The matrix influence on the determination of low uranium concentrations
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Abstract

A development of the measurement technique enabling the determination of low uranium concentrations inspired by a commercially available KPA method (kinetic phosphorescence analysis) was carried out. KPA is fast, sensitive, and non-destructive, allowing the uranium concentrations determination on a mass basis of ng.L-1. In our laboratory, the concentration of U is determined mainly in samples relating to uranium mining and processing and so it was sufficient to determine the U concentration of µg.L-1. Our interest was focused on verifying the applicability of the modified method for samples with matrix of higher ionic strength that could potentially influences the determination of U concentration. For that reason the influence of the matrix, complexing agent, and the sample pH on the recorded fluorescence spectrum shape and integral intensity were studied.
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Introduction

Long-term uranium mining and processing has resulted in his local increased presence. Quick and precise determination of the total uranium concentration is important as for verifying accuracy of procedures, as to avoid eventual contamination or environmental and geological studies. For this purpose, spectrometric methods seem to be very practical and relatively easy; problem arises when the samples contain more complexes or concentrated matrices. It is necessary to consider wide range of effects that could influence the measurements [1,2,3]. (1) Chemical quenching caused by a component of studied solution, leads to shortening of excited state lifetimes followed by uranyl fluorescence emission decrease (alcohols, halides except fluoride, oxidizable metals such as Ag, Pb, Fe(II), Mn(II), and Tl). (2) Color quenching - reabsorption - which increases with the intensity of solution coloration; (3) competition of some substances with complexing agents in the formation of complexes with U, which can result in a change in the fluorescence lifetime and intensity reduction; and (4) the presence of other component in solution, which itself is subject to luminescence (e.g. humic substances). 
To reduce all the above mentioned effects, the generally known measures can be applied - e.g. organics can be thoroughly removed during sample preparation via decomposition by HNO3 and H2O2, samples may be more diluted depending on the concentration of uranium, or chemical separation may be used for uranium very low concentrations [1]. For other samples the influence of the matrix is necessary to take into account.
The need for a sensitive, fast, and accurate method for determination of uranium in low concentration in our department was the motivation for developing a methodology; the measuring procedure inspired by KPA method, where a complexant converts present U to the form of UO22+, the only luminescent form, and thus makes it accessible for analysis. This complexing agent contains phosphates, whose presence serves to reduce the influence of non-radiative processes such as quenching and cross-relaxation, and therefore extends the lifetime of uranyl luminescence (UO22+ phosphate complex has a lifetime of several hundred µs)[1,3,4,5].

An extensive study on the impact of individual components of the matrix published Sowder et al. [3]. For cations nitrates were used for simulating the matrix, anions were supplied to the system in the form of sodium salts. The working uranium concentration of 1 μg.L-1 was chosen.
Influence of various ions was investigated in a concentration range from 1×10-6 - 1×10-1 mol.L-1. The monovalent cations (Na+, K+, and NH4+) do not influence the measurement, in concentrations above 0.1 mol.L-1 and even show a positive effect. Generally, with increasing oxidation number increases negative influence of the determination of U while exhibiting at a lower concentration of the cation. Most problematic are the transition metals (Cr3+, Ni2+, Cu2+, Fe3+), standard components of rock leachates and similar samples, already at a concentration of 1×10-5 mol.L-1. For anions, the situation is more complicated, they can compete with URAPLEX in uranyl complexation. A group of anions (F-, SO42-, NO3-, PO43- a HCO3-) has slightly positive influence at a concentration higher than 1×10-2 mol.L-1; it could be caused by adequately increased concentrations of Na+ or uranium contaminated chemicals. In the system containing Cl-, there is a decrease of the measured values already at chloride concentrations higher than 1×10-3 mol.L-1. Even more significant is the effect of NO2- (>1×10-4 mol.L-1) and EDTA or ascorbic acid (>1×10-5 mol.L-1). 1×10-2 mol.L-1 of studied ions was chosen as a working concentration at which the negative effect of its presence surely exhibits [3].
1 Experimental
Experimental setup

Contrary to the conventional KPA [1-6], where the excitation source is a dye laser pumped by nitrogen laser and the output wavelength is fixed, tunable laser system commonly utilized for TRLFS (time resolved laser induced fluorescence spectroscopy) measurement, based on all solid state technology providing more flexibility, is used. The problems associated with the degradation of fillings are avoided, no dye solution preparation is required and no laser tube degradation appears. The generated output wavelength can be tuned in a wide range from the ultraviolet to near-infrared (attainable wavelength range is: 355-2400 nm). Our system is based on a flash lamp pumped Q-switched Nd:YAG laser (1064 nm). For tunability the system includes a non-linear modules (SHG –second harmonic generation, THG – third harmonic generation, FHG – fourth harmonic generation, OPO – optical parametrical oscillator, UV – UV module), see Fig. 1.
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Fig. 1 Block diagram of experimental setup: 1- laser system, 2 – cell with the sample in temperature controlled holder, 3 – power meter, 4 – detection part
The repetition frequency of the laser is adjustable and is typically 10 Hz. To eliminate influence of possible laser energy fluctuations on the measured fluorescence intensities, pulse energy is monitored by power meter and each recorded spectra is normalized with respect to the laser output energy (typical laser energy fluctuation are below 6 %). 
Excitation laser light is focused into the sample by a set of lenses. Because the fluorescence is strongly dependent upon the temperature, accurate results could only be achieved when temperature controlled. Our operating temperature is 20 °C.

Emitted fluorescence radiation is focused by a system of lenses on the slit of the monochromator (MS257 LOT- Oriel used grid 600 l/mm 280-1200). The spectrum is then intensified and detected by iStar ICCD camera ANDOR. Time resolution is achieved by the gate delay. The system is controlled by a computer.
Concentration measurements

In order to determine the concentration of uranyl in the tested samples, it is necessary to determine the relation between the concentration and the intensity of the detected fluorescence. Calibration measurements were performed for solutions of known concentrations (0.5 - 2000 µg.L-1). The energy of excitation laser pulse was in the range 1.6 - 5 mJ, measured after passing the cell. The gate delay was set so the emission from short-lived luminescence of the background did not affect the data. The gate width was 20 µs, gate delay 0.2 µs, measurements were performed for 200 accumulations in one acquisition in each repetition. In total 10 repetitions were acquired - one sample analysis was about 3 minutes. For each system excitation wavelength in the absorption maxima was used, that corresponds to 416 nm for URAPLEX and 418 nm for H3PO4, laser pulse length was 4 ns.

The resulting value of fluorescence intensity for the concentration calculation is taken as the sum of the averages of the measured intensities of the spectra for every wavelengths of emission spectral characteristic. Standard deviation in a single measurement varies from 0.7 to 3.2 %, which give us a good reproducibility.

Besides the intensity measurement the method enables the study of the emission spectral characteristic and the detail measurement of potential complexes wavelength shift. A decomposition of experimentally obtained spectra and fitting was therefore performed. 

The linearity of luminescence intensity on the excitation laser energy for different concentrations from 10 ‑ 2000 µg.L-1 by measuring in the energy range 1.6 - 5 mJ, was verified. For further measurements energy of 4.5 mJ was used.
The detection limit of the method is limited by the purity of used chemicals and workplace background, for our laboratory this level is 0.5 µg.L-1.

Preparation of samples and calibration solutions

Uranium solutions were prepared by dissolving UO2(NO3)2.6H2O, G.R.; for samples containing UO2Cl2 or UO2SO4 were used already available pure stock solutions in which the U concentration was confirmed by ICP-MS. To simulate the matrix in the samples simple salts were tested: NaOH, NaCl, NaNO3, Na2SO4.10H2O, NaHCO3, CH3COONa.3H2O, KCl, KNO3 and Ca(NO3)2.4H2O. Also samples containing simulated groundwater (site Ruprechtov, Czech Republic) were prepared under the label NA6, composed of NaHCO3, KHCO3, CaCl2, MgCl2.6H2O and MgSO4.7H2O with concentrations from 10-4 - 10-3 mol.L-1 (pH = 8,4) [7]. All used chemicals were of analytical grade (LACHEMA, Lach-Ner or Merck); for dilution of NA6 was used distilled water, other solutions were diluted with deionized water.
Calibration standard solutions were prepared at uranium concentrations of 0,5; 1; 2; 5; 10; 20; 50; 100; 200; 500; 1000 and 2000 µg.L-1 (diluted from UO2(NO3)2.6H2O) and acidified with HNO3 so that its final concentration was 1 mol.L-1. 
Fluorometric cells (10 mm optical path) were rinsed with deionized water, then pickled in a bath of 3% HNO3, p.a., subsequently washed with deionized water, and before the final mixing of the sample with the complexant, rinsed with the sample solution. In order to ensure homogeneous mixing of sample and complexant, the cells were vortexed. As complexant URAPLEXTM (Chemchek Instruments, Inc.; 20× diluted, pH = 3, unknown composition) or H3PO4 (1 mol.L-1; p.a., 85%, LACHEMA) were used. The mixing ratio of the sample with complexant was 1 to 1.5 for URAPLEX [3,6] and 0.8 to 0.25 for H3PO4.
Results and discussion
First, the influence of the matrix using the modified KPA method based on [3] for higher uranium concentrations was studied and consequently TRLFS was used for further study in an attempt to clarify the determination of uranium.
The effect of the complexant, acidification and dilution
Initially, the influence of the constantly present components was examined. It was confirmed that in the system with URAPLEX the negative effect of HNO3 increases with increasing acid concentration (Table 1). Expectedly, the presence of chlorides significantly reduces the measured c(U) (quenching effect). In contrast to the experimental conditions selected [1,4], the authors [3]acidified the samples with 0.1 mol.L-1 of HNO3, which was proving a better option (Table 1).
Table 1 Effect of acidification with HNO3 on determination of U concentration in the case of solutions UO2(NO3)2 pure or containing NaCl
	c(HNO3) ( mol.L-1)
	×
	0.01 mol.L-1 NaCl

	
	100 μg.L-1 U
	10 μg.L-1 U
	100 μg.L-1 U

	0.05
	128.2 ( 3.2
	19.8 ( 0.2
	117.5 ( 2.2

	0.1
	119.0 ( 2.4
	12.6 ( 0.7
	107.4 ( 3.1

	0.2
	114.3 ( 3.0
	15.8 ( 0.2
	98.7 ( 2.4

	0.5
	103.9 ( 3.1
	10.8 ( 0.5
	97.4 ( 1.8

	0.7
	104.3 ( 3.2
	13.0 ( 0.4
	79.4 ( 2.9

	1
	103.1 ( 1.8
	10.1 ( 0.4
	71.8 ( 1.9

	2
	97.9 ( 2.7
	10.8 ( 0.7
	63.8 ( 2.1


In the Table 2 the possibilities and limitations associated with the transition to another complexant - H3PO4 are indicated. The best dilution ratio for H3PO4 was determined experimentally. According to the work [6] where the same ratio between complexant and sample for URAPLEX and H3PO4 was used, the results achieved with both complexants should be comparable. But evidently in the presence of chloride, the determination of U in the environment of H3PO4 completely fails. 
Table 2 Effect of comlexant used to determine U concentration of 100 μg.L-1 in systems with and without the matrix
	matrix
	acidification with HNO3
	URAPLEX
	H3PO4

	×
	1 mol.L-1
	103.1 ( 1.6
	139.4 ( 3.8

	×
	0.1 mol.L-1
	119.0 ( 2.1
	148.6 ( 2.9

	0.01 mol.L-1 NaCl
	1 mol.L-1
	71.8 ( 1.8
	13.9 ( 1.7

	0.01 mol.L-1 NaHCO3
	1 mol.L-1
	103.7 ( 3.1
	142.1 ( 3.9


Effect of matrix
The results of [3] were verified, even at higher uranium concentrations (10 and 100 µg.L-1) complexed by URAPLEX and acidified with HNO3 (0.1 and 1 mol.L-1). The HCO3-, SO42-, and CH3COO- do not affect the determination of U. In contrary, in the system containing NO3-, Cl-, and OH- measurement of U concentration is problematic. Influence of added NO3- and Cl- had been carefully studied, the results are shown in Fig. 2. Negative effect on the U determination increases with increasing concentration of chlorides and there is also a slightly negative affect in the presence of Ca (Fig. 2 - A, B). Large dispersion of results (Fig. 2 - C, D) appears for nitrates affecting the determination of c(U) even by standard addition method – e.g. for a test sample with c(U) = 100 µg.L-1 concentration was determined as 89.9 ( 3.1 µg.L-1. On the other hand, in the sample containing chloride, same method resulted at 98.8 ( 1.2 µg.L-1. Even more significantly ions NO3-, Cl-, and OH- affect systems where uranium is initially in the form of chloride or sulphate, but it is necessary to take into consideration that the calibration was done with standards of UO2(NO3)2.
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Fig. 2 The influence of the matrix containing chlorides and nitrates on determination of U concentration (solutions with 100 µg.L-1 U - A, C; and 10 µg.L-1 U – B, D)
In the samples containing simulated groundwater NA6 the average decrease of 17% in measured concentrations of uranium was observed. Unlike both chlorides, NaHCO3 and KHCO3 and probably also MgSO4 do not affect the U determination in the studied system. 
TRLFS

As mentioned above, during the “concentration” measurements slight fluctuations of spectral characteristics in wavelength as well as the intensity was observed. The formation of different complexes could be responsible for this phenomenon. Five different solutions (Table 3) with complexing agent H3PO4 or URAPLEX were tested by TRLFS method (abreviations a - acide, u – URAPLEX is used). A difference between both used complexants is evident from the graphic on Fig. 3.
Table 3 Composition of different solutions used for TRLFS study
	sample
	uranium salt (100 μg.L-1 U)
	added salt (0.01 mol.L-1) 
	acidification with HNO3

	1
	UO2(NO3)2
	×
	1 mol.L-1

	2
	UO2(NO3)2
	NaNO3
	1 mol.L-1

	3
	UO2(NO3)2
	NaCl
	1 mol.L-1

	4
	UO2SO4
	NaNO3
	1 mol.L-1

	5
	UO2CL2
	NaNO3
	1 mol.L-1
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Fig. 3 Emission spectral characteristics for solution 1 with both complexants (a - H3PO4, u – URAPLEX)
For TRLFS measurements the gate step was chosen proportionally to the lifetime of the complex, other parameters were identical as for concentration measurements. Experiment duration was from 10-20 minutes depending on the required number of data points (repetitions). 

Again for each measurement the fluorescence intensity is summed over preset number of laser pulses for every gate. Dependence of the sum of fluorescence intensity for each gate time versus time enable us to determine decay curve and then by fitting calculate the lifetime of the complex (Table 4, 5). In [3] lifetime of uranyl in the system acidified by 1 mol.L-1 of HNO3 was 225 µs and for 0.1 mol.L-1 of HNO3 300 µs that is in good agreement with our results.
Table 4 Measured lifetimes for solutions with URAPLEX
	u1
	u2
	u3
	u4
	u5

	t1 [µs]
	t1 [µs]
	t1 [µs]
	t2 [µs]
	t1 [µs]
	t1 [µs]

	254.1 ( 2.1
	258.9 ( 2.4
	37.8 ( 0.9
	
	297.5 ( 1.8
	273.5 ( 6.7

	260.3 ( 2.9
	305.7 ( 2.5
	42.6 ( 1.7
	
	298.9 ( 3.7
	277.9 ( 3.9

	260.7 ( 1.7
	258.8 ( 2.5
	38.9 ( 0.5
	
	289.1 ( 2.7
	270.5 ( 1.5

	258.6 ( 3.1
	318.4 ( 6.9
	44.0 ( 0.9
	13.0 ( 1.4
	292.6 ( 3.2
	274.2 ( 5.3

	
	301.1 ( 4.8
	42.6 ( 1.7
	12.2 ( 1.4
	
	

	
	263.7 ( 3.1
	
	
	
	


Table 5 Measured lifetimes for solutions with H3PO4
	a1
	a2
	a3
	a4
	a5

	t1 [µs]
	t1 [µs]
	t1 [µs]
	t1 [µs]
	t1 [µs]

	54.8 ( 0.6
	61.0 ( 0.7
	undetermined
	51.9 ( 0.8
	47.8 ( 1.6

	44.7 ( 0.3
	48.6 ( 0.4
	
	56.3 ( 1.2
	56.5 ( 2.9

	52.5 ( 1.8
	49.7 ( 0.4
	
	47.9 ( 0.4
	47.7 ( 0.3

	48.1 ( 1.6
	53.3 ( 0.6
	
	47.4 ( 0.4
	45.6 ( 0.3

	
	
	
	44.0 ( 0.3
	46.5 ( 0.4


The samples 1, 4, 5 always have the same lifetime within the range of error of measurement accuracy of a fitting model. On the contrary, solution 2 showed significant differences in calculated times. Obvious explanation is that different complexes are formed, and that the fluctuations observed during concentration measurements correspond to this. Sample 3 has the life time much shorter; this is due to the quenching effect of chlorides. For this solution even two complexes could be present in the same time. Generally the H3PO4 shows worse properties as the complexing agent, the fluctuations in life time were more important and the solution a3 was practically impossible to measure. To demonstrate the differences, the dependence of sum of fluorescence intensity for each gate time in logarithmic scale on the gate time, thus time evolution of total fluorescence intensity for URAPLEX for selected solutions is presented on Fig. 4A, B. If the slope of the curve does not change – the complex remain the same Fig. 4A. If more curves with different slopes appears, more complexes with different lifetime are formed, ergo every mixing of same solution with comlexant creates a different form. Such a case is on the Fig. 4B where is possible to observe two principal lines. 
Because the lifetime for the solutions differs (e.g. for chlorides is significantly shorter), it can be used as a tentative determination of the matrix and to estimate the matrix influence on the measurement of the concentration. 
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Fig. 4 The differences of total fluorescence intensity decay for samples 5 –A and 2 – B with URAPLEX
Conclusion
It is possible to conclude that for most of the investigated matrixes the described method for measuring the concentration offered sufficient precision of the U concentration determination. On the other side, it was found that the presence of nitrates and chlorides could be very problematical. Especially in case of nitrates even the method of standard addition did not offered satisfying results. To better understand concentration measurements TRLFS method was extended. From obtained data is evident, that the complexing agents are forming different complexes for different matrixes. Simple solution in the case of chlorides is to distinguish by TRLFS their presence and than use the method of standard addition which provides in this case good results. However, the issue of matrix should not end at ions present in the sample, but the interest should be focused on the effect of acidifying agent and uranium speciation.
Given the interest on a subject the works on the improvements of the methodology are still in progress.
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