The study of the speciation of uranyl-sulphate complexes by UV-VIS absorption spectra decomposition
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Abstract

Uranyl-sulphate complexes are the predominant U(VI) species present in acid solutions resulting either from underground uranium ore leaching or from the remediation of leaching sites. Thus, the study of U(VI) speciation in these solutions is of practical significance. The spectra of UO2(NO3)2 + Na2SO4 solutions of different (S = [SO42‑] / [U(VI)] ratio at pH = 2 were recorded for this purpose. As the presence of uranyl-nitrate complexes should be expected under these experimental conditions, the spectra of UO2(NO3)2 + NaNO3 solutions with different(N = [NO3‑] / [U(VI)] ratio at pH = 2 were also measured. The effects of (S and (N ratios value were most pronounced in wavelength interval 380 - 500 nm. Therefore, these parts of experimental overall spectra were used for deconvolution into the spectra of individual species by the method proposed. It enabled to calculate stability constants of anticipated species at zero ionic strength. The Specific Ion Interaction Theory (SIT) was used for this purpose. Stability constants of UO2SO4, UO2(SO4)22–, UO2NO3+ and UO2(NO3)2 coincided well with published data, but those for UO2(SO4)34– and UO2(NO3)3– were significantly lower.

Keywords: uranyl complexes, nitrate ligands, sulphate ligands, stability constants, UV-VIS spectra, SIT

Introduction
Considerably broad attention has been paid to the use of UV-VIS absorption spectrometry for study of complexes formation and stability constants determination during last years. Especially in a case of U(VI): Hennig et al. [1] used UV-VIS spectroscopy for the study of U(VI)–SO42- system at constant total uranium concentration [UO22+] = 50 mM and gradually increasing ratio [SO42‑]/[UO22+] from 0 up to 59. Using the HYPERQUAD software package for spectra evaluation they found the distribution of UO22+, UO2SO4, UO2(SO4)22- species as the function of [SO42-]/[UO22+] ratio. Similar system was studied by Meinrath et al. [2] at pH interval 3.12 – 3.78. The values of [UO22+] and [SO42-] varied in ranges 0.001 M – 0.01 M and 0.0015 – 0.06 M, respectively. Factor analysis and TB CAT code were used to estimate spectral and thermodynamic data. Under given conditions the three species were identified and respective stability constants determined: UO22+, UO2SO4 (log β11 = 1.8 ± 0.3) and (UO2)2(OH)22- (log β22 = 21.60 ± 0.4). Unfortunately, no comparison with data from broadly used NEA Data Base [3,9] is given. Contrary to NEA database the authors state that “higher coordinated species, UO2(SO4)22- and UO2(SO4)34-, remain obscure and should be omitted from data collections for geochemical modelling purposes”. Servaes et al. [4] used UV- VIS spectrometry to study the speciation of UO22+-NO3- complexes in organic medium. Further, they determined their consecutive stability constants in aqueous solution containing NaClO4: UO2NO3+ (K1 = 0.5, I = 1), UO2(NO3)2 (K2 = 1.0, I = 1) and UO2(NO3)3- (K3 = 0.9, I ≈ 1). 
The subject of the present work is to extend the study of UV-VIS absorption spectra of a system similar to that one studied by Hennig et al. [1] with following aims: (i) To specify the speciation modelling of systems characterized by high values of ionic strength using the SIT theory [3,5,6]. (ii) To develop an evaluation method enabling to perform the deconvolution of absorption experimental spectra onto the spectra of individual species and the determination of thermodynamic stability constants (valid for zero ionic strength). 

Experimental

A series of UO2(NO3)2·6H2O and Na2SO4 solutions in distilled water was prepared for U(VI) - SO42– - NO3- species absorption spectra determination (RS solutions, further called sulphate-nitrate system). Total uranium concentration [U(VI)] = 5·10‑2 mol·L–1 and pH value pH = 2 were constant in these solutions.

Appropriate additions of either 14.4 M HNO3 or 2.0 M NaOH were used to maintain the pH value constant. Required values of the ratio (S = [SO42–]/[U(VI)] were adjusted by the additions of 1 M Na2SO4 solution. Twenty five solutions of different (S within the range from (S = 0 up to (S = 17.6 were prepared. Due to the additions of HNO3 used for pH correction, the ratio (N = [NO3-]/[U(VI)] varied from 2.20 up to 3.04 in RS solutions. Under these conditions the following U(VI) species are to be expected in RS solutions: UO22+, UO2SO4, UO2(SO4)22–, UO2(SO4)34–, UO2NO3+, UO2(NO3)2 and UO2(NO3)3–. To estimate the influence of nitrate U(VI) complexes on RS solutions spectra another series of sulphate-free RN solutions (further called pure nitrate system) containing UO2(NO3)2·6H2O and NaNO3 was prepared for spectrophotometric measurements. The pH and [U(VI)] values of these solutions were the same as in RS samples. Eight RN solutions of different ratios (N = [NO3‑]/[U(VI)] varying from (N = 2.18 up to 60.20 were prepared. The (N values were adjusted by proper additions of 0.5 M NaNO3 solution. The additions of HNO3/NaOH used to maintain pH = 2 of all RS, RN solutions did not exceed one thousandth of respective sample volume and no corrections of concentration data were necessary. In parallel, the set of standard reference samples not containing UO2(NO3)2 was prepared for all solutions studied. With the exception for this difference the composition of standard sample and respective studied solution was identical. Then, the spectra of standards were subtracted from the spectra of respective studied samples and resulting differential spectra were used for further calculations. Absorption spectra were recorded using UV/VIS spectrophotometer CARY 100 within the wavelength range 190 – 900 nm at scan rate 500 nm·min–1 and plastic cuvettes of 1 cm path-length were used. The parts of all spectra selected for calculations are given in Figs. 1 and 2.

Method of evaluation

Speciation modelling 
The speciation of U(VI) in RN solutions (pure nitrate system) and RS solutions (sulphate-nitrate system) was calculated. Stability constants at zero ionic strength βi,I = 0 available in literature [3,4,9] were recalculated to βi,I values at actual ionic strength I according to the equation (1), that follows from the Special Ion Interaction Theory (SIT) [3,5,6].

log βi,I = log βi,I = 0 + Δz2 ∙ D – Δε ∙ I                         (1)

There, D = 0.5091
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) stands for the so called Debye-Hückel term, 

Δz2 is the sum of squares of charges of individual components in the respective complexation reaction, and Δε is the sum of coefficients reflecting the mutual interaction of respective ions; the meaning of Δz2 and Δε is obvious from relations shown below for corresponding complexation reactions (2) - (7). As some SIT coefficients, for pure nitrate system especially, e.g. ε(UO2(NO3)2, NO3-), are not obtainable from literature, an analogous ionic system should be considered or an alternative procedure of ε determination could be used [6]. 

Pure nitrate system (UO2(NO3)2 +  NaNO3 + HNO3 + NaOH)

UO22+ + NO3- ↔ UO2NO3+                        β1                                         (2)

Δz2 = [z(UO22+) – z(NO3-)]2 – z(UO22+)2 – z(NO3-)2 = - 4

Δε = ε(UO2NO3+,NO3-) – ε(Na+,NO3-) – ε(UO22+,NO3-) = - 0.10

where: ε(UO2NO3+, NO3-) = 0.10; ε(Na+, NO3-) = -0.04; ε(UO22+,NO3-) = -0.24

UO22+ + 2 NO3- ↔ UO2(NO3)2                    β2                                       (3)

Δz2 = [z(UO22+) – 2 · z(NO3-)]2 - z(UO22+)2 – 2 · z(NO3-)2 = - 6

Δε = ε(UO2(NO3)2, NO3-) – 2 · ε(Na+,NO3-) – ε(UO22+,NO3-) = - 0.16

where: ε(UO2(NO3)2, NO3-) = 0 (or 0.05); 

UO22+ + 3 NO3- ↔ UO2(NO3)3-                      β3                                      (4)

Δz2 = [z(UO22+) – 3 · z(NO3-)]2 – z(UO22+)2 – 3 · z(NO3-)2 = - 6

Δε = ε(UO2(NO3)3-, Na+) – 3 · ε(Na+,NO3-) – ε(UO22+,NO3-) = - 0.08

where: ε(UO2(NO3)3-, Na+) = 0.03

Sulphate-nitrate system (UO2(NO3)2 +  Na2SO4 + HNO3 + NaOH)

UO22+ + SO42- ↔ UO2SO4                          β4                                         (5)

Δz2 = [z(UO22+) – z(SO42-)]2 – z(UO22+)2 – z(SO42-)2 = - 8

Δε = ε(UO2SO4, Na+) – ε(Na+,SO42-) – ε(UO22+,NO3-) = - 0.12

where: ε(UO2SO4, Na+) = 0;  ε(Na+,SO42-) = - 0.12; 

UO22+ + 2 SO42- ↔ UO2(SO4)22-                  β5                                         (6)

Δz2 = [z(UO22+) – 2 · z(SO42-)]2 – z(UO22+)2 – 2 · z(SO42-)2 = - 8

Δε = ε(UO2(SO4)22-, Na+) – 2 · ε(Na+,SO42-) – ε(UO22+,NO3-) = - 0.12

where: ε(UO2(SO4)22-, Na+) = - 0.12

UO22+ + 3 SO42- ↔ UO2(SO4)34-                     β6                                      (7)

Δz2 = [z(UO22+) – 3 · z(SO42-)]2 – z(UO22+)2 – 3 · z(SO42-)2 = - 0

Δε = ε(UO2(SO4)34-, Na+) – 3 · ε(Na+,SO42-) – ε(UO22+,NO3-) = - 0.12

where: ε(UO2(SO4)34-, Na+) = - 0.24

Deconvolution of spectra 

The method of decomposition of overall spectra is based upon the assumption of Lambert – Beer‘s law applicability for each uranyl species present in the solution. 

In the way of evaluation of a system of m absorption spectra of solutions with the constant value of the uranium concentration, the total absorbance 
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 at the wavelength λ corresponding to the total uranium concentration CU in the j-th solution can be expressed as the sum of contributions corresponding to all uranium species present in the solution according to the equation (8). 
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Here xji represents the molar fraction of the i-th uranium species in the j-th solution and aλi the absorbance of pure species i for the concentration CU at the wavelength λ. As values xji can be determined by a speciation calculation and 
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is measured absorbance, the determination of values aλi from the system of linear equations (8) represents a basic step to the deconvolution of measured spectrum onto the spectra of individual species. System of equations (8) for m > n turns to the problem of the solution of an over determined linear equations system, that can be approximately solved by means a least square method (e.g. [7]) using a simple matrix algorithm (9). 
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Here X is the matrix of molar ratios of individual species retrieved by the speciation calculation, 
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vector of measured total absorbance and 
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the unknown vector of absorbance of individual species. Consecutively, modelled overall absorbance 
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can be computed by backward modelling from partial spectra of individual species obtained. An example of the result of such computation, for five values of wavelength and all twenty five RS solutions is presented on Fig. 3. Then, the difference between experimental and recalculated spectrum can be minimized by varying stability constants values. A simplified simplex method was proposed for the solution of this multidimensional optimization problem. It was prepared a code for evaluation of absorption spectra, including the deconvolution onto the spectra of individual species and an original method for the contemporaneous determination of sets of thermodynamic stability constants using SIT method (valid for zero ionic strength). 

Results and discussion

As it can be seen from Figs. 1 and 2, the measured absorbance in both studied systems of solutions (RN and RS) increases with the increase of the ligand concentration. But some other characteristics of spectra corresponding to two studied systems differ significantly: (i) the influence of ligand concentration is stronger for RS system, both in the total absorbance and in the shape of spectra and (ii) the maximum on a spectrum is shifted to higher wavelength value for higher sulphate concentrations. 

The spectra were evaluated by the above presented method that gave the deconvolution onto spectra of individual species and set of best-fit stability constants for both systems studied. To the initial estimation of stability constants necessary for the description of the pure nitrate system of solutions (RN) we used data from a work of Servaes et al. [4] recalculated for I = 0 by means of equation (1), resulting values see Table 1. The fitting procedure significantly lowered value of β3, values of β1 and β2 was not changed markedly. The uncertainties in the estimated parameters were in this first step of evaluation of absorption spectra determined using a simplified version of the support plane analysis [8]. The determined values of logarithms of stability constants β1, β2 and β3 were used, as fixed values, in the evaluation of the system of spectra characterizing the sulphate-nitrate system RS, in which the values of logarithms of stability constants β4, β5 and β6 were estimated. In this step of evaluation the logarithms of β4, β5 and β6 from NEA TDB [3,9] were used as the initial assessment. Also in this step of evaluation first two constants (β4, β5) remained practically unchanged and the third one (β6) lowered significantly. Here the uncertainties of logarithms β4, β5 and β6 were assessed from variances in results of fitting procedure performed on three independent subsets of the total set of 25 absorption spectra of the RS solutions. Comparison of tabulated data and data obtained from the evaluation of both sets of absorption spectra is collected in Table 1. The computed spectra of all species relevant in the studied RS system are presented in Fig. 4. In Figs. 5 and 6 are shown computed speciation diagrams for RS system with both tabulated and in this work obtained sets of stability constants, from which the great influence of the decrease of the β6 value on the molar fraction of UO2(SO4)34- species is remarkable. This result shows that the latter species should not dominate also in highly concentrated sulphate solutions. Here can be noted that the presence of this species in natural waters is uncertain [2]. 

Conclusions

UV-VIS absorption spectra of solutions containing UO22+ + NO3– ions and UO22+ + NO3– + SO42– ions at pH = 2 were measured. The set of best-fit values of thermodynamical stability constants of UO2SO4, UO2(SO4)22–, UO2(SO4)34–, UO2NO3+, UO2(NO3)2 and UO2(NO3)3–  was obtained by an original approach that anticipates Lambert – Beer‘s law applicability for each uranyl species and validity of the recalculation of stability constants on the ionic strength by the SIT theory. The deconvolution of overall spectra onto spectra of individual species was also performed in the course of the evaluation. Best-fit stability constants of UO2SO4, UO2(SO4)22–, UO2(SO4)34–, UO2NO3+ and UO2(NO3)2 complexes very well coincide with the values reported in NEA database [3]. Calculated stability constant β6,I=0 of UO2(SO4)34– complex is significantly lower (log β6,I=0 = 1.78 ± 0.25) than the value recommended in NEA database (log β6,I=0 = 3.02) [9]. Even calculated value of β3,I=0 constant for UO2(NO3)3– complex (log β3,I=0 = 0.32 ± 0.05) is lower than the value reported in literature (log β3,I=0 = 0.796) [4].  
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Tables

Table 1 The comparison of literature and calculated stability constants βi,I=0 

	i
	Equation
	log βi,I=0

	
	
	literature
	this article 

(95( confidence interval) 

	1
	UO22+ + NO3- ↔ UO2NO3+
	   0.414     [4]
	0.44 ± 0.04

	2
	UO22+ + 2 NO3- ↔ UO2(NO3)2
	   0.762     [4]
	0.75 ± 0.06

	3
	UO22+ + 3 NO3- ↔ UO2(NO3)3-
	   0.796     [4]
	0.32 ± 0.05

	4
	UO22+ + SO42- ↔ UO2SO4                          
	   3.14       [3,9]
	3.03 ± 0.31

	5
	UO22+ + 2 SO42- ↔ UO2(SO4)22-
	   4.14       [3,9]
	3.95 ± 0.25

	6
	UO22+ + 3 SO42- ↔ UO2(SO4)34-                     
	   3.02       [3,9]
	1.78 ± 0.25
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Fig. 1 Absorption spectra of RN solutions (pure nitrate system) for different (N = [NO3‑] / [U(VI)] values.
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Fig. 2 Absorption spectra of RS solutions (sulphate-nitrate system) for different (S = [SO42‑ / [U(VI)] values.
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Fig. 3 Experimental dependencies of the absorbance of RS solutions (sulphate-nitrate system) upon sulphate ions concentration fitted by developed method for five different wavelengths.
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Fig. 4 Individual spectra of significant U(VI) species in RS solutions (sulphate-nitrate system) resulting from the deconvolution of overall experimental spectra.
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Fig. 5 Speciation diagram of significant U(VI) species in RS solutions (sulphate-nitrate system) calculated with stability constants recommended in NEA TDB database [3].
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Fig. 6 Speciation diagram of significant U(VI) species in RS solutions (sulphate-nitrate system) calculated with stability constants following from the evaluation by proposed method.
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