nb6O19] = 3.40 (±0.17) mM; [Nb5TaO19] = 0.227 108 

(±0.011) mM. Impurities in the sample were: [Na] = 54 (±3) mM; [S] = 1.09 (±0.05) mM; [Ti] = 109 

0.104 (±0.005) mM and [Fe] = 0.023 (±0.002) mM. 110 

 111 

2.2. Electrophoretic conditions 112 

All CE experiments were carried out with an Agilent Technologies 7100 CE system (Massy, France) 113 

equipped with a diode array detector (deuterium lamp). The detection wavelength, detection 114 

bandwidth, reference wavelength and reference bandwidth for Nb and Ta were optimized, as 115 

discussed below. Separations were performed in a 30 cm (effective length: 8.5 cm) x 50 μm ID fused-116 

silica capillary (Photonlines, Marly-le-Roi, France). A personal computer using HP 3D ChemStation 117 



controlled the HP 7100 CE instrument and allowed data analysis. New capillaries were activated by 118 

flushes under approximately 1 bar with 1 M NaOH (or 1 M LiOH), then 0.1 M NaOH (or 0.1 M 119 

LiOH) and water (10 min each). Every day, the capillary was flushed under 1 bar for 10 min with 120 

0.1 M NaOH (or 0.1 M LiOH) followed by the desired background electrolyte (BGE) for 10 min. All 121 

stock solutions were filtered using 0.20 µm syringe filters (Ministart®, Sartorius) before preparing the 122 

samples used for CE analysis. The BGEs were prepared less than 24 h before their injection in the CE 123 

system. Nb and Ta stock solutions were stored at 4 °C and renewed every week. The samples were 124 

hydrodynamically injected at the anodic end at a pressure of 10 mbar for 3 s (about 0.3% percent of 125 

the capillary volume at 25°C). Afterwards, the desired voltage was applied at the injection end. The 126 

CE cartridge was thermostated. Before each experiment, the capillary was flushed with the BGE for 127 

10 min. At the end of the day, the capillary was flushed with Ultra-Pure water for 15 min. pH 128 

measurements were performed with a 827 pH-lab (Metrohm) pH-meter and low alkaline error 129 

combined electrode (Unitrode, Metrohm). The pH-meter was calibrated with NIST standards at pH 130 

4.00, 7.00 and 10.00. 131 

 132 

2.3. Experimental design 133 

2.3.1 Choice of the factors, variation domains and responses 134 

The three most important parameters that are likely to affect the separation of HxNb6O19
x-8 and 135 

HxTa6O19
x-8 ions are the temperature, the ionic strength and the nature of the alkaline counter-ion of 136 

the BGE (the latter influences the solution chemistry of HxNb6O19
x-8

(aq) and HxTa6O19
x-8

(aq) [22-24]). 137 

Temperature and ionic strength are continuous factors whereas counter-ion nature is not. 138 

Consequently, T and I were selected as the two factors used for a design of experiments, which would 139 

be carried out for each tested counter-ion. The selected domains were: 25 ≤ I ≤ 75 mM and 25 ≤ T ≤ 140 

40 °C. The tested counter-ions were Na+ and Li+. For quantitation purpose, an internal standard (IS) 141 

was added to the samples and, as a consequence, the separation of the three peaks (corresponding to 142 

Nb, Ta and IS) was required. The choice of IS is detailed in section 3.1. The responses measured to 143 

evaluate the quality of the separation were the peak start, peak migration and peak end times of Nb, 144 

Ta and IS. 145 

2.3.2. Central composite design and models 146 

The experimental designs consisted in a central composite design with three levels for each factor 147 

(ionic strength and temperature). The center point was also repeated 5 times to evaluate the 148 

experimental error. Each experimental design corresponds to 13 experimental conditions (Table 1). 149 

Because of peak overlapping in the case of LiOH-LiCH3COO BGE, Nb and Ta were injected 150 

separately for some points. The experimental results corresponding to the two counter-ions are given 151 

in Table S1. 152 



Table 1: Central composite design. 153 

Block Experimental order Factor 1: Ionic strengtha Factor 2: Temperatureb 

I 

1 0 0 
2 -1 +1 
3 -1 -1 
4 +1 -1 
5 +1 +1 
6 0 0 

II 

7 0 0 
8 +1 0 
9 -1 0 
10 0 0 
11 0 +1 
12 0 -1 
13 0 0 

a: coded values: -1 = 25 mM ; 0 = 50 mM ; +1 = 75 mM.  154 
b: coded values: -1 = 25 °C ; 0 = 32.5 °C ; +1 = 40 °C. 155 
 156 

The relationship between the factors and a response Y (peak start, migration or end time or Ta, Nb or 157 

IS) was modeled by a full second-degree polynomial law: 158 
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where x1 and x2 denote the factors to be optimized (ionic strength and temperature, respectively), θ0, 160 

θi, θii, and θ12 the constant, affine, quadratic and first-order interaction parameters, respectively, and 161 

W the experimental error. The model parameters were estimated using ordinary least squares multiple 162 

regressions. Thanks to the repetitions at the center, the models could be tested for lack of fit [25]: for 163 

both counter-ions, all the models could be considered as unbiased (p >> 5%). 164 

Using the Na counter-ion, the coefficients of variations of the peak times were of the order of 15%. 165 

All the linear effects were significant with a type I error risk of 5%, but the nonlinear effects were not, 166 

be the tests performed with the residual or the pure error mean squares for variance estimation. Using 167 

the Li counter-ion, the coefficients of variations of the peak times were of the order of 3% and all the 168 

effects were significant at the 5% level except for the temperature quadratic term. 169 

 170 

2.3.3. Optimization of the separation 171 

The goal was to find an optimal separation conditions in terms of analysis time and resolution 172 

between peaks. However, due to changes in the migration order of Ta, Nb and IS (see Table S1), 173 

neither analysis time nor resolution were continuous functions of the factors to be optimized. Thus, 174 

we developed a strategy based on the systematic evaluation of the constraints to be satisfied and of the 175 

criteria to be optimized in the whole experimental domain using the predictions of the previously 176 

validated models. The 2D experimental domain was divided in elementary pixels of width 0.1 (hence 177 



a total of 21x21 = 441 pixels) and, for each of them, the time intervals between the three possible 178 

pairs of peaks were estimated using the models of normalized peak start and peak end times: 179 

 180 

where i and j index the peaks (i, j = 1 to 3, i < j , i.e. 3 different couples) and k indexes the elementary 181 

pixel (k = 1 to 441). In addition, the predicted peak times were used to compute the peak widths (i.e. 182 

thewi (k) = ti
end(k)− ti

start (k)) as well as the peak asymmetry coefficients ai(k) defined as: 183 

ai (k) =
ti

end (k) − ti
mig (k)( ) − ti

mig (k) − ti
start (k)( )

ti
end (k) − ti

start (k)
 184 

The analysis time, i.e. the peak end time of the last migrating component, which is not always the 185 

same one, was also predicted for each pixel as T(k) = max
i

ti
end (k)( ) . For each pixel k, we chose to: 186 

1) impose model consistency, i.e. ti
start (k) < ti

mig (k) < ti
end (k) (hard constraint which proved to be 187 

satisfied everywhere for both counter-ions) 188 

2) impose strictly no peak overlap, i.e. 
 
∆tij (k) > ∆tmin = 0.1min (hard constraint), 189 

3) optimize the resolution by either minimizing the peak widths w
i
(k) , or maximizing their 190 

asymmetry coefficienta
i
(k) , 191 

4) minimize the analysis time T(k), 192 

5) as an option, optimize robustness by maximizing the number of neighboring pixels satisfying 193 

the hard constraints 1) and 2) n(k) (a value between 0 and 8 for pixels inside the experimental 194 

domain, but between 0 and only 3 for a factorial pixel). 195 

In order to perform the simultaneous optimization of 3), 4) and 5), we chose a desirability approach. 196 

The desirability function [26] was defined in each pixel as a function of the analysis time, of the peak 197 

widths (Dw) or of their asymmetry coefficients (Da), and of their numbers of neighboring satisfying 198 

the hard constraints, i.e.: 199 

Dw(k) = d(T(k),T0,T1)× d(w(k),w0,w1)
i=1

3

∏ × d(n(k),w0,w1)

Da(k) = d(T(k),T0,T1)× d(a(k),w0,w1)
i=1

3

∏ × d(n(k),w0,w1)













 200 

where d(t, x0, x1) is Derringer type function [27], i.e. a continuous piecewise linear function with 201 

values in [0 ; 1] and: 202 

∆ tij (k) = max
i , j

ti
start (k) − t j

end (k),t j
start (k) − ti

end (k)( )



d(t,x
0
,x

1
) =

t − x0

x1 − x0

   if   t ∈ min(x
0
,x

1
);max(x

0
,x

1
)



 203 

and whose value is equal to 0 or to 1 outside this interval in a continuous fashion. Based on the 204 

distributions of the analysis time, peak width and symmetry coefficient, the following parameter 205 

values where chosen: 206 

- analysis time: T0 = 6, T1 = 4, in minutes; 207 

- peak width: w0 = 0.4, w1 = 0.2, in minutes; 208 

- asymmetry: a0 = 0.3, a1 = 0; 209 

For the number of neighbors satisfying the hard constraints, we chose either n0 = 4, n1 = 8, or n0 < n1 < 210 

0 (robustness constraint relaxed). 211 

Thus, depending on whether peak widths or asymmetries were minimized, and whether the robustness 212 

constraint on the neighbors was relaxed or not, we obtained 4 predicted optima for each counter-ion, 213 

see Table 2. 214 

Table 2: Predicted optima for each counter-ion. It is chosen either to minimize peak width or asymmetry, either 215 
with or without the robustness constraint on the number of neighbors. x1= ionic strength, x2 = temperature, given 216 
in coded values. The detailed analysis of the optimum of cell highlighted in grey is given in Erreur ! Source du 217 
renvoi introuvable.Figure 3. 218 

 Na+ Li+ 

 Robustness – Robustness + Robustness – Robustness + 

Peak width x1 = –0.4, x2 = 1 x1 = –0.3, x2 = 0.9 x1 = –0.2, x2 = 1 x1 = –0.2, x2 = 0.5 

Peak 

asymmetry 

x1 = –0.5, x2 = –0.3 x1 = –0.3, x2 = 0.4 x1 = –0.3, x2 = –0.3 x1 = –0.2, x2 = –0.2 

 219 

Experimental design and optimization were performed using Matlab version 8.5.0.197613 (R2015a). 220 

 221 

  222 



3. Results and discussion 223 

3.1. Preliminary tests: detection conditions, BGE co-ion and internal standard 224 

In a previous study [18], we showed that hexaniobate and hexatantalate ions could be separated using 225 

a classical bare-fused silica capillary having a total length of 35 cm and an effective length of 8.5 cm. 226 

The non-optimized method allowed separating Nb and Ta anions in about 6 min with a resolution 227 

superior to 5. This short effective length was thus kept and the injected sample volume was adapted to 228 

prevent from band-broadening. 229 

In the non-optimized CE method that we previously reported for the Nb-Ta separation in alkaline 230 

media [18], the detection was done at 240 (±2) nm for Nb and 214 (±2) nm for Ta, and the reference 231 

wavelength was set at 340 (±40) nm. We here performed a systematic study in order to find the best 232 

detection conditions for Nb and Ta. The results given in Figure S1 show that the highest signal to 233 

noise ratio is obtained when λdet = 211 (±4) nm and λref = 325 (±20) nm for Nb and λdet = 211 (±5) nm 234 

and λref 325 (±50) nm for Ta. For Nb, the detection at 211 (±5) nm with a reference at 325 (±50) nm 235 

also gives a high signal to noise ratio. Thus these parameters were selected so that both metals could 236 

be detected at the same wavelength, which facilitates the data treatment of the experimental designs. 237 

These parameters improved the signal to noise ratio by a factor of 2.3 for Nb and 6.1 for Ta. 238 

Previously reported results [18] showed that the ratio between the effective electrophoretic mobility of 239 

HxNb6O19
x-8 and that of HxTa6O19

x-8 increases slightly between pH 9 and 13 and that this ratio is 240 

higher in Li+-based and Na+-based BGE as compared to K+-based BGE. Therefore, the K+-containing 241 

media were not studied in the present work. In order to keep a sufficient buffer capacity and to be able 242 

to vary the ionic strength of the BGE while keeping it lower than 100 mM (to avoid uncontrolled 243 

heating by Joule effect), we decided to perform the Nb-Ta separation at pH 12. This means that the 244 

BGE were composed of 10 mM LiOH or 10 mM NaOH in addition to a Li+-based or a Na+-based salt. 245 

Since the HxNb6O19
x-8 and HxTa6O19

x-8 ions absorb in the low-UV range, the nitrate, thiocyanate and 246 

carbonate ions are not suitable co-ions. Among the usual co-ions used in CE, Cl-, HCOO- and 247 

CH3COO- were tested (Figure 1). 248 

 249 



Figure 1: Peak shapes for HxTa6O19
x-8 ions (A) and HxNb6O19

x-8 (B) obtained by CE in 10 mM NaOH + 40 mM 250 
NaCl (green curve), 10 mM NaOH + 40 mM NaHCOO (blue curve) and 10 mM NaOH + 40 mM NaCH3COO 251 
(red curve). [Ta6O19] = 0.10 mM, [Nb6O19] = 0.10 mM. T = 25.0 °C. CE conditions: bare-fused silica capillary, 252 
50 µm ID x 30 cm (detection at 8.5 cm). Hydrodynamic injection at the anodic end: 3s, 10 mbar. Applied 253 
voltage: 10 kV at the injection end. Detection: direct UV, λdet = 211 (±5) nm and λref = 325 (±50) nm. 254 

 255 

As shown in Figure 1, the symmetry for both Nb and Ta peaks is better in the presence of acetate co-256 

ions. These results are in accordance with the measured effective electrophoretic mobilities of 257 

HxNb6O19
x-8 (-61 x 10-5 cm2 s-1 V-1) and HxTa6O19

x-8 (-54 x 10-5 cm2 s-1 V-1) (I = 15 mM and T = 25°C) 258 

[18], which are closer to the absolute electrophoretic mobility at infinite dilution at 25°C of CH3COO- 259 

(-57 x 10-5 cm2 s-1 V-1) than those of Cl- (-79 x 10-5 cm2 s-1 V-1) and HCOO- (-42 x 10-5 cm2 s-1 V-1) 260 

[28]. Hence, all CE experiments were carried out in LiOH-LiCH3COO or NaOH-NaCH3COO based 261 

BGEs 262 

In order to perform a quantitative determination of Nb and Ta, an internal standard (IS) had to be 263 

found. The internal standard should not interact with HxNb6O19
x-8 and HxTa6O19

x-8 ions, be stable at 264 

pH 12, should absorb the UV light and must have an electrophoretic mobility close but different to the 265 

ones of HxNb6O19
x-8 and HxTa6O19

x-8 ions. Based on the literature data, the naphthalenesulfonic acid 266 

derivatives were expected to fulfill these requirements. Among the tested candidates, naphthalene-1,5-267 

disulfonate ion was found to be a suitable internal standard. The two pKa values for naphthalene-1,5-268 

disulfonate are lower than 1 [29], so that it is completely deprotonated under our CE conditions (pH 269 

12). 270 

 271 

3.2. Prediction of the optimum separation conditions 272 

As expected, preliminary tests confirmed that the two most important parameters that affect the 273 

separation of HxNb6O19
x-8 and HxTa6O19

x-8 ions are the temperature (T) and the ionic strength (I). A 274 

design of experiments involving these two factors was selected. The investigated domain for ionic 275 

strength was chosen considering a short analysis time for its inferior value and the solubilities of 276 

HxNb6O19
x-8 and HxTa6O19

x-8 in the BGEs and Joule heating for its superior value. For temperature, the 277 

minimum value was set at 25 °C to keep a short analysis time and due to solubility considerations and 278 

the maximum value was fixed at 40 °C. Even if higher temperatures could have been considered 279 

regarding the specifications of the CE system used here, we chose to limit the temperature to 40 °C in 280 

order to prevent from premature ageing of the bare-fused silica capillary since the analyses were 281 

performed in alkaline media. The selected final domains were: 25 ≤ I ≤ 75 mM and 25 ≤ T ≤ 40 °C. 282 

As mentioned above, two independent experimental designs were performed (one with LiOH-283 

LiCH3COO BGE and one with NaOH-NaCH3COO BGE) because the nature of the alkaline ion 284 

influences the solution chemistry of HxNb6O19
x-8

(aq) and HxTa6O19
x-8

(aq) [22-24]. 285 



We first expected to find the best separation conditions using a classical response surface 286 

methodology, based on optimizing resolution values between peaks while minimizing analysis time. 287 

However, as shown in Figure 2, changes in the migration order of the peaks of hexaniobate, 288 

hexatantalate and naphthalene-1,5-disulfonate ions were observed as a function of the ionic strength, 289 

at constant temperature with lithium-based electrolytes. Similar observations were made with sodium-290 

based electrolytes. 291 

 292 

Figure 2: Electropherograms of solutions containing niobium (Nb), tantalum (Ta) and the internal standard 293 
naphatalene-1,5-disulphonate (IS). BGE: 10 mM NaOH + NaCH3COO. I = 25 mM (bottom), 50 mM (middle) 294 
or 75 mM (top). T = 25.0 °C. [Ta6O19] = 0.10 mM. [Nb6O19] = 0.05 mM. [IS] = 0.17 mM. Other CE conditions: 295 
see Figure 1. 296 
 297 

It is worth noticing that the ionic strength did not change the migration order of Ta and Nb ions, 298 

which have very similar electronic and structural features. The migration order observed for 299 

HxNb6O19
x-8

(aq) and HxTa6O19
x-8

(aq) ions has been explained elsewhere [18]. The variation in the 300 

migration order of IS and Nb-Ta with the ionic strength is thought to be due to different effective 301 

charges that exhibit HxNb6O19
x-8

(aq) and HxTa6O19
x-8

(aq) (0 ≤ x ≤ 3) in Li+- or Na+-based BGE compared 302 

to naphthalene-1,5-disulfonate, which has only two negative charges at pH 12. Indeed, as observed by 303 

Friedl et al. [30], the influence of the ionic strength on electrophoretic mobility of ions is strongly 304 

related to the charge of the considered ions. Nevertheless, the use of their empirical equation did not 305 

allow a correct fitting of the electrophoretic mobility values that we measured as a function of ionic 306 

strength at constant temperature and constant BGE nature. This may be linked to the complexity of 307 

the condensation with alkali ions or cation exchange phenomena already observed with the Nb(V) or 308 

Ta(V) ions in alkaline media [18,22]. Consequently, an increase in ionic strength reduced the 309 

electrophoretic mobilities of our polyanions, which should decrease their migration times with our 310 

experimental setting (counter-electroosmotic flow). Nonetheless, an increase in ionic strength also 311 

induced a significant decrease (of about 70%) in the electroosmotic flow. This second phenomenon is 312 

predominant and explains why the analysis time was drastically lengthened, changing from 3.3 min at 313 



I = 25 mM to 8.1 min at I = 75 mM (Figure 2). Contrary to the ionic strength, the temperature has no 314 

effect on the migration order and, as expected, the total analysis time decreases when the temperature 315 

increases. However, the migration order of Nb, Ta and IS does not remain constant over the ionic 316 

strength domain investigated, as highlighted in Figure 2.  317 

As a consequence of this change in the migration order, it is obvious that for some conditions, the IS 318 

peak overlaps with the Nb or Ta peak. This renders the data treatment more complex because the peak 319 

resolutions, which are usually chosen as appropriate responses, are not monotonic functions over the 320 

whole experimental domain. For example, it can be inferred from Figure 2 that the resolution between 321 

the peak of Ta and the peak of IS equals zero for one ionic strength value in the domain 25 mM ≤ I ≤ 322 

50 mM (at T = 25 °C) whereas it is a positive number for the other ionic strength values. 323 

To overcome this issue, new responses were chosen and an ad hoc data treatment was developed as 324 

detailed in section 2.3. The selected responses were: start time, migration time and end time for each 325 

peak. This type of responses was previously used to optimize the CE separation of aromatic 326 

hydrocarbons [21]. In our case, the optimization was then focused on finding the conditions where the 327 

peaks did not overlap, where the total analysis time was as short as possible, and where the peaks 328 

were most symmetric or narrowest, including or not an additional constraint of robustness on the 329 

neighboring points of the predicted optimum point. An example of the calculated desirability function 330 

for a given set of constraints is detailed in Figure 3. 331 



 332 

Figure 3: Detailed analysis of the predicted optimum for counter-ion Li+, minimizing asymmetry, under the 333 
robustness constraint that a maximum number of neighboring pixels do not overlap (grey cell in Table 2). Top 334 
graphs: asymmetries ai(k) of each of the 3 components (Ta, IS, Nb). Middle left graph: 1 if min(∆tij)>0.1 min 335 
(hard non-overlapping constraint satisfied), else 0. Middle graph: number of neighbors satisfying the hard 336 
constraint n(k). Middle right graph: analysis time T(k) in minutes. Bottom middle graph: desirability function 337 
Da. Bottom right graph: predicted (schematic) electropherogram for the predicted optimum (peaks heights are 338 
not modeled). 339 
 340 
  341 



3.3. Experimental validation 342 

The 8 predicted optimal points (4 in LiOH-LiCH3COO BGE and 4 in NaOH-NaCH3COO BGE) were 343 

tested experimentally (Figure 4). Regarding the four predicted optima in NaOH-NaCH3COO media, 344 

two different domains of I and T values were obtained considering either peak widths or peak 345 

symmetries. Nevertheless, the four resulting electropherograms were quite similar. The peaks of Nb, 346 

Ta and IS were always baseline resolved and the total analysis times were comprised between 4.1 and 347 

5.5 min. In the case of LiOH-LiCH3COO-based BGEs, the four predicted optimum conditions 348 

involved about the same ionic strength value (42.5 or 45 mM) whereas the temperature values varied 349 

between -0.3 and 1 in coded values. However, the four resulting electropherograms are also very 350 

similar and show that the three peaks were baseline resolved except for one condition (Figure 4-B). 351 

Even if the separation was already satisfactory in Na+-based BGEs, the peak symmetries were slightly 352 

better and the total analysis times were all inferior to 4.2 min when working with LiOH-LiCH3COO. 353 

Taking these results into account, the optimum conditions selected to perform the Nb-Ta separation in 354 

the presence of the internal standard (naphthalene-1,5-disulfonate) are a BGE composed of 10 mM 355 

LiOH and 35 mM LiCH3COO (I = 45 mM or -0.2 in coded value) and a temperature of 31.0 °C (-0.2 356 

in coded value), which corresponds to the optimum predicted taking into consideration optimizing the 357 

peak symmetries and demanding robustness of predicted neighborhood points. It is also worth 358 

noticing that the predicted migration times (Figure 3) and the experimental ones (Figure 4-B), under 359 

the optimal conditions, are in close agreement. 360 

 361 

 362 

Figure 4: Electropherograms of solutions containing niobium (Nb), tantalum (Ta) and the internal standard (IS) 363 
measured under the predicted optimum conditions. BGE: 10 mM LiOH + LiCH3COO (A) or 10 mM NaOH + 364 
NaCH3COO (B). [Ta6O19] = 0.10 mM. [Nb6O19] = 0.05 mM. [IS] = 0.17 mM. Other CE conditions: see Figure 365 
1. The ionic strength and the temperature used for the CE separations are indicated below each 366 
electropherogram. The corresponding coded values (I; T) are (from top to bottom): (-0.3; +0.9), (-0.4; +1.0), (-367 
0.3; +0.4), (-0.5; -0.3) in NaOH-NaCH3COO BGEs and (-0.2; +0.5), (-0.2; +1.0), (-0.2; -0.2), (-0.3; -0.3) in 368 
LiOH-LiCH 3COO BGEs. 369 
 370 

Up to now, all the electropherograms related to the experimental designs were recorded with an 371 

applied voltage of 10 kV, which avoids Joule heating even for the samples with the highest ionic 372 



strength (checked experimentally). After determining the optimal temperature and ionic strength for 373 

the separation, the applied voltage was increased since it is known that it reduces the analysis time 374 

without impairing the quality of the separation. Under the optimized conditions, Joule effect tests 375 

were performed (measurement of the current intensity versus the applied voltage) in order to evaluate 376 

the maximum voltage that could be applied without noticing a detrimental effect due to Joule heating. 377 

This led to an increase in the applied voltage from 10 up to 16 kV which induced a decrease in the 378 

total analysis time to 2.3 min. The electropherogram of a solution containing Nb, Ta and IS measured 379 

under the final optimized conditions is presented in Figure 5. The electropherogram obtained with the 380 

previously reported and non-optimized method is also given for comparison. It is clear from the 381 

results presented in Figure 5 that detection sensitivity, peak symmetry, peak width, efficiency and 382 

analysis time were greatly improved. The separation with the optimized method was accomplished in 383 

2.3 min which is, to our knowledge, about 3 times faster than any CE method that has ever been 384 

reported for the separation of niobium and tantalum. 385 

 386 

Figure 5: Top: electropherogram of a solution containing Nb, Ta and IS obtained with the optimized method. 387 
BGE: 10 mM LiOH + 35 mM LiCH3COO (I = 45 mM). U = 16 kV, T = 31.0 °C. [Ta6O19] and [Nb6O19] = 388 
0.050 mM. [IS] = 0.085 mM. Bare-fused silica capillary, 50 µm ID x 30 cm (detection at 8.5 cm). λdet = 211 389 
(±5) nm and λref = 325 (±50) nm. Bottom: electropherogram of a solution containing Nb and Ta obtained with 390 
the initial non-optimized conditions [18]. BGE: 10 mM NaOH + 40 mM NaCl (I = 50 mM). U = 10 kV, T = 391 
25.0 °C. [Ta6O19] and [Nb6O19] = 0.125 mM. Bare-fused silica capillary, 50 µm ID x 35 cm (detection at 8.5 392 
cm), λdet = 214 (±2) nm and λref = 350 (±40) nm. 393 
 394 

The robustness of the method with the final conditions (16 kV ; I = 45 mM ; T = 31.0 °C) was also 395 

evaluated (Figure S2). Electropherograms of a solution containing Nb, Ta and IS were measured 396 

when varying the temperature or the ionic strength to ± 1% from their optimal values. The Ta peak 397 

was found to be the most sensitive with a standard deviation of 2.5% for its normalized migration 398 

time, whereas the corresponding parameter was of 0.7% for Nb. The standard deviations measured for 399 

the normalized corrected areas are 2.0% for Ta and 2.1% for Nb. Nonetheless, the total analysis time 400 



was lower than 2.5 min and the peaks of Nb, Ta and IS were baseline resolved regardless the tested 401 

conditions. 402 

The linearity and quantitation limits of the optimized method were also determined (Figure S3). The 403 

linearity of the method was evaluated by regressing the normalized corrected areas against the total 404 

Nb6O19 or Ta6O19 concentrations and using the least-squares method (Table 3). The method was linear 405 

up to 4.5 mM for hexatantalate ions, and up to 1.0 mM for hexaniobate ions. The upper limit for Nb is 406 

governed by peak overlapping between Nb and IS. The limits of quantitation, calculated considering a 407 

signal to noise ratio of 10, were estimated at 0.016 mM for HxNb6O19
x-8 and 0.022 mM for HxTa6O19

x-408 
8. These values led to a quantitation domain of 9 to 557 mg.L-1 for Nb and 24 to 4,890 mg.L-1 for Ta. 409 

By comparison, the Nb and Ta concentrations encountered in industrial processes are typically higher 410 

than 100 mg.L-1 [12,31,32]. 411 

 412 

Table 3: Linear regression calibration parameters for HxNb6O19
x-8 and HxTa6O19

x-8 ions. Seven concentration 413 
levels between 0.02 and 1.00 mM were used for HxNb6O19

x-8 and nine concentration levels between 0.02 and 414 
4.50 mM for HxTa6O19

x-8. CE conditions: see Figure 5. The calibration curves are given in Figure S3. 415 

 Ions 

Parameter Hexatantalate Hexaniobate 

Slope +8.50 +10.4 

Intercept -0.227 +0.127 

σy
a 0.047 0.116 

R² 0.9988 0.9993 

 a: Standard error of the Y estimates. 416 

3.4. Application to a real sample 417 

The optimized method was then applied to the determination of Nb and Ta in a real alkaline industrial 418 

sample provided by Eramet Research company (France). This sample differs slightly from the 419 

synthetic samples we used because it was composed of pure hexaniobate ions ([Nb6O19] = 3.40 ±0.17 420 

mM) and also mixed Nb-Ta polyoxometalates ([Nb5TaO19] = 0.227 ±0.011 mM). The insertion of Ta 421 

into hexaniobate ions is inherent to the process used by the company. Taking into account that Nb and 422 

Ta have very similar chemical properties, the separation of the pure ions HxNb6O19
x-8 and the 423 

substituted ions HxNb6Ta6O19
x-8 seemed challenging. Nonetheless, we applied our optimized CE 424 

method to the industrial sample and we also spiked it with pure hexatantalate ions in order to evaluate 425 

the potential separation of HxNb6O19
x-8, HxTa6O19

x-8 and HxNb5TaO19
x-8 ions (Figure 6). 426 



 427 

Figure 6: Electropherogram of an industrial Nb sample spiked with hexatantalate ions. Peak identification: 428 
HxTa6O19

x-8 (Ta) ; HxNb6O19
x-8 (Nb) ; HxNb5TaO19

x-8 (NbTa) ; internal standard (IS). Industrial sample diluted 429 
25 times in 10 mM LiOH + 35 mM LiCH3COO and spiked with 0.09 mM (top) or 0.18 mM (bottom) of 430 
HxTa6O19

x-8 ions. T = 31.0 °C. BGE: 10 mM LiOH + 35 mM LiCH3COO (I = 45 mM). U = 16 kV. 431 

As shown on Figure 6, the separation between HxNb6O19
x-8, HxTa6O19

x-8 and HxNb5TaO19
x-8 ions is 432 

accomplished in less than 2.3 min with our optimized method. The small peak at 1.9 min was 433 

attributed to the substituted ions HxNb5TaO19
x-8 taking into account the migration times, the expected 434 

concentrations and the UV absorbance spectra of the different peaks. The IS peak and the Nb peak 435 

slightly overlap, but with a resolution value of 1.4 which allows correct quantitation, and the Ta peak 436 

is slightly broader than for the standard solutions. This is thought to be due to the presence of 437 

interfering ions in the industrial sample (54 mM of Na+ ions, etc) that may induce some destacking. 438 

The HxNb6O19
x-8 concentration determined by the CE method is 3.53 mM, which is in the range given 439 

by the industrial (3.40 ±0.17 mM), thereby demonstrating the applicability of CE to perform the 440 

determination of Nb and Ta in real alkaline solutions. 441 

 442 

4. Conclusion 443 

For the first time, a CE method was developed for the analysis of Nb and Ta in alkaline media. The 444 

separation is performed with classical bared-fused silica capillary and does not require any chelating 445 

or chromophoric reagent. First, based on a method designed for speciation studies, we optimized the 446 

detection conditions and the nature of the BGE co-ion, and we found a suitable internal standard for 447 

the analysis of HxNb6O19
x-8 and HxTa6O19

x-8 ions. Two experimental designs were then performed in 448 

order to find the best ionic strength and temperature for the separation, in both Li- and Na-based 449 

BGEs. Unfortunately, the ionic strength influences the migration order between IS and Nb-Ta, which 450 

necessitated an optimized data treatment. The original data processing used allowed predicting 8 451 

optimal conditions which were then tested experimentally. The final separation conditions involved a 452 

BGE composed of 10 mM LiOH + 35 mM LiCH3COO (I = 45 mM) and a temperature of 31.0 °C. 453 



The applied voltage was next optimized and the separation of HxNb6O19
x-8, HxTa6O19

x-8 and IS was 454 

performed in 2.3 min, which is three times faster than any CE method reported so far for the 455 

separation of Nb and Ta (acidic media included). Some figures of merit of the methods were also 456 

determined. The quantitation limits (S/N = 10) are 0.016 mM for HxNb6O19
x-8 and 0.022 mM for 457 

HxTa6O19
x-8 and the linearity is extended to 1.0 mM for HxNb6O19

x-8 and 4.5 mM for HxTa6O19
x-8. 458 

Finally, the optimized method was successfully applied to a real Nb-Ta industrial sample. 459 

Furthermore, the separation was pushed to the separation of the non-substituted ions (HxNb6O19
x-8, 460 

HxTa6O19
x-8) and the substituted ones (HxNb5TaO19

x-8). Our optimized method will be used in a future 461 

work to probe the formation of other substituted niobium-metal polyoxometalates. An on-going work 462 

is also focused on the development of a semi-quantitative method, without internal standard, for the 463 

ultra-fast screening of hexaniobate and hexatantalate ions. 464 

 465 

  466 
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