
 

Vrije Universiteit Brussel

Simultaneous determination of arsenic and uranium by the diffusive gradients in thin films
technique using Lewatit FO 36: Optimization of elution protocol
Smolíková, Vendula; Pelcová, Pavlína; Ridošková, Andrea; Leermakers, Martine

Published in:
Talanta

DOI:
10.1016/j.talanta.2021.122234

Publication date:
2021

Document Version:
Accepted author manuscript

Link to publication

Citation for published version (APA):
Smolíková, V., Pelcová, P., Ridošková, A., & Leermakers, M. (2021). Simultaneous determination of arsenic and
uranium by the diffusive gradients in thin films technique using Lewatit FO 36: Optimization of elution protocol.
Talanta, 228, 1-6. [122234]. https://doi.org/10.1016/j.talanta.2021.122234

Copyright
No part of this publication may be reproduced or transmitted in any form, without the prior written permission of the author(s) or other rights
holders to whom publication rights have been transferred, unless permitted by a license attached to the publication (a Creative Commons
license or other), or unless exceptions to copyright law apply.

Take down policy
If you believe that this document infringes your copyright or other rights, please contact openaccess@vub.be, with details of the nature of the
infringement. We will investigate the claim and if justified, we will take the appropriate steps.

Download date: 10. Apr. 2024

https://doi.org/10.1016/j.talanta.2021.122234
https://cris.vub.be/en/publications/simultaneous-determination-of-arsenic-and-uranium-by-the-diffusive-gradients-in-thin-films-technique-using-lewatit-fo-36-optimization-of-elution-protocol(9965cd63-f35a-43d3-9fa2-b9d964f17083).html
https://doi.org/10.1016/j.talanta.2021.122234


1 

Simultaneous determination of arsenic and uranium by the Diffusive Gradients in Thin 1 

Films technique using Lewatit FO 36: Optimization of elution protocol 2 

Vendula Smolíková
1,2

, Pavlína Pelcová
2
, Andrea Ridošková

2,3
, Martine Leermakers

1
 3 

 4 

1
Analytical, Environmental and Geochemistry, Vrije Universiteit Brussel, Pleinlaan 2, 1050 5 

Brussels, Belgium 6 

2
Department of Chemistry and Biochemistry, Mendel University in Brno, Zemedelska 1, CZ-7 

613 00 Brno, Czech Republic  8 

3
CEITEC – Central European Institute of Technology, Mendel University in Brno, 9 

Zemedelska 1, CZ-613 00 Brno, Czech Republic 10 

 11 

Corresponding Author 12 

Martine Leermakers 13 

E-mail address: mleermak@vub.be 14 

Postal address: Vrije Universiteit Brussel - AMGC, Pleinlaan 2, 1050 Brussels, Belgium 15 

 16 

 17 

Abbreviations 18 

DGT, diffusive gradient in thin films technique; ET-AAS, electrothermal atomic absorption 19 

spectrometry; ICP-MS, inductively coupled plasma mass spectrometry; MDL, method 20 

detection limit 21 

 22 



2 

Graphical Abstract 23 

  24 



3 

Abstract 25 

The sorption ability of Lewatit FO 36-DGT resin gel, which has been developed for arsenic 26 

determination, towards uranium was tested by batch experiments within this study for the first 27 

time. Since the uptake efficiency of uranium was 99.0 ± 0.4% and the maximum uptake 28 

capacity was not achieved even at the U spike of 1250 µg in the solution, the Lewatit FO 36 29 

resin seems to be a suitable binding phase for DGT resin gels for the determination of 30 

uranium. The resin gel also does not display any significant sorption selectivity in favour of 31 

one element over another. A novel protocol for simultaneous elution of arsenic and uranium 32 

from Lewatit FO 36 resin gel was therefore proposed in this study. The elution efficiencies of 33 

90.3 ± 3.9 % and 85.2 ± 3.1% for As and U, respectively, were obtained using 5 mL of 34 

1 M NaOH at 70 °C for 24 hours. The comparison with the original elution protocol using 35 

microwave-assisted elution by 0.25 M NaOH and 0.17 M NaCl at 130 °C for 16 minutes 36 

indicates, that the novel elution protocol provides good results in the performance of arsenic 37 

elution and, in addition, allows simultaneous elution of uranium. Moreover, the elimination of 38 

NaCl from the elution process allows a fast and simple analysis of both elements using ICP-39 

MS, and therefore, the Lewatit FO 36-DGT technique can become more commonplace among 40 

laboratories without the need to modify the analytical method as proposed in the original 41 

study. 42 

 43 

Keywords 44 
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1 Introduction 46 

The diffusive gradient in thin films (DGT) technique is considered to be an effective tool for 47 

in-situ determination of labile species of various contaminants in the environment. Although it 48 

has been successfully used for the determination of nutrients (ammonium, nitrate, 49 

phosphorus) or various organic compounds (antibiotics, bisphenols, pesticides, endocrine 50 

disruptors, pharmaceuticals, etc.) it is nowadays mostly used for its original purpose – 51 

determining the concentration of the labile species of trace metals [1, 2]. In our previously 52 

published work [3], a new resin gel utilizing Lewatit FO 36 was developed and evaluated for 53 

the determination of four bioavailable arsenic species (As(III), As(V), monomethylarsonic 54 

acid, dimethylarsinic acid) in the aquatic environment. But besides the high selectivity of iron 55 

oxide-hydroxide functional groups of Lewatit FO 36 for oxyanions, the resin also acts as 56 

a weakly basic ion exchanger thanks to tertiary amine functional groups (-CH2-N(CH3)2). 57 

Therefore it can also bind natural organic matter such as tannins, lignins, negatively charged 58 

uranium complexes, chromate, and others [4]. Arsenic and uranium often occur 59 

simultaneously in mining environments [5-7]. Their simultaneous measurement by the DGT 60 

technique may be thus beneficial for environmental studies as it may improve understanding 61 

of geochemical cycling of these co-occurring contaminants and may contribute to the 62 

assessment of their potential bioavailability to biota. 63 

When using the DGT technique, the elution of analytes accumulated on the binding phase 64 

requires special attention as it may significantly contribute to the uncertainties of the DGT 65 

measurement [8]. Therefore, each novel binding phase undergoes thorough testing of elution 66 

procedures (with key variables of the used elution agent, its concentration, and volume 67 

together with the elution time and temperature) in order to achieve the highest elution yield 68 

with high reproducibility. The elution protocol of Lewatit FO 36 resin gel proposed in the 69 
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original study [3] utilizes the mixture of 0.17 M sodium chloride and 0.25 M sodium 70 

hydroxide as an elution agent (according to the recommendation of the resin 71 

manufacturer [4]) in combination with microwave-assisted extraction at 130 °C for 16 min. 72 

Although the obtained quantitative elution yield of arsenic content was 98.4 ± 2.0%, the 73 

measurement of arsenic concentration in high chlorides matrix may be challenging due to the 74 

interference effect of chlorides during analysis. The proposed elution protocol is therefore not 75 

suitable for analysis by inductively coupled plasma mass spectrometry (ICP-MS), which is 76 

currently one of the most common analytical techniques for elemental analysis in laboratories. 77 

Given that the Lewatit FO 36 resin has a great potential to be a suitable DGT binding 78 

phase for uranium, the uptake efficiency and uptake capacity of Lewatit FO 36 resin gel 79 

towards uranium were evaluated in this study. The selectivity of this DGT binding phase for a 80 

range of As and U concentrations in different ratios was evaluated as well to assess its 81 

suitability for application in a real environment. Due to the need for practical sample analysis 82 

by conventional ICP-MS, a new elution protocol for simultaneous measurement of both 83 

elements, As and U, was proposed and evaluated within this study.  84 

2 Materials and methods 85 

2.1 Reagents and chemicals 86 

All chemicals were of analytical reagent or higher grade. Chemicals used for DGT gels 87 

production and the preparation protocol are described in a previous study [3]. Arsenic 88 

standard solution 1000 mg L
−1

 in 2% HNO3 (Merck, Germany) and uranium standard solution 89 

1000 mg L
−1

 in 2% HNO3 (SPEX CertiPrep, UK) were used for the preparation of 90 

experimental solutions and for calibration of ICP-MS together with the internal standard of 91 

indium (Alfa Aesar, addition to a final concentration of 1 μg L
−1

). The HNO3 was used for 92 
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material cleaning (HNO3 produced by distillation apparatus), gels extraction, and sample 93 

acidification (Optima Grade, Fisher Scientific, USA). The NaCl, NaOH, NaNO3 (all Merck, 94 

Germany), and H2O2 (suprapure, Fisher Scientific, USA) were used for gel extraction. The pH 95 

was measured by multi-meter WTW 3430 and adjusted to a desired value by diluted HNO3 or 96 

NaOH if necessary. 97 

2.2 Uptake efficiency 98 

Experimental solutions (0.01 M NaNO3; pH = 5; spiked with 20 µg L
−1 

of As and U) were 99 

prepared 24 hours before the start of the experiment so that the carbon content in the solution 100 

equilibrate with atmospheric CO2. To evaluate the uptake efficiency of Lewatit FO 36 resin 101 

gel, a single resin gel disc (5 replicates) was immersed into 10 mL of experimental solution 102 

and shaken for 24 hours. The concentration of both elements in the experimental solution was 103 

determined at the beginning and end of the experiment by ICP-MS. The difference between 104 

the initial mass (Mi) and the remaining mass (Mr) of analytes in the solution indicated the total 105 

analyte mass accumulated on the resin gel disc (Ma). The efficiency of As and U uptake was 106 

expressed as the uptake factor (fu), using Eq. (1). A control experiment for evaluation of 107 

As and U sorption on the walls of tubes was performed as well. 108 

𝑓𝑢 = (𝑀𝑖 −𝑀𝑟)/𝑀𝑖 ∗ 100% (1) 

2.3 Elution efficiency 109 

The gel discs removed from the experimental solution were rinsed with Milli-Q water and the 110 

accumulated As and U were eluted using various elution agents (HNO3, NaOH, NaCl, H2O2) 111 

or their mixtures. The mixture of NaOH and H2O2 has already been successfully used as an 112 

elution agent for elution of As [9, 10] or U [11, 12] from other DGT resin gels. The molarity 113 

and volume of elution agents in combination with extraction temperature varied within 114 



7 

7 variants (Table 1) in order to achieve the highest possible efficiency of elution of both 115 

analytes. The tested molarity of elution agents and extraction conditions were selected with 116 

respect to the previous studies dealing with the elution of As and U from DGT resin gels [10, 117 

11]. The extraction in the conventional drying oven at the temperature of 70 °C allows to 118 

increase the elution efficiency and at the same time does not disturb the material of the 119 

polypropylene extraction tubes [13]. Resin gel blanks (gel discs that were not deployed into 120 

the experimental solution) were eluted as well. After 24 hours of elution, the samples were 121 

centrifuged if necessary and diluted ten times by 2% (v/v) HNO3 prior to analysis. The eluted 122 

mass of As and U (Me) was used for the calculation of the elution factor (fe) using Eq. (2). 123 

𝑓𝑒 = (𝑀𝑒/𝑀𝑎) ∗ 100% (2) 

2.4 Diffusion coefficient of U towards Lewatit FO 36 124 

Since resin gels utilizing Lewatit FO 36 resin were originally developed for the determination 125 

of arsenic, its diffusion coefficient was determined in the previous study [3]. But diffusion 126 

coefficient of U towards this resin gel was determined within this study by the time-127 

dependence experiment. The DGTs were deployed in 2 L of well-stirred 0.01 M NaNO3 128 

spiked with 20 µg L
−1 

of U (with the addition of 0.983 mM L
−1 

NaHCO3 to buffer the solution 129 

to pH 7.56 [14]) and a duplicates of DGT units were retrieved from the solution after 2, 4, 8, 130 

24, 48 h. The diffusion coefficient (D, cm
2
 s

−1
) was calculated from the slope of a linear 131 

regression of the U mass accumulated on a resin gel and normalized for the solution 132 

concentration (M/c) as a function of time using Eq. (3), where Δg is the thickness of diffusive 133 

layer consisting of diffusive gel and membrane filter (0.080 + 0.0125 cm), and A is the 134 

exposed area (3.14 cm
2
). The diffusion coefficient was corrected to the temperature using the 135 

Stokes-Einstein relation [15]. 136 
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𝐷 = 𝑠𝑙𝑜𝑝𝑒 ∗ 𝛥𝑔/𝐴 (3) 

2.5 Uptake capacity of the Lewatit FO 36 resin gel 137 

The uptake capacity is commonly determined by exposing a resin gel to a high concentration 138 

of analyte until equilibrium is reached. A single Lewatit FO 36 resin gel disc (3 replicates) 139 

was immersed into 5 mL of 0.01 M NaNO3 solution (pH 5.0) with U concentration range of 140 

0.1–250 mg L
−1 

and let shaken for 24 h. The gels were subsequently eluted using the new 141 

elution protocol proposed in this study. The U mass eluted from the gel disc (Me) was 142 

compared to the mass that was expected to be accumulated on the gel disc (Ma) based on the 143 

difference between the initial and remaining U mass in the solution. This enabled us to 144 

validate the results and evaluate whether the elution efficiency is independent of the amount 145 

of metal bound on the gel disc. Since the new elution protocol was also tested for As, the 146 

same experiment was performed with both elements in parallel. 147 

2.6 Selectivity of the Lewatit FO 36 resin gel for arsenic and uranium 148 

To evaluate whether the Lewatit FO 36 resin gel favour one of the tested elements over the 149 

other, the series of solutions with As + U spike of various concentrations and ratios were 150 

prepared (Table 2). The concentration ranges were chosen concerning the average 151 

concentrations of As and U in the natural environment that are generally quite low 152 

(< 10 µg L
−1

 in freshwater and 1.5 µg L
−1

 in seawater for As [16], and 0.3 µg L
−1

 in 153 

freshwater and 3.3 µg L
−1

 in seawater for U [17, 18]). The variant j (10 mg L
−1

 of each 154 

element) then represented extreme conditions. A single Lewatit FO 36 resin gel disc 155 

(3 replicates) was immersed into 10 mL of each solution prepared in 0.01 M NaNO3 (pH 5.0) 156 

and the tubes were shaken for 24 h. The uptake efficiency of both elements was calculated by 157 

the difference between the initial and remaining masses in the solution as described in 158 
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Section 2.2. The elution of the gels using the new elution protocol proposed in this study was 159 

performed as well.  160 

2.7 Analytical methods and data analysis 161 

Arsenic and uranium concentration in all samples was determined by the sector field 162 

inductively coupled plasma mass spectrometry (SF-ICP-MS, Element II, Thermo Fisher 163 

Scientific Bremen GmbH, Germany), for instrumental parameters see Supplementary 164 

Information. The accuracy of sample analysis was verified by the analysis of reference 165 

samples (river water SLRS6, National Research Council Canada). Arsenic and uranium 166 

concentration in the certified reference material (SLRS-6) was 108 ± 4% and 103 ± 5% of 167 

certified values, respectively. Analysis of blank resin gels (5 replicates) was performed for the 168 

determination of the method detection limit (MDL). Analytical software STATISTICA13 169 

(StatSoft, Czech Republic) was used for data analysis. One-way analysis of variance 170 

(ANOVA test) was used to determine the statistically significant differences between DGT 171 

performances. A statistically significant difference of the results was declared when p-value 172 

was below the level of significance α = 0.05. The Tukey's Honest Significant Difference post-173 

hoc test was performed to identify statistically different results. 174 

3 Results and discussion 175 

3.1 Uptake and elution efficiency 176 

The average uptake efficiency of arsenic and uranium towards Lewatit FO 36 resin gel 177 

(n = 15) was 98.7 ± 0.6% and 99.0 ± 0.4%, respectively. No sorption of As and U onto the 178 

tube walls was observed within the control experiment. The previous study showed excellent 179 

sorption ability of Lewatit FO 36 resin gel towards arsenic whose As(III) and As(V) 180 

compounds are predominantly neutral or anionic in the pH range > 4 [3]. In terms of uranium, 181 
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it is mostly present in the natural surface water under oxic conditions in the hexavalent 182 

oxidation state U(VI), while under anoxic conditions in groundwater (e.g. in confined 183 

aquifers) it is present in tetravalent oxidation state U(IV). Other oxidation states (trivalent and 184 

pentavalent) of uranium are generally not relevant for ecotoxicological studies because they 185 

are considered unstable in the natural environment [17]. Hexavalent compounds are also 186 

highly soluble and mobile and are present either as free uranyl ion (UO2
2+

) or complexed with 187 

ligands such as OH
−
, Cl

−
, CO3

2−
, PO4

3−
, F

−
, SO4

2− 
[19]. However, both free uranyl ion and the 188 

most common carbonate complexes are predominantly neutral or anionic in the same pH 189 

range as arsenic and are therefore bound by functional groups of Lewatit FO 36 resin. 
 

190 

Comparison of elution efficiencies of all tested elution agents is given in Fig. 1. 191 

Concentrated HNO3 (A) was an effective elution agent for uranium (although with a large 192 

standard deviation of 8.3%) but as already demonstrated in the original study by 193 

Smolíková et al. [3], it is not a suitable eluent for arsenic elution from Lewatit FO 36 resin 194 

gel. The elution mixture of 0.25 M NaOH and 0.17 M NaCl, originally proposed in the 195 

mentioned study, provided unsatisfactory recoveries of both elements (B), but the results 196 

pointed out the strong effect of the temperature on the elution efficiency. In the original 197 

protocol using this elution agent in combination with microwave-assisted extraction (130 °C 198 

for 16 min), the elution efficiency of arsenic was 34.8% higher compared to the result in this 199 

study, where only the temperature of 70 °C was used. The resulting elution efficiency was 200 

therefore insufficient for DGT calculations since the minimum generally accepted value of fe 201 

should be at least 80% as it is a typical value for metals [2]. Even though the higher 202 

temperature of microwave-assisted extraction allows achieving higher elution efficiency, its 203 

practical use may be restrictive due to the low number of samples processed in one batch and 204 

generally higher demands on laboratory equipment. Therefore, the extraction of DGT resin 205 

gels in a conventional drying oven at 70 °C is generally preferred and was used in this study 206 
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as well. To avoid the use of chloride-containing eluents which cause interferences during 207 

analyses, the mixture of NaOH and H2O2 (C, D, E) was used. There is a statistically 208 

significant difference (p < 0.05) of elution efficiency between variant C and variants D, E for 209 

both elements. But whereas the use of a higher temperature and elution agent volume reduced 210 

the elution efficiency of uranium, the elution efficiency of arsenic was conversely increased. 211 

Therefore, the higher temperature and volume of the elution agent seems to be crucial for the 212 

elution of arsenic. On the other hand, a statistically significant improvement in the elution 213 

efficiency of uranium between variants D and E (p < 0.05) suggests that a higher ratio of 214 

elution agents in favour of NaOH to H2O2 (from 1:1 to 2:1) can increase the uranium elution 215 

despite the negative effect of higher temperature. The presence of H2O2 at the higher 216 

temperature, therefore, seems to have a negative effect on the elution of uranium from Lewatit 217 

FO 36 resin gel. For this reason, a simple 1M NaOH was used as the other variant of the 218 

elution agent. As evident from the obtained results, laboratory temperature and eluent volume 219 

of 1 mL were insufficient for elution of both elements (F). The elevated extraction 220 

temperature (70 °C) and a higher volume of eluent (5 mL) (G) nevertheless provided 221 

excellent elution efficiency of As (90.3 ± 3.9%) and U (85.2 ± 3.1%). Since there was no 222 

statistical difference (p > 0.05) in the elution efficiencies of As in variants D, E, and G, it is 223 

obvious that H2O2 has no role in the elution process of arsenic from Lewatit FO 36 resin gel. 224 

Even though the elution efficiency of arsenic is 8.0% lower compared to the one of the 225 

original study [3], the advantages of simultaneous elution of both elements and the possibility 226 

of analysing the samples by ICP-MS are undoubtedly more beneficial. Moreover, the elution 227 

factors of both elements are higher than the minimum generally accepted value of 80% and, in 228 

addition, with excellent repeatability with deviations below 5%. For the results of statistical 229 

analysis see Supplementary Information. 230 
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3.2 Diffusion coefficient of U towards Lewatit FO 36 231 

The diffusion coefficient of U calculated within this study from the time-dependence 232 

experiment (Fig. 2) was 4.38 ± 0.06 × 10
−6

 cm
2
 s

−1 
(0.01 M NaNO3 solution, pH 7.56, at 233 

25 °C), which is in good agreement with the average value of D = 4.44 ± 0.22 × 10
−6

 cm
2
 s

−1
 234 

obtained by Drozdzak et al. [12] for Chelex, Metsorb, and Diphonix resin gels. 235 

Drozdzak et al. [12] also demonstrated in their study that the diffusion coefficients of U may 236 

vary in the literature, with differences being given by the used DGT binding phase in 237 

combination with the experimental conditions (solution composition and pH). This causes the 238 

changes in uranium speciation in solution (such as the formation of anionic uranyl carbonates 239 

species), resulting in a lower affinity towards the resin or lower uptake kinetics.  240 

3.3 Uptake capacity of the Lewatit FO 36 resin gel 241 

Generally, a high uptake capacity of the DGT binding phase towards the studied analyte is 242 

required to avoid its saturation during in-situ deployment. Very high uptake capacity of the 243 

Lewatit FO 36 resin gel towards As was demonstrated in the original study [3], and therefore, 244 

the uptake capacity towards U was investigated as well.  245 

The expected U mass accumulated per gel disc (based on the difference between the initial 246 

and remaining mass in the solution) plotted versus the U concentration in the original solution 247 

is shown in Fig. 3A. The Lewatit FO 36 resin gel effectively accumulated uranium even 248 

though the U mass in the initial solution was 1250 μg which proves its very high uptake 249 

capacity. Given that the saturation of resin gel was not achieved, the total uptake capacity of 250 

Lewatit FO 36 towards uranium has not been established. In comparison with other binding 251 

phases used for the determination of U, the uptake capacity of Lewatit FO 36 is comparable or 252 

much higher than the capacities reported by Drozdzak et al. [12, 20]. In these studies, the 253 

maximum uptake capacities of PIWBA, Chelex-100, and Metsorb resins were determined as 254 
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99.9–249.9 μg of U per gel disc. The best results were so far achieved with Diphonix resin, 255 

the capacity of which was not fulfilled even when the U spike was up to 2500 μg.  256 

 However, even though the uptake capacity of the Lewatit FO 36 resin gel was 257 

demonstrated to be very high, important information regarding the efficiency of the elution 258 

protocol proposed in this study was revealed. The results of U mass eluted from the gels 259 

showed that the elution efficiency is dependent on the amount of U accumulated on the resin 260 

gel disc and is actually able to release only up to 112.2 ± 8.7 μg of accumulated U (Fig. 3A). 261 

To verify the data for As, the uptake capacity test and subsequent elution of the gels were 262 

performed in the same way (Fig. 3B). The results showed that only 122.3 ± 8.4 μg of 263 

accumulated As was released from the gel during elution even though the accumulated mass 264 

was much higher. Since the total masses of both analytes eluted from gels are very similar, it 265 

seems that the elution agent (1 M NaOH at 70 °C) reached its maximum elution capacity. 266 

Based on the results of different volumes of eluent and especially elution temperature, the 267 

authors believe, that increasing the eluent volume or extraction temperature may increase the 268 

elution efficiency. Nevertheless, with respect to the practical use of DGTs and also the 269 

average concentrations of arsenic (< 10 µg L
−1

 in freshwater and 1.5 µg L
−1

 in seawater [16]) 270 

and uranium (0.3 µg L
−1

 in freshwater and 3.3 µg L
−1

 in seawater [17, 18]), the obtained 271 

results still suggest the possible deployment over long time periods in natural waters. 272 

Regarding the most common deployment period (24 h), the Lewatit FO 36-DGTs can be 273 

applied in natural waters with concentrations up to 6.51 mg L
−1 

of As or 8.73 mg L
−1

 of U
1
. 274 

                                                 

1
 The maximum As/U concentration in natural waters for DGT application calculated for MAs = 122.3 μg As; 

MU = 112.2 μg; Δg = 0.0925 cm; A = 3.14 cm
2
; t = 24 h; DAs = 6.41 × 10

−6
 cm

2
 s

−1
; DU = 4.38 × 10

−6
 cm

2
 s

−1
. 
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Therefore, the potential distortion of the results can occur only in the case of application in an 275 

environment where the concentrations of both elements would be extremely high. 276 

3.4 Selectivity of the Lewatit FO 36 resin gel for arsenic and uranium 277 

Although the uptake capacity of both studied elements was determined to be very high, 278 

a series of experiments evaluating the influence of the simultaneous presence of As and U on 279 

the course of their sorption was performed at different concentration ratios (Fig. 4). 280 

The results showed that even at the highest concentration ratio of As and U (variant j with 281 

10:10 mg L
−1

), the uptake efficiency of both elements was 97.9 ± 0.7% and 95.9 ± 1.4%, 282 

respectively. With respect to the results obtained in Section 3.3, the elution of the gels was 283 

performed as well in order to validate the elution efficiency when both analytes are 284 

accumulated at the same time. The resulting eluted masses of variants a–i corresponded 285 

overall to 94.6–105.5% of the masses accumulated on the gels. However, this result was 286 

expected given the fact that the As and U spike in the most concentrated variant i was only 287 

1 µg of each element. On the contrary in the variant j, where the As and U spike corresponded 288 

to 100 µg of each element, the total accumulated mass (200 µg) on the gel disc exceeded the 289 

maximum mass that can be released from the gel using the proposed elution protocol as stated 290 

in Section 3.3. Thus, the elution efficiencies obtained for variant j were 50.3 ± 5.5% for As 291 

and 67.7 ± 9.1% for U. When expressing these results as total masses, this corresponds to 292 

48.9 ± 5.4 µg of As and 63.9 ± 8.6 µg of U and therefore ~113 µg as a sum of eluted analytes. 293 

This result thus confirms the observations from the previous experiment and indicates the 294 

insufficient strength of the eluent when the total mass of the accumulated analytes exceeds 295 

~110 µg. 296 
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3.5 Method detection limit 297 

The blank values of Lewatit FO 36 resin gel eluted by 5 mL of 1 M NaOH, was calculated as 298 

0.21 ± 0.04 ng for As, and 0.16 ± 0.02 ng for U. The MDL was calculated for 24 h 299 

deployment using the thickness of the diffusion layer (0.0925 cm), exposed area (3.14 cm
2
) 300 

and the diffusion coefficient of As and U towards Lewatit FO 36 (6.41 × 10
−6

 cm
2
 s

−1 
[3] and 301 

4.38 × 10
−6

 cm
2
 s

−1
, respectively). The calculation was made from three times the standard 302 

deviations of resin gel blank values. The resulting MDLs were 0.04 µg L
−1 

for As and 303 

0.02 µg L
−1 

for U. 304 

4 Conclusions 305 

The excellent sorption abilities of Lewatit FO 36-DGT resin gel towards uranium and arsenic 306 

were demonstrated within this study by quantitative uptake efficiency of 98.7 ± 0.6% for As 307 

and 99.0 ± 0.4% for U. Moreover, the resin gel has extremely high uptake capacity for U that 308 

was not saturated even at a U spike of 1250 µg in the solution. It has also been shown that the 309 

resin gel does not show signs of selectivity in favour of one element over another. These 310 

results suggest that this novel resin gel can be used for the simultaneous determination of both 311 

elements in the real aquatic environment. An optimized elution procedure for the 312 

simultaneous elution of As and U from Lewatit FO 36 resin gel using 5 mL of 1 M NaOH at 313 

70 °C resulted in an elution efficiency of 90.3 ± 3.9% for As and 85.2 ± 3.1% for U. The 314 

elimination of NaCl from the original elution protocol allows simple analysis of samples by 315 

ICP-MS and therefore enables the widespread use of the new Lewatit FO 36 resin gel in many 316 

laboratories. Although the results revealed that the proposed elution protocol may be 317 

insufficient for elution of accumulated masses over ~110 µg per gel disc or higher, with 318 

respect to common concentrations of both studied elements in the natural environments, this 319 
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would be a problem only under extreme conditions. However, our results pointed to the need 320 

for thorough testing in the introduction of new elution procedures, which should always be 321 

verified in terms of both uptake and elution efficiency over concentration ranges. 322 

 323 
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Table 1 Variants of the tested elution protocols. 389 

Variant Elution agent Elution volume Elution temperature 

A Concentrated HNO3 1 mL 70 °C 

B 0.25 M NaOH + 0.17 M NaCl 1 mL 70 °C 

C 1 M NaOH + 1 M H2O2 1 mL 18 °C* 

D 1 M NaOH + 1 M H2O2 5 mL 70 °C 

E 2 M NaOH + 1 M H2O2 2.5 mL 70 °C 

F 1 M NaOH 1 mL 18 °C* 

G 1 M NaOH 5 mL 70 °C 

* Laboratory temperature. 390 

 391 

Table 2 Arsenic and uranium concentration ratios for evaluation of Lewatit FO 36 selectivity. 392 

Variant a b c d e f g h i j 

As (μg L
−1

) 1 1 1 10 10 10 100 100 100 10,000 

U (μg L
−1

) 1 10 100 1 10 100 1 10 100 10,000 

 393 
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 394 

Fig. 1 Comparison of elution efficiency of each elution agent variant: A – concentrated HNO3/70 °C; 395 
B – 0.25 M NaOH + 0.17 M NaCl/70 °C; C – 1 M NaOH + 1 M H2O2/18 °C; D – 1 M NaOH + 1 M 396 
H2O2/70 °C/5 mL; E – 2 M NaOH + 1 M H2O2/70 °C/2.5 mL; F – 1 M NaOH/18 °C; G – 1 M 397 
NaOH/70 °C/5 mL (error bars for n = 5). 398 

 399 

 400 

Fig. 2 Time-dependence experiment of U uptake by Lewatit FO 36 resin gel (deployment solution of 401 
0.01 M NaNO3; U 20 µg L

−1
; pH 7.56; n = 3). 402 

 403 
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 404 

Fig. 3 Uptake capacity and elution efficiency of new elution protocol over the high concentration 405 
range of uranium (A) and arsenic (B) (error bars for n = 3). 406 

 407 

 408 

Fig. 4 Evaluation of the Lewatit FO 36 resin gel selectivity for As and U at different concentration 409 
ratios: a – 1:1; b – 1:10; c – 1:100; d – 10:1; e – 10:10; f – 10:100; g – 100:1; h – 100:10; i – 100:100; 410 
j – 10,000:10,000 (concentrations in μg L

−1
; error bars for n = 3). 411 


