
 

Vrije Universiteit Brussel

Determination of Trace Elements in the Aquatic Environment Using Diffusive Gradients in
Thin Films Technique
Smolíková, Vendula

Publication date:
2022

Document Version:
Final published version

Link to publication

Citation for published version (APA):
Smolíková, V. (2022). Determination of Trace Elements in the Aquatic Environment Using Diffusive Gradients in
Thin Films Technique.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

      • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
      • You may not further distribute the material or use it for any profit-making activity or commercial gain
      • You may freely distribute the URL identifying the publication in the public portal
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 07. jun. 2022

https://researchportal.vub.be/en/publications/58b4bf88-15e0-45e1-9ebf-0d7e1b12ed77


 

 

 

Mendel University in Brno 
Faculty of AgriSciences 

Department of Chemistry and Biochemistry 

& 

Vrije Universiteit Brussel 
Faculty of Sciences and Bio-engineering Sciences 
Analytical, Environmental & Geo- Chemistry department 

                                 

                                           

Determination of Trace Elements in the Aquatic Environment Using 
Diffusive Gradients in Thin Films Technique  

Dissertation thesis 

Supervisors:                                                                                                      Author:  
Assoc. Prof. Mgr. Pavlína Pelcová, Ph.D.      Ing. Vendula Smolíková 
Prof. Dr. Martine Leermakers 

Co-supervisor: 
Ing. Andrea Ridošková, Ph.D. 

2021-2022



 

 

 

  



 

 

 

 
EXAMINATION COMMITTEE 

 

Supervisors:    

Assoc. Prof. Mgr. Pavlína Pelcová, Ph.D.   DCB, Mendel University in Brno   

Prof. Dr. Martine Leermakers     AMGC, Vrije Universiteit Brussel 

 

Co-supervisor:    

Ing. Andrea Ridošková, Ph.D.     DCB, Mendel University in Brno  

 

Jury members:    

Assoc. Prof. Mgr. Markéta Vaculovičová, Ph.D.   DCB, Mendel University in Brno 

Chair 

Prof. Dr. Yue Gao         AMGC, Vrije Universiteit Brussel 

Secretary 

prof. RNDr. Vojtěch Adam, Ph.D.     DCB, Mendel University in Brno 

Prof. Dr.  Frederik Tielens      ALGC, Vrije Universiteit Brussel 

Prof. Dr. ir. Eveline Peeters      MICR, Vrije Universiteit Brussel 

 

External members:   

Prof. Dr. Gabriel Billon       LASIRE, University of Lille 

Prof. RnDr. Viktor Kanický, DrSc.    Department of Chemistry, 

Masaryk University 

Assoc.Prof. Ing. Miroslav Fišera, CSc. Department of Food Analysis and 

Chemistry, Tomas Bata University in Zlín 

 

 

 

 

 

Joint PhD between Mendel University in Brno and Vrije Universiteit in Brussel. 

 

The dissertation thesis is submitted to Mendel University in Brno and Vrije Universiteit in Brussel 

in partial fulfilment of the requirements for the double degree of Doctor (Ph.D.) from Mendel 

University in Brno and Doctor of Sciences (Dr.) from Vrije Universiteit Brussel. 



 

 

 

  



 

 

 

 

 

Declaration 

 

 

I hereby declare that this thesis entitled Determination of Trace Elements in the Aquatic 

Environment Using Diffusive Gradients in Thin Films Technique was written and completed by 

me. I also declare that all the sources and information used to complete the thesis are included in 

the list of references. I agree that the thesis could be made public in accordance with Article 47b 

of Act No. 111/1998 Coll., Higher Education Institutions and on Amendments and Supplements 

to Some Other Acts (the Higher Education Act), and in accordance with the current Directive 

on publishing of the final thesis. I declare that the printed version of the thesis and electronic 

version of the thesis published in the application of the Final Thesis in the University Information 

System is identical. 

I am aware that my thesis is written in accordance to Act. 121/2000 Coll., on Copyright and 

therefore Mendel University in Brno has the right to conclude licence agreements on the 

utilization of the thesis as a school work in accordance with Article 60(1) of the Copyright Act.  

Before concluding a licence agreement on utilization of the work by another person, I will request 

a written statement from the university that the licence agreement is not in contradiction to 

legitimate interests of the university, and I will also pay a prospective fee to cover the cost 

incurred in creating the work to the full amount of such costs. 

The research results of the thesis are the property of Mendel University in Brno and Vrije 

Universiteit Brussel.  

Where the thesis would contain any commercially exploitable research results, the researcher is 

bound by the Valorisation Regulation of Vrije Universiteit Brussel and these results must be 

reported to VUB Tech Transfer before publication with a view to possible protection, e.g. through 

patent applications.   

 

Date:……………………….. 

 

………………………………………… 

 signature  



 

 

 

 

  

 

 
 

 
 

 
 

 

 

 

This work was created within CEITEC – Central European Institute of Technology, with 

research infrastructure supported by the project CEITEC 2020 LQ1601 financed from 

European Regional Development Fund. It was also financially supported by the Internal 

Grant Agency of Faculty of AgriSciences, Mendel University in Brno under the project 

IGA AF no. AF-IGA2019-IP055, by the project PROFISH CZ.02.1.01/0.0/0.0/16_019/ 

0000869, which is financed by European Regional Development Fund in the Operational 

Programme Research, Development and Education and The Czech Ministry of 

Education, Youth and Sports, and by the Orano Mining France. 

 

 



 

 

 

ACKNOWLEDGEMENTS 

I would like to thank both of my supervisors, Assoc. Prof. Mgr. Pavlína Pelcová, Ph.D. 

and Prof. Dr. Martine Leermakers, as well as my co-supervisor Ing. Andrea Ridošková, 

Ph.D for their support. I was introduced to the world of scientific research at MENDELU 

where thanks to the dedicated guidance, expert advice, and determination from Pavlína 

and Andrea, I gained the knowledge and skills necessary for work in the field of 

analytical chemistry and the development of new methods. I also deeply appreciate their 

support to complete an internship abroad which unexpectedly changed my life. What 

started as an internship at VUB turned into an amazing journey filled with adventurous 

expeditions thanks to the support and encouragement from Martine. Her scientific 

insights, ideas, dedication, and enthusiasm greatly inspired me, and I deeply appreciate 

her attitude which always made me feel like everything is possible. 

Since my research was performed in the framework of a Joint PhD I would like to 

express my thanks to the people involved in this process. I am especially grateful to Prof. 

RNDr. Vojtěch Adam, Ph.D. without whose support, encouragement, and unfading 

enthusiasm I would not be able to go through this. I would also like to acknowledge 

people from Orano Mining France and particularly Dr. Michael Descostes for allowing 

me to undertake my research at VUB and giving me the opportunity to join amazing 

missions in France. I also greatly appreciate the help from the study departments of both 

universities that were involved in managing my Joint PhD. 

I would also like to thank all members of the DCB and AMGC departments who 

I had the honour to work with, for creating an inspiring, supportive, and especially 

friendly environment. A special thanks belong to my dear friend Ing. Eliška Sedláčková, 

Ph.D. with whom we shared the entire period of our studies, to RNDr. Josef Hedbávný 

who guided me in the lab and shared his knowledge with me, and to Ing. Marek 

Reichstädter, Ph.D. who encouraged me to my PhD journey in Belgium. 

I am eternally grateful to all my friends and family who supported me in the difficult 

times and shared joy in the good ones. Tereza, Kateřina, Šárka, Silvia, Viktor, Oriana, 

Carla, Matthias, and Gwen – you might be in my life for a long or short time, but you 

have shared this important path with me, and I am very grateful for your friendship. 

I sincerely thank my mom, dad, and brother who always encouraged me, and I am proud 

of what I have been able to achieve thanks to them. Finally, the sincerest thanks belong 

to my partner Martin. Wherever I have been and whatever I have done, you believed in 

me and stood by me, and I would never be where I am now without you. 



 

 

 

  



 

 

 

ABSTRACT 

Water is an essential premise of life on Earth and thus the pollution of the aquatic 

environment nowadays receives increasing attention from researchers as well as the 

decision-makers and public. Besides other pollutants, monitoring of toxic metals and 

metalloids remains at the centre of research interests due to their persistent and 

bioaccumulative nature in the environment as well as because of the need to understand 

their biogeochemical behaviour. The Diffusive Gradients in Thin Films (DGT) 

technique is a tool that can improve the knowledge about the processes that influence 

the bioavailability of trace elements. Thus, the main objective of this PhD study was the 

development and application of the DGT technique for the evaluation of selected trace 

elements (arsenic and uranium) in the aquatic environment. A novel DGT resin gel 

utilizing the commercially available resin Lewatit FO 36 for an effective evaluation of 

arsenic contamination in aquatic ecosystems was developed. The technique was 

validated by in-situ application in the aquatic environments (e.g., water reservoir 

Záskalská and mineral springs Hronovka and Regnerka (Czech Republic), and Zenne 

River (Belgium)). The geochemistry and distribution of As species in water and 

sediments of the Zenne River were further investigated based on the research findings 

from the years 2010–2021. The combination of active and passive sampling of the water 

together with analysis of sediments brought new findings regarding the As pollution of 

the Zenne River. The DGT technique utilizing Lewatit FO 36 resin was also tested for 

the simultaneous determination of both elements - arsenic and uranium - that are studied 

in this work. For these purposes, a new elution protocol was optimized, and the technique 

was evaluated by in-situ application in the Scheldt estuary (Belgium). Here, an extensive 

comparative study investigating the influence of the salinity gradient on the performance 

of selected DGT techniques (utilizing Chelex-100, Dow-PIWBA, Diphonix, and Lewatit 

FO 36) for the determination of uranium was performed. The results demonstrated that 

the thorough testing of the DGT performance in a real environment and especially in 

complex matrices such as seawater is essential for the selection of the best DGT design 

for environmental applications. The results of this thesis provided a new DGT design for 

arsenic and uranium monitoring and at the same time brought valuable information about 

their geochemistry in the aquatic environment. 

 

KEYWORDS: Diffusive gradients in thin films, arsenic, uranium, aquatic ecosystems. 

 



 

 

 

ABSTRAKT 

Voda je základním předpokladem života na Zemi, a proto je v současné době 

problematice jejího znečištění věnována stále větší pozornost z hlediska výzkumu, ale 

rovněž rozhodujících orgánů a veřejnosti. Mimo jiných kontaminantů zůstává 

monitoring toxických kovů a polokovů středem zájmu výzkumu vzhledem k jejich 

perzistentní a bioakumulativní povaze v životním prostředí a rovněž kvůli potřebě 

porozumět jejich biogeochemickému cyklu. Technika difúzního gradientu v tenkých 

filmech (DGT) je nástroj, který může rozšířit znalosti o procesech ovlivňujících 

biologickou dostupnost stopových prvků. Hlavním cílem této disertační práce tak byl 

vývoj a aplikace techniky DGT pro hodnocení vybraných stopových prvků (arsen a uran) 

ve vodních ekosystémech. V rámci práce byl vyvinut nový DGT sorpční gel využívající 

komerčně dostupný sorbent Lewatit FO 36 pro efektivní hodnocení kontaminace 

vodního prostředí arsenem. Nová metoda byla validována řadou in-situ aplikací ve 

vodním prostředí (např. vodní nádrž Záskalská, minerální prameny Hronovka 

a Regnerka (Česká republika), řeka Zenne (Belgie)). Geochemie a distribuce specií 

arsenu ve vodě a sedimentech řeky Zenne byly blíže zkoumány na základě výsledků 

z období 2010–2021. Kombinace aktivního a pasivního vzorkování vody společně 

s analýzou sedimentů přineslo nová zjištění ohledně kontaminace řeky Zenne arsenem. 

Technika DGT využívající pryskyřici Lewatit FO 36 byla také testována pro simultánní 

stanovení obou prvků, kterými se tato práce zabývá – arsenu i uranu. Pro tyto účely byl 

optimalizován nový eluční protokol a technika DGT byla aplikována in-situ v ústí řeky 

Šeldy (Belgie). Zde byla rovněž provedena rozsáhlá komparativní studie zkoumající vliv 

gradientu salinity na účinnost vybraných DGT technik (využívajících sorbenty Chelex-

100, Diphonix, Dow-PIWBA a Lewatit FO 36) při hodnocení uranu. Výsledky studie 

ukázaly, že důkladné testování účinnosti techniky DGT v reálném prostředí a zejména v 

komplexních matricích, jako je mořská voda, je nezbytné pro výběr nejlepšího designu 

techniky pro environmentální aplikace. Tato práce poskytla nový design techniky DGT 

pro monitorování arsenu a uranu, a zároveň přinesla cenné informace o jejich geochemii 

ve vodním prostředí. 

 

KLÍČOVÁ SLOVA: Difúzní gradient v tenkých filmech; arsen; uran; vodní 

ekosystémy. 

  



 

 

 

ABSTRACT 

Water is essentieel voor het leven op Aarde waardoor de vervuiling van het aquatisch 

milieu tegenwoordig in toenemende mate aandacht krijgt van onderzoekers, 

beleidsmakers en het brede publiek. Zowel door hun persistentie en bioaccumulatieve 

aard in het milieu als de nood om beter inzicht in hun biogeochemisch gedrag te krijgen, 

blijft het monitoren van giftige metalen en metaloïden, naast andere polluenten, centraal 

staan in het onderzoek. De “Diffusive Gradients in Thin Films” (DGT) techniek is een 

methode die de kennis over processen, die de biologische beschikbaarheid van 

sporenelementen beïnvloeden, kan verbeteren. Aldus, het hoofddoel van dit doctoraat was 

het ontwikkelen en toepassen van de DGT techniek bij de evaluatie van geselecteerde 

sporenelementen (arseen en uranium) in het aquatisch milieu. Een nieuw DGT methode 

werd ontwikkeld, gebruik makend van het commercieel beschikbaar hars Lewatit FO 36, 

voor effectieve evaluatie van arseen contaminatie in aquatische ecosystemen. De 

techniek werd gevalideerd door in-situ toepassing in aquatische systemen (bijvoorbeeld 

het Záskalská waterreservoir en de minerale bronnen Hronovka en Regnerka (Tsjechië), 

en de Zenne rivier (België)). De geochemie en distributie van arseen species in het water 

en sediment van de Zenne werden verder onderzocht op basis van de 

onderzoeksresultaten uit de periodes 2010–2021. De combinatie van actieve en passieve 

bemonstering van het water, samen met de analyse van sedimenten bracht nieuwe 

bevindingen met betrekking tot de As vervuiling van de Zenne. De DGT techniek werd 

ook getest, gebruik makend van het Lewatit FO 36 hars, voor het gelijktijdig bepalen 

van beide elementen uit deze studie – arseen en uranium. Hiervoor werd een nieuw elutie 

protocol geoptimaliseerd, en werd de techniek geëvalueerd door in-situ toepassing in het 

Schelde estuarium (België). Hier werd een uitgebreide vergelijkende studie uitgevoerd 

die invloed van de zoutgradiënt op de prestatie van de geselecteerde DGT technieken 

(gebruik makend van Chelex-100, Dow-PIWBA, Diphonix en Lewatit FO 36) voor de 

bepaling van uranium onderzocht. De resultaten toonden aan dat het grondig testen, van 

de prestatie van DGT in een echt milieu en vooral in complexe matrices zoals zeewater, 

essentieel is voor de selectie van het beste DGT ontwerp. De resultaten van deze thesis 

boden een nieuw DGT ontwerp voor het monitoren van arseen en uranium, en brachten 

belangrijke informatie over hun geochemie in het aquatisch milieu. 

 

SLEUTELWOORDEN: Diffusive gradients in thin films; arseen; uranium; aquatische 

ecosystemen. 
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1 GENERAL INTRODUCTION 

With 274 journals in the database of the Web of Science, the Environmental Sciences is 

the 8th largest category out of 254 in total [1]. Besides other research interests within this 

category such as climate change, environmental health, geology or monitoring, 

environmental pollution, and toxicology are among the most important ones. Since the 

majority of the planet’s surface is covered in water, which is an essential premise of life 

on Earth, the issue of its pollution receives nowadays increasing attention from 

researchers as well as the decision-makers and public [2]. Although the trends in water 

pollution monitoring have turned over the years towards microplastic or organic 

pollutants such as antibiotics, hormones, pesticides, or drugs, the monitoring of trace 

elements remains at the centre of research attention. This is not only because of the 

increasing pollution by toxic trace elements and their persistent and bioaccumulative 

nature in the environment but also due to the need to understand the biogeochemical 

behaviour of elements that are essential nutrients in the aquatic environment.  

 Regarding the trace elements studied in this work, their essentiality for living 

organisms is either none (uranium) or not demonstrated yet (arsenic) according to the 

World Health Organization (WHO) [3, 4]. Both elements are in fact highly toxic for 

humans and monitoring of their appearance in the natural environment is due to their 

potential adverse effect on human health. Although arsenic and uranium, occur naturally 

in the environment, they are significant environmental contaminants, which are released 

into the ecosystems mainly from anthropogenic sources (i.e., as a result of industrial, 

agricultural, and mining activities). The authorities of the European Union recognize 

water quality threshold limits only for total dissolved As (10 µg L−1) and U (30 µg L−1) 

set by the Directive (EU) 2020/2184 in water intended for human consumption. 

However, both elements are not included on the priority list of substances in the EU 

Water Framework Directive and their threshold levels in surface water and groundwater 

are thus set by the individual Member States – based on their own risk identification and 

assessment. Nevertheless, the authorities generally recognize that determining only the 

total dissolved concentration of an element in the environment does not necessarily 
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indicate its bioavailability to the biota. The bioavailability of trace elements is closely 

related to their chemical speciation which is influenced by various physico-chemical 

properties and the co-existence of other elements and compounds in the environment. 

It is, therefore, crucial to determine the bioavailable fraction of these trace elements in 

addition to the determination of their total concentration in the environment as it may 

better reflect their potential toxicity to biota. 

The Diffusive Gradients in Thin films (DGT) is a technique that can fill the gap in 

knowledge of the processes of trace elements bioavailability in the environment. It was 

developed by Zhang and Davison in 1994 [5] and has been used by many researchers 

within the last three decades [6, 7]. The various approaches of the DGT technique 

application involve the evaluation of elemental speciation and lability [8-11], the 

bioavailability of elements to biota [12-16], long-term monitoring of time-weighted 

average concentrations [17-19], investigation of elements’ geochemistry and cycling in  

sediments and soils [20-23], or 2D imaging of fluxes of elements in sediments and soils 

[24-27]. However, in all cases, it is necessary to choose the most suitable DGT design 

and perform its thorough validation. 

Therefore, this work is dealing mostly with the development and evaluation of new 

DGT techniques or validation of existing DGT designs in real aquatic environments. The 

research is targeting the determination of arsenic and uranium in the water ecosystems, 

as they often occur simultaneously in the environment and can be especially found in the 

vicinity of mining sites [28-30].  
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2 AIMS 

• Literature overview on studied trace elements (arsenic and uranium) and the 

approaches of their monitoring in the environment with a focus on the Diffusive 

Gradients in Thin films (DGT) technique. 

• Development and optimization of new DGT technique for the determination of 

arsenic and/or uranium utilizing commercially available resin Lewatit FO 36. 

• Optimization of extraction procedures and analytical methods related to the 

application of the DGT technique. 

• Validation of new DGT techniques by in-situ applications in the aquatic 

environment. 

• Investigation whether the DGT technique can be used as a monitoring tool of 

studied trace elements in various environmental conditions. 
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3 LITERATURE OVERVIEW 

3.1 Trace elements 

In analytical chemistry, the term “trace elements” refers to chemical elements occurring 

in nature in an average concentration lower than 100 μg g−1 [31] and includes metals and 

metalloids. Therefore, this term is used for the purpose of this study which focuses on 

arsenic (metalloid) and uranium (metal).  

 Regarding the role of trace elements in living organisms and their participation in 

biological processes, they can be referred to as essential or toxic trace elements. While 

non-essential trace elements like Cd, Pb, Hg, or U have no physiological function and 

are considered toxic, the essential trace elements like Co, Cu, Fe, Mn, Se, and Zn have 

an important biochemical role (i.e., as active centres or structural factors of enzymes) 

[32]. The essentiality of trace elements refers to the adverse consequences of their 

deficiency in the organism. However, the essential trace elements may also become toxic 

at sufficiently high intakes. The line between essentiality and toxicity varies widely – 

different organisms require different essential trace elements and so the threshold limit 

regarding their deficiency or excess is organism-specific as well [33]. There is also 

a group of metal(loid)s that are on the border between essential and non-essential trace 

elements and despite their toxic effect on the living organisms it is believed they may 

have some physiological function which is not known yet. An example is As which was 

demonstrated to be an essential nutrient for goats and chickens. Arsenic deficiency in 

goat’s organisms can cause a significant reduction of serum triglyceride levels which 

can lead to death. In the organism of poultry, it is essential for the synthesis of methionine 

metabolites, including cysteine. Nevertheless, the mechanism of its physiological role 

has not been demonstrated yet and there is no evidence of its essential role for humans 

[34-37]. 
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3.1.1 Arsenic in the environment 

Arsenic is a naturally occurring metalloid which despite being a trace element is 

commonly associated with crustal rocks. Its average concentration in the Earth’s crust is 

1–1.8 mg kg−1 which makes it the 20th most abundant element. The typical concentration 

found in open oceans is about 1.5 µg L−1, however, the concentration in freshwater or 

groundwater may be higher (but generally < 10 µg L−1) [38-40]. Over 200 minerals 

contain As but the most abundant arsenic-containing minerals are arsenopyrite (FeAsS), 

realgar (AsS), and orpiment (As2S3). Elevated concentrations of arsenic in the 

environment are associated with mining activities because among the gold-bearing ores 

which accompany native gold deposits, arsenopyrite is the most important one. After 

exposure of mine tailings to air, arsenopyrite oxidises during weathering and releases 

Fe oxides, As and large amounts of SO4
2−, causing acid mine drainage [41-43].  

Arsenic may occur in four oxidation states in the environment (−III, 0, III, V) but it 

is mostly present in inorganic form as trivalent or pentavalent oxyanions (arsenite AsO3
3− 

and arsenate AsO4
3−) in aquatic ecosystems [44, 45]. Arsenic speciation in solution is 

therefore dependent on the pH and redox potential (Eh) of the environment (for Eh-pH 

diagram see Fig. 3-1). Under anoxic conditions, the reduced AsIII is present as uncharged 

H3AsO3 which predominates up to pH = 9 while above this pH, the AsO(OH)2
−, 

AsO2(OH)2−, or AsO3
3− occur. Under oxic conditions, the oxidized AsV can hydrolyse to 

four species which occur with increasing pH in this order – H3AsO4, H2AsO4
−, HAsO4

2−, 

and AsO4
3− (Fig. 3-2) [46]. Nevertheless, AsIII and AsV can also co-exist in both, oxic 

and anoxic waters, as a result of biotic or abiotic (e.g., oxidation by manganese oxides) 

processes [47]. Besides inorganic species, organic methylated compounds or even larger 

As complex compounds such as arsenobetaine can be found in the aquatic environment. 

The methylated arsenic compounds (monomethylarsonic acid (MMA), dimethylarsinic 

acid (DMA), and trymethylarsine oxide (TMAO) are formed by a biotic pathway 

mediated by microorganisms (e.g., bacteria, phytoplankton) as a result of their 

detoxifying mechanism [48].  
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Fig. 3-1 Illustrative Pourbaix Eh-pH diagram of As-H-O system (As = 10−5 M, T = 25 °C, 

created with Medusa Software (Royal Institute of Technology, Sweden)). 

 

Fig. 3-2 Illustrative distribution diagram of arsenite (A) and arsenate (B) fractions in aqueous 

solution under different pH conditions (As = 10−5 M, created with Medusa Software (Royal 

Institute of Technology, Sweden)). 

Compared to the other oxyanions, arsenic is relatively mobile over a wide range of 

redox conditions. Its mobility in water is controlled by adsorption/desorption onto solid 

phases or precipitation/dissolution of arsenic-containing minerals taking place on the 

mineral/sediment-water interface. The most important factors limiting arsenic mobility 

are Fe, Mn, or Al (hydr)oxides, dissolved organic matter (DOM), and clay minerals. Iron 

and manganese (oxyhydr)oxides are generally accepted as the most important ones that 

remove arsenic from solution by sedimentation. But with the increase of reducing 

conditions in sediments, arsenic can be released back to solution by the reductive 
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desorption/dissolution of the hosting (oxyhydr)oxide [44, 49, 50]. By interfering with 

the adsorption of arsenic onto metal oxide surfaces, DOM may immobilize arsenic from 

rocks and sediments to surface water. The humic acid (HA) or fulvic acid (FA) can 

increase the mobility of arsenic by competing for binding sites on minerals, or by direct 

formation of As-DOM or As-Fe-DOM complexes [51, 52]. It has been demonstrated that 

As weakly bound to DOM is bioavailable for bacteria [53]. 

3.1.2 Uranium in the environment 

Uranium belongs among actinides and occurs in nature as the mixture of three isotopes 

238U, 235U, and 234U with the relative abundances of approximately 99.275%, 0.720%, 

and 0.005%, respectively. The average concentration of U in the igneous rocks of the 

Earth’s crust is 1–10 mg kg−1. Uranium can be found in all rock types but the primary 

minerals like uraninite, pitchblende, and coffinite, as well as secondary minerals like 

carnotite and uranophane, belong among the most important [54, 55]. In natural 

freshwater, the average uranium concentration is about 0.3 µg L−1, but since the 

conservative behaviour of uranium is generally observed within estuaries, the 

U concentrations are increasing with the salinity to the average concentration of 

3.3 µg L−1 in seawater [56, 57]. As with other toxic elements, the risk of increased 

uranium concentrations may arise as a result of anthropogenic activities – in particular 

from the mining (tailings) or other stages of the nuclear fuel cycle (spent fuel or fission 

product wastes) [58].  

Uranium may occur in four oxidation states (III, IV, V, VI) but in the natural 

environment under oxic and suboxic conditions, it is mostly present as the hexavalent 

UVI, while under reducing and anoxic conditions it is present as tetravalent UIV. 

The trivalent UIII and pentavalent UV forms of uranium are generally not relevant for 

environmental studies because they are considered unstable [54]. The speciation of 

uranium in solution is controlled by pH-Eh conditions (Fig. 3-3) and by the 

concentration and availability of complexing ions. One of the most important uranium 

complexes generally found in the natural aquatic environment is represented by uranyl 

carbonates with the UO2(CO3)x species dominating between pH 4–12 [57]. Nevertheless, 
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the chemistry of uranium in solutions is a very complex matter and the resulting models 

may differ from author to author due to the variability between databases used as an 

input. An illustrative distribution diagram of uranium in the non-complexing 

environment under oxic conditions, and in the presence of carbonates is shown in (Fig. 

3-4) but it must be borne in mind that the software used for modelling in this work does 

not have a uranium-specialized database. 

 

Fig. 3-3 Illustrative Pourbaix Eh-pH diagram of U-H-O system (U = 10−5 M, T = 25 °C, created 

with Medusa Software (Royal Institute of Technology, Sweden)). 

 

Fig. 3-4 Illustrative distribution diagram of uranium fractions under different pH conditions in 

non-complexing environment (A) and in the presence of carbonates (B) (U = 10−5 M, CO3
2− = 

10−2 M created with Medusa Software (Royal Institute of Technology, Sweden)). 

The mobility of uranium is influenced by its speciation and sorption on the solid 

phases. In groundwater, the UVI is reduced to insoluble UIV compounds. Hexavalent 
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compounds are, on the other hand, highly soluble and mobile and are present either as 

free uranyl ion (UO2
2+) or as soluble complexes with inorganic ligands such as OH−, 

CO3
2−, PO4

3−, SO4
2−, F−, Cl− [59]. The formation of ternary complexes of uranyl 

carbonates with alkaline earth metals (especially Ca2+ and Mg2+) facilitates the mobility 

of uranium [60-62]. Natural DOM can also effectively form complexes with uranium 

and depending on the solubility of HS (humic substances) influence U mobility. The HS 

may act as a uranium sink when the insoluble uranyl-HA complexes are formed or 

increase its mobility by the formation of soluble uranyl-FA complexes. Humic 

substances may also compete with uranium for sorption sites on Fe, Al, or Si 

(hydr)oxides, and clay minerals (e.g., smectite or montmorillonite) which would 

otherwise reduce the uranium mobility [57, 63, 64].  

3.2 Bioavailability and toxicity of trace elements 

Bioavailability is in chemistry generally defined as the fraction of chemical compounds 

in the environment that can be taken up by an organism and can interact with its 

metabolism [65]. Bioavailability of trace elements is generally influenced by a number 

of physico-chemical parameters of the environment such as pH, redox conditions, ionic 

strength, temperature, salinity, presence of competing elements, and available 

complexing agents – altogether influencing the chemical form or speciation of the 

element. But it is also linked to biotic factors of the organism that interacts with the trace 

elements such as the type and species of organism, its uptake mechanism and 

metabolism, age, etc. [66-69]. The total concentration of trace elements present in the 

environment does not necessarily reflect its potential bioavailability. Therefore, the 

determination of the bioavailable fractions of trace elements is gaining in importance 

since it provides information about the likelihood of their interaction with living 

organisms and thus allows an estimation of the potential toxicity of trace elements to 

biota in the aquatic environment.  

Trace elements entering the environment naturally (e.g., rock weathering or erosion, 

volcanic activity) or as a result of anthropogenic activities (e.g., agriculture, industry, 

mining) are in the aquatic environment generally distributed between particulate and 
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dissolved fractions (Fig. 3-5). Particulate fraction represented by elements associated 

with particulate matter of organic (e.g., bacteria, algae, protozoans) or inorganic origin 

(amorphous organic matter, detritus, as well as suspended inorganic sediment) is not 

a bioavailable fraction but play an important role in trace elements’ transport and 

regulation of their concentration in the water column due to the processes of adsorption 

or precipitation, and subsequent sedimentation. The distribution between the particulate 

and dissolved fraction depends on the presence and availability of potential sorbents in 

the aquatic environment. A higher ratio of the particulate fraction of some trace elements 

can therefore be found in turbid environments (e.g., estuaries) or wastewaters [70-72]. 

Nevertheless, from the point of view of the potential bioavailability of trace elements to 

biota, it is necessary to go beyond the distinction between particulate and dissolved 

fractions. The dissolved fraction which is generally separated by filtration of the water 

sample (pore size 0.20–0.45 µm) can be further divided into colloidal and truly dissolved 

(labile) fractions. A colloid-size fraction of dissolved elements is mainly formed with 

humic acids, non-humic macromolecules (e.g., polysaccharides, proteins, or amino 

sugars), or inorganic colloids like Fe and Mn (oxyhydr)oxides, Al oxides, and silicates. 

But only truly dissolved fraction, which is composed of constituents with a molecular 

weight less than 1–10 kDa, is considered labile and therefore readily available for living 

organisms. Free or hydrated ions and weak metal complexes with either inorganic 

(e.g., OH−) or organic (e.g., FA) ligands which can easily dissociate belong among the 

labile fraction of trace elements [73-76]. 
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Fig. 3-5 Illustrative scheme of trace elements pathways to aquatic ecosystems, their fractionation 

in water, and potential exposure pathways for living organisms. 

 The bioavailable fraction of trace elements in water may enter the organisms and 

subsequently interact with them. For simplicity, the uptake of trace elements (metals or 

metalloids) from the aquatic environment is usually described for simple unicellular 

organisms. In complex organisms, several aspects of the uptake must be taken into 

account. For example, in the human body, the primary uptake is through the 

gastrointestinal tract, and therefore, the transport from the duodenum through mucosal 

cells to the bloodstream and subsequent transport to cells and potential targeted cell’s 
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organelle must be considered [69, 77]. Generally, trace elements interaction with 

organisms includes: 

1) diffusion of the metal in the bulk solution to the surface of the cell membrane, 

2) sorption or surface complexation of the metal to the binding sites of the cell 

membrane surface, 

3) transport of the metal through the cell membrane [78]. 

The examples of possible paths of trace elements uptake by a cell from the solution are 

illustrated in Fig. 3-6. The surface of the organism may be represented by the gill, gut, 

root-tip, epithelium, or simply a surface of a unicellular organism for the above-

mentioned reason. Weak metal complexes dissociate within their transport until reaching 

the biological surface. Subsequent association of metal with the biological membrane is 

known as biosorption and includes reactions such as ion-exchange, chemisorption, 

complexation, chelation, microprecipitation, or surface adsorption. Afterwards, this step 

may be followed by the biological transport of trace elements into the cell and interaction 

with the cell [67, 79, 80]. The transport across the plasma membrane of the cell may take 

place as a direct penetration through the phospholipid layer (especially non-polar 

lipophilic compounds such as alkyl-metals), which is essentially mediated by passive 

diffusion. However, active transport mediated by a specific carrier or through an ion 

pump/channel, or by endocytosis occurs as well [81, 82]. After entering the cell, metal 

ions may interact with various intracellular sites and organelles (e.g., mitochondria, 

ribosomes, lysosomes, nucleus, metallothioneins), some of which may result in 

metabolic consequences [65, 81].  
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Fig. 3-6 Trace element (metal(loid)) uptake by cell (MZ+ – free metal ion; ML – weak complex 

of metal and ligand; 1 – surface complexation; 2 – penetration of M or ML through the 

phospholipid layer; 3 – mediated transport; 4 – transport through ion pump/channel; 5 – 

endocytosis, A – mitochondria, B – nucleus, C – endoplasmic reticulum with ribosomes, D – 

Golgi apparatus, E - lysosome) (inspired by [65, 81, 83] and created with BioRender.com). 

Once entering the living organism, trace elements may interact with its metabolism. 

In general, exceeding the threshold concentration of essential and/or non-essential trace 

elements in organisms may lead to the disruption of homeostasis, accumulation, and 

eventually toxic effects. The toxicity of trace elements is influenced by various factors 

– the dose, the ability to penetrate through protective barriers of the organism and to 

react with the organism, the ability to transform in the organism and increase/decrease 

its toxic effect, and the ability of the organism to eliminate them [33, 79]. 

3.2.1 Arsenic toxicity 

The toxicity of arsenic is given primarily by its speciation. Generally, inorganic arsenic 

species of AsIII and AsV are more toxic and mobile than organic arsenic species like 

MMA or DMA [84, 85]. In oxygenated water, AsV predominates in the form of H2AsO4
− 

and HAsO4
2− which have nearly identical chemical properties as phosphate that occur as 

H2PO4
− and HPO4

2− under the same conditions. Arsenate can therefore compete with 
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phosphate which is an important nutrient for many aquatic organisms. However, some 

organisms (e.g., phytoplankton) developed a detoxification mechanism for the reduction 

of AsV to AsIII. But while resulting AsIII is not toxic for phytoplankton, it is highly toxic 

for higher organisms such as zooplankton and fish. This biotransformation thus leads to 

the increased concentration of AsIII species even under oxidizing conditions. Other 

organisms degrade the arsenate by its methylation resulting in the formation of MMAs 

and DMAs which can be excreted. But unlike AsIII these organic compounds display low 

toxicity for higher organisms which is in contrast to other metals that generally show 

higher toxicity in a methylated form (e.g., methyl mercury) because these compounds 

are lipophilic and are thus able to easily penetrate the cell membrane [48, 86, 87]. 

 After entering the cell, arsenate can replace phosphate in metabolic pathways due 

to its similar structure. The disruption of the phosphodiester bond in adenosine 

triphosphate (ATP) or substitution of PO4
3− by AsO4

3− in adenosine diphosphate (ADP) 

may result in depletion of ATP stores that produce cellular energy. Arsenate may also 

be reduced in the cell by glutathione (GSH). The formed arsenite has a higher rate of 

accumulation in the cellular system compared to arsenate. This together with the high 

affinity of AsIII for sulfhydryl groups (-SH) causes its interaction with proteins, enzymes, 

and low molecular weight compounds such as GSH or cysteine thereby making them 

inactive. Since GSH is involved in the antioxidant defence of organisms, its homeostasis 

disruption increases reactive oxygen species (ROS) in cells and thus causing cell 

damage. The absorbed arsenic is generally detoxified by S-adenosylmethionine (SAM) 

initiated methylation with resulting MMA or DMA that are excreted by the urine [88-

90]. 

3.2.2 Uranium toxicity 

Uranium is unique for its dual toxicity – chemical and radiological. But it has been 

determined that the adverse health effect of naturally occurring uranium and depleted 

uranium is primarily a result of its chemical rather than radiological character. Enriched 

uranium produced during the nuclear fuel cycle may pose ~50 times higher radiotoxicity 

than natural uranium and up to ~100 times higher radiotoxicity than depleted U [91-93]. 
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The radiological toxicity of U is given by its concentration in the environment and by 

the isotopic composition. Chemical toxicity is closely related to uranium chemical 

speciation and the associated properties of U such as solubility, mobility and thus overall 

bioavailability for living organisms [94, 95]. 

The radiological toxicity of uranium is related to the emission of α (mostly) or 

β particles, or possibly γ rays during the decay of U isotopes. There are different decay 

series based on the initial U isotope, but the process generally continues through a series 

of radionuclides until reaching a stable, non-radioactive isotope of Pb [96]. From the 

point of view of the radiological impact of uranium on the organism, the emitted 

α particles as the most common ones, are hardly able to penetrate the outer layer of skin 

and do not constitute a hazard when emitted outside the body. But they may pose a risk 

after inhalation or ingestion of U resulting in DNA damage caused by direct ionization 

by the alpha particles or the indirect production of ROS [92, 97].  

The chemical toxicity of uranium is given by its oxidation state. After entering the 

organism, uranium generally exists as a hexavalent uranyl ion which can enter the 

organism directly or is formed by oxidation of tetravalent uranium. Uranyl ion forms 

complexes with citrate or bicarbonate in blood or with proteins in plasma [91]. The most 

sensitive target organ of the chemical toxicity of uranium has been reported to be the 

kidney where uranium is released from bicarbonate, forms complexes with phosphate, 

and causes damage to the tubular wall [96, 98]. 

3.3 Analysis of trace elements in relation to their bioavailability 

There are different approaches to the analysis of trace elements in the environment. From 

the fundamental determination of the total concentration of elements, over determining 

their speciation or fractionation, to the evaluation of their bioavailability. Knowing the 

concentration of trace elements in the environment represents only a part of the whole 

in terms of understanding their biological and geochemical interactions. The total 

concentration of trace elements is often a poor predictor of their bioavailability, toxicity, 

or reactivity [86]. Not only trace elements are distributed between particulate and 

dissolved phases in the aquatic environment but within the dissolved phase, trace 
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elements may exist as different chemical species that differ by their oxidation or 

electronic state, isotopic composition, and/or complex or molecular structure [66]. It is, 

therefore, crucial to gain comprehensive knowledge of the trace elements’ speciation 

and their bioavailability for living organisms in order to assess the potential risk they 

may pose. For this reason, different approaches for analysis and evaluation of trace 

elements’ speciation and bioavailability relevant for this work are presented in this 

chapter. 

3.3.1 Sample pre-treatment for speciation analysis 

Fractionation of analyte or group of analytes from a certain sample based on their 

physical (e.g., size, solubility) or chemical (e.g., bonding, reactivity) properties may be 

performed before speciation analysis. Filtration, ultrafiltration, and dialysis of water 

samples may be carried out to evaluate the distribution of trace elements between 

dissolved or particulate fractions occurring in the water column. This is usually done by 

a series of filtering through filters with different pore sizes and possibly from different 

materials. The fraction that does not pass through the filter with a pore size of 0.45 µm 

is generally considered a particulate phase. The colloidal fraction is separated by filters 

with pore sizes between 0.45 µm and 10 nm. The truly dissolved (labile) and potentially 

bioavailable fraction is usually separated by ultrafiltration, with the pore size 

corresponding to 10 kDa or less  [66, 99, 100].  

For fractionation of trace elements associated with the solid phase (sediments or 

soils), sequential extractions may be performed. Obtaining information about the 

leachability of elements from the solid phase may give a rough estimation of their 

potential mobility. Sequential extractions provide specific soil/sediment fractions of 

trace elements within the successive extraction steps which dissolve different sediment 

phases and extract elements associated with them. Total digestion of samples by strong 

acids (e.g., HF, aqua regia) is generally used in the last step for the residual fraction as 

well as for the determination of total concentration. Generally, trace elements are 

distributed between water-soluble, acid extractable, reducible, and oxidizable fractions. 
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These can be also presented as (1) water-soluble, (2) exchangeable, (3) sorbed, 

(4) carbonate, (5) Fe and Mn oxides, (6) organic, (7) sulphide, and (8) residual fractions: 

(1) free or hydrated ions and weak complexes, 

(2) sorption by electrostatic attraction to negatively charged sites on colloid 

particles, 

(3) adsorption on specific sites of colloid particles (not exchangeable), 

(4) precipitation in soils with a high content of CaCO3, bicarbonate, and alkalinity, 

(5) adsorption on colloidal Fe/Mn oxides,  

(6) complexation with an organic fraction (chelated and/or organic bound), 

(7) highly insoluble and stable metal-sulphides compounds, 

(8) fixation within crystalline lattices of mineral (aluminosilicate) particles.  

Nevertheless, various metals exhibit different distribution among these fractions and 

therefore the order of these groups may vary in the literature [65, 101-103]. Different 

protocols of sequential extractions have been used by researchers, but they are mostly 

modifications of the original protocols proposed by Tessier et al. [104] and by the 

Community Bureau of Reference (BCR) [105]. 

3.3.2 Speciation analysis of trace elements 

Over the last few decades, the use of analytical methods has been enhanced to speciation 

analysis. The procedure of speciation analysis generally consists of direct detection of 

chemical species or their separation and subsequent detection by analytical instruments 

(Fig. 3-7). The choice of the analytical procedure depends on the nature of the analysed 

sample (e.g., aqueous or solid samples), the species to be determined, required accuracy, 

sample volume, and cost [106]. 
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Fig. 3-7 Overview of selected analytical techniques used for elemental speciation 

analysis. 

3.3.2.1 Direct techniques 

Since the speciation of analytes may change during sampling, storage of the samples, or 

their pre-treatment, the ideal solution would be to perform a direct speciation analysis. 

Speciation analysis in natural waters may be carried out by direct techniques that do not 

require any additional separation method and can directly quantify the species. These 

are generally electrochemical techniques such as potentiometry with ion-selective 

electrodes (ISE) and voltammetry – anodic stripping voltammetry (ASV) or cathodic 

stripping voltammetry (CSV) [66, 83]. Electrochemical techniques are generally cheap, 

fast, and enable analysis in-situ. Potentiometry with ion-selective electrodes enables 

direct analysis of free metal ions in natural waters but its disadvantage lies in relatively 

high detection limits which are not suitable for analysis of trace concentrations in 

complex natural matrices. Voltammetry methods have on the other hand low detection 

limits and are therefore suitable for environmental analysis. Anodic stripping 

voltammetry enables the determination of not only free metal ions but also labile 

fractions of metals, i.e., weak complexes that dissociate within their transport to the 

electrode surface. Analyses of these labile complexes which also contribute to the metal 

flux to the organism may thus provide valuable information regarding the bioavailability 

of trace elements [83, 107, 108]. However, electrochemical techniques do not achieve 

the same sensitivity and selectivity in comparison to the use of separation and detection 
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techniques as described in the following chapter. Nevertheless, voltammetry methods 

are particularly interesting due to their similarities with the DGT technique used in this 

work. Both techniques are measuring the diffusion flux of labile analyte species toward 

a device and thus the results of both approaches when applied simultaneously are 

generally well correlated [9, 109]. The differences between DGT and voltammetry 

results are related to the thickness of the diffusive layer. Since the contribution of 

complexes that can dissociate within their transport through the diffusive layer increase 

in direct proportion to the thickness of this layer, the DGT determined fraction is 

generally bigger [110-112]. 

3.3.2.2 Separation and detection techniques 

Other techniques require the separation of species as the first step before analysis. 

The separation methods include solvent extractions (e.g., liquid-liquid (LLE), solid-

phase extraction (SPE)) [113] or analytical separation techniques such as liquid 

chromatography (LC), gas chromatography (GC), capillary electrophoresis (CE), and 

gel electrophoresis (GE) [114, 115]. Liquid chromatography is generally preferred 

before gas chromatography because GC requires a derivatization step inducing 

sufficiently volatile and stable compounds for analysis and may therefore influence the 

analyte speciation. High-performance liquid chromatography (HPLC) is nowadays 

frequently used with different separation modes such as ion-exchange (IE), reversed-

phase (RP), or size-exclusion (SE) [114, 116]. Electrophoresis is then frequently used 

for the separation of species based on their charge (CE) or charge and size (GE). 

Capillary electrophoresis can use different modes – capillary zone electrophoresis 

(CZE), micellar electrokinetic capillary electrochromatography (MEKC), isoelectric 

focusing (IEF), or capillary electrochromatography (CEC) [66, 114, 117].  The choice 

of the technique is given by the physico-chemical properties (e.g., size, shape, charge, 

oxidation state) of targeted analyte species. Moreover, the combination of two or more 

separation methods is sometimes necessary for the separation of chemical species [118].  

After the separation procedure, the detection methods are used either combined (off-

line) or hyphenated (on-line). Detection methods include spectral techniques such as 
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atomic absorption spectrometry with electrothermal (ET-AAS) or flame (F-AAS) 

atomization [66]. The main advantage of AAS lies in its lower operation costs and 

simplicity of its setup and run. However, it has generally higher detection limits, lower 

sensitivity, it only allows analysis of a single element per run and has a smaller 

operational range. Nevertheless, the atomic spectrometry techniques may also be 

coupled with the derivatization step of cold vapour generation (CV-AFS) or hydride 

generation (HG-AAS) which allow the speciation analysis of volatile metals (Hg) or 

metalloids (As, Se, Te, and others) with better detection limits [119-122]. However, 

nowadays the lowest detection limits or the widest range of use may be achieved using 

inductively coupled plasma with optical emission spectrometry (ICP-OES) or mass 

spectrometry (ICP-MS) (Fig. 3-8). Both techniques allow fast, robust, sensitive, and 

flexible analysis with the possibility of multi-elemental analysis. Moreover, the ICP-MS 

may be used for the isotopic analysis which is gaining importance for environmental 

monitoring of uranium and other elements [66, 114, 123, 124].  

 

Fig. 3-8 Schematic comparison of detection limits/measurement range of selected analytical 

techniques used for elemental analysis (adapted from [125, 126]). 

3.3.3 Modelling methods 

The natural environment, either aquatic or terrestrial, is generally a very complex system 

and it may be therefore difficult to interpret the results obtained by instrumental analysis 

of environmental samples. The geochemical modelling by computer programs that 
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calculate solution equilibria allows to solve this problem and can provide valuable 

information to complement speciation analysis. There are several computer software 

such as MINEQL [127], MINTEQA2 [128], PhreeQC [129], CHESS [130], Geochemist 

WorkBench [131], MEDUSA [132], or WHAM [133]. The latter is unique for 

incorporating the humic-ion binding model and is, therefore, most commonly used as an 

input because it takes into account the complexation effects. The computer programmes 

work with specific databases containing thermodynamic and kinetic parameters. These 

are used together with concentrations of analytes or other parameters determined by 

analytical instruments as input. Based on the modelling code (set of mathematical 

equations describing chemical equilibria) the programmes produce results describing 

a geochemical model for a particular chemical system [134]. The codes used within the 

above-mentioned software generally perform the same type of calculation but the use of 

different thermodynamical databases may generate different results. The computer 

software tools commonly have their own databases, but they can be combined with 

others such as the database created under the Thermochemical DataBase (TDB) project 

from the Nuclear Energy Agency (NEA) within the Organization for the Economic Co-

operation and Development (OECD) [135], the Lawrence Livermore National 

Laboratory (LLNL) thermodynamic database [136], ThermoChimie database [137], or 

PRODATA database [138], which is specifically dedicated to the modelling of uranium 

in mining-impacted environments. It is, therefore, crucial to compare the results of 

different databases to achieve objective information because the geochemical modelling 

is always dependent on the knowledge and experiences of each user.  

 Another modelling approach lies in utilizing equilibrium principles for the 

evaluation of potential bioavailability and toxicity of chemical species. Free Ion Activity 

Model (FIAM) [139] assumes that the free metal ion activity reflects its chemical 

reactivity and toxicity. But this principle assumption is its main disadvantage at the same 

time precisely because in this model the biological response of the organism to elements 

is related only to the free metal ions in the solution [140]. But some of the metal species 

are not able to react directly with the cell membrane surface and they are thus considered 

non-bioavailable in this model [78]. Therefore, another modelling approach called the 

Biotic Ligand Model (BLM) [141] was developed in order to overcome these limitations. 
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A biotic ligand refers to a biochemical receptor that binds metals on the surface of the 

cell membrane (e.g., first described for fish gills) [142, 143]. The BLM then takes into 

account not only free metal ions but also weak metal complexes and competing ions that 

interact with the sensitive sites on the biological surface. The BLM model is therefore 

a complex combination of geochemical equilibrium principles, metal-organic binding 

models, and toxicological models. 

3.3.4 Techniques evaluating bioavailability of trace elements 

The aquatic environment is a dynamic system and the assessment of trace elements’ 

bioavailability thus may be a challenging task. Modelling methods presented in the 

previous chapter only apply if full equilibrium exists in the environmental surroundings 

of the organism. The equilibrium is achieved only if the uptake of trace elements by the 

cell is relatively slow in comparison with the rate of metal diffusion outside the cell. In 

such a case, the metal bioavailability is controlled by its thermodynamics. But the rate 

of metal internalization by organisms may be faster in comparison with the metal 

diffusion in the solution. This would generate a concentration gradient around the cell 

surface and enable the weak metal complexes to dissociate within their diffusion and the 

bioavailability would be in this case controlled by kinetic factors [83, 112].  

 The techniques allowing the determination of bioavailability of trace elements in 

the aquatic environments have been developed and enhanced within the last few decades. 

The origin of these techniques is related to the research of sediment geochemistry and 

the development of the so-called peepers – passive samplers for the determination of 

solutes (originally phosphates and methane) in sediment porewater [144]. The 

compartments of the peeper sampler were filled with deionized water, covered by 

a dialysis membrane, and the peeper was inserted in sediment. After deployment to 

sediment, the equilibrium between solutes in porewater and water in the peeper was 

reached and so the dissolved chemical fraction in the porewater could be determined by 

analysis of the solution from the sampler [144-146]. The original design utilized quite 

big volumes of “sampling solution” in the peeper and therefore required a long time to 

reach equilibrium (i.e., within weeks). However, the development of other techniques 
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inspired by this design followed, and the range of their use was broadened not only for 

the sediment analysis but also for application in natural waters [147]. 

The general principle of techniques evaluating the bioavailability of solutes 

(especially elements) is usually based either on the equilibrium processes or dynamic 

processes. Equilibrium-based samplers include for example diffusive equilibrium in thin 

films (DET), Donnan membrane technique (DMT), or the Gellyfish sampler. Samplers 

based on dynamic processes include the diffusive gradients in thin films (DGT), 

permeation liquid membrane (PLM), or the Chemcatcher sampler [16, 112, 148]. The 

principle of these selected techniques is briefly described in the following chapters with 

a focus on the DGT technique. 

3.3.4.1 Diffusive equilibrium in thin films 

The DET is a passive sampling technique and its principle is the same as of original 

peepers but utilizes hydrogels instead of compartments filled with water [149]. A thin 

layer of a hydrogel is covered by a membrane filter and solutes from porewater 

equilibrate with the non-bound water of the hydrogel layer. The hydrogel layer is very 

thin (~1 mm) and the equilibrium is thus reached faster. On the other hand, since the 

technique is based on equilibrium and the solutes are not pre-concentrated, it may be 

difficult to use DETs for the analysis of trace elements. It is therefore mostly used for 

the analysis of major elements such as Fe or Mn. The design of the plastic housing is 

similar to DGT probes used for sediment deployments but DET probes are constrained 

within small compartments in order to prevent vertical diffusion of the trapped metals. 

Their principles differ as well – while DET relies on establishing equilibrium between 

solutes in the solution and in the device, the DGT technique utilizes a binding layer 

where the solutes are progressively accumulated and thus measures their dynamic flux 

[145, 147, 148, 150, 151]. 

3.3.4.2 Donnan membrane technique 

The DMT [152] originates from the Donnan dialysis method which is based on the 

equilibrium theory of electrolytes described already in 1924 by F.G. Donnan [153]. 
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Its principle lies in selective dialysis of solutes between donor and acceptor solutions 

separated by a semi-permeable ion-exchange membrane. Regarding the nature of the 

used membrane, it allows the selective diffusion of anions or cations from one solution 

to the other. For metal analysis, the membrane carries a negative charge in order to allow 

the diffusion of positively charged free metal ions through the membrane until the 

equilibrium is reached [83, 154, 155]. Original designs by Helmke and co-workers [156] 

were limited by the small volume of acceptor solution that could have been insufficient 

for analysis, but the following designs solved this problem [152]. Nevertheless, similarly 

to DET, its application for speciation of trace elements is limited by the absence of 

analytes’ pre-concentration [83]. Although it is mostly used for experiments under 

laboratory conditions, there is also a possibility to use DMT with specially designated 

cells for in-situ measurements [157-160]. 

3.3.4.3 Gellyfish sampler 

The Gellyfish [161] is a passive sampler utilizing metal-binding resin with functional 

groups of iminodiacetic acid (IDA) embedded in polyacrylamide hydrogel. But even 

though the functional groups are identical to the most widely DGT utilizing resin (i.e., 

Chelex-100®), the Gellyfish sampler is an equilibrium-based technique and does not 

determine the metal fluxes. The amount of the used resin is also relatively small 

compared to the DGT technique. The sampler is deployed in the water column until the 

equilibrium is reached and the concentration of metal accumulated in the resin is 

therefore corresponding to the concentration of free metal ions in the surrounding 

solution. The main disadvantage, a very long time required for the equilibration 

(~7 days), of the original sampler design was reduced to ~2 days by reducing the 

thickness of the hydrogel [148, 161-163].  

3.3.4.4 Permeation liquid membrane 

The PLM (also called supported liquid membranes (SLM)) was initiated for mimicking 

the process of metal transport through biological membranes [164]. The principle is 

based on the use of a carrier which mediates metal transport through a hydrophobic 
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membrane. This porous membrane consisting of a water-insoluble organic solvent with 

an organic carrier molecule selective for targeted metal is sandwiched between sample 

solution and a receiving (stripping) solution which contains a strong chelating agent 

allowing the pre-concentration of the analyte [83, 112, 165]. The PLM measurement 

may represent either concentration of free metals or all dynamic species based on the 

permeability of the membrane [166]. The technique is overall similar to DMT but 

surpasses it by shorter analysis time (1–2 h versus 2–3 days) and by the pre-concentration 

of metals which enables the analysis of trace concentrations of analytes [167]. As DMT, 

it is not a technique that would be commonly applied in-situ and is mostly used for 

analysis or simulative experiments under laboratory conditions. However, there are some 

designs such as hollow fibre permeable liquid membranes (HFPLM) which are suitable 

for in-situ analysis as well [168]. 

3.3.4.5 Chemcatcher sampler 

The Chemcatcher [169] has a similar design to Gellyfish sampler or DGT technique but 

it is a dynamic-based passive sampler, therefore more alike to the latter one. The Teflon 

housing consists of two watertight parts which enclose a receiving phase (for analysis of 

metals it is mostly a 47 mm C18 Empore™ chelating disk) and a diffusion-limiting 

membrane (cellulose acetate). Solutes diffuse across the membrane and are accumulated 

on the receiving phase and their mass is subsequently analysed. Although the principle 

of the technique is the same as of DGTs, the approach to their calibration and therefore 

data interpretation is different. While the DGT-determined concentration of analytes is 

calculated from the mass accumulated on the binding phase using laboratory determined 

diffusion coefficients, the Chemcatcher uses metal-specific uptake rates for calculations. 

Nevertheless, both techniques are able to provide the time-weighted average (TWA) 

concentrations of labile fractions of analytes [163, 170-173]. 
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3.4 Diffusive Gradients in Thin films technique 

The Diffusive Gradients in Thin films (DGT) technique was developed by Zhang and 

Davison in 1994 and used for the first time as a passive sampler for evaluation of Zn 

labile fraction in seawater [5]. Ever since the DGT technique has been most frequently 

used by many researchers for the determination of divalent metal ions (i.e., Cd, Co, Cu, 

Ni, Pb, Zn) [110, 174] but its application has also been broadened to the evaluation of 

nutrients [175-178], radioactive elements [179-184], platinum group elements [185-

187], oxyanions [188-191], or rare-earth elements [192, 193]. It has also been frequently 

used for the determination of various organic compounds such as antibiotics, bisphenols, 

endocrine disruptors, household and personal care products, illicit drugs, nitrochloro-

benzenes, organophosphate flame retardants, pesticides and herbicides, perfluorinated 

compounds, and pharmaceuticals [194]. The nature of its application has also expanded 

from various aquatic environments (i.e., freshwater, seawater, brackish water of 

estuaries, wastewaters) to sediments or soils where the labile fluxes of analytes from 

porewater have been determined, but also to other unusual matrices such as fish or soy 

sauces [195, 196]. Among the other techniques used for the evaluation of trace elements 

bioavailability mentioned in the previous chapters, the DGT is one of the most widely 

used [145]. By the time this thesis was being prepared, more than 1,444 papers could be 

found in the Web of Science Core Collection under the keyword “diffusive gradients in 

thin films”. 

3.4.1 Principle of the DGT technique 

The standard DGT design consists of two layers – a binding layer and a diffusive layer. 

The binding layer is most commonly a hydrogel incorporating a binding phase (sorbent) 

in its structure, which selectively binds an analyte or a group of analytes. This layer is 

by many researchers referred to as a resin gel because the original, and up to date the 

most frequently used DGT design, utilized Chelex-100 resin. But nowadays, the binding 

layer may utilize another type of sorbents besides resins as well (e.g., nanoparticles). The 

binding layer is covered by a diffusive gel and a membrane filter which together form 
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a material diffusive layer. Both types of gel and a membrane filter are enclosed in the 

plastic tight-fitting piston shaped DGT device (used for water or soil deployment) or in 

the probe (used for sediment deployment) (Fig. 3-9A) [147]. 

 

Fig. 3-9 Structure of the DGT piston and sediment probe with a resin gel, diffusive gel and 

membrane filter (A), and a schematic illustration of the steady-state concentration gradients 

generated during the uptake of free metal ions and fully labile/partially labile/inert metal 

complexes (B) (inspired by [197, 198], created with BioRender.com).  

(1 – plastic base; 2 – resin gel; 3 – diffusive gel; 4 – membrane filter; 5 – cap with an exposure 

window; MZ+ – free metal ion; ML – weak complex of metal and ligand; cSOL – concentration in 

bulk solution; FL-ML – fully labile metal complex; PL-ML –partially labile metal complex; I-

ML – inert metal complex;Δg/δmbl – thickness of the material diffusive layer; δdbl – thickness of 

the diffusive boundary layer). 

 The basic principle of the DGT technique lies in the diffusion of the analyte labile 

fraction through the well-defined diffusive layer and its progressive accumulation in the 

binding layer. After deployment of the DGT device in the solution, a steady-state 
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concentration gradient of the analyte is generated within the diffusive layer. This steady-

state flux of the analyte toward the binding layer is created only if the analyte is bound 

rapidly, strongly, and irreversibly by the binding phase and therefore the analyte 

concentration approaches zero on the interface of the diffusive and binding layer. 

But this situation applies only if the analyte is fully labile and thus generally describes 

the course of accumulation of free metal ions (MZ+). In the case of metal complexes with 

ligands (ML), the dissociation of these complexes may take place during their diffusion 

through a diffusive layer. Based on the dissociation rate it is possible to recognise fully 

labile, partially labile, and inert metal complexes (Fig. 3-9B) [5, 147, 197, 199]. After 

deployment, the total accumulated mass of the analyte is determined by its elution 

(usually by strong acid) from the binding layer and subsequent analysis of the analyte 

concentration in the eluate by analytical technique (i.e., AAS, CV-AFS, ICP-OES, ICP-

MS). Elution protocols differ according to the nature of the binding layer and so the 

choice of the analytical technique varies based on the targeted analyte.  

 Since the accumulated mass of analyte (M, ng), the time of the deployment (t, s), 

and the area of the DGT device that has been exposed to the solution (A, cm2) are known, 

the flux of the analyte (J, ng cm-2 s-1), can be calculated using Eq. 1. 

𝐽 =
𝑀

𝐴 ∗ 𝑡
 (1) 

The metal transport through the diffusive layer is also controlled by Fick’s law, 

where the flux of the analyte is proportional to the analyte concentration in the solution 

(cSOL, µg L−1), the diffusion coefficient of the analyte (D, cm2 s−1), and inversely related 

to the thickness of the diffusive layer (Δg, cm) Eq. 2. 

𝐽 =
𝑐𝑆𝑂𝐿 ∗ 𝐷

𝛥𝑔
 (2) 

Both relations combined together result in Eq. 3, which is used for the calculation 

of the so-called DGT-measured concentration (cDGT, µg L−1) of the analyte, which 

depending on the conditions, may not equate to cSOL, because in a complexing 

environment, some of the occurring metal complexes may be partially labile or even 
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inert as described previously. In such a case, the cDGT would appear to be lower in 

comparison to cSOL. 

𝑐𝐷𝐺𝑇 =
𝑀 ∗ 𝛥𝑔

𝐷 ∗ 𝐴 ∗ 𝑡
 (3) 

The Δg in this equation is related to the thickness of the material diffusive layer 

(MDL), also referred to as δMDL in the literature, consisting of the diffusive gel and 

membrane filter. Nevertheless, when deploying DGTs under field conditions it is 

important to also consider the diffusive boundary layer (DBL) which is a layer adjacent 

to the surface of the DGT device where there is effectively no flow. The higher the 

solution flow is, the thinner the created DBL. Therefore, the thickness of the DBL layer 

(δDBL) should be estimated and added to the Δg to achieve sufficient accuracy of the 

measurement, especially when the DGTs are deployed in stagnant waters (e.g., lake, 

groundwater) [5, 147, 194, 198, 200]. The procedure of estimation of the DBL is 

described in Chapter 4.3.4. 

Another very important variable in the calculations is the diffusion coefficient which 

describes the diffusion rate of the solute through the diffusive layer and is generally 

lower than the diffusion coefficient in water. It is usually experimentally determined in 

a simple solution under laboratory conditions when a new technique is developed or 

when the DGTs are deployed in a specific and complex matrix. The diffusion 

coefficients are temperature-dependent and therefore, the measurement of the 

temperature during the DGT deployment is a crucial factor in order to obtain accurate 

results [198, 201]. The procedure of evaluation of the diffusion coefficient and its 

adjustment to temperature is described in Chapter 4.3.3. 

3.4.1.1 Diffusive layer 

Diffusion-limited separation of labile metal species is achieved within their transport 

through the diffusive layer. Even though the contribution of the DBL in the solution also 

contributes to the total thickness of the diffusive layer, for the purpose of this chapter, 

only the material part of the diffusive layer is considered. The material diffusive layer 
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consisting of the diffusive hydrogel and membrane filter is a key element for the DGT 

performance [83, 201].  

The membrane filter covering the diffusive gel is usually commercially available 

cellulose nitrate, cellulose acetate, polyvinyl fluoride (PVFD), or polyethersulphone 

(PES) membrane. These have defined pore size, commonly 0.45 µm, and therefore 

prevent the interaction of the particulate fraction with the diffusive gel. The thickness of 

the membrane filter (usually ~0.013 cm) contributes to the total Δg. The main purpose 

of the filter membrane is to protect the diffusive gel. During long-term deployment in 

natural water, the biofilm may be formed on the filter surface and thus affect the DGT 

performance. Therefore, some researchers applied protective impregnation (antibiotics, 

Cu, and Ag) or additional membrane (polycarbonate) to prevent biofouling [83, 194, 

202, 203].  

The diffusive gel is characterized as a hydrogel having properties between solid and 

liquid. It contains over 95% of free water (just a minimum fraction of water is bound in 

the three-dimensional polymer chains structure) that represents an available medium for 

the diffusion of the solutes. The DGT diffusive gel is generally prepared as agarose 

(AG), agarose cross-linked polyacrylamide (APA), or bis-acrylamide cross-linked 

polyacrylamide gel (also called restricted gel (RG)) [201]. Different diffusive gels are 

being used for different purposes. The main assumption of diffusive gel is its inertness 

toward the targeted analyte. For this reason, agarose diffusive gel is preferred over APA 

gel for analysis of mercury since it can be significantly bound by the APA gel [204-206]. 

The RG gel has generally smaller pore size (< 1 nm) compared to the APA gel 

(5–20 nm) and therefore enables the determination of free metal ions and small inorganic 

complexes only. Simultaneous deployment of DGTs with RG and APA diffusive gels is 

thus used for the in-situ distinction between inorganic metal species and metal 

complexes with larger organic ligands (i.e., humic acid). For comparison, the agarose 

gel has an approximate pore size of 35–47 nm. However, the pore size may vary 

depending on the ratio of reagents used during gel preparation. The mentioned pore sizes 

are relevant for 1.5% agarose gel and APA gel prepared with 15% acrylamide and 0.3% 

agarose-derived cross-linker [201, 207, 208]. In this work, APA diffusive gel (for 

preparation protocol see Chapter 4.2.1) combined with PES or PVFD membrane filters 
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were mostly used. The agarose gels were used for the preparation of gels for arsenic 

speciation.  

Besides the hydrogel diffusive layer, other phases have been used by some 

researchers such as cellulose acetate dialysis membrane (in the combination with liquid 

binding layer) [209], Nafion-coated cellulose acetate membranes [210, 211], Nafion 

membrane [212], or chromatographic paper [213-215]. 

3.4.1.2 Binding layer 

The key assumption for a good binding phase is that it binds the analyte rapidly, strongly, 

and irreversibly and that its sorption capacity is sufficient for analyte uptake and does 

not become saturated within the deployment of DGTs. In general, the most common 

binding phases are polyacrylamide/agarose-based hydrogels incorporating a sorbent 

(i.e., resin or synthetized micro- or nanomaterials). There have also been reported other 

binding phases such as liquid binding phase with nanoparticulate Fe3O4 (for As 

measurement) [216], polymer-bound Schiff base (for Cu, Cd, and Pb) [217], sodium 

polyacrylate (for Cd and Cu) [218], poly(4-styrenesulphonate) (for Cd and Cu) [219], or 

poly(ethyleneimine) (for Cu, Cd, and Pb) [220]. However, the first and most frequently 

used binding layer consists of a polyacrylamide hydrogel utilizing Chelex-100 chelating 

resin as a binding phase. This resin is selective for transition metals over alkali and 

alkaline earth metals and is therefore broadly used for the determination of divalent 

metals such as Cd, Co, Cr, Cu, Fe, Mn, Ni, Pd, or Zn [174, 221, 222]. Nevertheless, this 

resin is generally not suitable for the determination of arsenic since it is present in an 

anionic or neutral form in aquatic environments under oxic conditions. Similarly, 

uranium predominantly occurs in a neutral or anionic form of free uranyl ion or the most 

common carbonate complexes in the solutions with the pH > 4 (see Fig. 3-2 and Fig. 

3-4). Therefore, other binding phases are usually used for the determination of these two 

elements. The overview of the binding phases used for the determination of As and U, 

and therefore relevant for this work, can be found in Table 3-1. 
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Table 3-1 Overview of binding phases used for analysis of arsenic or uranium by the DGT 

technique. 

*Liquid binding phase. 

A number of resins have been used as the DGT binding phase for the determination 

of arsenic. In a recent work of Gorny, et al. [244], a comparison of five binding phases 

for As (Fh, Metsorb, Zn-ferrite, and ZrO2, 3-MFS) was performed, showing that all of 

them are possibly providing similar results in oxic freshwater and seawater over a wide 

Targeted analyte Binding phase Ref 

Arsenic Activated carbon [223] 

 Amberlite IRA 910  [224] 

 Cerium dioxide [225] 

 Ferrihydrite (Fh) [226, 227] 

 Iron hydroxide [228] 

 Metsorb  [176, 229] 

 Nanoparticulate Fe3O4 (Fe3O4 NPs)* [216] 

 Nanoparticulate lanthanum oxide (nano-La2O3) [191] 

 Mixture of sulphonated and phosphonated cross-

linked polyethylenimine (SCPEI-PCPEI) 

[230] 

 Titatium dioxide  [231] 

 Zinc ferrite (Zn-ferrite) [232] 

 Zirconium dioxide  [233, 234] 

 3-mercaptopropyl-functionalized silica (3-MFS) [235] 

Uranium Chelex-100 [236, 237] 

 Diphonix  [238] 

 Dowex 2×8-400 [239] 

 Manganese dioxide [240] 

 Metsorb [241] 

 Dow-PIWBA [242] 

 Spheron-Oxin [243] 

 Whatman DE 81 [236] 
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range of pH (5−9) for deployment period over 96 h for. While most of the resins are used 

for the measurement of total As concentration, the DGTs utilizing the 3-MFS or 

Amberlite IRA 910 sorbents determine AsIII and AsV, respectively. Therefore, the 

deployment of DGTs utilizing the 3-MFS or Amberlite IRA 910 binding layers alongside 

some other sorbent determining total As concentration (e.g., Metsorb), provide 

a speciation analysis of inorganic As species [224, 235]. Some researchers have also 

used a mixed binding layer (MBL) in order to improve the DGT performance or to 

simultaneously analyse labile forms of arsenic together with other analytes (e.g., metals, 

oxyanions, sulphide, phosphate) by combining Fh–Chelex-100 [245], Metsorb–Chelex-

100 [246], ZrO2–Chelex-100 [247], AgI–Fh [248], AgI–ZrO2 [249], ZrO2–SPR-IDA 

(suspended particulate reagent-iminodiacetate) [250]. 

Regarding U determination, many studies revealed that the performance of  Chelex-

100 may be hampered in a complex environment with a high concentration of competing 

ions such as Ca or Mg, (i.e., mining-impacted environment or seawater) [180, 240, 241]. 

Therefore, other binding phases are usually used for U analysis (see Table 3-1). The 

same MBL of AgI–Fh that has originally been used for the analysis of P, V, As, and S 

[248] was subsequently used even for the determination of Mo, Sb, W, and U [25]. 

An extensive evaluation by in-situ applications of selected binding phases for the 

determination of uranium has been carried out by Husson et al. [22], Pedrobom et al. 

[251], or Drozdzak. et al. [252]. Nevertheless, up to date, there is no DGT binding phase 

for simultaneous determination of As and U. 

3.4.2 Application of the DGT technique 

The main advantages of the DGT technique are the ability to pre-concentrate the analytes 

in-situ, the elimination of the potential adverse effect of the solution matrix on the 

analytical procedure, the provision of the time-weighted average concentration of the 

analyte over long time periods (in the scale of days to weeks), and the evaluation of the 

analyte bioavailability to biota [253]. The DGT is therefore broadly used for the analysis 

of trace elements, it is applied in an environment where the direct sampling is 
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complicated due to the matrix nature (e.g., seawater), or for long-term monitoring 

purposes. 

The DGT technique is also frequently used for elemental speciation analysis in 

natural waters and its performance is often combined with the filtration and ultrafiltration 

techniques. Discrete grab water samples are usually processed by filtration (0.45 µm or 

0.22 µm pore size) to distinguish between the particulate and dissolved fractions. The 

additional ultrafiltration through various filters of different pore sizes (e.g., 500 kDa, 100 

kDa, 10 kDa, 1 kDa) may be performed and the analysed fractions of the element are 

compared with the DGT-labile concentration. In general, the fraction passing through 

the 100 kDa or 10 kDa is recognized as a truly dissolved fraction (labile) and is 

sometimes used to reflect the bioavailability of metals and thus should correlate with the 

DGT results. However, the ultrafiltration methods have some disadvantages compared 

to the DGT technique due to: 

1) providing a concentration of single grab sample vs. time-weighted average 

concentration,  

2) sample transport and storage vs. in-situ conservation of analytes, 

3) complicated procedure vs. relatively simple handling. 

Moreover, the fractions obtained by ultrafiltration are only discriminated by their size 

while the DGT-determined fraction also includes the metal complexes which are able to 

dissociate within their diffusion. Nevertheless, the combination of both techniques 

provides valuable knowledge about the lability and potential bioavailability of trace 

elements in the aquatic environment [10, 252, 254-257]. 

Since the principle of the analyte uptake by DGT is very similar to the uptake of 

elements by biological cells of a living organism (see similarities between Fig. 3-6 and 

Fig. 3-9B), there are several studies dedicated to the investigation of the potential of the 

DGT technique to mimic and possibly predict the accumulation of trace elements to 

biota. Most of these studies are dealing with the bioavailability of trace elements in soil-

plant systems by a comparison of the concentrations accumulated in plant parts with the 

DGT-determined concentration [258, 259]. Other researchers used the DGT technique 

to mimic the bioavailability of metals from soils to invertebrates [260, 261]. 

Nevertheless, only a few studies are dealing with such an investigation in the aquatic 
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environment. Uptake by aquatic organisms is probably more often under the control of 

the analyte internalization through the cell membrane. In cases where the uptake is under 

diffusion control (i.e., microorganisms), the actual thickness of the diffusive layer is 

much thinner compared to the diffusive layer in the DGT technique, and therefore the 

metal uptake by biota in water is probably more correlated with the performance of 

voltammetry electrodes [110]. However, some studies indicate that DGT-labile 

concentration of some elements (Hg, Al, Cu, Cr, Ni, Zn, Cd, and Pb) correlates with the 

concentration determined in input organs (gills, skin, scales, or eyes) of fish, in clams, 

or freshwater snails [13, 262-266]. Moreover, the DGT technique was also used in in 

vitro unified barge method (UBM) solution to predict the metals (Pb, Zn, and Cu) 

bioaccessibility through the intestine in the human body [267-269]. 
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4 MATERIALS AND METHODS 

4.1 Reagents and chemicals 

Since the experimental part of this thesis was carried out within two research facilities 

of both universities, the amount of used material was enormous. For this reason, the 

usual list of all reagents and chemicals is not presented as each chapter devoted to 

research results is supplemented by a precisely specified list of used material. Overall, 

the used reagents and chemicals were of analytical reagent grade or higher.  

4.2 Protocol for preparation and processing of DGT 

The basic premise for working with the DGT technique is to work in a clean environment 

so that the results are not distorted by cross-contamination. This includes the use of 

personal protective laboratory equipment and the work in a clean laboratory. All the used 

plastic equipment and glassware necessary for the manufacturing of DGT gels and 

containers for experimental deployment solutions were always pre-cleaned in 10% (v/v) 

HNO3 for at least 24 h and thoroughly rinsed with Milli-Q water (> 18.2 MΩ cm−1 

Millipore, USA).  

4.2.1 Preparation of diffusive and resin gels 

For the preparation of agarose cross-linked polyacrylamide (APA) diffusive gels that 

were used within this work, it is necessary to prepare the gel solution first. This consists 

of 15% of acrylamide, 0.3% (v/v) of DGT agarose-derived cross-linker, and Milli-Q 

water. The gels were prepared by polymerizing the gel solution by the initiator and 

catalyser of the polymerization reaction, which are typically ammonium persulphate 

(APS) and N,N,N′,N′-tetramethylethylenediamine (TEMED). When preparing the APA 

diffusive gels, 10 mL of gel solution was mixed with 70 µL of freshly prepared 10% 

(w/v) APS and 25 µL of TEMED according to the protocol described in the literature 

[270]. The agarose-based (AG) diffusive gels were only used for DGTs utilizing 3-MFS 
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and were prepared by dissolution of agarose in Milli-Q water (1.5% solution) at 80 °C 

[271].  

For the preparation of resin gels, the appropriate amount of sorbent was added to 

the gel mixture as well. Different types of resin gels require different pre-treatment and 

different ratios of polymerizing agents in order to obtain the best gel structure, which 

should be strong, flexible, and elastic with the uniform distribution of sorbent particles. 

The Diphonix, Dow-PIWBA, Lewatit FO 36, and Metsorb resins were ground 

(in a mortar grinder or by Pulverisette Type 02.102, Fritsch, Germany) and sieved on 

Teflon sieve (50 µm). Only the 3-MFS resin gels were prepared in AG according to 

protocol by Pommier et al. [272]. The ratios of used sorbents and polymerizing agents 

used for resin gels prepared within this work are presented in Table 4-1.  

Table 4-1 Preparation protocol of resin gels (reagents used per 10 mL of gel solution). 

 Resin (g) 10% APS (µl) TEMED (µl) 

3-MFS* [207] 1 - - 

Chelex-100 [270] 4 50 15 

Diphonix [180] 2 360 90 

Dow-PIWBA [242] 2 300 120 

Lewatit FO 36 [273] 1.25 240 120 

Metsorb [229] 1 60 15 

* The 3-MFS resin gel was prepared in agarose and thus no APS and TEMED were added.  

After thorough stirring, the gel solution was slowly cast between two glass plates 

separated by the plastic spacer of the thickness of 0.050 cm or 0.025 cm for the diffusive 

and resin gel, respectively, and enclosed by clips. If bubbles occurred, they were 

removed by gentle pressure on the glass while held in a vertical position. Glass plates 

were then placed in the preheated oven at approximately 40–45°C for 1 h or longer until 

the gel was formed. Polymerized gel sheets were then removed from the glass plates and 

let hydrated in Milli-Q water for at least 24 h with several changes of the water (at least 

three times in the case of diffusive gels, minimum once in the case of resin gels). The 

use of well-defined spacers resulted in a thickness of 0.08 cm and 0.04 cm of the 
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diffusive and resin gels, respectively, after hydration. The thickness of diffusive gel can 

be modified by combining the spacers (e.g., for the purpose of determination of the DBL 

as described in Chapter 4.3.4). Hydrated gel sheets were cut using a plastic circle cutter 

(diameter 2.5 cm) or Teflon coated razor blade (for the appropriate size of gel strip for 

sediment probes). Diffusive gels were stored in 0.01 M NaNO3 and resin gels in Milli-

Q water at 4 °C prior to use. Since the APA gel-type was majorly used in this work, an 

illustrative scheme of the APA resin gel production is shown in Fig. 4-1. 

 

Fig. 4-1 Illustrative protocol for preparation of the DGT APA resin gel (created with 

BioRender.com). 
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4.2.2  DGT assembly and deployment 

DGT pistons and probes (DGT Research Ltd., UK) with an exposure window of 

3.14 cm2 and 27 cm2, respectively, designed for water and sediment deployment were 

used in this work. Polyethersulphone (PES) Supor® 450 (Pall Corporation, USA) or 

polyvinyl fluoride (PVDF) Durapore® (Merck, Germany) membrane filters of 0.45 μm 

pore size were pre-cleaned in 5% (v/v) HNO3 for 24 h and thoroughly rinsed withMilli-

Q water prior to use. The DGT plastic housings were loaded with resin gel disc, covered 

by diffusive gel and membrane filter, and enclosed by a cap with an exposure window. 

Assembled DGT units were stored at 4 °C in zip-lock bags and kept moisturized with a 

few drops of 0.01 M NaNO3 prior to deployment. The sediment probes were 

deoxygenated by purging in a 0.01–0.1 M NaCl (depending on the salinity of the 

environment) for at least 4 h prior to deployment. 

For laboratory experiments (e.g., determination of diffusion coefficients or 

investigation of the influence of the external factors on the DGT performance), the DGT 

units were loaded into Perspex holder and deployed in plastic or glass containers with 

the deployment solution under constant stirring (Fig. 4-2A). When deploying DGTs in-

situ, the units were either tied together with the fishing line or loaded into Perspex open 

plates and eventually enclosed into filter tubes or plastic cages to avoid their damage 

during deployment. To ensure the placement of DGTs in the well-defined depth of the 

water column, the device was attached by ropes either to the two sticks that were pushed 

in the sediment (Fig. 4-2B) or to the buoy (Fig. 4-2C) on top and to the weight or anchor 

on the bottom. For sediment deployment, the probes were either deployed in the 

sediment core that was taken in the plexiglass tube (in deep seawater) or directly pushed 

in sediments (in rivers) (Fig. 4-2D).  
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Fig. 4-2 Schematic illustration of DGT deployment method when performing laboratory 

experiment (A) or when applied in-situ in streams (B) or deeper water of lake or sea (C) and 

deployment of DGT probes in sediments (D) (created with BioRender.com). 

Whether deploying DGTs under laboratory conditions or in-situ the exact time of 

deployment was always recorded. At the same time, the crucial physico-chemical 

parameters of water (i.e., temperature, pH, Eh, dissolved O2, conductivity, and salinity) 

were measured. Point samples of deployment solution or natural water for the analysis 

of total or dissolved trace metals were collected at the beginning and end of each 

deployment. When analysing the dissolved fraction of trace metal concentration, the 

samples were filtered through 0.45 µm membrane syringe filters first and acidified to 

1% HNO3. After retrieving, the DGTs were rinsed with Milli-Q water and stored in zip-

lock bags at 4 °C until disassembling in the laboratory. 

4.2.3 Elution of the resin gel 

The DGT pistons were dismantled by cracking the cap by twisting the screwdriver in the 

grove of the outer sleeve or removing the cap with a knife. The resin gel disc was rinsed 

with Milli-Q water and placed in the clean tube. In the case of sediment probes, the gel 

strips were sliced by Teflon coated razor at 0.5–1 cm interval and placed in the clean 

tube. The reagents used for the elution of each type of resin gel together with the 

optimized elution procedures are described in Table 4-2. After elution, the samples were 

diluted ten times by Milli-Q water or 2% HNO3 (in the case where elution reagent was 

not an acid), centrifuged if necessary, and stored at 4 °C until analysis by AAS or ICP-

MS (see Chapter 4.4). 
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Table 4-2 Elution protocols for resin gels used within this work. 

Resin gel Reagent Volumea Elution procedure 

3-MFS [235] 1 M HNO3 + 0.01 M KIO3 1 mL LT*, 24 h 

Chelex-100 [270] 1 M HNO3 1 mL LT, 24 h 

Diphonix [180] 1 M HEDPA** 1 mL LT, 24 h 

Dow-PIWBA 

[242] 
conc. HNO3 1 mL 70 °C, 24 h 

Lewatit FO 36 

[273, 274] 

0.17 M NaCl + 0.25 M NaOHb 

/ 1 M NaOHc 
10 mLb / 5 mLc 

MW extractionb*** 

/ 70 °C, 24 hc 

Metsorb [229] 1 M HNO3 1 mL LT, 24 h 

* LT – Laboratory temperature (20 °C) 

** HEDPA – 1-hydroxyethane-1,1-diphoshonic acid 
*** Microwave extraction – 130 °C, 16 min 
a The eluent volume per gel disc. Half the volume of eluent was used for the extraction of gel 

slices from sediment probes. 
b Original extraction protocol followed by analysis by modified ET-AAS method [273].  
c Optimized extraction protocol suitable for ICP-MS analysis [274]. 

4.3 Laboratory experiments for DGT characterization 

When developing a new DGT technique, it is always necessary to perform thorough 

laboratory testing for its characterization. Therefore, the experimental designs for uptake 

and elution efficiency, determination of the sorption capacity, diffusion coefficients, and 

estimation of the diffusive boundary layer are described in this chapter.  

 All DGT tests were performed at laboratory temperature (18–22 °C) using plastic 

or glass containers of 2 or 3 L volume. The deployment solution generally consisted of 

0.01 M NaNO3 spiked with the investigated analyte, As and/or U, and eventually 

enriched with other compounds whose influence on sorption was evaluated. 

The deployment solutions were prepared 24 h prior to DGT deployment so that the 

solution was equilibrated. The solutions were stirred well (500–800 rpm) during the 

whole experiment. All experiments were performed with at least two replicates of resin 

gel discs or DGT units.  
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4.3.1 Uptake and elution efficiency 

A single resin gel disc was immersed into a small volume (10–20 mL) of deployment 

solution spiked with As and/or U for 24 h. The samples of the solution were taken at the 

beginning and end of the experiment and the concentration of the investigated analyte 

was determined by analytical method (AAS/ICP-MS). The uptake efficiency was 

expressed as the uptake factor (fu), which was calculated using the Eq. 4 from the 

difference between initial mass (Mi) and remaining mass (Mr) of the analyte in the 

solution.  

𝑓𝑢 = (𝑀𝑖 −𝑀𝑟)/𝑀𝑖 ∗ 100% (4) 

  The resin gel disc that was retrieved from the deployment solution was rinsed with 

Milli-Q water and immersed in a tested elution reagent. Different reagents and their 

mixtures were tested in the combination of different volume and extraction temperatures. 

The mass of analyte eluted from the gel (Me) and the mass accumulated on the gel disc 

(Ma, which equals to the Mi – Mr difference) were used for calculation of the elution 

factor (fe) using the Eq. 5. 

𝑓𝑒 = (𝑀𝑒/𝑀𝑎) ∗ 100% (5) 

 

4.3.2 Sorption capacity of the resin gel 

A single resin gel disc was immersed into the series of deployment solutions spiked with 

increasing concentration of a single-element standard solution. After 24 h, the gel discs 

were removed from the solution, rinsed with Milli-Q water, and eluted. The mass of the 

analyte eluted from the gel and analysed by analytical technique was plotted versus the 

concentration in the deployment solution. The resulting adsorption isotherm describes 

the course of analyte accumulation, and the total sorption capacity of resin gel is 

determined at the point where the adsorption equilibrium is reached. The linear part of 

the adsorption isotherms is then recognised as the effective sorption capacity of the resin 

gel.   
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4.3.3 Determination of the diffusion coefficient 

Diffusion coefficients of As towards tested resin gel were determined by time-

dependence experiment. The DGT units were deployed in the spiked deployment 

solution and at least 2 replicates were removed after certain time intervals and the resin 

gels were eluted. The diffusion coefficients (D, cm2 s−1) were calculated from the slope 

(s) of the linear regression of the analyte mass accumulated on resin gel (M, ng) as 

a function of time using Eq. 6, where Δg is the thickness of diffusive layer consisting of 

diffusive gel (0.0080 cm) and membrane filter (0.013 cm), A is the exposed area 

(3.14 cm2), and c is the concentration of analyte in the solution measured in a grab 

sample (µg L−1). Obtained diffusion coefficients (DT) determined in the solution of the 

temperature T (°C) were corrected to reference temperature Tref (25 °C) and expressed 

as DTref using the Stokes-Einstein relation (Eq. 7) [275]. 

𝐷 =
𝑠 ∗ 𝛥𝑔

𝐴 ∗ 𝑐
 

(6) 

𝑙𝑜𝑔𝐷𝑇 =
1.37023(𝑇 − 𝑇𝑟𝑒𝑓) + 8.36 ∗ 10−4(𝑇 − 𝑇𝑟𝑒𝑓)

2

109 + 𝑇
+ 𝑙𝑜𝑔

𝐷𝑇𝑟𝑒𝑓
(273 + 𝑇)

(273 + 𝑇𝑟𝑒𝑓)
 

(7) 

 

 

4.3.4 Estimation of the diffusive boundary layer 

Where applicable, the thickness of the diffusive boundary layer was estimated by 

deploying the triplicate of DGTs with three different thicknesses of diffusive gels (0.04, 

0.08, and 0.12 cm) into the solution for 24 h. The DBL (δdbl, cm) was calculated by 

dividing the intercept (y) by the slope (s) of a linear regression of the reciprocal analyte 

mass accumulated on resin gel (1/M) as a function of the diffusive layer thickness 

(Δg, cm). The Eq. 8, where DW and Dgel are diffusion coefficients of the analyte in water 

and in the diffusive gel, respectively, was used for calculation [7]. Since the DBL 

represents an extension of the diffusive layer thickness, the analyte concentration 

determined by DGT (cDGT, µg L−1) is then calculated using Eq. 9, where the total diffusive 

layer is represented by the combination of the material diffusive layer (diffusive gel and 
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membrane filter, Δg also referred to as δmbl in the literature) and diffusive boundary layer 

(δdbl). 

𝛿 =
𝑦

𝑠
∗
𝐷𝑤
𝐷𝑔𝑒𝑙

 

(8) 

 

𝑐𝐷𝐺𝑇 =
𝑀 ∗ (𝛥𝑔 + 𝛿𝑑𝑏𝑙)

𝐷 ∗ 𝐴 ∗ 𝑡
 

(9) 

4.4 Analytical methods  

Because this work was created at laboratories of two partner universities, different 

analytical instruments were used for the analysis of studied trace elements. The atomic 

absorption spectrometer 280Z AA with electrothermal atomization (ET-AAS, Agilent 

Technologies, USA) and Zeeman background correction was mainly used within the 

first part of this work dealing with the development of new resin gel for the determination 

of arsenic. The development of a novel ET-AAS method for arsenic determination in 

these gels is described in the next Chapter 4.4.1. For the uranium analysis or 

simultaneous analysis of uranium and arsenic, high-resolution sector field inductively 

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

Bremen GmbH, Germany) was used. For instrumental parameters of As and U analysis 

by SF-ICP-MS used in this work see Chapter 12.2. The analyses were overall performed 

by optimized methodologies with instrument setups that were validated by both 

laboratories in the long term. The accuracy of sample analysis was regularly verified by 

the analysis of reference samples (river water – SLRS-6, National Research Council 

Canada; surface water level 2 – SW2, Spectrapure Standards AS, Norway; trace 

elements and methylmercury in estuarine sediment – IAEA-405, International Atomic 

Energy Agency, Austria). The concentrations of analysed elements in these reference 

materials were generally within the range of 10% of the certified values. 
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4.4.1 Modified ET-AAS method for the determination of arsenic in solution with 

a high concentration of chlorides 

Smolíková, V., Pelcová, P., Hedbávný, J., Zlámalová, L., Ridošková, A. Modification 

of electrothermal atomic absorption spectrometry for determination of arsenic in high 

salinity samples. In: MendelNet 2018: Proceedings of International PhD Students 

Conference, Brno, 2018, Vol. 25, pp. 527-531. 

A novel ET-AAS method for arsenic determination in samples containing high chloride 

concentration was proposed because the DGT resin gel for evaluation of arsenic that was 

developed within this work (Chapter 5.1) required a highly concentrated mixture of 

NaOH and NaCl (0.25 M and 0.17 M, respectively) for elution. 

Analysis of trace elements in samples with the chloride-rich matrix is generally 

challenging because of the interference effects. When ICP-MS is used, high chloride 

concentration can cause polyatomic ion interferences by generating 40Ar35Cl+ that has 

the same m/z ratio as 75As [276, 277]. Analysis of arsenic by ET-AAS is then particularly 

complicated due to the volatility of this element. The loss of arsenic content may occur 

during the pyrolysis step very easily especially when the sample matrix contains 

chlorides that may increase the volatility of this analyte [278, 279].  

Generally, an ideal temperature program of graphite furnace cannot be given 

without the knowledge of the sample composition. But since the composition of the 

sample matrix, which is here represented by the eluent, is in this case known and 

unchanging, it was possible to adjust the temperature program so there is no loss of 

arsenic content during the pyrolysis step. This in combination with the use of the 

palladium modifier (1% (v/v) Pd) led to obtaining excellent results in the meaning of 

their accuracy and precision (98–100% recovery of arsenic concentration with 

1% relative standard deviation). The knowledge of the matrix composition also allowed 

the use of the standard addition calibration method that can compensate for matrix 

interference arising from the chloride content. 

 Last but not least, the surface modification of the graphite furnace by tungsten 

carbides was performed because the chloride-rich matrix of samples caused rapid wear 
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to the graphite tubes. The modification was performed by simple impregnation of 

graphite tubes’ surface by immersion in the aqueous solution of sodium tungstate of 

50 g L−1 and their subsequent annealing in the ET-AAS. The changes on the surface of 

the graphite tube before and after surface modification were observed by scanning 

electron microscopy (Fig. 4-3). This procedure extended the lifetime of the graphite 

tubes five times up to 250 firing cycles.  

 

Fig. 4-3 Inner surface of the graphite tube before (A) and after (B) modification by tungsten 

carbides.  

 The optimization process of the ET-AAS method for arsenic determination in 

samples containing high chloride concentration as the new methodology was presented 

at the MendelNet2018 conference. The proceedings of this conference are regularly 

included in the Conference Proceedings Citation Index (Clarivate Analytics) and 

therefore, this peer-reviewed contribution was included as a part of this work as well. 

Moreover, this contribution was awarded as the best contribution in the section Applied 

Chemistry and Biochemistry. 
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Abstract: The electrothermal atomic absorption spectrometry (ET-AAS) method was optimized for 

determination of the arsenic content in high salinity samples. The combination of palladium (1 g/l) 

modifier, graphite furnace temperature program and graphite tube modified with tungsten carbide 

significantly reduced the matrix interference in the sample with NaCl concentration of 10 g/l. Optimized 

temperature program ensured the reduction of the background absorbance about 95–100%. The 

modification of graphite furnace surface by tungsten carbides ensured the shift of background 

absorbance prior to the absorbance of the analyte and considerable extension lifetime of graphite tubes.  

Key Words: arsenic, palladium modifier, tungsten carbide, ET-AAS, background correction 

INTRODUCTION  

Arsenic with mutagenic and carcinogenic effects on humans belongs among the highly toxic 

substances in the environment. Inorganic arsenic forms, such as arsenate (AsV) and arsenite (AsIII), have 

higher toxicities than organic arsenic species. Human populations worldwide are primarily exposed to 

inorganic arsenic through the consumption of contaminated water (Cubadda et al. 2017). Determination 

of total arsenic content in aqueous samples is usually performed by electrothermal atomic absorption 

spectrometry. Arsenic determination by ET-AAS may be complicated by losses of the analyte during 

the pyrolysis stage and interferences caused by matrix (e.g., sea water, mineralized water) (Bermejo-

Barrera et al. 1996, Bozsai et al. 1990, Welz et al. 1988). 

The most, palladium nitrate or palladium-magnesium nitrate modifiers are used for determination 

of arsenic content in high salinity samples (Bermejo-Barrera et al. 1996, Welz et al. 1988). This 

modifiers cause stabilization of volatile analytes, including arsenic, to higher pyrolysis temperatures, 

and ensure the separation of the arsenic from the matrix during the pyrolysis phase without the loss of 

analyte.  Reducing the background absorption can also be achieved by inserting a pre-atomization cool-

down step into the graphite furnace temperature program (Bozsai et al. 1990, Cabon 2000, Pszonicki 

and Dudek 1999) or surface-modified graphite tubes (Kulik et al. 2009, Volynsky 1998). 

The aim of this study was to optimize the ET-AAS method for arsenic determination in high 

salinity samples. The combination of palladium modifier, graphite furnace temperature program and 

graphite tube modified with tungsten carbide was tested and optimized for sensitive and precise arsenic 

determination.   

MATERIAL AND METHODS  

Instrumentation  

Measurements were performed using graphite furnace atomic absorption spectrometer 280Z AA 

(Agilent Technologies, Santa Clara, CA, USA) with Zeeman background correction. Determination of 

arsenic was carried out under the conditions recommended by the manufacturer for As (193.7 nm) with 
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a spectral bandwidth of 0.5 nm. Ultrasensitive hollow cathode lamp (Agilent Technologies, Santa Clara, 

CA, USA) was used as the radiation source of As (lamp current 10 mA). The ultrasonic bath Elmasonic 

P (Elma, Singen, Germany) was used for graphite furnace surface-modification. 

Reagents 

All solutions were prepared from analytical grade chemicals. Arsenic (III) standard solution with 

the concentration of 1000 ± 4 mg/l (Fluka, Czech Republic) was used for the preparation of calibration 

solutions (calibration range 0–100 µg/l). Palladium 10 g/l (Fluka, Czech Republic) was used for the 

preparation of 1% (v/v) Pd modifier and Na2WO4⋅2H2O (Lachema, Czech Republic) was used for 

graphite furnace surface-modification. The 65% HNO3 (Penta, Czech Republic) purified by sub-boiling 

distillation apparatus (Type BSB-939IR, Berghof, Eningen, Germany) and demineralized water 

produced by Millipore Milli Q system (Millipore, Bedford, MA, USA) were used for sample dilution. 

Graphite furnace surface-modification 

Pyrolytic graphite tubes were impregnated with aqueous solution Na2WO4 (50 g/l). Tubes were 

placed in the solution and soaked for 3 minutes in the ultrasonic bath under atmospheric pressure. Tubes 

were then carefully wiped and heated twice in the atomizer according to the graphite furnace temperature 

program (Table 2). The operation was repeated three times (Figure 1). Every day before the 

measurement starts, 10 μl of sodium tungsten solution (50 g/l) were dispensed onto the inner surface of 

the furnace and heated according to the graphite furnace temperature program (Table 2). 

Figure 1 Scheme of graphite furnace surface-modification 

 

Procedure 

The standard arsenic solution (50 μg/l) in solution NaCl (10 g/l) was used for method 

optimization. The samples were acidified with 3% (v/v) HNO3 before analysis. The palladium modifier 

(injection volume 10 µl) was pre-injected into graphite furnace before the sample injection (sampling 

volume 20 µl).  

RESULTS AND DISCUSSION  

Graphite furnace program optimization 

Firstly, arsenic content in the sample with high concentration of NaCl (10 g/l) was measured 

under the graphite furnace temperature program recommended by the manufacturer of ET-AAS 

(Table 1). The palladium (1% v/v) was used as the modifier.  

Table 1 Graphite furnace temperature program recommended by the manufacturer of ET-AAS 

Step 1 2 3 4 5 6 7 

Temperature, °C 85 95 120 1400 1400 2600 2800 

Ramp time, sec 5 40 10 5  0.6 2 

Hold time, sec    1 2 2  

Read      ON  

Argon flow, l/min 0.3 0.3 0.3 0.3 0 0 0.3 

Legend: 1,2,3 – drying steps; 4,5 – pyrolysis steps; 6 – atomization step; 7 – cleaning step 
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High concentration of sodium chloride in the sample matrix generated high background 

absorbance which deformed the absorbance of analyte (Figure 2). When the temperature program 

recommended by the manufacturer was used for arsenic determination, the method recovery of arsenic 

in the sample with high salinity was only 50–70% with RSD = 17.8%. The limit of detection for As in 

solution NaCl (10 g/l) was 12.2 µg/l (sample volume 20 µl, 10 replicates). 

Figure 2 The absorption signal of arsenic at temperature program stated in Table 1 

Legend: Red line – temperature program; blue line – analyte absorbance; black line – background absorbance 

To reduce the background absorption a cool-down step before atomization was incorporated into 

the graphite furnace temperature program (Table 2). Longer duration of drying step prevented boiling 

of the sample in the graphite tube. 

Table 2 Graphite furnace temperature program with pre-atomization cool-down step 

Step 1 2 3 4 5 6 7 

Temperature, °C 90 150 300 1300 130 2300 2650 

Ramp time, sec 9 30 25 10 15 1 5 

Hold time, sec  20  30 1 3  

Read      ON  

Argon flow, l/min 0.3 0.3 0.3 0.3 0.3 0 0.3

Legend: 1,2,3 – drying steps; 4 – pyrolysis step; 5 – cool-down step; 6 – atomization step; 7 – cleaning step 

A cool-down step between the steps of pyrolysis and atomization ensured that the sample matrix 

effect was reduced, and the background absorption was lower about 95–100% (Figure 3). The RSD was 

decreased to less than 1%. The method recovery of arsenic with temperature program using 

cool-down step was 98–100%. Limit of detection for As in solution NaCl (10 g/l) was decreased to 

1.1 µg/l (sample volume 20 µl, 10 replicates). 

Figure 3 The absorption signal of arsenic at temperature program stated in Table 2 (with pre-

atomization cool-down step) 

Legend: Red line – temperature program; blue line – analyte absorbance; black line – background absorbance 
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Bozsai et al. (1990) achieved similar results using palladium-magnesium nitrate modifier, 

pyrolysis temperature 1300 °C and the temperature drop after the pyrolysis step. It is assumed that high 

background absorbance is caused by Rayleigh scattering by larger salt particles in the cooler regions at 

the tube ends. When the pre-atomization cool-down step is incorporated into the graphite furnace 

temperature program, the tube is heated more uniformly and the effect of the cool tube ends is avoided 

almost completely (Bozsai et al. 1990). 

Moreover, standard addition calibration method instead of matrix-free calibration was used to 

reduction matrix interferences. This step improved the performance of the methodology and made it 

independent of the knowledge of the NaCl concentration in the sample. 

Graphite furnace surface-modification 

Although we have achieved very good results of arsenic recovery through temperature program 

improvement, the lifetime of the graphite tube was reduced due to the aggressive composition of the 

sample matrix. The surface of the graphite tube was significantly damaged after about 50 firing cycles. 

For this reason, we have combined the cool-down step temperature program with the modification of 

graphite furnace surface by tungsten carbides.  

Figure 4 The absorption signal of arsenic at temperature program stated in Table 2 (pre-atomization 

cool-down step) and at the modification of graphite furnace surface by tungsten carbides 

Legend: Red line – temperature program; blue line – analyte absorbance; black line – background absorbance 

The modification of graphite furnace surface by tungsten carbides led to the shift of the total 

background absorbance prior to the actual absorbance of the analyte. This prevents the distortion of the 

analyte absorbance (Figure 4). The lifetime of the graphite tube was significantly increased to 250 firing 

cycles. 

CONCLUSION 

The sensitive and precise method has been proposed and optimized for arsenic determination in 

samples containing high concentrations of chlorides. The interference effect of the sample matrix was 

reduced by the combination of palladium (1 g/l) modifier, graphite furnace temperature program with 

the cool-down pre-atomization step and graphite tube modified with tungsten carbides. The background 

absorbance was reduced about 95–100%. The new methodology allowed the determination of arsenic 

in solution NaCl (10 g/l) with the recovery of 98–100%. Limit of detection was decreased 11.3 times. 

Moreover, the lifetime of the graphite tube was increased five times. 
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5 RESULTS AND DISCUSSION 

The results of this dissertation thesis are provided within this chapter as individual 

scientific publications that have already been published/are in preparation for submission 

to peer-reviewed journals. These publications are supplemented by brief author’s 

comments. 

 

 

 

 

 

(Picture taken in the former mining open pit during sampling campaign in the Pays de Loire, 

France in 2020). 
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5.1 Development and evaluation of the DGT technique utilizing 

commercially available resin Lewatit FO 36 for determination of 

arsenic species in the aquatic environment  

Smolíková, V., Pelcová, P., Ridošková, A., Hedbávný, J., Grmela, J. Development and 

evaluation of the iron oxide-hydroxide based resin gel for the diffusive gradient in thin 

films technique. Analytica Chimica Acta. 2020, 1102, 36-45, IF 6.228. 

The DGT technique for the determination of arsenic generally utilizes binding phases 

containing iron hydroxide, ferrihydrite, titanium dioxide, zirconium oxide, or cerium 

oxide [225, 226, 228, 231, 233]. Nevertheless, the use of commercially available resins 

is generally preferred due to the stable quality of the product and their undemanding use 

(usually require no or minor pre-treatment in the meaning of grinding). But only two 

commercially available resins appeared in the literature so far – Metsorb and Amberlite 

IRA 910 [224, 229]. Metsorb is a titanium dioxide-based granular adsorbent while 

Amberlite IRA 910 is a strongly basic anion exchange resin with dimethyl ethanol 

ammonium functional groups. But both of them have unsatisfactory total sorption 

capacity of As (8.5 μg AsIII gel disc−1and 82.0 μg AsV gel disc−1 for Metsorb [17], 0.3 μg 

AsV gel disc−1 for Amberlite IRA 910 [16]).  

For this reason, a commercially available resin Lewatit FO 36 was used as a DGT 

binding phase for the first time in this work. Lewatit FO 36 is polystyrene-based resin 

with tertiary amine groups (–CH2–N(CH3)2) doped with nano-scaled film of FeO(OH) 

(Fig. 5-1). Oxyanions are bond by a specific, reversible reaction involving hydroxy-

groups on the iron oxide-hydroxide surface. The formed complexes of As with iron are 

inner-sphere complexes. The resin is highly selective for oxyanions such as arsenite and 

arsenate, and its performance is not influenced by the presence of other anions, such as 

chloride, sulphate, or nitrate [280]. This was in agreement with the results of this study 

where a new DGT technique with excellent total sorption capacity (~535 μg gel disc−1 

of each tested species – AsIII, AsV, monomethylarsonic acid (MMA), and dimethylarsinic 

acid (DMA)) was developed. No significant influence on the DGT performance was 
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observed in the pH range 4–8 or in the presence of chlorides (0–0.5 mol L−1) and humic 

acid (0–100 mg L−1). Due to the chemical analogy of arsenate and phosphate, the 

competition for binding sites can be observed, but only at a very high concentration of 

phosphates (10 mg L−1). However, with regard to the average concentration of 

phosphates found in European rivers which is generally very low (total phosphorus ~0.05 

mg L−1 [281]), this effect may be neglected. Similarly, a high concentration of iron in 

solution (Fe 1 mg L−1) resulted in its complexation with arsenic which thus became less 

labile and therefore the DGT-determined fraction of As was lower compared to the total 

concentration in the solution. But regarding the common concentrations of iron (less than 

0.3 mg L−1), the negative effect may be considered negligible in most natural waters. 

The performance of the novel Lewatit FO 36-DGT was evaluated by laboratory 

experiment with natural water sample (river Svratka, Brno, Czech Republic) and by in-

situ application in the Záskalská water reservoir (Neřežín, Czech Republic). Good 

agreement between the concentrations determined by DGT (cDGT) and concentrations in 

grab samples of the solution (cSOL) was observed with the resulting ratio of cDGT/cSOL 

varying between 0.99–1.04 in the spiked river water. The cDGT/cSOL ratio in the Záskalská 

reservoir was 0.91–0.93 even after 49 days of deployment. 

 

Fig. 5-1 (A) Chemical structure and appearance of Lewatit FO 36 [280]; (B) illustration of 

interactions between arsenic inorganic species with iron oxide-hydroxide functional groups 

(adapted from [282]). 
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� New DGT resin gel utilizing Lewatit®

FO 36 resin was developed.

� High total sorption capacity of four

arsenic species (AsIII, AsV, MMA,

DMA).

� Influence of various external factors

(pH, iron, chlorides, humic acid,

phosphates) was tested.

� Evaluation of DGT method on real

samples (in labortory and in-situ).
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a b s t r a c t

An ion-exchange resin Lewatit FO 36 was used for the preparation of a new resin gel for the diffusive

gradient in thin films technique (DGT). The DGT method was optimized for the accumulation of four

bioavailable arsenic species (AsIII, AsV, monomethylarsonic acid, dimethylarsinic acid) in the aquatic

environment. The total sorption capacity of Lewatit FO 36 resin gel was 535 mg As disc�1. The microwave-

assisted extraction in the presence of NaCl (10 g L�1) and NaOH (10 g L�1) was used for the isolation of

arsenic species from the Lewatit FO 36 resin gel. The elution efficiency of arsenic was 98.4 ± 2.0%. Arsenic

was determined by the optimized electrothermal atomic absorption spectrometry (ET-AAS) method

using palladium modifier, pre-atomization cool-down step and tungsten carbides coating of graphite

tube. The Lewatit FO 36 resin gel provides accurate results (cDGT/cSOL ratio 0.86e1.00) in the pH range 4

e8. No significant influence of experimental conditions was observed in the presence of chlorides (0

e0.5 mol L�1) and humic acid (0e100 mg L�1). Only a very high concentration of phosphates (10 mg L�1)

caused a slight decrease in the diffusion coefficients of MMA and AsV species (8.4% and 12.4%, respec-

tively). The presence of iron (0e1 mg L�1) caused a decrease in the diffusion coefficients, but with regard

to the common concentrations of iron (less than 0.3 mg L�1), the negative effect was considered not

significant for AsIII and DMA in natural water. The DGT-ET-AAS method was applied for the determi-

nation of bioavailable arsenic species in the spiked river water samples and also in-situ in the water

reservoir. The new resin gel was characterized by a homogeneous gel structure with excellent
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DOM, dissolved organic matter.
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reproducibility (< 5% variation of results between batches) and high sorption capacity which suggests its

possible long-term application (up to 286 days in the environment with the arsenic concentration of

100 mg L�1).

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Since heavy metals belong to persistent contaminants of the
environment, they present a worldwide problem. Arsenic with its
mutagenic and carcinogenic effects is one of the most toxic met-
alloids that can occur in the aquatic, as well as sediment and soil
ecosystems [1,2]. Toxicity and bioavailability of arsenic are closely
related to its chemical forms. The most frequent inorganic species
are arsenite (AsIII) and arsenate (AsV). Reduced arsenite species are
10 times more toxic and mobile than oxidized inorganic ones and
both have generally higher toxicities (70e100 times more) than
organic arsenic species, such as monomethylarsonic acid (MMA) or
dimethylarsinic acid (DMA) [3e6]. Methylation of inorganic arsenic
compounds in the environment does not generally occur under
abiotic conditions even in the presence of carbon sources, and
therefore organic compounds are almost entirely produced by
bacterial methylation. The transformation process is reversible, and
the balance of methylation/demethylation processes is influenced
by various external factors, i.e. pH, redox potential (Eh), tempera-
ture, availability of carbon sources to As-methylating microorgan-
isms [7,8]. Depending on the transformation of arsenic species
there are significant changes in their toxicity and mobility and
therefore, it is important to determine not only the inorganic but
also the organic species of arsenic.

In a number of ecotoxicological studies, toxic effects of metals
on living organisms have been related to measuring the total con-
centration of metals in the environment. But total metal content
provides a limited forecast of its availability to biota. Therefore, the
determination of labilemetal flows from the environment using the
diffusive gradient in thin films technique (DGT) appears to be a
suitable alternative to conventional methods which can also cause
unpredictable changes of analyte chemical forms during sampling,
sample transfer and processing [9]. The DGT technique can provide
information about bioavailability of metals from the environment,
it stands out for its simplicity, low cost, and time intensity. More-
over, the possibility of in-situ application of DGT over a long time
period provides obtaining more detailed results of time-weighted
average (TWA) concentrations than the single grab sampling. The
DGT technique can simulate the process of metal uptake by biota
using the diffusive gel membrane (an equivalent of the biological
membranes, e.g. gills, roots) and the binding gel layer (an equiva-
lent of the biota tissues). Therefore, the DGT has a great potential
not only to measure the available portion of analyte in the envi-
ronment but also to predict the metal concentration in biota before
any sacrifice of living organisms [10].

In most of published works dealing with arsenic and DGT,
binding gels contain synthesized binding micro- or nano-
components such as iron-hydroxide [3], ferrihydrite [11], titanium
dioxide [12], zirconium oxide [13] or cerium oxide [14], as well as
resins such as Metsorb [15], Amberlite IRA 910 [16], 3-
mercaptopropyl-functionalized silica [17] or even activated car-
bon [18]. Some researchers also combined the binding components
to achieve better results or to perform a multi-elemental analysis
[19e24]. However, the laboratory synthesis of binding microparti-
cles and nanoparticles is time-consuming, and it may be difficult to
ensure the reproducibility of the micro- and nanoparticles’

properties of each batch. This fact requires a thorough character-
ization of each batch of microparticles to ensure the constant
quality. Also, sufficient homogeneity of gel structure may not be
achieved using the laboratory synthesized wet micro- or nano-
particles (when drying the particles by pressure between the filter
papers or weighing them after centrifugation and decantation of
excess water). On the other hand, the preparation of resin-
containing gels is generally less time-consuming because resins
are commercially available, sorbent quality is stable and the sorp-
tion properties of the formed gels are repeatable batch-to-batch.
The main disadvantage and limitation of resin-containing gels is
their unsatisfactory sorption capacity e 8.5 mg AsIII gel disc�1 and
82.0 mg AsV gel disc�1 for Metsorb [17], 0.3 mg AsV gel disc�1 for
Amberlite IRA 910 [16], 77.5 mg AsIII gel disc�1 for 3-
mercaptopropyl-functionalized silica [17].

In this work, the commercial anion-exchange resin Lewatit FO
36 containing iron oxide-hydroxide functional groups is tested for
the manufacture of resin DGT gels. Lewatit FO 36 is commercially
available in stable quality and combines simplicity and unde-
manding use of resin and high sorption capacity which is usually
typical for micro or nanoparticles. Because of the strong ability of
iron compounds to bind arsenic, they are commonly used in many
arsenic removal technologies for the treatment of drinking water.
Lewatit FO 36 resin is originally designed to reduce arsenic
contamination in potable water supplies. It adsorbs arsenite as well
as arsenate compounds and according to the manufacturer, the
sorption capacity of this resin is not influenced by the presence of
other anions such as chlorides, sulfates or nitrates. Nevertheless,
the use of this resin for the preparation of DGT resin gels has not yet
been discussed in the literature. Here we present a detailed
description of the gel preparation, characterization of prepared
resin gels and optimization of the elution process and the analysis
procedure for arsenic determination. Sorption capabilities of the
newly formed Lewatit FO 36 resin gel were compared to those of
iron-hydroxide gel [3] because both binding components have
similar functional groups. The influence of relevant factors (pH,
iron, chlorides, humic acid and phosphates) that may affect the
sorption of arsenic was evaluated. Suitability of the new Lewatit FO
36 gel-DGT-AAS method for determining arsenic in the aquatic
environment was verified by the analysis of spiked river water
sample and by the field trial.

2. Materials and methods

2.1. Reagents and chemicals

All chemicals were of analytical grade. Standard solutions of AsIII

(c ¼ 999 ± 4 mg L�1 in 2% (v/v) HNO3) and AsV (c ¼ 995 ± 3 mg L�1

in H2O) (Sigma-Aldrich, Germany) were used for the preparation of
arsenite and arsenate stock and calibration solutions. Disodium
methylarsonate hexahydrate CH3AsNa2O3 � 6H2O (Chem Service,
USA) and dimethylarsinic acid (CH3)2AsO2H (Fisher Scientific,
Czech Republic) were used for the preparation of MMA and DMA
stock and calibration solutions without any further purification. All
solutions were prepared using Milli-Q water produced by Millipore
Milli Q system (Millipore, Bedford, MA, USA).
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The 65% HNO3 (VWR, Czech Republic) purified by the distillation
apparatus (Type BSB-939 IR, Germany) and NaOH (Penta, Czech
Republic) were used for pH adjustment. Sodium chloride and so-
dium nitrate (Penta, Czech Republic) were of analytical grade.
Humic acid, Fe3þ standard solution (c ¼ 10 ± 0.05 g L�1 in 3% (v/v)
HNO3) (Sigma-Aldrich, Germany) and potassium phosphate (Penta,
Czech Republic) were used for testing the influence of experimental
conditions on accumulation arsenic.

Palladium 10 g L�1 (Analytika, Czech Republic) was used for the
preparation of Pd modifier (1% (v/v)) and Na2WO4 � 2H2O (Sigma-
Aldrich, Germany) was used for the coating of graphite furnace.

DGT resin gels were prepared using acrylamide 40% (w/v)
(Merck, Germany), ammonium persulfate (Honeywell Fluka, Ger-
many), N,N,N0,N’-tetramethylethylenediamine (TEMED) (Sigma-
Aldrich, Germany), agarose-derived DGT cross-linker (2%) (DGT
Research Ltd., UK) and Lewatit® FO 36 resin (Lanxess, Germany).
For the preparation of iron-hydroxide, ferric nitrate nonahydrate
Fe(NO3)3 � 9H2O (Sigma-Aldrich, Germany) was used.

2.2. Instrumentation and DGT devices

Determination of arsenic content in samples was performed
using the atomic absorption spectrometer 280Z AA (Agilent Tech-
nologies, USA) with electrothermal atomization and using Zeeman
background correction. Arsenic concentration was analyzed at a
wavelength of 193.7 nm with a spectral bandwidth of 0.5 nm. As a
light source, an ultrasensitive hollow cathode lamp (Agilent Tech-
nologies, USA) with lamp current 10 mA was used.

DGT pistons with an exposure area of 3.14 cm2 (DGT Research
Ltd., UK) and membrane filters of 0.45 mm pore size and 0.013 cm
thickness (Pall Corporation, USA) were used for the experiments.
All glass, plastic spacers, and components were cleaned by soaking
in 10% HNO3 for at least 48 h and rinsed with Milli-Q water prior to
use.

2.3. Preparation of Lewatit FO 36

The Lewatit FO 36 resin was used for the manufacture of new
DGT resin gels. Prior to use, the resin was purified using a solution
of sodium hydroxide (10 g L�1) and sodium chloride (10 g L�1)
according to the manufacturer’s instructions. After 24 h of regen-
eration, the resin was filtrated, washed with Milli-Q water and
dried at 35 �C. The purified resin was ground and sieved through a
Teflon sieve (150 mm).

2.4. Preparation of iron-hydroxide

Iron-hydroxide was prepared according to a protocol given in
the literature [25]. The precipitate of iron-hydroxide was formed by
the titration of 4% (w/v) Fe(NO3)3 � 9H2O solution with 1 M NaOH
to pH 7.0. The resulting brown-red precipitate was decanted and
then washed several times with Milli-Q water. Iron-hydroxide was
stored at 4 �C under Milli-Q water.

2.5. Production of diffusive and resin gels

Polyacrylamide type of diffusive gels (PAM) consists of 10 mL of
gel solution (15% of acrylamide, 0.3% of cross-linker and Milli-Q
water), 70 mL of 10% (w/v) ammonium persulfate and 25 mL of
TEMED. Diffusive gels were produced according to the protocol
stated in the literature [26] using a 0.050 cm plastic spacer.

Resin gels were prepared bymixing 0.375 g of processed Lewatit
FO 36 powder and 3 mL of gel solution. Under constant stirring
36 mL of TEMED and 72 mL of 10% (w/v) ammonium persulfate were
added to the mixture. The resulting solution was pipetted between

two glass plates separated by a plastic spacer (0.025 cm) to create a
gel of defined thickness. The resin gel was then allowed to poly-
merize in the drying oven at 40 �C for 1 h.

Iron-hydroxide based gels were prepared using 0.750 g of iron-
hydroxide precipitate (after its filtration and removal of excess
water by compressing between two filter papers) in 3 mL of gel
solution. After thorough mixing, 4.5 mL of TEMED and 18 mL of 10%
(w/v) ammonium persulfate were added to the solution. The iron-
hydroxide based gel was then processed in the same manner as the
previous gel type, but it was polymerized at 45 �C for 1 h.

After the polymerization of gel sheets in the drying oven, the
diffusive gel and both types of binding gels were conditioned in
Milli-Q water for 24 h with several changes of water (at least three
times). The gel sheets were then cut into discs (diameter 2.5 cm)
and stored at 4 �C under Milli-Q water. The thickness of diffusive
gels after conditioning in demineralized water was
0.080 ± 0.002 cm (n ¼ 10).

2.6. Optimization of the arsenic elution from the Lewatit FO 36

resin gel

One Lewatit FO 36 resin gel disc (5 replicates) was deployed into
20 mL of 0.01 M NaNO3 solution (pH 5.0) with concentration
5mg L�1 of As. After 24 h, gel discs were removed from the solution,
rinsed with Milli-Q water and inserted into various elution agents
(1 M/6 M/conc. HNO3; 6 M/conc. HCl; 1 M H2SO4 or their combi-
nation either at room temperature or at 70/130/150 �C in micro-
wave extraction oven). The mixture of sodium hydroxide and
sodium chloride with the mass ratio of 1:1 recommended by the
manufacturer as a regeneration agent of Lewatit FO 36 resin was
used as well. The remaining concentration of arsenic in the initial
solution and the concentration of arsenic released from the gel disc
through the elution process were measured by the atomic ab-
sorption spectrometer and used for the calculation of elution effi-
ciency. The concentration of elution agent, elution time and
temperature of microwave extraction were among the optimized
parameters of the elution procedure.

2.7. Optimization of the ET-AAS determination

Since the highly concentrated mixture of NaOH and NaCl was
used as an elution agent for the release of arsenic from Lewatit FO
36 resin gels, the determination of As content in eluates was
complicated by the loss of arsenic content during the pyrolysis step
and interferences caused by the matrix of elution agent. Therefore,
the ET-AAS method was optimized for the determination of As in
high salinity samples by combining the palladium modifier (1% (v/
v)), cool-down step (130 �C) incorporated into the temperature
program and graphite tube coating by tungsten carbides [27].

2.7.1. Graphite furnace temperature program

Because the interference effect of chlorides presence cannot be
reduced by increasing pyrolysis temperature due to the volatile
character of the arsenic, the incorporation of a cool-down step
before atomization was used to minimize the matrix effect
(Table 1). The extension of drying steps to 84 s (original manufac-
turer’s recommended duration was 55 s) prevented boiling of the
sample in the graphite tube.

2.7.2. Graphite furnace surface-modification

To prevent the damage of the graphite tube inner surface caused
by the aggressive composition of elution agent, pyrolytic graphite
tubes were impregnated with an aqueous solution of sodium
tungsten. The tubes were soaked in the Na2WO4 solution (50 g L�1)
for 3 min in the ultrasonic bath. After careful wiping of the outer
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surface by cellulose wipes, they were heated in the AAS according
to the above mentioned optimized program. The process was
repeated three times. Every day prior to the start of analysis, 10 mL
of Na2WO4 solution was applied by sampler dispensing capillary
into the graphite furnace and heated according to the graphite
furnace temperature program.

2.7.3. Determination of arsenic

The samples were acidified with 3% (v/v) HNO3 before analysis.
The 1% (v/v) palladium modifier (volume 10 mL) was pre-injected
into the graphite furnace before the sample injection (volume
20 mL). The standard addition calibration method was used to
reduce possible matrix interferences.

2.8. Sorption capacity of resin gels

Resin gels containing Lewatit FO 36 were characterized by the
determination of sorption capacity of gel discs in a standard solu-
tion of each arsenic species (AsIII, AsV, MMA and DMA). Single resin
gel disc (5 replicates) was deployed into 20 mL of 0.01 M NaNO3

solution (pH 5.0) with concentration 0.1e300 mg L�1 of AsIII or AsV

and 0.1e1500 mg L�1 of MMA or DMA for 24 h under constant
stirring. The gel discs were then removed from the solution, rinsed
with Milli-Q water and eluted. The concentration of arsenic in the
eluate was analyzed by ET-AAS and used for the calculation of
arsenic mass accumulated per resin gel disc. The sorption capacity
of iron-hydroxide based gels was determined in the same way.

2.9. Measurement of diffusion coefficients by time-dependence

experiment

Time-dependence experiment was carried out using the com-
plete DGT units. The Lewatit FO 36 resin gel was placed on the top
of the plastic piston, covered with PAM diffusive gel andmembrane
filter, and capped by a tight-fitting outer sleeve with an exposure
window. The DGT units were deployed into 3 L of the 0.01MNaNO3

solution (pH 5.0) with the concentration 1 mg L�1 of individual As
species under constant stirring (for neglecting the diffusive
boundary layer). The DGT units (5 replicates) were removed from
the solution after 2, 4, 6 and 8 h. The diffusion coefficients (D, cm2

s�1) of AsIII, AsV, MMA, and DMAwere calculated from the slope of a
linear plot, using Eq. (1) [26], where Dg is the thickness of diffusive
layer consisting of diffusive gel and membrane filter
(0.080 þ 0.013 cm), C is the concentration of arsenic (1000 mg L�1)
in solution and A is the exposed area (3.14 cm2).

D¼
slope Dg

CA
(1)

Obtained diffusive coefficients were corrected to the tempera-
ture of 25 �C using Eq. (2) [28].

logDT ¼
1:37023

�
T � Tref

�
þ 8:36*10�4

�
T � Tref

�2

109þ T

þ log
DTref ð273þ TÞ�
273þ Tref

� (2)

2.10. Influence of external factors on as species accumulation by

DGT

The effect of pH (range 1.5e11.0), presence of iron (Fe3þ con-
centration 0e1 mg L�1), chlorides (Cl� concentration
0e0.5 mol L�1), humic acid (HA concentration 0e100 mg L�1) and
phosphates (PO4

3� concentration 0e10mg L�1) on the accumulation
of arsenic by the DGT was monitored. The five DGT units were
deployed into 3 L of the 0.01 M NaNO3 solution (pH 5.0, except for
the pH influence experiment) with the known concentration
(C ¼ 1000 mg L�1) of individual As species for 4 h (t ¼ 14 400 s)
under constant stirring. The mass of arsenic (M, ng) determined by
ET-AAS in the eluate was used for the calculation of diffusion co-
efficient using Eq. (3) [28].

D¼
MDg

A tC
(3)

2.11. Real samples

The efficiency of Lewatit FO 36 resin gels was evaluated by
deploying the DGT units into the sample of natural river water. The
sampling point on the Svratka River with GPS coordinates
49�07055.300N 16�37037.900E was selected. The sampling of river
water was performed in February 2019. The river water had a pH of
7.9 and contained 0.19 mg L�1 Fe (determined by F-AAS Agilent
Technologies, USA), 81.5 mg L�1 SO4

2�, 0.22 mg L�1 PO4
3�,

59.6 mg L�1 Cl�, 65 mg L�1 NO3
�, 0.1 mg L�1 NO2

�. The total con-
centration of As in the sample was below the method detection
limit (LOD ¼ 1.1 mg L�1). Therefore, the river water was spiked with
individual arsenic species (c ¼ 1 mg L�1). Five DGT units were
deployed into 3 L of the spiked river water under constant stirring.
The DGT units were removed from the solution after 4 h. The mass
of arsenic species accumulated by Lewatit FO 36 resin gels was
determined by ET-AAS.

For in-situ application, the DGTs (5 replicates for each sampling
time) were deployed in the Z�askalsk�a water reservoir located in the
vicinity of a former cinnabarmine called Jedov�a hora (49�47028.400N
13�52042.000E). The deployment was performed in June 2019, with
the maximum deployment time of 49 days. After the deployment,
the DGT units were rinsed with water and transported to the lab-
oratory in plastic bags. The water of Z�askalsk�a reservoir contained
0.09 mg L�1 Fe (determined by F-AAS Agilent Technologies, USA).
The concentration of As in the water was determined by ET-AAS
after pre-concentration by evaporation of liquid under nitrogen
flow by Ultravap 96 (Porvair Sciences limited, USA) and subsequent
dissolution of the residue in 5% HNO3.

2.12. Statistical analysis of results

Analytical software Statistica 13 (StatSoft, Czech Republic) was
used for data analysis. One-way ANOVA was used to evaluate the
significance of the influence of experimental conditions on the
diffusion coefficients. Statistical significance was declared when p-

Table 1

Graphite furnace temperature program with pre-atomization cool-down step.

Stepa 1 2 3 4 5 6 7

Temperature, �C 90 150 300 1300 130 2300 2650

Ramp time, sec 9 30 25 10 15 1 5

Hold time, sec 20 30 1 3

Read ON

Argon flow, Lmin-1 0.3 0.3 0.3 0.3 0.3 0 0.3

a 1,2,3 e drying; 4 e pyrolysis; 5 e cool-down; 6 e atomization; 7 e cleaning.
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value was < 0.05.

3. Results and discussion

3.1. Elution efficiency

The elution efficiency was characterized as a percentage of
arsenic released from the total amount of arsenic adsorbed on the
gel disc. Unfortunately, none of the commonly used elution agent
such as 1 M/6 M HNO3, 6 M HCl or 1 M H2SO4 provided satisfactory
results neither at room temperature nor aftermicrowave extraction
(elution efficiency 30.8 ± 90.6%e74.1 ± 26.5%). Moreover, concen-
trated acids caused dissolution of resin gel and even filtrated elu-
ates generated nonspecific interference effects during the AAS
analysis (elution efficiency 112.2 ± 35.6%e551.3 ± 22.9%). The best
results with quantitative elution yields (98.4 ± 2.0%) of arsenic
content from resin gel were obtained, when the mixture of sodium
chloride (10 g L�1) and sodium hydroxide (10 g L�1) was used as
elution agent for microwave-assisted extraction at 130 �C for
16 min (Fig. 1). After this extraction process, the gel disccould be
easily removed from the solution and eluate sample can be directly
analyzed.

3.2. Analytical performance

The high concentrations of NaOH and NaCl in the matrix of
eluate generated high background absorbance which caused
deformation of the analyte absorbance signal. The incorporation of
the cool-down step (130 �C) before the atomization ensured that
the background absorption was lower by 95e100%. Limit of
detection of the method was decreased eleven times to 1.1 mg L�1.
The accuracy of the method in terms of measuring the arsenic
content in the presence NaOH (10 g L�1) and NaCl (10 g L�1) was
98e100% with high precision (RSD ¼ 1.0%). The inner surface of the
graphite tube was also modified by tungsten carbides. This step led
to a five-fold extension of the lifetime of the graphite tube (to 250
firing cycles) which was otherwise very rapidly damaged by the
matrix of the elution agent. The optimized ET-AAS method enabled
a sensitive, precise and fast determination of arsenic content eluted
from the Lewatit FO 36 resin gel.

3.3. Sorption capacity

The total and effective sorption capacity of the Lewatit FO 36 gel
towards AsIII, AsV, MMA and DMA was evaluated by the determi-
nation of adsorption isotherms, which express the dependence of
the arsenic mass accumulated per gel disc on the concentration of
individual arsenic species in the initial solution (Fig. 2).

The total sorption capacity of Lewatit FO 36 resin gel at pH 5.0
towards each arsenic species was ~535 mg gel disc�1. The sorption of
AsIII and AsV was linear until reaching the total sorption capacity of
resin gel. The effective sorption capacities of MMA and DMA species
were lower (up to ~321 mg gel disc�1and ~226 mg gel disc�1,
respectively). Contents of arsenic in PAM gels and Lewatit FO 36 gel
blanks were below the limit of detection (LOD ¼ 1.1 mg L�1). The
high sorption capacity of Lewatit FO 36 gel suggests its possible
deployment in field experiments for a long time period with regard
to common arsenic concentrations in aquatic ecosystems (less than
10 mg L�1 and frequently less than 1 mg L�1) [29]. Even if the con-
centration of arsenic in a contaminated area reached 100 mg L�1, the
sorption capacity would be filled in 286 days.

In comparison to iron-hydroxide based gel which has a similar
functional group as Lewatit FO 36 resin, the total sorption capacity
is 4.5 times higher (compared to ~118 mg As gel disc�1 determined
in our laboratory). In comparison with microparticles containing
gels used for the determination of arsenic, the Lewatit FO 36 resin
gel provides better sorption capabilities toward AsIII than ZrO2

(~400 mg As gel disc�1) and TiO2 (~275 mg As gel disc�1) binding
gels. Moreover, the sorption capacity of Lewatit FO 36 resin gel
toward AsV is higher than the sorption capacities of CeO2 (~375 mg
As gel disc�1) and TiO2 (~275 mg As gel disc�1) binding gels [14].

3.4. Measurement of diffusion coefficients by time-dependence

experiment

Time-dependence experiment was performed to obtain diffu-
sive coefficients (D) of individual arsenic species which were
calculated from the slope of a linear plot of arsenic mass accumu-
lated per gel disc as a function of time using Eq. (1). Due to the
almost identical character of AsV, MMA and DMA curves, only the
one of AsV is shown in Fig. 3 for better clarity.

The calculated diffusion coefficients of individual arsenic species
(in 0.01 M NaNO3 solution, pH 5.0, at 25 �C) were

Fig. 1. Comparison of the elution efficiency of individual elution agents under different temperature conditions (n ¼ 5).
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7.08 ± 0.07 � 10�6 cm2 s�1 for AsIII, 6.16 ± 0.13 � 10�6 cm2 s�1 for
AsV, 6.13 ± 0.17 � 10�6 cm2 s�1 for MMA and
5.74 ± 0.16 � 10�6 cm2 s�1 for DMA. Diffusion coefficients of indi-
vidual species vary widely in many studies [3,4,13e15] and closest
to our results were those stated by Price et al. [30] with
7.45 � 10�6 cm2 s�1 for AsIII and 6.05 � 10�6 cm2 s�1 for AsV.
Compared to Gorny et al. [4], the same downward trend in the
mobility of arsenic species was obtained in this study
(AsIII > AsV¼MMA > DMA). These results also agreewith themolar
masses of each arsenic species. Differences in the diffusion course
of individual arsenic species could be also explained by their
different hydration size. Arsenite species are at pH 5.0 represented
by neutral form H3AsO3 while arsenate species are represented by
H2AsO4

� (pH 2e7) as shown in the distribution diagrams (Fig. 4)
created by the Medusa Software (Royal Institute of Technology,
Sweden). More dissociated species are characterized by a thicker
hydration layer, which causes their slower diffusion through the
diffusive layer [31e33].

Since there are differences in the diffusion coefficients of

individual arsenic species, it may be difficult to choose which one
should be used for the determination of total arsenic concentration
without the knowledge of its speciation in real ecosystems. The use
of the average diffusion coefficient (6.41 � 10�6 cm2 s�1) calculated
from the highest and lowest D values presented in this work only
generate 11.6% error in terms of underestimation of DMA concen-
tration. In the case of 100% representation of AsIII in the sample, its
concentration would be overestimated by 9.5%. This level of un-
certainty is two times lower than the one stated by €Osterlund et al.
[34] who determined D values of the same arsenic species for
ferrihydrite-backed resin gel. Therefore, the use of average diffu-
sion coefficient is acceptable for the determination of total arsenic
contamination in real ecosystems.

3.5. External influences on as species uptake by DGT

3.5.1. Influence of pH

The influence of pH in the range of 1.5e11.0 on the diffusion
coefficients of individual arsenic species was monitored (Fig. 5A).

Fig. 2. Sorption capacity of Lewatit FO 36 resin gels towards AsIII, AsV, MMA and DMA (accumulation time 24 h, n ¼ 5).

Fig. 3. Time-dependence experiment of arsenic species (arsenic species concentration 1 mg L�1, n ¼ 5).
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No statistically significant difference (p > 0.05) in the diffusion
coefficients of individual arsenic species was observed in the pH
range 4e8. In strongly acidic conditions, a decrease in diffusion
coefficients was observed for AsIII (pH < 4), MMA, and DMA
(pH < 3). The diffusion coefficient of AsV remained stable up to pH
of 1.5. In strongly alkaline conditions, a decrease in the diffusion
coefficients of all species was observed (pH¼ 9e11). Changes in the
diffusion coefficients can be caused by the dissociation of all arsenic
species as shown in Fig. 4. The observed decrease in D values in
acidic conditions can be also caused by the dissolution of iron
oxide-hydroxide at a pH lower than 4, which is also pointed out by
themanufacturer of the Lewatit FO 36 resin. However, pH in natural
water is in the range of 4e8 and therefore the Lewatit FO 36 resin
gel can be considered suitable for field applications.

3.5.2. Influence of iron

The presence of ferric compounds in the aqueous environment
affects the mobility of arsenic [35,36] and thus the influence of iron
on the accumulation of arsenic by DGT units was investigated. Iron
in the concentration range of 0e1 mg L�1 was used for the exper-
iment. As shown in Fig. 5B, a statistically significant difference

(p < 0.05) in the diffusion coefficients of all individual arsenic
species was observed. The decrease in D values was caused by the
binding of As species to iron, resulting in the loss of arsenic avail-
ability to DGT. However, with regard to the common concentrations
of iron in natural water (less than 0.3 mg L�1, rarely exceeds
1 mg L�1) [37,38], the negative effect is considered not significant
for AsIII and DMA. Obtained results indicate that it is important to
consider the influence of iron on the diffusion coefficient of arsenic
species particularly in mineral water or wastewater, where higher
concentrations of iron can occur.

3.5.3. Influence of chlorides

Lewatit FO 36 is a strongly basic anion-exchange resin and
therefore the influence of commonly occurring anions was studied.
Due to the high concentration of chlorides in natural water (com-
mon concentration of Cl� in river water is less than 50 mg L�1,
majority of seawater contains 17e35 g L�1 [39]), the influence of
these anions was tested. No statistically significant difference
(p > 0.05) in the diffusion coefficients of individual arsenic species
was observed in the range of chlorides concentration 0e0.5mol L�1

(Fig. 5C). These results indicate the possible application of Lewatit

Fig. 4. Distribution diagram of arsenite (A) and arsenate (B) fractions under different pH conditions.

Fig. 5. Influence of pH (A), iron (B), chlorides (C), humic acid (D) and phosphates (E) on the diffusive coefficients of arsenic species (arsenic species concentration 1 mg L�1,

accumulation time 4 h, n ¼ 5).
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FO 36 resin gels even in high salinity natural waters.

3.5.4. Influence of humic acid

Humic acid (HA) together with fulvic acid (FA) are two main
fractions of dissolved organic matter (DOM). The concentration of
DOM varies widely in natural water sources, especially in back-
water, lakes or ponds, where it could reach the concentration up to
60 mg L�1 [40]. The effect of the presence of humic acid was
investigated because it can form complexes with arsenic and thus
influence its mobility (Fig. 5D) [40,41]. No statistically significant
difference (p > 0.05) in the diffusion coefficients of individual
arsenic species was observed in the range of humic acid concen-
tration 0e100 mg L�1. These results correspond to those stated by
Panther et al. [3] for iron-hydroxide gel.

3.5.5. Influence of phosphates

According to the manufacturer, the sorption abilities of Lewatit
FO 36 resin should not be influenced by the presence of anions such
as chlorides, sulfates, and nitrates. Nevertheless, the presence of
phosphates can cause competition of arsenic accumulation,
because phosphorus and arsenic are chemical analogs which form
similar molecules. Therefore, competitive inhibition of arsenate
accumulation in the presence of phosphate can be assumed [42,43].
Diffusion coefficients of all arsenic species showed a slight down-
ward trendwith the increasing phosphate concentration (Fig. 5E). A
statistically significant difference (p < 0.05) in D values of AsV and
MMA (by 12.4% and 8.4%, respectively) was observed at phosphates

concentration of 10 mg L�1. This is due to the similarity of AsV and
methylated MMA chemical structures to phosphate. No statistically
significant difference (p > 0.05) in the diffusion coefficients of AsIII

and DMA was observed. The presence of phosphates can affect the
sorption of arsenic, but with regard to common phosphate con-
centrations in natural water which are generally very low
(1e24 mg L�1 in major rivers [44]), this effect can be considered
neglectable. However, consideration should be given to the phos-
phate content in the case of wastewater analysis.

3.6. Real samples

3.6.1. Laboratory evaluation of Lewatit FO 36 gel on the river

sample

To evaluate the performance of Lewatit FO 36-DGT-AAS method
for the determination of arsenic contamination, the DGT devices
were deployed in the natural water sample under laboratory con-
ditions. Due to the natural content of arsenic in the Svratka river
water below the limit of detection (LOD¼ 1.1 mg L�1), samples were
spiked with individual arsenic species. No other treatment of water
sample was made to preserve its natural properties.

The comparison of the arsenic concentration directly measured
by ET-AAS in the solution (cSOL) and concentration obtained by DGT
units (cDGT) using Eq. (3) is shown in Table 2. Since the river water
contained 0.19 mg L�1 Fe, the diffusion coefficients of AsV andMMA
determined in the presence of 0.20 mg L�1 Fe were used for the
calculation of cDGT. Because the diffusive coefficients of AsIII and
DMA are not influenced by this iron concentration, those D values
determined in 0.01 M NaNO3 solution were used for calculations.

Using these D values, good agreement between cDGT and cSOL
was observed for all arsenic species. Based on these results, it can be
assumed that themethod provides accurate results and can be used
for applications in real ecosystems.

3.6.2. In-situ application of Lewatit FO 36 resin gel

Good linearity of arsenic mass accumulated on the Lewatit FO 36
resin gels up to 14 days was obtained. Arsenic accumulation during
longer immersion of DGT units (49 days) was influenced by the
formation of biofilm on the DGT units, which led to the 6.1%
decrease of accumulated mass (Fig. 6). In order to avoid the influ-
ence of slow water flow in the Z�askalsk�a water reservoir on the

Table 2

The comparison of the arsenic concentration obtained by DGT and by direct ET-AAS

measurement.

Arsenic species cDGT (mg L�1)a cSOL (mg L�1)b cDGT/cSOL

AsIII 1.02 ± 0.03 1.02 ± 0.02 0.99 ± 0.01

AsV 1.03 ± 0.03 1.04 ± 0.02 0.99 ± 0.01

MMA 1.08 ± 0.05 1.04 ± 0.01 1.04 ± 0.03

DMA 1.01 ± 0.04 1.02 ± 0.02 0.99 ± 0.01

a Measured by DGT (5 replicates) using diffusion coefficients determined at

0.20 mg L�1 Fe (7.08 � 10�6 cm2 s�1 for AsIII, 4.73 � 10�6 cm2 s�1 for AsV,

4.82 � 10�6 cm2 s�1 for MMA, 5.74 � 10�6 cm2 s�1 for DMA).
b Measured directly by ET-AAS.

Fig. 6. Accumulation of arsenic in the Z�askalsk�a water reservoir.
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sorption of arsenic, the diffusion coefficient was calculated from the
dependence of accumulated arsenic mass on the time of each
sampling (7, 14 and 49 days) using Eq. (1). The obtained D value
2.20� 10�6 cm2 s�1was used for the calculation of cDGT. The arsenic
concentration measured by Lewatit FO 36-DGT after 14 days was
0.59 ± 0.08 mg L�1, while the concentration of arsenic in Z�askalsk�a
water after its pre-concentration was 0.54 ± 0.03 mg L�1. There was
a good agreement between cDGT and cSOL values with the relative
deviation of 10.4%.

4. Conclusions

This study presents the use of newly created DGT resin gel uti-
lizing the ion-exchange resin Lewatit FO 36. The Lewatit FO 36 resin
gel is characterized by homogeneous gel structure with excellent
reproducibility and low time-consuming production. The high
sorption capacity (~535 mg gel disc�1) of Lewatit FO 36 gel towards
four arsenic species (AsIII, AsV, MMA, DMA) suggests its possible
long-term application (up to 286 days in the environment with the
arsenic concentration of 100 mg L�1) to obtain time-weighted
average concentrations of arsenic in natural waters. This allows
obtaining more representative results than simple grab sampling.
The sorption abilities of Lewatit FO 36 gel remained stable in the pH
range 4e8 relevant to natural waters. Diffusion coefficients of all
tested arsenic species were influenced neither by high concentra-
tions of chlorides nor by humic acid. Only a very high concentration
of phosphates (10 mg L�1) caused a slight decrease in the diffusion
coefficients of AsV and MMA species (12.4% and 8.4%, respectively),
while those of AsIII and DMA remained stable. With respect to
common iron concentrations in natural water (less than
0.3 mg L�1), the influence of iron presence is negligible for the
determination of AsIII and DMA. However, it is important to
consider the influence of iron on the diffusion coefficients of arsenic
species particularly in areas, where higher concentrations of iron
can occur and consequently to select the appropriate diffusion
coefficient for calculations. However, the Lewatit FO 36-DGT-AAS
method provided excellent results in the determination of arsenic
content in the real river water and during a long term (up to 49
days) in-situ application in the Z�askalsk�a water reservoir.
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5.2 Evaluation of arsenic bioavailability in mineral springs (Czech 

Republic) using Lewatit FO 36-DGT technique       

Smolíková, V., Sedláčková, E., Pelcová, P., Ridošková, A., Musilová, B. Determination 

of arsenic bioavailability in mineral springs in the Czech Republic. In: MendelNet 2019: 

Proceedings of International PhD Students Conference, Brno, 2019, Vol. 26, pp. 636-

641. 

The DGT technique is considered an effective tool for the determination of 

bioavailability of various contaminants in the environment [6, 283]. The bioavailability 

of metals is influenced by water quality parameters (i.e., pH, ionic strength, Eh, presence 

of organic matter, presence of other compounds which can either compete for binding 

sites or form complexes with metals) that together create specific conditions for the 

formation of different metal species [69]. Mobility and lability of arsenic are strongly 

influenced by the presence of iron in the solution [284]. Increased concentration of 

Fe(III) in the solution, thus also the concentration of FeO(OH) colloids, increases the 

colloidal As fraction which may have lower lability. The formation of As colloids is also 

significantly influenced by the presence of organic matter (humic substances such as 

humic and fulvic acids). If for example, fulvic acid is present in the same system, the 

sorption of As on Fe colloids may be limited – either by direct complexation of As and 

FA or by their competition for the binding sites on Fe colloids [228, 285]. The iron 

content in natural water is generally less than 0.3 mg L−1 (rarely exceeds 1 mg L−1) [286, 

287] and so the influence of iron on DGT performance is usually considered negligible. 

However, its content in mineral water may be elevated. For this reason, the availability 

of arsenic in two mineral springs Hronovka and Regnerka (Hronov, Czech Republic) 

that are characterized by naturally higher arsenic content was investigated by Lewatit 

FO 36-DGTs in this chapter. 

 Both mineral springs are characterized by naturally higher arsenic and iron content. 

The water from the underground aquifer is supplied by pipes and springs out from an  
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open tap which is available to the public. Since it was not possible to deploy DGTs in-

situ, the water was sampled and delivered to the laboratory where the experiment was 

performed. The concentrations of As and Fe were analysed in both, filtered (0.45 μm) 

and unfiltered samples, in order to exclude the presence of a particulate phase of these 

elements. Subsamples of mineral water were taken directly on-site and compared with 

samples taken from the deployment containers at the beginning of laboratory 

experiments. No difference was found between the results showing both elements were 

present in the dissolved phase and no changes occurred during storage of the water used 

for experiments; however, this information was not included in the contribution. To 

evaluate the arsenic bioavailability, its DGT-determined concentration (cDGT) was 

compared with As concentration in water grab sample (cGRAB). Despite expectations, the 

resulting cDGT/cGRAB ratio was 1.09 and 1.06 for mineral springs Hronovka and Regnerka, 

respectively. Arsenic was therefore fully DGT-available even though the iron content in 

mineral springs was 8.61 mg L−1 and 14.22 mg L−1 with molar ratios of Fe/As = 65.9 and 

167.8 in Hronovka and Regnerka, respectively. It is therefore assumed that the 

composition of the mineral water (that generally contains a high concentration of 

sulphates, carbon dioxide, chlorides, or sulphides) prevents the complexation of arsenic 

and iron in the solution, and so the arsenic is completely available to Lewatit FO 36-

DGTs.  

  This research was presented at the MendelNet2019 conference whose proceedings 

are regularly included in the Conference Proceedings Citation Index (Clarivate 

Analytics) and therefore, this peer-reviewed contribution was included as a part of this 

work as well. Moreover, this contribution was awarded as the best contribution in the 

section Applied Chemistry and Biochemistry.
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Abstract: Mineral springs Hronovka and Regnerka located in the northeast Bohemia, Czech Republic 
are characteristic for high content of arsenic. The diffusive gradient in thin films technique (DGT) was 
used for determination of arsenic bioavailable fraction in both mineral water samples. Despite the high 
concentration of iron in both mineral water, the arsenic content measured by DGT (cDGT) corresponded 
to the total arsenic concentration measured directly by ET-AAS in the grab sample of mineral water 
(cGRAB) with the final ratio cDGT/cGRAB 1.09 for Hronovka, and 1.06 for Regnerka. These results indicate 
that the composition of the mineral water prevents the complexation of arsenic and iron and so arsenic 
in tested spring waters is completely bioavailable.  

Key Words: arsenic, bioavailability, DGT, mineral spring 

INTRODUCTION 

In the Czech Republic, there are many natural mineral springs, some of which are traditionally 
used for their healing effects in spa towns. In the area of northeast Bohemia, we can find arsenic-rich 
mineral springs. According to the former Czechoslovakian national standard (ÚNMZ 1966) the mineral 
spring can be considered as arsenic spring if the arsenic content exceeds the limit of 0.7 mg/l. 
The current classification of mineral waters does not take into account the arsenic content (Česká 
Republika 2001). Legislation of the Czech Republic sets the maximum hygienic level of arsenic 
in drinking water to 10 µg/l (Česká Republika 2014), which is also consistent with recommendations 
of World Health Organization (WHO 2011).  

Generally, arsenic in natural water is present in arsenite AsO3
3− and arsenate AsO4

3− oxoanion 
forms (Smedley and Kinniburgh 2002). The composition of mineral spring is influenced 
by the geological and hydrogeological location of the spring (Fugedi et al. 2010). Mineral water 
generally contains a high concentration of sulfates, carbon dioxide, chlorides or iron, which can affect 
the speciation and bioavailability of arsenic. In the surface geothermal waters rich in sulfides, arsenic 
is rather than oxyanions present as thioanions with the predominance of thioarsenates 
(Guo et al. 2017). The presence of ferric compounds in the aquatic environment also has a significant 
influence on the mobility of arsenic (Farrell et al. 2013) and thus the bioavailable fraction of arsenic 
can be lower compared to the total arsenic concentration in mineral springs. 

In this study, the diffusive gradient in thin films technique (DGT) was used for determination 
of arsenic bioavailable fraction in the samples of mineral springs. The principle of the DGT technique 
is based on the diffusion of metals through a diffusive gel and their subsequent accumulation on a resin 
gel containing functional groups for targeted analytes. In real ecosystems, primarily mobile and labile 
forms of the metal, such as free and hydrated ions and complexes with natural ligands smaller 
than the pore size of the diffusion gel are able to diffuse through the diffusion gel and subsequently are 
bound in the resin gel (Zhang and Davison 2000). Resin gels containing iron oxyhydroxide functional 

636

85



6–7��������� 2019, Brno, Czech Republic

groups were used for arsenic determination. Iron oxyhydroxide is able to adsorb arsenite as well  
as arsenate compounds by ion-exchange mechanism and is commonly used for arsenic removal  
from drinking water (Giles et al. 2011). 

MATERIAL AND METHODS  

Reagents 

All chemicals were of analytical grade or higher. Standard solution of AsIII (c = 1000 ± 4 mg/l  
in 2% (v/v) HNO3 (Sigma-Aldrich, Germany)) was used for calibration. Palladium 10 g/l (Analytika, 
Czech Republic) was used as a matrix modifier for ET-AAS determination of arsenic, sodium tungsten 
dihydrate (Sigma-Aldrich, Germany) was used for graphite furnace surface coating. Test kit 
NANOCOLOR® Sulfate LR 200 (Macherey-Nagel, Germany) was used for photometric determination 
of sulfate. All solutions were prepared using Milli-Q water produced by Millipore Milli Q system 
(Millipore, Bedford, MA, USA), the 65% nitric acid (VWR, Czech Republic) was distilled by apparatus 
Type BSB-939IR (Berghof, Germany). 

Acrylamide 40% (w/v) (Merck, Germany), ammonium persulfate (Honeywell Fluka, Germany), 
N,N,N′,N′-tetramethylethylenediamine (TEMED) (Sigma-Aldrich, Germany), DGT cross-linker (2%) 
(DGT Research Ltd., UK) and iron oxyhydroxide based resin (Lanxess, Germany) were used for DGT 
gel preparation. Sodium chloride and sodium hydroxide (Penta, Czech Republic) were used as elution 
agent for the release of arsenic from resin gels. 

Instrumentation and DGT devices 

Measurement of arsenic was performed using atomic absorption spectrometer 280Z AA (Agilent 
Technologies, USA) with a graphite furnace atomizer and Zeeman background correction.  
The resonance line of As was set at 193.7 nm with a spectral bandwidth of 0.5 nm and the arsenic lamp 
(Agilent Technologies, USA) as a light source operated with a current 10 mA.  

DGT pistons with an exposure area of 3.14 cm2 (DGT Research Ltd., UK) and polyethersulfone 
membrane filters of 0.45 μm pore size and 0.013 cm thickness (Pall Corporation, USA) were used  
for experiments. 

Diffusive and resin DGT gels 

Diffusive gels consist of 10 ml of gel solution (15% of acrylamide, 0.3% of cross-linker and Milli-
Q water), 70 µl of 10% (w/v) ammonium persulfate and 25 µl of TEMED and were produced according 
to the protocol stated in (Zhang and Davison 1999). Resin-containing gels were prepared in a similar 
manner with the addition of iron oxyhydroxide resin. 

To elute the arsenic from DGT resin gel, the mixture of sodium hydroxide (10 g/l) and sodium 
chloride (10 g/l) in the combination with microwave-assisted extraction at 130 °C for 16 min was used. 

Determination of arsenic 

The determination of As content in eluates of DGT resin gels was complicated by the loss 
of arsenic content during the pyrolysis step and interferences caused by the matrix of elution agent 
(10 g/l NaOH + NaCl). Therefore, the optimized ET-AAS method combining the palladium modifier 
(1% (v/v)), cool-down step (130 °C) incorporated to temperature program and graphite tube coating 
by tungsten carbides was used. The parameters of ET-AAS method and procedure of arsenic 
determination are described in detail in Smolíková et al. The concentration of arsenic in the grab sample 
of mineral water was determined in the same way due to the high content of chlorides. 

Samples  

Samples of mineral springs Hronovka and Regnerka were collected in July 2019 in the park 
Jiráskovy sady, Hronov, Czech Republic. For direct determination of arsenic content, the samples were 
acidified to 1% (v/v) HNO3 concentration (VWR, Czech Republic). All samples were collected to acid-
cleaned glass bottles and stored refrigerated until analysis. 
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Figure 1 Mineral springs Hronovka and Regnerka (A) and their location (B) (https://mapy.cz) 

Determination of bioavailable arsenic in mineral spring water 

The DGT units (iron oxyhydroxide resin gel placed on the top of the plastic piston, covered 
by diffusive gel and membrane filter, and capped by outer sleeve with an exposure window) were 
deployed to into 3 liters of the mineral water under constant stirring for 2, 4 and 6 h (5 replicates 
for each sampling time). After accumulation, the DGT units were removed from mineral water, 
disassembled and disks of resin gel were rinsed with Milli-Q water and eluted. The concentration 
of arsenic in the eluate represents the arsenic mass accumulated per resin gel disk (M, ng). This value 
was used for calculation of the arsenic concentration in mineral spring determined by DGT (cDGT, µg/l) 
using Equation (1), where ∆g is the thickness of diffusive layer (0.093 cm), D is the diffusion coefficient 
of the analyte, A is the exposed area (3.14 cm2) and t is the deployment time (e.g., 21,600 s). Since 
arsenic speciation analysis was not performed, the average diffusion coefficient (D = 
6.41 × 10−6 cm2 s−1, determined in 0.01 M NaNO3 solution (pH 5.0)) of four arsenic species (AsIII, AsV, 
monomethylarsonic acid, and dimethylarsinic acid) which are available for iron oxyhydroxide resin gel 
was used for calculations. 𝑐𝑐𝐷𝐷𝐷𝐷𝐷𝐷 =

𝑀𝑀 ∆𝑔𝑔𝐷𝐷 𝐴𝐴 𝑡𝑡 (1) 

To evaluate the bioavailable fraction of arsenic in mineral spring water, the cDGT value was 
then compared to the arsenic concentration measured directly by ET-AAS in the grab sample of mineral 
water (cGRAB). 

RESULTS AND DISCUSSION 

Characterization of mineral water samples 

Samples of mineral springs Hronovka and Regnerka were characterized by determination of pH, 
iron (determined by F-AAS Agilent Technologies, USA), sulfates, phosphates, chlorides, nitrates 
and nitrites (Horáková 2007) (Table 1). 

Table 1 Characterization of mineral springs Hronovka and Regnerka 

Hronovka Regnerka 

pH 6.45 6.13 

Fe [mg/l] 8.61 14.22 

SO4
2− [mg/l] 61.0 58.0 

PO4
3− [mg/l] 0.07 0.05 

Cl− [mg/l] 61.35 78.22 

NH4
+ [mg/l] 0.39 0.29 

NO3
− [mg/l] 0.13 < LOD 

NO2
− [mg/l] 0.13 0.09 

Conductivity [µS/cm] 1570 1714 
Legend: LOD – Limit of detection = 0.1 mg/l 
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The high concentration of iron in both samples could influence the availability of arsenic towards 
DGT. The previous laboratory experiments showed that the availability of arsenic towards iron 
oxyhydroxide resin gel is decreased by ~22% when 1mg/ l Fe3+ is added to the 0.01 mol/l NaNO3 
solution (pH 5.0) which is used as a standard environment for determination of diffusion coefficients  
of DGT resin gels.  

Time-dependence experiment 

Time-dependence experiment (Figure 2) was performed because the linearity of target analyte 
accumulation over time is the fundamental assumption of the DGT use. 

Figure 2 Time-dependence experiment 

 

The results showed that the mass of arsenic accumulated per gel disk increased linearly  
over the accumulation time, with a coefficient of determination R2 = 0.990–0.999 for Hronovka and 
Regnerka, respectively. The linear course of arsenic accumulation on DGT resin gels indicates 
the steady-state flux of analyte under perfect sink conditions was achieved and there was no factor 
adversely affecting the arsenic accumulation into DGT unit (e.g., competition, saturation, kinetic 
effects).  

Determination of bioavailable arsenic 

In order to compare the concentration of arsenic measured by DGT (cDGT) to the concentration 
measured directly by ET-AAS in the grab sample of mineral water (cGRAB), the ratio of both values was 
calculated (Table 2). 

Table 2 The comparison of the arsenic concentration obtained by DGT and by direct ET-AAS 

measurement 

 cDGT (µg/l) cGRAB (µg/l) cDGT/cGRAB 

Hronovka 192.54 ± 9.18 175.18 ± 10.51 1.09 

Regnerka 120.81 ± 4.83 113.71 ± 9.32 1.06 

Because speciation analysis of arsenic compounds was not performed, the average diffusion 
coefficient of four arsenic species was used for the calculations of cDGT. The use of this D value can  
only generate a maximum error of 11.6% compared to the result obtained when using the diffusion 
coefficient of particular arsenic species. Nevertheless, the obtained ratios close to 1.00 indicates  
that the bioavailable fraction of arsenic concentration determined by DGT corresponds to the total 
arsenic concentration analyzed in grab sample of mineral water. Although previous laboratory 
experiments with standard solutions containing only arsenic and iron led to the reduction of arsenic 
availability to DGT, in real samples of mineral spring water the arsenic was fully available to the DGT 
despite the naturally high concentration of iron in both samples of mineral spring water. It is assumed 
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that this phenomenon is caused by the presence of other components (e.g., sulfates, phosphates) 
in the samples. The effect of sulfates and phosphates on arsenic accumulation to ferric oxide has been 
described in the literature (Wilkie and Hering 1996, Youngran et al. 2007).  

CONCLUSION 

Bioavailability of arsenic in two mineral springs Hronovka and Regnerka was evaluated using 
diffusive gradient in thin films technique. The linear accumulation of arsenic on iron oxyhydroxide resin 
gel over time indicated that the DGT measurement had a quantitative character. Although it was 
expected that the bioavailability of arsenic in mineral water will be reduced by the high iron content, 
the obtained ratios of cDGT/cGRAB showed that the bioavailable fraction of arsenic determined by DGT 
corresponds to the total arsenic concentration in grab sample in mineral water. For this reason, 
it is assumed that the composition of the mineral water prevents the complexation of arsenic and iron, 
and so arsenic is completely available to DGT as well as to the biota. 
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5.3 Arsenic distribution and geochemistry in the Zenne River (Belgium)  

Smolíková, V., Ma, T., Perrot, V., Brion, N., Gao, Y., Pelcová, P., Ridošková, A., 

Leermakers, M. The evolution of arsenic in the Zenne River (Belgium): distribution, 

geochemistry, and bioavailability. In preparation. 

Water pollution by arsenic is given worldwide attention since the end of the 19th 

century. Historical data have relevance for the investigation of the As concentrations 

evolution which may signal water resource issues [288]. An example of an aquatic 

ecosystem whose pollution status has been monitored in a long-term is the Zenne River 

basin (Belgium). The Zenne represents a unique ecosystem as the river crosses a densely 

populated and industrial area of Brussels city and its downstream part is dominated by 

tidal influence. Before 2000, most of the sewage generated by the population was 

discharged to the river without any treatment. Fortunately, the water quality improved 

after the construction of wastewater treatment plants (WWTPs) in the Brussels area 

[289]. This is however not the case for As since no improvement was observed and 

peaking concentrations of As were repeatedly found in the Zenne or Scheldt rivers in the 

past [3, 290, 291]. For this reason, the summary of research findings is presented within 

this study aiming to: 

(i) assess the longitudinal profile of dissolved and particulate As distribution in 

the Zenne River and identify potential sources;  

(ii) evaluate the temporal changes of As in different sections of the river during 

dry periods, rain events and in the tidal section;  

(iii) assess the time-integrated average concentrations of labile As species using 

DGT; 

(iv) investigate the geochemical behaviour of As in sediment using porewater 

profiles, DGT profiles, and sequential extractions; 

(v) calculate fluxes of As in the Zenne River by combining data of waterflows and 

As concentrations as well as calculating benthic fluxes. 
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The results of this study revealed that downstream transport of As in the Zenne River 

is completely dominated by the presence of an important point source located on the 

tributary Tangebeek. After the confluence of Zenne with this tributary, the 

concentrations of As in water and sediments sharply increase. The point source results 

in a large temporal variability in the downstream tidal section of the Zenne River, where 

the water is diluted with Dijle water during rising tide. The DGT technique has been 

shown to be a beneficial tool for the measurement of time-weighted average 

concentrations in dynamic environments.  

Arsenic in the sediments is mostly bound by reducible fraction and its porewater 

geochemistry is dominated by the reductive dissolution of Mn end Fe oxyhydroxides. 

The DGT-labile fraction of As accounts for 7–34% of the total dissolved As 

concentrations in porewater, indicating the presence of colloidal As species, which are 

not DGT-labile. As(III) dominates the speciation of labile As species in porewater. 

Although As porewater concentrations are significantly higher than the concentrations 

in the surface water, the calculated benthic fluxes only account for 1% of the downstream 

transport, highlighting the importance of the point source on the behaviour of As. For 

Supplementary Information see Chapter 12.1. 

 

(Picture of the Zenne River taken during sampling in 2020).
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Abstract 

The distribution and geochemistry of arsenic (As) in water and sediments of the Zenne River, 

a small urban river flowing through Brussels (Belgium), were assessed on various occasions 

between 2010 and 2021. Although the water quality of Zenne has significantly improved in the 

last decades due to large investments in sewage water treatment, As concentrations remained 

unchanged. Concentrations of As sharply increase between Vilvoorde and Eppegem and are up 

to 6–8 times higher in comparison to the upstream part of the Zenne. The monitoring surveys 

revealed large temporal variability in As concentrations in the function of the tidal cycle. The 

diffusive gradients in thin films (DGT) technique using Metsorb, Lewatit FO 36, and ZrO2 was 

used to asses total DGT labile species in surface waters and sediment porewater and DGT with 

3-MFS was used for As(III) in porewater. Arsenic species are fully labile in surface waters as 

the DGT time-integrated concentrations of labile As species were in good agreement with the 

average concentrations calculated from the grab samplings. In sediment porewaters As is 

predominantly present as non-DGT labile species (66–93%) and the DGT labile As fraction is 

dominated by As(III). Flux calculations were performed to evaluate the relative importance of 

different As sources to the Zenne River and revealed the presence of a point source on a 

tributary of the Zenne River, the Tangebeek contributes for 87% of the As load carried by the 

Zenne River. 
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1 Introduction 

Arsenic is a ubiquitous metalloid that may enter the aquatic environment naturally (e.g., rock 

weathering or erosion, volcanic activity, biological activity) or as a result of anthropogenic 

activities (e.g., agriculture, industry, mining) [1, 2]. In natural waters and sediments, it is mostly 

present in inorganic form as trivalent arsenite AsO3
3− (oxic conditions) or pentavalent and 

arsenate AsO4
3− (anoxic conditions) [1, 3]. Although organic methylated compounds 

(monomethylarsonic acid MMA and dimethylarsinic acid DMA) or even larger As complexes 

such as arsenobetaine can also be found in the aquatic environment, the importance of inorganic 

As forms is related to their overall higher mobility and toxicity [4, 5]. To evaluate the 

ecotoxicological status of aquatic ecosystems and to gain further insight about As distribution 

and potential bioavailability to biota, the distinction between particulate and dissolved phases 

is usually made. Association with particles of different dimensions controls the transport of 

As (by diffusion, coagulation, or sedimentation) and results in diminished bioavailability [6]. 

On the contrary, the dissolved phase (separated by filtration on the pore size 0.20–0.45 µm) can 

be further divided into a colloidal fraction and truly dissolved fraction, which is closely linked 

to the fraction that is considered to be bioavailable [7-10]. The combination of various sampling 

approaches is therefore necessary to thoroughly evaluate the potential ecotoxicological impact 

on the environment. 

The distribution of metals between particulate, colloidal, and dissolved species is influenced 

by the dynamics of the aquatic environment. In coastal zones and estuaries, the hydrodynamics 

is driven by the interaction between ocean tides and terrestrial runoffs that create areas of high 

turbidity, which subsequently influences the distribution of nutrients and trace elements [11, 

12]. In their tidal sections, the biogeochemical cycles of trace elements significantly differ from 

their upstream parts due to the presence of a large amount of particulate matter and dynamic 
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changes in redox potential, ionic strength, salinity, and pH [13]. In macrotidal estuaries, the 

tidal influence also reaches much farther inland and affects the freshwater tributaries. 

A great example of such a dynamic environment can be found in the Zenne River – a small 

urban river that originates in the Walloon part of Belgium and crosses the densely populated 

city of Brussels and industrial area downstream of Brussels. Although the river may seem 

average in terms of its length (105 km) and basin coverage (1160 km2) [14, 15], it represents 

a unique ecosystem which attracts attention in terms of its environmental status. Its upstream 

part is strongly influenced by agricultural activities (51% of the basin represented by arable 

land) while the downstream part is characterized by its urbanization (19% as the river crosses 

the densely populated capital city by about 20 km) and industrialization [15-17]. Since the 

Zenne is an indirect tributary of the Scheldt estuary through the Dijle and Rupel rivers, it 

represents a connection between terrestrial and marine ecosystems and is an important 

contributor regarding the pollution load [18]. Before 2000, most of the sewage generated by the 

population in the basin was discharged into the river without any treatment. Fortunately, the 

water quality improved after the application of the European Directive 91/271 on the treatment 

of urban wastewater [19] and construction and maintenance of wastewater treatment plants 

(WWTPs) in the Brussels area (WWTP Brussels South is in operation since 2000 and the 

WWTP Brussels North since 2007) [20]. However, the improvement of water quality observed 

within the last few decades does not apply to arsenic, since peaking concentrations were 

repeatedly reported by researchers in the past [14-17]. 

In this context, the distribution and geochemistry of As in the river Zenne have been 

investigated within the framework of several projects between the years 2010–2021. Various 

research approaches and techniques were applied for the analysis of As distribution and cycling 

in water and sediments. Filtration techniques were used for the separation of dissolved and 

particulate fractions of As, while the labile fraction of As was evaluated by the diffusive 
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gradients in thin-films (DGT) technique. Moreover, to assess the historical trends of water 

quality regarding As concentrations, and emission inventories, the data from Flemish 

Environmental Agency (Vlaamse Milieu Maatschappij – VMM) were evaluated. The aims of 

our study were: (i) to assess the longitudinal profile of dissolved and particulate As distribution 

in the Zenne River and identify potential sources; (ii) to evaluate the temporal changes of As in 

different sections of the river during dry periods, rain events and in the tidal section; (iii) to 

assess the time-integrated average concentrations of labile As species using DGT (iv) to 

investigate the geochemical behaviour of As in sediment using porewater profiles, DGT 

profiles, and sequential extractions and (v) to calculate fluxes of As in the Zenne River by 

combining data of waterflows and As concentrations as well as calculating benthic fluxes.  

2 Materials and methods 

2.1 Study site 

The studied part of the Zenne River is located between Lembeek and the confluence with 

the Dijle River and has a length of about 60 km in total. The map of the studied area with 

sampling stations and their locations is shown in Fig. 1 (the distance of each station related to 

the first station Z1 can be found in Table S1).  

The area is divided into three parts – upstream of Brussels (stations Z1–Z3), the Brussels 

area (stations Z4–Z9), and downstream of Brussels (stations Z10–Z14). Two wastewater 

treatment plants are located in the Brussels area – WWTP South and WWTP North. Particularly 

important for this study is the area between 36 and 41 km, where the overflow from Canal 

Brussels-Rupel and the confluences with the Woluve and Tangebeek rivers are located. The 

Tangebeek also carries the discharges of the WWTP Grimbergen. Tidal influence is visible in 

section between Z11 and Z14.  
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Fig. 1 Studied part of the Zenne River basin and sampling stations (Z1–Z14) between Lembeek and 

Zennegat with focus on the area 36 and 41 km, where the overflow from Canal Brussels-Rupel and the 

confluences with the Woluve and Tangebeek rivers are located. 

 

2.2 Sampling of water and sediments 

Water samples were usually collected directly in the polyethylene (PE) 2L bottles or when 

necessary, from a bridge using a bucket on rope. The bottles were pre-cleaned by 1% HNO3 for 

at least 24 h and thoroughly rinsed with MilliQ water and river water prior to use on-site. Water 

physico-chemical parameters (pH, temperature, conductivity, redox potential, dissolved O2) 

were measured by multi-parameter instruments VWR MU 6100H and WTW 3430. Both 

working electrodes for pH and redox potential are combined with an Ag/AgCl ([KCl] = 3 M) 
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reference electrode, with a potential equal to 220 mV versus the Standard Hydrogen Electrode 

(SHE). The redox potential values are expressed versus the SHE electrode (Eh vs SHE). 

The sediments were sampled with the Van Veen grab sampler (for total concentrations) or 

using plexiglass tubes that were pushed into the sediment in order to obtain sediment core (for 

depth profiles). The pH and redox potential profiles were measured using plexiglass tubes with 

predrilled holes at 1 cm intervals. For analysis of the depth profiles, the sectioned core was used 

for samples collection and the sediments were sectioned at 2 cm intervals in a glove bag under 

a nitrogen atmosphere. Porewater samples were then taken using Rhizon samplers (Rhizosphere 

Research Products, Netherlands) from each section to analyze dissolved concentrations of 

As/Fe/Mn in porewater (As/Fe/Mn-PW).  

2.3 Water samples processing 

2.3.1 Determination of dissolved and particulate phase 

To determine the particulate (As-SPM) and dissolved fraction (As-dis) of arsenic, 250–

500 mL aliquot of water sample was filtered through the pre-weighed filter membranes with 

0.45 μm pore size (Merck Millipore, Durapore®, HVLP grade) using the Nalgene filter unit 

with a vacuum filtration system. The 14 mL of the filtrate was then transferred to PE tube, 

acidified to 1% HNO3, and stored at 4 °C until analysis. The filters with the particulate fraction 

were dried in a laminar flow hood for 24 h and then weighed again. The mass difference of the 

filters was used for the calculation of suspended particulate matter (SPM, mg L−1). 

To determine the concentration of particulate As fraction, the filters were digested in Teflon 

tubes at 70 °C using the mixture of concentrated HF (40% v/v), HCl (37% v/v), and HNO3 

(65% v/v) with the volume of 2, 3, and 1 mL, respectively. After 12 hours the samples were let 

to cool down, 15 mL of H3BO3 (4% v/v) was added to the mixture and heated again for another 

3 hours. The resulting extract was transferred to PE tubes and stored at 4 °C until analysis. The 

resulting particulate concentration was expressed as mass of As per mass of SPM. 
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In order to evaluate the distribution of As between particulate and dissolved phase and its 

potential for migration, the distribution coefficient (KD-As, L kg−1) was calculated using the (1), 

where As-SPM is the concentration of particulate As (mg kg−1) and As-dis is the concentration 

of dissolved As (mg L−1). 

KD-As = As-SPM / As-dis (1) 

2.4 Sediment samples processing 

2.4.1 Determination of total metal concentration  

The total digestion was used to extract the total concentration of elements from the sediment 

solid phase. Sediment samples were digested in Teflon vials using a microwave oven (CEM 

Mars 5), working at a maximum power of 1200 W using a temperature-controlled program. 

To 0.1–0.2 g of sample, 4 mL concentrated HF (40% v/v), 6 mL of concentrated HNO3 (65% 

v/v), and 2 mL of concentrated HCl (37% v/v) were added. The samples were gradually heated 

to 180 °C within 10 minutes and maintained at this temperature for another 10 minutes. After 

cooling down, 30 mL of H3BO3 (4% w/v) was added and the samples were digested again – 

gradually heated to 120 °C within 10 minutes and maintained at this temperature for 5 minutes. 

After digestion, the samples were transferred to 50 mL PE vials and stored at 4 °C until analysis. 

2.4.2 Sequential extraction 

To evaluate the association of As with the solid phase, the sequential extraction of the 

sediments was performed using the modified BCR procedure by Rauret et al. [21]. This consists 

of four consecutive steps (A–D) in which the different sediment phases are extracted by 

different extraction solutions: A) exchangeable and carbonate fraction – 0.11 mol L−1 acetic 

acid solution; B) iron and manganese (oxyhydr)oxide fraction – 0.5 mol L−1 

hydroxylammonium chloride in 0.05 M HNO3; C) organic and sulphide fraction – H2O2 30% 

followed by dissolution in 1 mol L−1 ammonium acetate solution; D) residual fraction – aqua 

regia (HCl 30% : HNO3 65% in a 3 : 1 ratio). The BCR protocol is not specific for As 

100



9 

fractionation but has been used because other elements were studied within the projects from 

which the data originates. However, the BCR protocol can still be used for the basic assessment 

of arsenic partitioning as the first extraction step provides sufficient estimation of the most 

labile forms of arsenic [22, 23]. 

2.4.3 Calculation of diffusive benthic fluxes 

Diffusive transport of arsenic at the water-sediment interface was calculated based on the 

observed porewater profiles using Fick’s first law of diffusion ((2):  

FD = −ΦDsed (dC / dx) (2) 

where the flux of an element (FD) is given by the change in its concentration (dC) over a range 

in depth (dx) and its effective diffusion coefficient (Dsed) within the sediment of specified 

porosity (Φ). The effective diffusion coefficient in sediment is calculated from the diffusion 

coefficient in water corrected to in-situ temperature using the Stokes-Einstein equation (Dw) 

and sediment turtoisity (Θ) using ((3): 

Dsed = DW / Θ2  (3) 

Θ2 = 1 − ln(Φ2) (4) 

The turtoisity is calculated from the sediment porosity ((4) which was calculated as the volume 

fraction of water in the total sediment volume [24-26]. 

2.5 Diffusive Gradients in Thin-films 

The DGT technique was used to determine the labile fraction of As (As-DGT) in the water 

column and sediment porewater. Metsorb, Lewatit FO 36, ZrO2 (for total As),  

3-mercaptopropyl-functionalized silica (3-MFS; for As(III)), and Chelex-100 (for Fe and Mn) 

were used as binding phases of the DGT resin gels. The manufacturing protocol of the DGT 

gels, the elution procedure of each resin gel, and fundamental DGT calculations are described 

101



10 

in detail in the Supplementary Information. For deployment in water, the DGT pistons (4–6 

replicates per resin gel) were loaded into Perspex open plates and enclosed in a polypropylene 

cage (perforation size 2 cm) to avoid their damage during the deployment. The cage was fitted 

with a weight on the bottom and attached to a buoy on the top to ensure the DGTs are submerged 

in water during tidal changes. The construction was then attached to the bridge by a nylon rope. 

For deployment in sediments, the DGT probes were deoxygenated by nitrogen purging in 

a 0.01 NaCl solution for at least 4 h prior to deployment. The probes were then vertically 

inserted in-situ in sediments (during low tide in tidal Zenne). The probes were generally 

arranged back-to-back, and part of the exposure window was left above the water-sediment 

interface to record As concentrations in the overlying water. The deployment time and 

water/sediment physico-chemical parameters at the beginning and end of the DGT deployment 

were recorded. After retrieving, the DGTs were rinsed with Milli-Q water and stored in zip-

lock bags at 4 °C until disassembling in the laboratory.  

2.6 Sample analysis  

The analysis of trace elements was performed by Inductively Coupled Plasma-Sector Field 

Mass Spectrometry (ICP-SFMS) with an ELEMENT II (Thermo Instruments) using 

a concentric nebulizer (0.4ml/min), a cyclonic Petier cooled spray chamber, quartz injector, and 

Ni cones. Indium (1ppb) was used as an internal standard. Quality control samples were run in 

each analysis. Standard reference materials SLRS-6 (river water, National Research Council 

Canada), SPS-SW2 (surface water level 2, Spectrapure Standards AS, Norway), and IAEA-405 

(trace elements and methylmercury in estuarine sediment, International Atomic Energy 

Agency, Austria) were used. The concentrations of analysed elements (As, Fe, and Mn) in these 

reference materials were generally within the range of 10% of the certified values.  
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Analytical software STATISTICA13 (StatSoft) was used for data analysis. Pearson's 

correlation coefficient (r) was used to describe the relationship between parameters at the 

significance level of α = 0.05.  

2.7 Data collection 

 The data from the Flemish Environmental Agency (Vlaamse Mileu Maatschappij – VMM) 

obtained through the online data portals Geoview (www.geoloket.vmm.be./Geoviews/) and 

Waterinfo (www.waterinfo.be) were used. Water discharge data from the VMM water quality 

monitoring stations were selected to match the sampling periods performed within this study. 

The historical data of arsenic concentrations were used to evaluate the evolution of the water 

quality.  

3 Results and discussion 

3.1 Distribution of dissolved and particulate As in water along the Zenne River 

The longitudinal profile of dissolved and particulate As between Lembeek (Z1, 0 km) and 

the mouth of the river (Z14, 58 km) was assessed in various campaigns between 2010–2013. 

The profiles of suspended particulate matter (SPM), pH, and conductivity are shown in Fig. S1. 

Here, the concentrations of SPM vary from 1.8 to 51.7 mg L−1 and an increasing trend 

downstream of Brussels is observed in a majority of observations. Similarly, a slight increase 

in conductivity is observed at the end of the Brussels area (35 km). Contrary, the pH values 

decrease in this area and remain fairly constant in the tidal Zenne. 

The concentrations of dissolved (As-dis) and particulate (As-SPM) arsenic are shown in Fig. 

2A+B. General trends between the observed periods show, that As concentrations slightly 

decrease in the Brussels area and then sharply increase between Vilvoorde (36 km) and 

Eppegem, (41 km). Here, the As-dis increases from 1.6 ± 0.4 μg L−1 to 9.6 ± 5. 1 μg L−1 while 
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As-SPM in this zone increases from 15.5 ± 3.5 μg g−1 to 120.4 ± 52.3 μg g−1. The station in 

Eppegem is located downstream of a section with several industries as well as the connection 

of the Zenne with the canal Brussels-Willebroek and a small tributary Tangebeek, which carries 

discharges of the industrial zone of Grimbergen and the WWTP Grimbergen. Downstream of 

this station, important temporal variations are observed. The distribution coefficients (KD-As) 

between particulate and dissolved phases along the Zenne River did not show any specific trend 

(Fig. 2C). The dissolved fraction of As (As-dis%) represents approximately 53.7–94.5% of its 

total concentration with no clear trend between the observed periods (Fig. 2D). According to 

data from Foregs Geochemical Atlas of Europe [27], the median concentration of As in Europe 

is around 0.63 μg L−1 in stream water. The latest environmental quality standard for As set by 

VLAREM II in Belgium is 3 μg L−1 [28].  

 

Fig. 2 Longitudal profiles of the dissolved (A) and particulate (B) As concentrations along the Zenne 

River with distribution coefficients of As (C) and percentage of dissolved As (D) (0 km corresponds to 

station Z1 in Lembeek). 
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3.2 Temporal variability of As concentrations in the Zenne River 

3.2.1 Influence of the weather conditions 

The influence of the weather conditions on the distribution of As was evaluated during wet 

and dry periods. The concentrations of As-dis and As-SPM together with their inter-phase 

distribution indicators (KD-As, As-dis%) were recorded within 12 or 24-hour sampling surveys. 

The distribution of As during dry conditions was evaluated at stations Z3, Z4, Z7, and Z9. No 

rain events were recorded within the sampling and the average daily water discharge according 

to the VMM data was maintained at 2.06, 1.74, 2.40, and 8.96 m3 s−1 at stations Z3, Z4, Z7, Z9, 

respectively (data obtained from www.waterinfo.be for stations Lot and Vilvoorde). The results 

show that concentrations of dissolved and particulate arsenic, as well as its distribution between 

both phases, remain fairly stable during the dry periods (Fig. 3). 

 

Fig. 3 Variation of the dissolved (A) and particulate (B) As concentrations during the dry periods at 

stations Z3, Z4, Z7, and Z9 with distribution coefficients of As (C) and percentage of dissolved As (D). 

The monitoring during two rain events was performed at stations Z3 and Z9. The dynamic 

changes in the water discharge during the rain events together with its impact on As 

concentrations and distribution between particulate and dissolved fractions are shown in Fig. 4. 
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Within both rain events, the concentration of As-dis decreased with the increasing discharge 

due to the dilution by rainfall and surface runoffs. Since the rainwater brings particles with 

lower concentrations of As, the As-SPM concentrations also drop during the rain events. The 

affinity of As towards SPM remains fairly stable or slightly decreases. However, since the 

concentration of SPM in the water increased during the rain events (data not shown), the 

percentage of dissolved As relative to its total concentration per volume decreased from 80–

90% to 50–55%. 
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Fig. 4 Variation of the dissolved (A) and particulate (B) As concentrations during two rain events at 

stations Z3 and Z9 with distribution coefficients of As (C) and percentage of dissolved As (D) (yellow 

areas highlighting periods with increasing discharge). 

3.2.2 DGT-lability of dissolved As species 

Grab water sampling was combined with the application of the DGT passive sampling 

technique using Metsorb as binding resin in order to obtain time-integrated concentrations of 

labile As species. Metsorb accumulates both As(III) and As(V) as well as monomethylarsonic 
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acid, (MMA), and dimethylarsinic acid, (DMA). The DGTs were deployed for 2 days at two 

upstream stations without tidal influence (Z5, 20 km; Z9, 34 km), and one downstream station 

influenced by the tide (Z13, 56 km). The As-dis concentrations were analysed in grab samples 

that were taken only at the beginning and end of the DGT deployment and were used for the 

calculation of the time-weighted average As concentrations (TWA). These were then compared 

with the time-integrated DGT-determined concentrations (As-DGT) as shown in Fig. 5. A very 

good agreement between TWA and As-DGT is observed at all stations. However, the agreement 

found at station Z13 is completely coincidental since there is a large difference between As-

diss concentrations at the beginning and at the end of the DGT deployment. Since the grab 

samples were taken at different moments of the tidal cycle (high tide on day 1 and low tide on 

day 2), it is obvious that As concentrations are strongly influenced by the tide. The good 

agreement between the DGT results and total dissolved As demonstrates that in the surface 

water of the Zenne River, As is present as small labile species with a negligible colloidal 

fraction. In previous work on As speciation in the Zenne River (Baeyens et al. 2007), no 

methylated As species were observed and As(V) dominated in oxygenated waters whereas 

As(III) dominated at O2 concentrations < 1mg/L. Thus, due to the improved O2 conditions 

which are related to the operation of WWTPs [16], As(V) is currently expected to dominate the 

aqueous speciation. 
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Fig. 5 Comparison of dissolved As concentrations (As-dis) and their time-weighted average values 

(TWA) with DGT-determined As concentrations (As-DGT Metsorb) at selected stations (the solid green 

line and lighter zone represent the DGT result and its standard deviation; day 1 – March 22, 2017). 

3.2.3 Influence of the tidal cycle 

To get a better view of the variability of As concentrations during the tidal cycle, 12 h 

monitoring surveys were performed at the mouth of the river (Z14, 58 km) on October 22, 2013, 

and on March 17, 2021. In both cases, the sampling started 1.5 h after high tide (t1) and the low 

tide took place between t6 and t7. The tidal range during both observed periods was about 5.3 m 

(data obtained from www.waterinfo.be). As-dis concentrations were determined in grab 

samples taken at 1-hour intervals and were used for the calculation of 

TWA concentration.  obtain time-integrated concentrations of As, in 2013 the DGTs utilizing 

Metsorb resin were deployed for 2 days while in 2021 the DGTs utilizing the novel resin 

Lewatit FO 36 together with ZrO2 were deployed only for the duration of the water sampling 

(12 h) (Fig. 6). Comparable to Metsorb, Lewatit FO 36 also binds As(III), As(V), MMA, and 

DMA [29]. During the latter survey, water samples for analysis of As-SPM were taken as well 

and conductivity, pH, dissolved oxygen, and SPM were measured (see profiles in Fig. S2). 

In general, pH, concentrations of dissolved oxygen, and SPM reach their maximum during high 

tide and vice versa. The opposite trend in the function of the tide was observed for conductivity. 
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Fig. 6 Variation profiles measured at station Z14 (58 km) in October 2013 and March 2021. Variations 

in dissolved As concentrations (As-dis) during a tidal cycle and the comparison of their time-weighted 

average As concentrations (TWA) with DGT-determined As concentrations (As-DGT using Metsorb, 

Lewatit FO 36 or ZrO2 resin) from both years. Variations in particulate As concentrations (B), 

distribution coefficients (C), and percentage of dissolved As (D) from the later monitoring survey (light 

blue line illustrate the tidal cycle; the solid green/red line and lighter zone represent the DGT results and 

their standard deviations).   

The monitoring surveys revealed patterns in temporal variability of As fractions during the 

tidal cycle. In both observed periods, the As-dis concentration was the lowest during high tide 

and increased 4 to 5-fold during low tide. In comparison, the As-dis concentration in the Dijle 

River, collected approximately 200 m after the confluence with the Zenne River (D1), the 

measured values varied between 1.2 µg L−1 at high tide to 2.3 µg L−1 at low tide (data not 

shown).  The concentrations of particulate As measured in 2021 range between 61.4–
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158.9 μg g−1 (Fig. 6B). Although the concentrations of both, particulate and dissolved As, 

increase during the low tide, the distribution coefficient is lower at low tide (KD = 18,500) and 

increases at high tide (KD = 70,500) (Fig. 6C). A significantly higher portion of As is thus 

represented by the dissolved fraction during low tide (64–72%) compared to only 29–37% 

during high tide in 2021 (Fig. 6D).  

A general good agreement is observed between the TWA concentrations calculated from the 

grab samplings and the DGT-determined concentrations measured by all resins. The TWA 

value from 2021 seems to be underestimated by 25.8% in comparison to the result of Lewatit 

FO 36 and ZrO2 DGTs. Nevertheless, it is possible that the chosen sampling frequency was not 

sufficient to record dynamic changes in As concentrations, thereby resulting in an 

underestimation of the calculated TWA. This is further supported by the very good agreement 

between the DGT-determined concentrations measured by both resins that were deployed 

simultaneously. 

The results of this study demonstrate the benefits of the DGT application in a dynamic 

environment such as tidal rivers when large temporal variations in the concentrations are found, 

where grab sampling may provide highly variable results (Fig. 2). The DGT-determined 

concentrations better reflect the actual load of As in the water without the need for frequent 

water sampling as well as providing information on the lability of the As species. Comparable 

to what we observed in the other sampling sites of the Zenne River (Fig. 5), the DGT results 

are equal to the TWA concentrations which indicates that the labile fraction of As predominates 

in the water column of the Zenne river. Therefore, it can be assumed that all of the As measured 

as a dissolved fraction may be potentially available to biota. This is comparable to what has 

been observed in other studies. Gontijo et al. [30] compared DGT with ultrafiltration (UF) 

(1kDa) and dissolved concentrations and found that at most sampling sites, the dissolved As 

was predominantly present as labile As (42–98%, with a good agreement between DGT-As and 
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UF-As), despite Fe and Al being predominantly present in the colloidal form. At four sites, the 

colloidal fraction of As accounted for 29–57% of the dissolved As. Likewise, Panther et al. [31] 

demonstrated the complexation of As in the presence of fulvic acids (FA), typical Fe 

concentrations found in surface waters (µg/L levels) and the presence of FeO(OH) colloids. 

Increasing the concentration of Fe (III), thus also the concentration of FeO(OH) colloids, 

increased the colloidal As fraction. However, the presence of FA in the same system increased 

the labile form of As because it may limit the adsorption of As on FeO(OH) colloids, or may 

even displace As adsorbed to FeO(OH) due to their competition [32]. 

The overall findings confirm that there is an important point source of As between Z9 and 

Z11 resulting in large temporal variability in As concentrations in the water column at the 

downstream part of the river. The variability is driven by the tidal cycle due to dilution with the 

water of the Dijle River during rising tide at the mouth of the Zenne. This explains the large 

variability in As-dis and As-SPM measured in the different surveys in this study (Fig. 2) as well 

as the observations reported by other researchers in historical studies. For instance, in the study 

of Baeyens et al. from 2003 [14], approximately 2–3 times higher concentrations of dissolved 

and particulate As were found in the downstream part of the Zenne. Moreover, a single As-dis 

concentration of 17 μg L−1 was reported in the same study. Similarly, a single concentration 

peak of 27.8 μg L−1 was found by Andreae and Andreae in 1989 [15] in Hombeek that 

corresponds to our station Z12. 

3.3 Source of As elevated concentrations in the downstream part of the Zenne River 

Since an important increase of both dissolved and particulate As was observed for all 

sampling campaigns between Z9 (34 km) and Z11 (41 km) all possible contributors of As input 

in this area were identified: two river tributaries (the Woluwe and the Tangebeek rivers), an 

overflow structure from the Canal Brussels-Rupel, a combined sewer overflow (CSO), and 
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several (15) industrial effluents. In addition, the Tangebeek also receives a CSO, industrial 

effluents, and the effluents of WWTP Grimbergen close to its confluence with the Zenne. Data 

on the concentrations of As in the different sources (Woluwe River, Canal, CSO) were obtained 

by the authors in the OSIRIS and SUBLIMUS projects and combined with data from the 

Flemish Environmental Monitoring Agency (Vlaamse Milieu Maatschapij, VMM, 

www.geoloket.vmm.be/Geoviews/) for the Zenne River, its tributaries and the Dijle River 

(Table 1 and Fig. S3).  

In order to quantify the importance of each of these contributors as a source for As, a mass 

balance was calculated for dissolved arsenic between Z9 and Z11. Note that there were not 

enough data to do the same evaluation for particulate As. Average daily fluxes of dissolved As 

were computed in Z9 and Z11, at the outlet of Woluwe and Tangebeek rivers, Canal overflow 

and CSO from yearly waterflow measurements and average As concentration data. Data used 

are averages for the period 2010–2016; values and data sources are summarized in Table 1. 

Daily fluxes of arsenic are then computed and put together to establish a mass balance (Fig. 7).  

Table 1 Average daily waterflow and dissolved arsenic concentrations (As-dis) used in the mass 

balance.  

Station Waterflow Provider As-dis Provider 

  (m³ d−1)   (µg L
−1)   

Zenne:     

Zenne-Z9 754,872  Flowbru 2010-2016 (1) 1.29 (0.26) this study + additional measurements (5) 

Zenne-Z11 855,207  Waterinfo 2010-2016 (2) 9.5 (5.1) this study + additional measurements (5) 

To Zenne:     

Woluwe outlet 40,515  OSIRIS water mass balance (3) 1.45 (0.59) additional measurements (5) 

Tangebeek outlet 27,993  OSIRIS water mass balance (3) 176 (58) VMM (4) 

Canal overflow  21,105  OSIRIS water mass balance (3) 2.06 (0.38) additional measurements (5) 

CSO 3,858  VMM (4) 1.29 (0.29) additional measurements (6) 

To Tangebeek:     

CSO 34  VMM (4) 1.29 (0.29) additional measurements (6) 

(1) www.flowbru.be; (2) www.waterinfo.be; (3) Carbonnel et al. 2016 [33] ; (4) Vlaamse Milieu 

Maatschapij, www.geoloket.vmm.be/Geoviews/; (5) performed by the authors between 2010 and 2016; 

(6) performed by the authors between 2010 and 2016 in untreated sewage from Brussels. The As-dis 

values are averages for the period 2010–2016 with standard deviations in brackets. CSO – combined 

sewer overflow. 
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Fig. 7 Average daily fluxes of dissolved arsenic (in g day−1) in the Zenne between stations Z9 and Z11 

(values are averages for the period 2010–2016 with standard deviations in brackets; CSO – combined 

sewer overflow; WWTP – wastewater treatment plant). 

First, we can verify that the mass balance for the Zenne is closed with sources of As 

corresponding to the concentration difference observed between Z11 and Z9. Results show that 

the daily As fluxes between Z9 and Z11 are multiplied by a factor of 8 (from 970 to 8170 g 

day−1). Regarding sources, surprisingly, the small Tangebeek, only contributing 5% to the 

Zenne water discharge (Table 1), contributes by 87% to the As load carried by the Zenne, which 

is much more than any other source, including CSO and industries. This extremely high load 

of As in the Tangebeek cannot be explained by presently reported sources of contamination 

such as CSO and industries (both negligible) and WWTP effluents (1% of the Tangebeek load). 

According to VMM data, the median values of As concentrations from the station located in 

Tangebeek right before its confluence with the Zenne (VMM station no. 357800) are in the 

range 110.0–225.5 μg L−1 (Fig. 8) and thus by two orders of magnitude higher than the 

concentrations found in the Zenne (Z9), Woluwe River, Canal and CSOs (1–2 μg L−1; Table 

1).  
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Fig. 8 Evolution of dissolved and total As concentrations (As-dis, As-tot) during 2008–2020 at station 

no. 357800 on the Tangebeek based on the data from VMM online database (data expressed as median 

values with 10th (P10) and 90th (P90) percentiles for n = 6–12).  

 To identify the origin of elevated As concentrations found in Tangebeek, the data from five 

monitoring stations along this river from the period 2009–2020 were further evaluated (Fig. 

9A). The results revealed alarming concentrations of As found at station no. 35800 on the 

Tangebeek with an average value reaching up to 2561 μg L−1 of As-dis (Fig. 9B). These high 

concentrations have been observed since the onset of the VMM monitoring in the early 2000s! 

Given the location of this monitoring station, it is assumed that the source of As is located 

within a dense industrial zone located 3.5 km upstream from the confluence with the Zenne and 

before the confluence of the Tangebeek with the Maalbeek (red area in Fig. 9A). This is further 

supported by average values of As concentrations at stations no. 358100 located upstream of 

this industrial area (2.4 μg L−1 of As-dis) and no. 35700 located on Maalbeek (2.2 μg L−1 of As-

dis) reported during the same period. After the confluence of both streams at station no. 357900, 

the high concentration of As is diluted and decreases to 465.2 μg L−1 of As-tot (only data from 

2002 available). Further dilution occurs by another tributary and the outlet of the WWTP 

Grimbergen.  Before the confluence of Tangebeek and Zenne, the concentration of As-dis drops 

to the average value of 176 µg L−1. 
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Fig. 9 (A) Monitoring stations along Tangebeek with industrial area where As source is located 

(highlighted in red). (B) Box plots of total and dissolved As concentrations (As-dis, As-tot) reported at 

these stations based on data from VMM online database (box includes values between 25th and 75th 

percentiles with the line inside indicating median value and the cross indicating mean value; the 

whiskers indicate minimum and maximum values; circles represent inner data points). 

  As none of the present industries reports significant releases of As, inputs from this site 

could come from a historical industrial activity that probably contaminated the groundwater 

sources in this zone. A possible historical source may be a former sulphuric acid factory 

extracting pyrite minerals. However, this requires further investigation.  

3.4 Geochemistry of As in sediments of the Zenne River 

3.4.1 Total As content in the sediments along the Zenne River 

An overview of the compiled data of results collected between 2012 and 2021 on total As 

concentrations in sediments along the Zenne River is shown in Fig. 10. The total As 

concentrations in the section upstream of the confluence with the Tangebeek range from 1.4 to 

8.8 μg g−1 (average 4.3 μg g−1) and are comparable to background values found in small, 

relatively unimpacted streams in Flanders (VMM, www.geoloket.vmm.be/Geoviews/). 

According to data from Foregs Geochemical Atlas of Europe [27], the geochemical background 

concentration of As in stream sediments in Belgium is around 9.4 μg g−1. After the confluence 
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with the Tangebeek (Z11–Z14, which coincides with the tidal section of the river), the 

concentrations of As range from 3.8 to 27.5 μg g−1 (average 11.7 μg g−1 ). Before the confluence 

with the Tangebeek, the concentrations of particulate As in SPM are around 10–20 μg g−1 and 

increase sharply at Z11 up to over 200 μg g−1 (Fig. 2B), whereas in the tidal section, As-SPM 

varies from 61 to 159 μg g−1 during a tidal cycle (Fig. 6B). The increase in As concentrations 

in the sediments due to the settling of the contaminated particles shows that the downstream 

section also serves as a trap, partially removing the As transported downstream. 

 

Fig. 10 Total As concentrations in the sediment samples along the Zenne River, compiled data of 2012–
2021, fraction < 1mm. 

3.4.2 Sequential extractions of sediments along the Zenne River 

To evaluate the mobility of sediment-bound arsenic, the BCR sequential extraction 

procedure was performed on the sediments from the Brussels region as well as from the tidal 

Zenne in 2013 (stations Z5–Z14, 20–58 km). The sediment samples in the Brussels area were 

collected by BIM (Brussels Instituut Milieubeheer) and thus the sampling stations were slightly 

different from those used in this study (the approximate position corresponding to the stations 

of this study is expressed by the symbol ~). The distribution of Fe, Mn, and As in the four 

fractions (F1–4) that were separated within the successive extraction steps is shown in Fig. 11. 
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In the upper section of the river, Fe is predominantly (around 70%) bound to the residual 

fraction and will be present as the natural minerals. In the tidal section, the reducible fraction 

becomes more important accounting for 20–70% of the Fe present. The redox cycling of Fe in 

these sediments results in the formation of authigenic iron (oxyhydr)oxide mineral phases. The 

exchangeable fraction is relatively more important in the upstream area (10–20%) than in the 

tidal section (0–20%). The oxidizable fraction also increases in the tidal area due to the 

formation of sulphide phases. For Mn, the exchangeable and carbonate fraction predominates 

in all sediments but especially in the upstream area. Comparable to Fe, the reducible fraction 

increases from < 10% upstream to > 30% in the tidal section. The redox cycling of Mn leads to 

the formation of manganese (oxyhydr)oxides. The residual fraction accounts for 10–20% 

upstream and decreases to < 5% in the tidal zone. The oxidizable fraction was generally only 

a few percent, except for Z9 and Z10b.  

Arsenic is essentially bound in the reducible fraction (F2) and represents predominating 

fraction at stations Z8, Z11, Z11b, Z12, and Z13 (34–58%). Arsenic found in this fraction is 

bound to the Fe and Mn (oxyhydr)oxides which are considered key factors controlling As 

mobility in sediments. The exchangeable and carbonate fraction (F1) is also very important and 

represents the most significant fraction at stations ~Z7, Z9–9c, Z9, and Z14 where it accounts 

for 34–41% of the total As content. This fraction generally consists of metals in porewater, 

weakly sorbed metals, and carbonates which can be liberated from the solid phase by the 

reduction of the pH in the environment. Therefore, it can be assumed that a significant fraction 

of As is easily available in the sediments of the Zenne river. The oxidisable fraction (F3) of As 

is, in general, the least representative one in the tidal zone (7–14% at stations ~Z5, Z11b, Z12, 

Z13, and Z14). This fraction is represented by elements bound to organic fraction and oxidisable 

sulphides. The residual fraction (F4) of As (generally consisting of refractory material, non-

oxidisable sulphides, and refractory minerals) is then the least representative (6–13%) at 
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upstream stations (~Z7 to Z11). One exception is found at station ~Z5 in the Brussels area 

where the residual fraction predominates (46%). The importance of the residual fraction 

increases in the tidal section, probably due to the incorporation of As on non-oxidizable 

sulphides.  

 

Fig. 11 Iron, manganese, and arsenic sequential extractions of sediments in the Brussels region and the 

tidal Zenne, 2013 (F1 – exchangeable and carbonate fraction; F2 – reducible fraction; F3 – oxidisable 

fraction; F4 – residual fraction). 

3.4.3 The dissolved and labile As, Fe, and Mn concentrations in porewater 

Concentrations of As, Fe, and Mn in sediments porewater (PW-As/Fe/Mn) and the DGT-

labile concentrations (DGT-As/Fe/Mn) were determined at the upstream station Z5 (20 km) and 

at the tidal station Z14 (58 km) in June 2020 and are shown in Fig. 12. The DGTs utilizing 

Lewatit FO 36 resin and ZrO2 were used for the determination of total labile As while 3-MFS 

was used for the specific measurement of labile As(III). Labile fractions of Fe and Mn were 
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determined by Chelex-100 DGTs. The depth profiles of redox potential and pH at both stations 

are shown in Fig. S4.  

At station Z5, substantial remobilization of As appears below the water-sediment interface 

with the maximum concentration of dissolved As in porewater of 12.2 μg L−1 at −1 cm, and 

another peak observed at −9 cm. The same trends can be seen for the porewater profiles of Mn 

and Fe indicating that As distribution in sediments is governed by the reductive mobilisation 

from Mn and Fe (oxyhydr)oxides. The total labile DGT-As (Lewatit FO 36) shows a maximum 

at −1.5 cm and accounts for 9– 21% of the PW-As. The same trends are found for DGT-Fe and 

DGT-Mn. In the first 3−4 cm depth, porewater concentrations are comparable to the DGT 

concentrations of Fe and Mn, but in the deeper layers, the increase in porewater concentrations 

is not observed in the DGT profiles indicating that the species formed are not DGT labile 

(possibly in the form of organic colloids) and/or that the remobilisation rates from the sediment 

phase are lower in the deeper layers. The DGT-As(III) (3-MFS) is very low in the overlying 

water but shows a maximum at −1.5 cm depth, accounting for 117 and 140% in relation to total 

DGT-As determined by ZrO2 and Lewatit FO 36, respectively. The As(III) concentrations 

further follow the profile of total DGT-As until the bottom. 

In the muddy sediments of the intertidal flat at station Z14, the maximum dissolved 

concentration of As found in porewater is achieved at −7 cm depth with 335.7 μg L−1
 As and is 

thus 28 times higher than in Z5. The labile fraction of total DGT-As (Lewatit FO 36) increases 

below the water-sediment interface, peaks at −2 cm, and then remains fairly stable till the 

bottom with 20.6 ± 3.6 μg L−1 accounting for 7–34% of PW-As. Regarding the speciation of 

labile arsenic at station Z14, reduction of As(V) already occurs in the overlying water, where 

As(III) accounts for 100% of the total labile As. The profile of As(III) further copies the profile 

of total DGT-As (Lewatit FO 36 and ZrO2), accounting for 100% or more (up to 206%) of total 

labile DGT-As until 6 cm depth and around 75% at 10–13 cm depth. The overestimation of 
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DGT-As(III) in relation to total DGT-As observed at Z14 between −2 and −6 cm depth can be 

attributed to spatial heterogeneity of sediments since Lewatit FO 36 and ZrO2 were always 

deployed back-to-back, while 3-MFS DGT probe was deployed next to them. However, the 

DGT-labile concentrations of As measured by all three binding phases were overall in very 

good agreement indicating that the reducing conditions found in both sediments enhance the 

reduction of As, which is thus predominantly present as As(III) [14, 34]. The dissolved Fe and 

Mn concentrations at station Z14 reached their maximum at −7 cm depth and thus coincide with 

that of As. The labile fraction of both metals sharply increases within the first centimetres below 

the water-sediment interface and remains fairly stable from about −3 cm till the bottom with 

concentrations of 19.1 ± 1.8 mg L−1 of Fe and 1839 ± 413 µg L−1 of Mn. 
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Fig. 12 The depth profiles of dissolved and DGT-determined concentrations of As, Fe, and Mn in 

sediment porewater at stations Z5 and Z14, June 2020 (grey dotted line represents water-sediment 

interface). 

The low fraction of DGT labile As species at depths below 2 cm probably indicate the 

presence of mixed colloids of As, Fe, and Mn with organic matter (OM). As binding to OM 

may occur via ternary complexes through the formation of a metal-cation bridge [35] or thiol-
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bonding to sulfhydryl groups of OM [36].  In addition, OM plays an important role in stabilizing 

redox-sensitive authigenic minerals and associated As [37] explaining the presence of As(V) in 

the deeper layers.  

The simultaneous concentration peaks of As as well as Fe and Mn observed below the water-

sediment interface correspond to the reductive mobilisation of As from the Mn and Fe 

(oxyhydr)oxides and subsequent release of all three elements to porewater. A strong positive 

correlation between As and Mn labile concentrations across the whole vertical profile was 

observed at stations Z5 and Z14 (r = 0.91 and 0.82, respectively) while a medium positive 

correlation was observed between As and Fe labile concentrations at these stations (r = 0.65 

and 0.73, respectively). The reason for the lower correlation level between As and Fe is a slight 

delay of the Fe peaks which suggests that As is primarily released from the Fe (oxyhydr)oxides 

by reductive desorption and the dissolution of the Fe mineral itself occurs later. The reducing 

conditions found in both sediments also enhance the reduction of As, which is thus 

predominantly present as As(III) [14, 34]. 

3.4.4 Diffusive benthic fluxes of As 

Diffusive transport at the water-sediment interface was calculated for stations Z5 and Z14 

based on the observed porewater profiles. Data used for the flux calculations as well as the 

fluxes calculated for the zones Z1 to Z10 (based on the Z5 profile) and Z11 to Z14 (based on 

the Z14 profile) are shown in Table 2.  

Table 2 Data used for calculations of benthic fluxes of arsenic with resulting fluxes calculated for zones 

Z1–Z10 and Z11–Z14. 

 Porosity Dsed dC / dx FD Zone Area Flux 

  (cm2 s−1)  (μg m−2 d−1)  (km2) (g d−1) 

Z5 0.6 4.55 × 10−6 6 14.2 Z1–Z10 0.35 5 

Z14 0.85 6.94 × 10−6 45 229 Z11–Z14 0.23 53 
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The diffusive benthic fluxes of As account for 5g d−1 in the Brussels region and 53 g d−1 in the 

tidal section. The fluxes in the downstream part of the river can however be significantly higher 

due to bioturbation and resuspension of bottom sediments caused by tidal currents. Compared 

to the important point source from the Tangebeek the benthic flux account for less than 1% of 

the input to the river. 

4 Conclusions 

Downstream transport of As in the Zenne River is completely dominated by the presence of 

an important point source located on the tributary Tangebeek. Dissolved As concentrations in 

the Zenne River increase from 1.6 to 9.6 μg L−1 and particulate As from 15.5 to 120.4 μg g−1 

after the confluence with the Tangebeek. Current industrial activities cannot explain the 

observed concentrations. Historical sources as well as distribution and speciation of As in 

surface water, groundwater, sediments, and soils in the Tangebeek and its surroundings need to 

be performed to evaluate the potential impact on human health.  

The point source results in large temporal variability in the downstream tidal section of the 

Zenne River, where the water is diluted with Dijle water during rising tide. The DGT technique 

was used to assess time-weighted average concentrations of labile As species. The results 

showed that the DGT-determined As concentrations were equal to the average concentrations 

calculated from the grab samplings in all sections of the river, indicating a potential 

bioavailability of the As species and the benefits of DGT to measure average concentrations in 

dynamic environments.  

Arsenic concentrations in the sediment also show an increasing trend downstream. The 

reducible fraction is the main binding fraction for As and porewater geochemistry is dominated 

by the reductive dissolution of Mn end Fe oxyhydroxides. As(III) dominates the speciation of 

labile As species in porewater. The DGT-labile fraction of As accounts for 7–34% of the total 
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dissolved As concentrations in porewater, indicating the presence of colloidal As species, which 

are not DGT-labile. Although As porewater concentrations are significantly higher than the 

concentrations in the surface water, the calculated benthic fluxes only account for 1% of the 

downstream transport, highlighting the importance of the point source on the behaviour of As. 
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5.4 Optimization of elution protocol for simultaneous determination of 

arsenic and uranium by Lewatit FO 36-DGT 

Smolíková, V., Pelcová, P., Ridošková, A., Leermakers, M. Simultaneous determination 

of arsenic and uranium by the Diffusive Gradients in Thin Films technique using Lewatit 

FO 36: Optimization of elution protocol. Talanta, 2021, 228 (122234), IF 5.386. 

 

The novel DGT technique for the determination of arsenic presented in this work 

(Chapter 5.1) utilizes commercially available resin Lewatit FO 36. Besides the high 

selectivity of its functional groups of iron oxide-hydroxide for oxyanions, the resin also 

acts as a weakly basic ion exchanger thanks to tertiary amine functional groups (-CH2-

N(CH3)2). Therefore, among others, it can also bind negatively charged uranium 

complexes [280]. Arsenic and uranium are the two main targeted analytes of this work 

and it was therefore intended to evaluate whether this resin gel could act as a suitable 

DGT binding phase for uranium determination as well. Since arsenic and uranium often 

occur simultaneously in mining environments [28-30], it would be beneficial to have 

a DGT design that can quantitatively determine both analytes at the same time. 

 Even though the test of uptake efficiency showed very good sorption abilities of 

Lewatit FO 36 DGTs towards both elements, the current elution protocol was 

incompatible with the ICP-MS analyses. As mentioned previously (Chapter 4.4.1), 
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a highly concentrated mixture of NaOH and NaCl (0.25 M and 0.17 M, respectively) 

used for arsenic elution from Lewatit FO 36 resin gels causes polyatomic ion 

interferences and thus make it impossible to determine arsenic content in the eluates. 

A new and simple elution protocol was therefore proposed and optimized allowing the 

simultaneous determination of arsenic and uranium by Lewatit FO 36-DGTs. The best 

elution efficiency (90.3 ± 3.9% for As and 85.2 ± 3.1% for U) was obtained when 5 mL 

of 1 M NaOH at 70 °C was used. This elution protocol is simple, allows the processing 

of a large number of samples in one batch thanks to the elimination of the use of 

microwave extraction, and enables the analysis of eluates by ICP-MS.  

 The combination of NaCl and NaOH was initially used because of the 

recommendation by the manufacturer of the resin and since it has been widely used by 

other researchers for the regeneration of iron oxide-based sorbents. However, the 

presence of chlorides has been proven to not have a significant role in the elution of As 

from the functional groups. In fact, based on information obtained from the 

manufacturer, the use of NaCl in the recommended elution protocol was related to the 

original purpose of application – as a sorbent of As from potable water supplies. The 

NaOH increases pH which leads to deprotonation of the FeO(OH) functional groups 

which causes electrostatic repulsion of As species that have a negative charge at pH > 10. 

Nevertheless, the sorbent in this form could not be used for the treatment of drinking 

water due to the resulting high pH which would result in the release of OH− from the 

regenerated resin during subsequent use. The addition of NaCl thus causes an exchange 

of OH− groups for Cl−, and the resin can be re-used for treatment of drinking water. For 

Supplementary Information see Chapter 12.2. 
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A B S T R A C T   

The sorption ability of Lewatit FO 36-DGT resin gel, which has been developed for arsenic determination, to-
wards uranium was tested by batch experiments within this study for the first time. Since the uptake efficiency of 
uranium was 99.0 ± 0.4% and the maximum uptake capacity was not achieved even at the U spike of 1250 μg in 
the solution, the Lewatit FO 36 resin seems to be a suitable binding phase for DGT resin gels for the determi-
nation of uranium. The resin gel also does not display any significant sorption selectivity in favour of one element 
over another. A novel protocol for simultaneous elution of arsenic and uranium from Lewatit FO 36 resin gel was 
therefore proposed in this study. The elution efficiencies of 90.3 ± 3.9% and 85.2 ± 3.1% for As and U, 
respectively, were obtained using 5 mL of 1 M NaOH at 70 ◦C for 24 h. The comparison with the original elution 
protocol using microwave-assisted elution by 0.25 M NaOH and 0.17 M NaCl at 130 ◦C for 16 min indicates, that 
the novel elution protocol provides good results in the performance of arsenic elution and, in addition, allows 
simultaneous elution of uranium. Moreover, the elimination of NaCl from the elution process allows a fast and 
simple analysis of both elements using ICP-MS, and therefore, the Lewatit FO 36-DGT technique can become 
more commonplace among laboratories without the need to modify the analytical method as proposed in the 
original study.   

1. Introduction 

The diffusive gradient in thin films (DGT) technique is considered to 
be an effective tool for in-situ determination of labile species of various 
contaminants in the environment. Although it has been successfully used 
for the determination of nutrients (ammonium, nitrate, phosphorus) or 
various organic compounds (antibiotics, bisphenols, pesticides, endo-
crine disruptors, pharmaceuticals, etc.) it is nowadays mostly used for its 
original purpose – determining the concentration of the labile species of 
trace metals [1,2]. In our previously published work [3], a new resin gel 
utilizing Lewatit FO 36 was developed and evaluated for the determi-
nation of four bioavailable arsenic species (As(III), As(V), mono-
methylarsonic acid, dimethylarsinic acid) in the aquatic environment. 
But besides the high selectivity of iron oxide-hydroxide functional 

groups of Lewatit FO 36 for oxyanions, the resin also acts as a weakly 
basic ion exchanger thanks to tertiary amine functional groups (–CH2–N 
(CH3)2). Therefore it can also bind natural organic matter such as tan-
nins, lignins, negatively charged uranium complexes, chromate, and 
others [4]. Arsenic and uranium often occur simultaneously in mining 
environments [5–7]. Their simultaneous measurement by the DGT 
technique may be thus beneficial for environmental studies as it may 
improve understanding of geochemical cycling of these co-occurring 
contaminants and may contribute to the assessment of their potential 
bioavailability to biota. 

When using the DGT technique, the elution of analytes accumulated 
on the binding phase requires special attention as it may significantly 
contribute to the uncertainties of the DGT measurement [8]. Therefore, 
each novel binding phase undergoes thorough testing of elution 

Abbreviations: DGT, diffusive gradient in thin films technique; ET-AAS, electrothermal atomic absorption spectrometry; ICP-MS, inductively coupled plasma mass 
spectrometry; MDL, method detection limit. 
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procedures (with key variables of the used elution agent, its concen-
tration, and volume together with the elution time and temperature) in 
order to achieve the highest elution yield with high reproducibility. The 
elution protocol of Lewatit FO 36 resin gel proposed in the original study 
[3] utilizes the mixture of 0.17 M sodium chloride and 0.25 M sodium 
hydroxide as an elution agent (according to the recommendation of the 
resin manufacturer [4]) in combination with microwave-assisted 
extraction at 130 ◦C for 16 min. Although the obtained quantitative 
elution yield of arsenic content was 98.4 ± 2.0%, the measurement of 
arsenic concentration in high chlorides matrix may be challenging due 
to the interference effect of chlorides during analysis. The proposed 
elution protocol is therefore not suitable for analysis by inductively 
coupled plasma mass spectrometry (ICP-MS), which is currently one of 
the most common analytical techniques for elemental analysis in 
laboratories. 

Given that the Lewatit FO 36 resin has a great potential to be a 
suitable DGT binding phase for uranium, the uptake efficiency and up-
take capacity of Lewatit FO 36 resin gel towards uranium were evalu-
ated in this study. The selectivity of this DGT binding phase for a range 
of As and U concentrations in different ratios was evaluated as well to 
assess its suitability for application in a real environment. Due to the 
need for practical sample analysis by conventional ICP-MS, a new 
elution protocol for simultaneous measurement of both elements, As and 
U, was proposed and evaluated within this study. 

2. Materials and methods 

2.1. Reagents and chemicals 

All chemicals were of analytical reagent or higher grade. Chemicals 
used for DGT gels production and the preparation protocol are described 
in a previous study [3]. Arsenic standard solution 1000 mg L−1 in 2% 
HNO3 (Merck, Germany) and uranium standard solution 1000 mg L−1 in 
2% HNO3 (SPEX CertiPrep, UK) were used for the preparation of 
experimental solutions and for calibration of ICP-MS together with the 
internal standard of indium (Alfa Aesar, addition to a final concentration 
of 1 μg L−1). The HNO3 was used for material cleaning (HNO3 produced 
by distillation apparatus), gels extraction, and sample acidification 
(Optima Grade, Fisher Scientific, USA). The NaCl, NaOH, NaNO3 (all 
Merck, Germany), and H2O2 (suprapure, Fisher Scientific, USA) were 
used for gel extraction. The pH was measured by multi-meter WTW 3430 
and adjusted to a desired value by diluted HNO3 or NaOH if necessary. 

2.2. Uptake efficiency 

Experimental solutions (0.01 M NaNO3; pH = 5; spiked with 20 μg 
L−1 of As and U) were prepared 24 h before the start of the experiment so 
that the carbon content in the solution equilibrate with atmospheric 
CO2. To evaluate the uptake efficiency of Lewatit FO 36 resin gel, a 
single resin gel disc (5 replicates) was immersed into 10 mL of experi-
mental solution and shaken for 24 h. The concentration of both elements 
in the experimental solution was determined at the beginning and end of 
the experiment by ICP-MS. The difference between the initial mass (Mi) 
and the remaining mass (Mr) of analytes in the solution indicated the 
total analyte mass accumulated on the resin gel disc (Ma). The efficiency 
of As and U uptake was expressed as the uptake factor (fu), using Eq. (1). 
A control experiment for evaluation of As and U sorption on the walls of 
tubes was performed as well. 

fu =(Mi −Mr)/Mi*100% (1)  

2.3. Elution efficiency 

The gel discs removed from the experimental solution were rinsed 
with Milli-Q water and the accumulated As and U were eluted using 
various elution agents (HNO3, NaOH, NaCl, H2O2) or their mixtures. The 

mixture of NaOH and H2O2 has already been successfully used as an 
elution agent for elution of As [9,10] or U [11,12] from other DGT resin 
gels. The molarity and volume of elution agents in combination with 
extraction temperature varied within 7 variants (Table 1) in order to 
achieve the highest possible efficiency of elution of both analytes. The 
tested molarity of elution agents and extraction conditions were selected 
with respect to the previous studies dealing with the elution of As and U 
from DGT resin gels [10,11]. The extraction in the conventional drying 
oven at the temperature of 70 ◦C allows to increase the elution efficiency 
and at the same time does not disturb the material of the polypropylene 
extraction tubes [13]. Resin gel blanks (gel discs that were not deployed 
into the experimental solution) were eluted as well. After 24 h of elution, 
the samples were centrifuged if necessary and diluted ten times by 2% 
(v/v) HNO3 prior to analysis. The eluted mass of As and U (Me) was used 
for the calculation of the elution factor (fe) using Eq. (2). 

fe =(Me /Ma)*100% (2)  

2.4. Diffusion coefficient of U towards Lewatit FO 36 

Since resin gels utilizing Lewatit FO 36 resin were originally devel-
oped for the determination of arsenic, its diffusion coefficient was 
determined in the previous study [3]. But diffusion coefficient of U to-
wards this resin gel was determined within this study by the 
time-dependence experiment. The DGTs were deployed in 2 L of 
well-stirred 0.01 M NaNO3 spiked with 20 μg L−1 of U (with the addition 
of 0.983 mM L−1 NaHCO3 to buffer the solution to pH 7.56 [14]) and a 
duplicates of DGT units were retrieved from the solution after 2, 4, 8, 24, 
48 h. The diffusion coefficient (D, cm2 s−1) was calculated from the slope 
of a linear regression of the U mass accumulated on a resin gel and 
normalized for the solution concentration (M/c) as a function of time 
using Eq. (3), where Δg is the thickness of diffusive layer consisting of 
diffusive gel and membrane filter (0.080 + 0.0125 cm), and A is the 
exposed area (3.14 cm2). The diffusion coefficient was corrected to the 
temperature using the Stokes-Einstein relation [15]. 

D= slope*Δg/A (3)  

2.5. Uptake capacity of the Lewatit FO 36 resin gel 

The uptake capacity is commonly determined by exposing a resin gel 
to a high concentration of analyte until equilibrium is reached. A single 
Lewatit FO 36 resin gel disc (3 replicates) was immersed into 5 mL of 
0.01 M NaNO3 solution (pH 5.0) with U concentration range of 0.1–250 
mg L−1 and let shaken for 24 h. The gels were subsequently eluted using 
the new elution protocol proposed in this study. The U mass eluted from 
the gel disc (Me) was compared to the mass that was expected to be 
accumulated on the gel disc (Ma) based on the difference between the 
initial and remaining U mass in the solution. This enabled us to validate 
the results and evaluate whether the elution efficiency is independent of 
the amount of metal bound on the gel disc. Since the new elution pro-
tocol was also tested for As, the same experiment was performed with 
both elements in parallel. 

Table 1 
Variants of the tested elution protocols.  

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 ◦Ca 

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 ◦Ca 

G 1 M NaOH 5 mL 70 ◦C  

a Laboratory temperature. 

V. Smolíková et al.                                                                                                                                                                                                                             

133



Talanta 228 (2021) 122234

3

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

To evaluate whether the Lewatit FO 36 resin gel favour one of the 
tested elements over the other, the series of solutions with As + U spike 
of various concentrations and ratios were prepared (Table 2). The con-
centration ranges were chosen concerning the average concentrations of 
As and U in the natural environment that are generally quite low (<10 
μg L−1 in freshwater and 1.5 μg L−1 in seawater for As [16], and 0.3 μg 
L−1 in freshwater and 3.3 μg L−1 in seawater for U [17,18]). The variant j 
(10 mg L−1 of each element) then represented extreme conditions. A 
single Lewatit FO 36 resin gel disc (3 replicates) was immersed into 10 
mL of each solution prepared in 0.01 M NaNO3 (pH 5.0) and the tubes 
were shaken for 24 h. The uptake efficiency of both elements was 
calculated by the difference between the initial and remaining masses in 
the solution as described in Section 2.2. The elution of the gels using the 
new elution protocol proposed in this study was performed as well. 

2.7. Analytical methods and data analysis 

Arsenic and uranium concentration in all samples was determined by 
the sector field inductively coupled plasma mass spectrometry (SF-ICP- 
MS, Element II, Thermo Fisher Scientific Bremen GmbH, Germany), for 
instrumental parameters see Supplementary Information. The accuracy 
of sample analysis was verified by the analysis of reference samples 
(river water SLRS6, National Research Council Canada). Arsenic and 
uranium concentration in the certified reference material (SLRS-6) was 
108 ± 4% and 103 ± 5% of certified values, respectively. Analysis of 
blank resin gels (5 replicates) was performed for the determination of 
the method detection limit (MDL). Analytical software STATISTICA13 
(StatSoft, Czech Republic) was used for data analysis. One-way analysis 
of variance (ANOVA test) was used to determine the statistically sig-
nificant differences between DGT performances. A statistically signifi-
cant difference of the results was declared when p-value was below the 
level of significance α = 0.05. The Tukey’s Honest Significant Difference 
post-hoc test was performed to identify statistically different results. 

3. Results and discussion 

3.1. Uptake and elution efficiency 

The average uptake efficiency of arsenic and uranium towards 
Lewatit FO 36 resin gel (n = 15) was 98.7 ± 0.6% and 99.0 ± 0.4%, 
respectively. No sorption of As and U onto the tube walls was observed 
within the control experiment. The previous study showed excellent 
sorption ability of Lewatit FO 36 resin gel towards arsenic whose As(III) 
and As(V) compounds are predominantly neutral or anionic in the pH 
range > 4 [3]. In terms of uranium, it is mostly present in the natural 
surface water under oxic conditions in the hexavalent oxidation state U 
(VI), while under anoxic conditions in groundwater (e.g. in confined 
aquifers) it is present in tetravalent oxidation state U(IV). Other oxida-
tion states (trivalent and pentavalent) of uranium are generally not 
relevant for ecotoxicological studies because they are considered un-
stable in the natural environment [17]. Hexavalent compounds are also 
highly soluble and mobile and are present either as free uranyl ion 
(UO2

2+) or complexed with ligands such as OH−, Cl−, CO3
2−, PO4

3−, F−, 
SO4

2− [19]. However, both free uranyl ion and the most common car-
bonate complexes are predominantly neutral or anionic in the same pH 
range as arsenic and are therefore bound by functional groups of Lewatit 
FO 36 resin. 

Comparison of elution efficiencies of all tested elution agents is given 
in Fig. 1. Concentrated HNO3 (A) was an effective elution agent for 
uranium (although with a large standard deviation of 8.3%) but as 
already demonstrated in the original study by Smolíková et al. [3], it is 
not a suitable eluent for arsenic elution from Lewatit FO 36 resin gel. The 
elution mixture of 0.25 M NaOH and 0.17 M NaCl, originally proposed in 
the mentioned study, provided unsatisfactory recoveries of both ele-
ments (B), but the results pointed out the strong effect of the tempera-
ture on the elution efficiency. In the original protocol using this elution 
agent in combination with microwave-assisted extraction (130 ◦C for 16 
min), the elution efficiency of arsenic was 34.8% higher compared to the 
result in this study, where only the temperature of 70 ◦C was used. The 
resulting elution efficiency was therefore insufficient for DGT calcula-
tions since the minimum generally accepted value of fe should be at least 
80% as it is a typical value for metals [2]. Even though the higher 
temperature of microwave-assisted extraction allows achieving higher 
elution efficiency, its practical use may be restrictive due to the low 
number of samples processed in one batch and generally higher de-
mands on laboratory equipment. Therefore, the extraction of DGT resin 
gels in a conventional drying oven at 70 ◦C is generally preferred and 
was used in this study as well. To avoid the use of chloride-containing 
eluents which cause interferences during analyses, the mixture of 
NaOH and H2O2 (C, D, E) was used. There is a statistically significant 
difference (p < 0.05) of elution efficiency between variant C and vari-
ants D, E for both elements. But whereas the use of a higher temperature 
and elution agent volume reduced the elution efficiency of uranium, the 
elution efficiency of arsenic was conversely increased. Therefore, the 
higher temperature and volume of the elution agent seems to be crucial 
for the elution of arsenic. On the other hand, a statistically significant 
improvement in the elution efficiency of uranium between variants D 
and E (p < 0.05) suggests that a higher ratio of elution agents in favour 
of NaOH to H2O2 (from 1:1 to 2:1) can increase the uranium elution 
despite the negative effect of higher temperature. The presence of H2O2 

at the higher temperature, therefore, seems to have a negative effect on 
the elution of uranium from Lewatit FO 36 resin gel. For this reason, a 
simple 1M NaOH was used as the other variant of the elution agent. As 
evident from the obtained results, laboratory temperature and eluent 
volume of 1 mL were insufficient for elution of both elements (F). The 
elevated extraction temperature (70 ◦C) and a higher volume of eluent 
(5 mL) (G) nevertheless provided excellent elution efficiency of As (90.3 
± 3.9%) and U (85.2 ± 3.1%). Since there was no statistical difference 
(p > 0.05) in the elution efficiencies of As in variants D, E, and G, it is 

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

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  

Fig. 1. Comparison of elution efficiency of each elution agent variant: A – 

concentrated HNO3/70 ◦C; 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 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 NaOH/70 ◦C/ 
5 mL (error bars for n = 5). 
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obvious that H2O2 has no role in the elution process of arsenic from 
Lewatit FO 36 resin gel. Even though the elution efficiency of arsenic is 
8.0% lower compared to the one of the original study [3], the advan-
tages of simultaneous elution of both elements and the possibility of 
analysing the samples by ICP-MS are undoubtedly more beneficial. 
Moreover, the elution factors of both elements are higher than the 
minimum generally accepted value of 80% and, in addition, with 
excellent repeatability with deviations below 5%. For the results of 
statistical analysis see Supplementary Information. 

3.2. Diffusion coefficient of U towards Lewatit FO 36 

The diffusion coefficient of U calculated within this study from the 
time-dependence experiment (Fig. 2) was 4.38 ± 0.06 × 10−6 cm2 s−1 

(0.01 M NaNO3 solution, pH 7.56, at 25 ◦C), which is in good agreement 
with the average value of D = 4.44 ± 0.22 × 10−6 cm2 s−1 obtained by 
Drozdzak et al. [12] for Chelex, Metsorb, and Diphonix resin gels. 
Drozdzak et al. [12] also demonstrated in their study that the diffusion 
coefficients of U may vary in the literature, with differences being given 
by the used DGT binding phase in combination with the experimental 
conditions (solution composition and pH). This causes the changes in 
uranium speciation in solution (such as the formation of anionic uranyl 
carbonates species), resulting in a lower affinity towards the resin or 
lower uptake kinetics. 

3.3. Uptake capacity of the Lewatit FO 36 resin gel 

Generally, a high uptake capacity of the DGT binding phase towards 
the studied analyte is required to avoid its saturation during in-situ 
deployment. Very high uptake capacity of the Lewatit FO 36 resin gel 
towards As was demonstrated in the original study [3], and therefore, 
the uptake capacity towards U was investigated as well. 

The expected U mass accumulated per gel disc (based on the differ-
ence between the initial and remaining mass in the solution) plotted 
versus the U concentration in the original solution is shown in Fig. 3A. 
The Lewatit FO 36 resin gel effectively accumulated uranium even 
though the U mass in the initial solution was 1250 μg which proves its 
very high uptake capacity. Given that the saturation of resin gel was not 
achieved, the total uptake capacity of Lewatit FO 36 towards uranium 
has not been established. In comparison with other binding phases used 
for the determination of U, the uptake capacity of Lewatit FO 36 is 
comparable or much higher than the capacities reported by Drozdzak 
et al. [12,20]. In these studies, the maximum uptake capacities of 
PIWBA, Chelex-100, and Metsorb resins were determined as 99.9–249.9 
μg of U per gel disc. The best results were so far achieved with Diphonix 
resin, the capacity of which was not fulfilled even when the U spike was 
up to 2500 μg. 

However, even though the uptake capacity of the Lewatit FO 36 resin 
gel was demonstrated to be very high, important information regarding 
the efficiency of the elution protocol proposed in this study was 
revealed. The results of U mass eluted from the gels showed that the 
elution efficiency is dependent on the amount of U accumulated on the 
resin gel disc and is actually able to release only up to 112.2 ± 8.7 μg of 
accumulated U (Fig. 3A). To verify the data for As, the uptake capacity 
test and subsequent elution of the gels were performed in the same way 
(Fig. 3B). The results showed that only 122.3 ± 8.4 μg of accumulated As 
was released from the gel during elution even though the accumulated 
mass was much higher. Since the total masses of both analytes eluted 
from gels are very similar, it seems that the elution agent (1 M NaOH at 
70 ◦C) reached its maximum elution capacity. Based on the results of 
different volumes of eluent and especially elution temperature, the au-
thors believe, that increasing the eluent volume or extraction tempera-
ture may increase the elution efficiency. Nevertheless, with respect to 
the practical use of DGTs and also the average concentrations of arsenic 
(<10 μg L−1 in freshwater and 1.5 μg L−1 in seawater [16]) and uranium 
(0.3 μg L−1 in freshwater and 3.3 μg L−1 in seawater [17,18]), the ob-
tained results still suggest the possible deployment over long time pe-
riods in natural waters. Regarding the most common deployment period 
(24 h), the Lewatit FO 36-DGTs can be applied in natural waters with 
concentrations up to 6.51 mg L−1 of As or 8.73 mg L−1 of U.1 Therefore, 
the potential distortion of the results can occur only in the case of 
application in an environment where the concentrations of both ele-
ments would be extremely high. 

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

Although the uptake capacity of both studied elements was deter-
mined to be very high, a series of experiments evaluating the influence 
of the simultaneous presence of As and U on the course of their sorption 
was performed at different concentration ratios (Fig. 4). The results 
showed that even at the highest concentration ratio of As and U (variant 
j with 10:10 mg L−1), the uptake efficiency of both elements was 97.9 ±
0.7% and 95.9 ± 1.4%, respectively. With respect to the results obtained 
in Section 3.3, the elution of the gels was performed as well in order to 
validate the elution efficiency when both analytes are accumulated at 
the same time. The resulting eluted masses of variants a–i corresponded 
overall to 94.6–105.5% of the masses accumulated on the gels. How-
ever, this result was expected given the fact that the As and U spike in the 
most concentrated variant i was only 1 μg of each element. On the 
contrary in the variant j, where the As and U spike corresponded to 100 
μg of each element, the total accumulated mass (200 μg) on the gel disc 
exceeded the maximum mass that can be released from the gel using the 
proposed elution protocol as stated in Section 3.3. Thus, the elution 
efficiencies obtained for variant j were 50.3 ± 5.5% for As and 67.7 ±
9.1% for U. When expressing these results as total masses, this corre-
sponds to 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. This result thus confirms the observations 
from the previous experiment and indicates the insufficient strength of 
the eluent when the total mass of the accumulated analytes exceeds 
~110 μg. 

3.5. Method detection limit 

The blank values of Lewatit FO 36 resin gel eluted by 5 mL of 1 M 
NaOH, was calculated as 0.21 ± 0.04 ng for As, and 0.16 ± 0.02 ng for U. 
The MDL was calculated for 24 h deployment using the thickness of the 
diffusion layer (0.0925 cm), exposed area (3.14 cm2) and the diffusion 
coefficient of As and U towards Lewatit FO 36 (6.41 × 10−6 cm2 s−1 [3] 

Fig. 2. Time-dependence experiment of U uptake by Lewatit FO 36 resin gel 
(deployment solution of 0.01 M NaNO3; U 20 μg L−1; pH 7.56; n = 3). 

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 
cm2; t = 24 h; DAs = 6.41 × 10−6 cm2 s−1; DU = 4.38 × 10−6 cm2 s−1. 
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and 4.38 × 10−6 cm2 s−1, respectively). The calculation was made from 
three times the standard deviations of resin gel blank values. The 
resulting MDLs were 0.04 μg L−1 for As and 0.02 μg L−1 for U. 

4. Conclusions 

The excellent sorption abilities of Lewatit FO 36-DGT resin gel to-
wards uranium and arsenic were demonstrated within this study by 
quantitative uptake efficiency of 98.7 ± 0.6% for As and 99.0 ± 0.4% for 
U. Moreover, the resin gel has extremely high uptake capacity for U that 
was not saturated even at a U spike of 1250 μg in the solution. It has also 
been shown that the resin gel does not show signs of selectivity in favour 
of one element over another. These results suggest that this novel resin 
gel can be used for the simultaneous determination of both elements in 
the real aquatic environment. An optimized elution procedure for the 
simultaneous elution of As and U from Lewatit FO 36 resin gel using 5 

mL of 1 M NaOH at 70 ◦C resulted in an elution efficiency of 90.3 ± 3.9% 
for As and 85.2 ± 3.1% for U. The elimination of NaCl from the original 
elution protocol allows simple analysis of samples by ICP-MS and 
therefore enables the widespread use of the new Lewatit FO 36 resin gel 
in many laboratories. Although the results revealed that the proposed 
elution protocol may be insufficient for elution of accumulated masses 
over ~110 μg per gel disc or higher, with respect to common concen-
trations of both studied elements in the natural environments, this 
would be a problem only under extreme conditions. However, our re-
sults pointed to the need for thorough testing in the introduction of new 
elution procedures, which should always be verified in terms of both 
uptake and elution efficiency over concentration ranges. 
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5.5 Comparative study evaluating the salinity influence on the 

performance of different DGT binding phases for uranium 

determination – the Scheldt Estuary (Belgium) 

Smolíková, V., Pelcová, P., Ridošková, A., Leermakers, M. Diffusive Gradients in Thin-

Films technique for uranium monitoring along a salinity gradient: A comparative study 

on the performance of Chelex-100, Dow-PIWBA, Diphonix, and Lewatit FO 36 resin 

gels in the Scheldt Estuary. Talanta, 2021, 240 (123168). IF 5.386. 

 

 

The Diffusive Gradients in Thin films is a broadly used and beneficial passive sampling 

technique for the determination of trace elements in the environment. Therefore, many 

studies are dealing with the development and evaluation of new DGT binding gels 

containing various sorbents in order to obtain a robust technique providing accurate and 

reliable results of the DGT measurement. Similarly, number of studies focuses on the 

development and evaluation of the DGT designs for U determination using sorbents such 
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as Chelex-100 [240, 241], Diphonix [180, 238], Dowex 2×8-400 [239], Dow-PIWBA 

[242], MnO2 [240], Metsorb [241], Lewatit FO 36 [274], Spheron-Oxin [243], or 

Whatman DE 81 [236]. Nevertheless, the data about their practical application in the real 

environment are lacking in the literature as they are mostly limited to a few in-situ trials. 

When developing a novel DGT design, the sorption ability of the binding phase towards 

the targeted analyte is usually studied in the presence of interfering ions. But these tests 

performed under laboratory conditions are generally limited to a few major analytes that 

may be potentially co-adsorbed with the desired analyte or that can interact with the 

analyte in the solution. However, the simulated conditions can never fully reflect the 

complexity of the real aquatic environment. Therefore, a thorough evaluation of the DGT 

performance in the real environment of various conditions is a crucial step to validate 

the capability of the binding phase to provide robust and reliable results.  

For this reason, a comparative study of the performance of four selected DGT designs 

utilizing Chelex-100, Diphonix, Dow-PIWBA, and Lewatit FO 36 resins for the 

determination of uranium in the real environment is presented in this chapter. In order to 

evaluate their efficiency under various conditions, the DGTs were tested across the 

salinity gradient in the Scheldt estuary (Belgium) during four campaigns over the period 

2014–2021. The results revealed that Chelex-100 and Lewatit FO 36 are not suitable 

DGT binding phases for U determination in seawater. Although Dow-PIWBA DGTs 

provided excellent performance along the whole salinity gradient, the long-term 

deployment trial in seawater revealed that the resin gel accumulates U only for up to 2 

days. The best performance was achieved by Diphonix DGTs that provided results with 

a very good agreement between DGT-determined and dissolved U concentrations across 

the whole salinity gradient. Moreover, the long-term deployment trial revealed that 

Diphonix resin is the only binding phase providing exceptional results even after 28 days 

of deployment in seawater (~28 PSU). The results of this study undoubtedly 

demonstrated that thorough testing of the DGT technique in a natural environment is a 

crucial prerequisite for obtaining reliable data and a better understanding of the 

biogeochemical behaviour of trace elements in the environment. For Supplementary 

Information see Chapter 12.3. 
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Diffusive Gradients in Thin-films technique for uranium monitoring along a 
salinity gradient: A comparative study on the performance of Chelex-100, 
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A B S T R A C T   

Monitoring of uranium in the environment using the Diffusive Gradients in Thin-films (DGT) technique gains in 
importance as it can provide unique information about the bioavailability of the element and allows its long-term 
in-situ measurement. Hence, in this study, four DGT binding phases (Chelex-100, Dow-PIWBA, Diphonix, and 
Lewatit FO 36 resins) were evaluated for uranium monitoring to assess the robustness of their performance in 
estuarine and marine environments. These DGTs were deployed along the Scheldt estuary (Belgium and the 
Netherlands) over four campaigns between 2014 and 2021. The DGT performance (ratio of the DGT-determined 
vs. dissolved U concentration in grab water sample) varied with the water salinity. The Chelex-100 DGTs 
generally provided good performance in freshwater (median ratios close to 1.0), but an inverse correlation with 
the increasing salinity was observed (median ratios 0.7 at the stations with salinity >5). The Lewatit FO 36 DGTs 
provided good performance in the salinity range 0–18 (median ratios 1.0). However, a strong negative influence 
was observed at stations with high salinity levels (>18, ratio 0.6) and during the long-term deployment in 
seawater (ratios <0.5 over deployment periods ≥2 days). The Dow-PIWBA and Diphonix DGTs provided overall 
similar results with excellent performances along the whole salinity gradient (median ratios 1.1 and 1.0, 
respectively). Nevertheless, the long-term deployment trial in seawater (salinity ~27) revealed the robustness of 
Diphonix DGTs that provided outstanding results even after 28 days of deployment (ratio 1.0). The differences in 
the performance of tested DGT resins were mostly given by the changes of U speciation along the salinity 
gradient. The speciation modelling of U showed that calcium uranyl carbonate complexes dominate along the 
Scheldt estuary (from 97 to 86% seawards) with increasing fraction of UO2(CO3)3

4− (from 2 to 14%) towards the 
mouth.   

1. Introduction 

Environmental pollution monitoring programs are nowadays gaining 
in importance around the world, partially due to the increasing accep-
tance of social responsibility for the impact of human activities on the 
environment [1,2]. Alongside other significantly targeted analytes, 
there is an increasing need for the monitoring of uranium. The con-
centration of uranium in the terrestrial and aquatic environment is not 
only given by its natural abundance and release from the geological 
background but can be influenced by anthropogenic activities such as 
uranium mining and milling or its processing in the nuclear industry [3]. 
Monitoring of uranium in the environment represents a challenge for 

ecotoxicological studies as the total concentration and isotopic compo-
sition of uranium provides information about radiological toxicity but 
not necessarily about the chemical toxicity which is related to uranium 
speciation [4]. While there are different approaches for water quality 
monitoring, including continual in-situ measurement (e.g., electrodes for 
dissolved oxygen or pH), the monitoring of trace metals is generally 
performed by discrete sampling in time series. However, this approach 
may provide variable and misleading results, especially in dynamic 
environments with fluctuating analyte concentrations. A continual 
in-situ sampling approach using the Diffusive Gradients in Thin-films 
(DGT) technique stands out for its ability to determine mobile and 
labile forms of the monitored analyte (“free ions” and their labile 
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complexes) over a certain time period, thus providing the time-weighted 
average concentrations. As a result, it is possible to obtain crucial in-
formation about uranium bioavailability which better reflects the eco-
toxicological status of the environment [5–8]. 

The principle of the DGT technique is based on the diffusion of 
analytes through a diffusive gel and its subsequent accumulation on a 
binding gel (resin embedded in hydrogel). The analyte mass accumu-
lated on the binding gel is then eluted and analysed by instrumental 
technique [9,10]. In addition to the original purpose of the DGT tech-
nique as a tool for measuring trace metals in the aquatic environment [6, 
10–12], it is also used for the determination of nutrients [13–16], 
radioactive elements [17–22], platinum group elements [23–25], 
rare-earth elements [26,27], and various organic compounds (such as 
phenolic compounds [28], antibiotics [29], or pesticides [30] as sum-
marized in work of Guibal et al. [31] and references cited therein) in 
water, sediment or soil, as well as other matrices such as food [32,33]. 
The advantages of using the DGT technique are: the pre-concentration of 
analytes that allows for measurements at low environmental concen-
trations, the ability to obtain time-integrated concentrations of analytes, 
and the possibility of simultaneous deployments of DGTs in the water 
and sediment in the studied area, thus obtaining more complex infor-
mation about the geochemistry of the investigated analyte [34]. 
Therefore, there are many studies dealing with the development and 
evaluation of new binding gels containing different resins in order to 
obtain a robust technique that can be applied in various environmental 
conditions without affecting the accuracy and reliability of DGT 
measurement. 

From its first use in 1994 [10], Chelex-100 has become the most 
commonly used resin for DGT measurements. Chelex-100 is a chelating 
resin with iminodiacetate acid as functional groups, and as such, it has a 
high affinity for cationic species (mainly transition metals). It is also 
often used for uranium measurements in freshwater environments 
[35–39]. However, its performance for uranium determination in the 
natural environment can be unsatisfactory since it is not exclusively 
selective for U and its binding sites may become saturated by competing 
ions. Moreover, the uranium species formed in solution (often anionic or 
neutral) may show a low affinity for Chelex-100 and slow dissociation 
kinetics within the diffusive layer, resulting in non-perfect sink condi-
tions [37,40]. This is especially apparent when DGTs are deployed in 
complex matrices such as seawater or when deployed for longer periods 
[41,42]. Therefore, Chelex-100 has been replaced by other binding 
phases (i.e., Diphonix [17,43], Dowex 2 × 8–400 [44], MnO2 [41], 
Metsorb [42], Dow-PIWBA [45], Spheron-Oxin [46], or Lewatit FO 36 
[47]) more suitable for the selective determination of uranium. Their 
binding mechanisms are either based on chelation (Diphonix and 
Spheron-Oxin), sorption (Metsorb and MnO2), anion exchange (Dowex 
2 × 8–400), or both sorption and anion exchange (Dow-PIWBA and 
Lewatit FO 36). Nevertheless, while the sorption ability of DGT binding 
phases in the presence of interfering ions is usually investigated during 
their development, the tests are limited to a few major potential 
co-adsorbing analytes. These simulated conditions can never fully reflect 
the complexity of the aquatic environment. Moreover, the data about 
the practical application of the DGT technique for uranium measure-
ments (U-DGT) in the real environment are generally lacking in the 
literature as they are mostly limited to a few in-situ trials. A thorough 
evaluation of the DGT performance in the real environment of various 
conditions is therefore necessary, as it is a crucial step to validate the 
capability of the binding phase to provide robust and reliable results. 

For this reason, four resins (Chelex-100, Dow-PIWBA, Diphonix, and 
Lewatit FO 36) for uranium determination were selected and their 
abilities evaluated along the salinity gradient to investigate the influ-
ence of the changing U speciation on the DGT performance. The study 
area of the Scheldt estuary (Belgium and the Netherlands) is charac-
terized by salinity ranging from freshwater (<0.05), oligohaline 
(0.05–5), mesohaline (5–18) to polyhaline (18–30) waters [48]. More-
over, the river passes through the industrial area of Antwerp (Belgium) 

and its pollution status is thus considerably influenced by anthropogenic 
activities [12,49–52]. This industrial area also coincides with the 
turbidity maximum of the estuary and can thus complicate processes 
related to the early stages of estuarine mixing. All of the tested resins had 
been thoroughly evaluated under laboratory conditions in the earlier 
studies and have been shown to have sufficient sorption abilities to-
wards U regarding their sorption capacity (200 μg disc−1, 2500 μg 
disc−1, 99 μg disc−1, and 1250 μg disc−1 for Chelex-100, Dow-PIWBA, 
Diphonix, and Lewatit FO 36, respectively) or their performance across 
the pH range typical for natural waters (pH = 4–8) [17,45,47,53]. In the 
present study, the DGTs utilizing these tested resins were deployed along 
the Scheldt estuary within four campaigns over the period 2014–2021 in 
order to find the most reliable DGT binding phase for uranium moni-
toring in the freshwater and marine environment. 

2. Materials and methods 

2.1. Reagents and chemicals 

All chemicals were of analytical reagent grade or higher. Milli-Q 
water (Millipore, USA) was used for the preparation of gels and solu-
tions, as well as for cleaning DGT devices. Acrylamide 40% (w/v) 
(Merck, Germany), agarose-derived DGT cross-linker (2%) (DGT 
Research Ltd., UK), ammonium persulfate (APS) (Merck, Germany), N, 
N,N′,N’-tetramethylethylenediamine (TEMED) (Merck, Germany) and 
resins Chelex®-100 (Bio-Rad, USA), Diphonix® (Eichrom Technologies, 
USA), Dow-PIWBA (The Dow Chemical Company, USA) and Lewatit® 

FO 36 (Lanxess, Germany) were used for gel preparation. The nitric acid 
was used for material cleaning (HNO3 produced by distillation appa-
ratus Berghof, Germany), samples acidification, and gels extraction 
(Optima Grade, Fisher Scientific, USA). The 1-hydroxyethane-1,1- 
diphosphonic acid (HEDPA) 60% (w/v) in H2O (Sigma-Aldrich, Ger-
many) and sodium hydroxide (Merck, Germany) were used for gel 
extraction. The stock solution of uranium of 1000 mg L−1 in 2% HNO3 

(SPEX CertiPrep, UK) was used for calibration of the ICP-MS. Indium 
(Alfa Aesar, USA) was used as the internal standard for U analysis 
(addition to a final concentration of 1 μg L−1). 

2.2. Study site and sampling 

The studied area is located on the border of northern Belgium and 
southwestern Netherlands and is a dynamic ecosystem of the Scheldt 
estuary (Fig. 1). Uranium monitoring in water was performed at 8 sta-
tions on the Scheldt River (HEM, S22, S15, S12, S09, S07, S04, S01) 
during the campaigns on R.V. Belgica in March 2014, 2019, 2020, and 
2021. Moreover, a long-term deployment was performed at 2 stations in 
the Zeebrugge harbour (HZ1 and HZ2) during the campaigns in 2020 
and 2021. For geographical coordinates of all sampling stations and an 
overview of used resin gels during all campaigns see Table S1 in the 
Supplementary Information (SI). 

Water samples were taken directly from the rigid hull inflatable boat 
(RHIB) at the sampling stations using 2 L polypropylene (PP) bottles at 
the start and end of the DGT deployment. The sampling bottles for U and 
major cations were pre-cleaned by 1% HNO3 for at least 24 h and 
thoroughly rinsed with Milli-Q water and seawater prior to use on-site. A 
separate sampling bottle was used for nutrients, anions, alkalinity, and 
dissolved organic carbon (DOC) (pre-cleaned by 1% HCl to avoid 
contamination for NO3

− analysis). Representative water samples were 
filtered through 0.45 μm membrane syringe filters and acidified to 1% 
HNO3 for trace metals and major cation analysis. Samples for DOC 
analysis were stored in pre-combusted (550 ◦C for 3 h) glass bottles and 
samples for nutrients, anions, and alkalinity analysis were stored in 
polyethylene (PE) bottles. Water physico-chemical parameters (pH, 
temperature, salinity, dissolved oxygen) were measured at each sam-
pling station by multi-parameter instruments VWR MU 6100H and WTW 
3430. 
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2.3. Preparation, assembly, and deployment of DGTs 

The DGT pistons, glass, and plastic equipment used for gels handling 
were cleaned in 5% (v/v) HNO3 for at least 24 h and thoroughly rinsed 
with Milli-Q water prior to use. The gel stock solution was prepared 
using 15% (v/v) acrylamide and 0.3% (v/v) DGT cross-linker. The 
polymerization reaction of the gel solution was initiated by freshly 
prepared 10% (w/v) APS and catalysed by TEMED. The polyacrylamide 
(PAM) diffusive gels were prepared according to the protocol described 
in the literature [6] with a resulting thickness of 0.08 cm. The same 
protocol was slightly modified for the preparation of each type of PAM 
resin gel with a thickness of 0.04 cm (see detailed information in 
Table 1). The Diphonix, Dow-PIWBA, and Lewatit FO 36 resins were 
ground (Pulverisette Type 02.102, Fritsch, Germany) and sieved on a PE 
sieve (50 μm) prior to use. Thoroughly mixed gel solution with a resin 
was cast between two glass plates and allowed to polymerize at 45 ◦C for 
1 h. After 24 h hydration in Milli-Q water, gel sheets were cut using a 
plastic circle cutter (diameter 2.5 cm) and stored in 0.01 M NaNO3 at 
4 ◦C prior to use. 

DGT pistons (DGT Research Ltd., UK) with an exposure window of 
3.14 cm2 were used for water deployment. Polyvinyl fluoride (PVDF) 
Durapore® membrane filters of 0.45 μm pore size (Merck, Germany) 
were pre-cleaned in 5% (v/v) HNO3 for 24 h and thoroughly rinsed with 
Milli-Q water prior to use. The DGT plastic housings were loaded with 
resin gel, covered by PAM diffusive gel and membrane filter, and 
enclosed by a cap with an exposure window. Assembled DGT units were 
stored at 4 ◦C in zip-lock bags and kept moisturized with 0.01 M NaNO3 

prior to deployment. 
The DGTs were deployed while navigating upstream from the mouth 

to Antwerp and retrieved the next day while navigating downstream. 
The method of DGT deployment in water varied over the years as shown 
in Fig. 2. During campaigns in 2014 and 2019, the DGTs were loaded in 
Perspex open plates that were directly attached by nylon rope to the 
buoy on top and to anchor on the bottom (A). In 2019, one series of 
Chelex-100 DGTs was tied back to back by a fishing line and placed in 
filter tubes (filter element for Pluviofilter, pore size 90 μm, BWT, 
Austria), which were then deployed in the same way as the open plates 

(B). During the 2020 and 2021 campaigns, DGT pistons were loaded in 
Perspex plates and enclosed in a polypropylene cage (perforation size 2 
cm) before attachment (C). Each type of resin gel was deployed in 4–6 
replicates per station. In the estuary, the DGT deployment ranged from 
12 to 24 h. For the long-term deployment trial, the DGTs were deployed 
for 2 and 28 days (station HZ1) or 6 and 21 days (station HZ2). 

2.4. Evaluation of the DGT performance 

2.4.1. Elution efficiency 
For accurate determination of uranium mass accumulated on DGT 

resin gel, it is necessary to use a suitable elution agent and the appro-
priate elution factor for calculations. The elution factor indicates the 
elution efficiency of the used eluent in relation to the total amount of 
analyte accumulated on the gel. As the Chelex-100 [38,44], Diphonix 
[17,43], and Dow-PIWBA [45,55] resin gels are widely used for uranium 
determination, the validated elution protocols have been followed in 
this study. The U mass accumulated on Chelex-100 was eluted by 1 ml of 
1 M HNO3 at laboratory temperature. The 1 ml of 1 M HEDPA at labo-
ratory temperature and 1 ml of concentrated HNO3 at 70 ◦C were used 
for elution of Diphonix and Dow-PIWBA resin gels, respectively, as 
recommended by Drozdzak et al. [17,45]. The 5 ml of 1 M NaOH at 70 ◦C 
was used for elution of Lewatit FO 36 resin gels according to Smolíková 

Fig. 1. Studied area with sampling stations along the Scheldt estuary and in the Zeebrugge harbour with a visualization of salinity areas (data of salinity areas 
adapted from Vlaams Instituut voor de Zee [54]). 

Table 1 
Preparation protocol of PAM resin gels (reagents used per 10 ml of gel solution).   

Chelex-100 
[6] 

Diphonix 
[17] 

Dow-PIWBA 
[45] 

Lewatit FO 36 
[53] 

Resin (g) 4 2 2 1.25 
10% APS 

(μl) 
50 360 300 240 

TEMED (μl) 15 90 120 120  

Fig. 2. The method of DGT deployment in water column using an open plate 
(A), filter tube (pore size 90 μm) (B), or open plate enclosed in a polypropylene 
cage (perforation size 2 cm) (C). Each construction is attached by nylon rope to 
the buoy on top and to anchor on the bottom. 
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et al. [47]. The elution factors (fe) of 0.83 ± 0.02, 0.79 ± 0.04, 0.88 ±
0.01, and 0.85 ± 0.03 were used for calculation of the uranium mass 
accumulated on Chelex-100, Diphonix, Dow-PIWBA, and Lewatit FO 36 
resin gels, respectively [17,45,47]. 

2.4.2. DGT calculations 
Uranium mass (M, ng) accumulated on the resin gel disc is calculated 

from the concentration of U measured by analytical technique in the 
eluent (ce) using Eq. (1), where V is the total volume of gel and elution 
agent and fe is the elution factor as described in 2.4.1. 

M = ce⋅V/fe (1) 

Uranium concentration determined by DGT (cDGT, μg L−1) is then 
calculated from the uranium mass using Eq. (2), where Δg is the thick-
ness of diffusive layer consisting of diffusive gel and membrane filter 
(0.0925 cm), D is the diffusion coefficient of U (4.40 × 10−6 cm2 s−1 at 
25 ◦C [17]), A is the exposed area (3.14 cm2), and t is the deployment 
time (s). 

cDGT =M⋅Δg / (D ⋅ A ⋅ t) (2)  

2.5. Analytical methods and statistical analysis of results 

Uranium concentration in all samples was determined by sector field 
inductively coupled plasma mass spectrometry (SF-ICP-MS, Element II, 
Thermo Fisher Scientific Bremen GmbH, Germany). Water samples were 
diluted ten times before analysis. Method accuracy was verified by the 
analysis of blank samples and adequate reference materials. For water 
analysis, the standard reference material SLRS-6 (river water, National 
Research Council Canada) and SPS-SW2 (surface water level 2, Spec-
trapure Standards AS, Norway) were used. Uranium concentration in 
both reference materials ranged between 97 and 108% of certified 
values. Major cations (Ca2+, K+, Mg2+, Na+) were also measured by SF- 
ICP-MS. NO3

−, PO4
3−, NH4

+, and Si were measured by segmented flow 
analysis (QuAATro Nutrient Analyser); Cl− and SO4

2− were measured by 
Ion chromatography (Metrohm IC Professional). Alkalinity was 
measured by automatic titration (Mettler Toledo). Dissolved organic 
carbon (DOC) was measured by mass spectrometry (HiPerTOC, 
Thermo). 

The geochemical speciation software Visual MINTEQ 3.1 and the 
Stockholm Humic Model (SHM) was used to assess uranium speciation 
in the Scheldt estuary. Analytical software STATISTICA13 (StatSoft) was 
used for data analysis. The Pearson’s correlation coefficient (r) was used 
to describe the relationship between parameters and a one-way analysis 
of variance (ANOVA test) was used to determine the statistically sig-
nificant differences between DGT performances and dissolved U con-
centrations analysed in water samples. A statistically significant 
difference in the results was declared when the p-value was below the 
level of significance α = 0.05. 

3. Results and discussion 

3.1. Estuarine geochemistry of uranium 

Physico-chemical parameters measured during the campaigns are 
shown in the Supplementary Information (Table S2). For 2014, the data 
of major cations and anions as well as DOC are also presented as they are 
used for the speciation calculations (Table S3). Since all campaigns 
during 2014–2021 were performed in the same season (usually the first 
week of March), the temperature, pH, salinity, and oxygen concentra-
tions in the water were overall very similar. The water temperature 
varied between 5.9 and 8.9 ◦C and pH generally shows a slight increase 
from 7.73 to 8.40 towards the mouth (the exact temperature of each 
sampling station was nevertheless used for DGT calculations to achieve 
the most accurate results). Similarly, the oxygen concentrations 
increased seawards from 7.2 to 12.3 mg L−1. The salinity varied from 0.2 

to 1.0 at station HEM, located upstream of Antwerp to 24.9–25.7 at 
station S01. 

Increasing trends along the estuary were found in 2014 for the 
concentrations of Ca2+ (93–290 mg L−1), K+ (18–249 mg L−1), Mg2+

(34–815 mg L−1), Na+ (241–6536 mg L−1), Cl− (510–16,536 mg L−1), 
and SO4

2− (119–2160 mg L−1). On the contrary, decreasing trends 
seawards were found for the concentration of the DOC (6.926–1.135 mg 
L−1), PO4

3− (0.24–0.15 mg L−1), NH4
+ (0.32–0.06 mg L−1), Si 

(3.78–1.07 mg L−1) and NO3
− (16.20–5.75 mg L−1). 

The concentrations of dissolved uranium increased seawards from 
0.96 ± 0.16 μg L−1 at station HEM to 3.17 ± 0.67 μg L−1 at station S01 
during observed periods. A strong positive correlation between salinity 
and dissolved uranium concentration was observed (Fig. 3, for Pearson’s 
coefficients, see Table S4 in the SI). This indicates a conservative 
behaviour of U during estuarine mixing which is in an agreement with 
what has been observed in many other estuaries [56,57]. The dissolved 
uranium concentration of 2.86 μg L−1 at the salinity level of 30 reported 
in those studies also corresponds with the observations of this study. 

3.2. The method of DGT deployment 

The effect of the deployment method on the DGT performance was 
evaluated for Chelex-100 as this resin gel was the only one deployed in 
all three ways shown in Fig. 2. Deploying DGTs in unprotected open 
plates (Fig. 2A) may either result in damage of the filter membrane 
(either by floating material or by fish) or high tidal currents and high 
turbidity may allow particles to be pushed in the filter sealings and is 
therefore not recommended in such dynamic environments. For U, there 
was no statistically significant difference between the uranium results of 
DGTs deployed in open plates and enclosed in filter tubes during the 
2019 campaign except for station S01 (p < 0.05). Nevertheless, the 
authors believe that the best option is the use of open plates enclosed in a 
plastic cage (Fig. 2C). This deployment method ensures a natural water 
flow that is not affected by a fine filter (pore size of only 90 μm) of the 
filter as it may be in the case of the filter tubes (Fig. 2B), there is no direct 
contact of DGT units with the walls of the protective cage and at the 
same time, the DGT units are protected from the damage by larger ob-
jects and high tidal currents. 

3.3. Influence of salinity on the U-DGT performance in water 

The evaluation of salinity influence on the U-DGT performance was 
based on the results of campaigns in 2014, 2019, 2020, and 2021 
(Fig. 4). Due to extreme weather conditions in 2020, it was impossible to 
retrieve DGTs from all sampling stations, and therefore some data are 
not available. To evaluate the DGT performance, the uranium concen-
trations determined by DGTs (cDGT) were compared with the dissolved 
uranium concentrations analysed in water samples (cDISS) and cDGT/cDISS 

ratio was evaluated. If all dissolved U species are labile, the cDGT/cDISS 

ratio approaches 1. However, it must be taken into account, that the 
DGT results are influenced by the variability of the U concentration at a 
given location over time as the technique provides a time-weighted 
average concentration. Since the total dissolved concentrations could 
only be measured at the start and end of the deployment time, they do 
not reflect the true changes in concentrations during deployment. 
Therefore, in dynamic environments such as river estuaries, the grab 
sampling may provide misleading results in contrary to the DGT- 
determined time-integrated concentrations [58]. 

Chelex-100 resin gels provided results coinciding with the dissolved 
uranium concentration by the cDGT/cDISS ratio of 1.11, 1.16, and 0.99 at 
the station HEM over 2014, 2019, and 2021 campaigns, respectively. 
But with increasing salinity towards the sea, the agreement with the 
dissolved uranium fraction gradually declines to 0.69, 0.68, and 0.73 
(measured at the station S01 during the same sampling periods). In 
2020, the overall cDGT/cDISS ratios were very low (0.32–0.56) at all 
stations. Nevertheless, a strong negative correlation between salinity 
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and Chelex-100 performance was observed within all campaigns of 
2014–2021 with Pearson’s correlation coefficients r = −0.81, −0.64 (or 
−0.97 for DGTs deployed in filter tubes), −0.92, and −0.46, 
respectively. 

The Dow-PIWBA DGTs generally provided very good agreement with 
the dissolved uranium concentrations. In 2014, the DGT results were 
predominantly not statistically different (p > 0.05) from the dissolved 
uranium concentration with the cDGT/cDISS ratios varying between 0.96 
and 1.16. In 2019, the cDGT/cDISS ratio varied between 1.34 and 1.01 
from station HEM to S01, respectively. But these results were also 
skewed by the lack of samples (n = 3) due to the loss of DGTs. Never-
theless, the results of the 2020 campaign show excellent agreement 
between DGT and dissolved uranium concentrations with cDGT/cDISS 

ratios varying between 0.90 and 1.07. Since the results of this campaign 
are the average of 6 replicates of DGT units per station, they are more 
reliable than the results of the previous year. In 2021 the overall cDGT/ 
cDISS ratio varied in the range of 1.01–1.49 between stations HEM and 
S07. Nevertheless, it is obvious that there might be some influence of the 
salinity at the station S01, where the samplers were deployed for the 
longest period and the resulting cDGT/cDISS ratio was only 0.66. The 
statistical analysis revealed a medium to strong negative correlation 
between the Dow-PIWBA DGT performance and increasing salinity 
throughout the observed years (r = −0.38, −0.91, −0.53, −0.93) but it 
must be taken into account that the results were mostly statistically non- 
significantly different from dissolved uranium concentration. 

Diphonix resin gels provided overall comparable results with Dow- 
PIWBA resin gels, with very good agreement between the DGT- 
determined and dissolved uranium concentration at all stations. In 
2019 the cDGT/cDISS ratios varied between 0.95 and 1.25, in 2020, the 
ratios varied between 0.83 and 1.21, and in 2021 the ratios varied be-
tween 0.92 and 1.05. Diphonix also determined higher uranium con-
centrations at stations HEM and S09 in 2019 just like Dow-PIWBA 
indicating a possible increase of uranium concentration between grab 
sampling. Nevertheless, this was not the case in 2021. No significant 
correlation between Diphonix-DGT performance and salinity gradient 
was observed in 2019 (r = −0.27) and a medium positive correlation 
was observed in 2020 and 2021 (r = 0.53 and 0.60). 

Lewatit FO 36 resin gel was tested for uranium determination under 
field conditions for the first time in the 2020 campaign. The results of 
this study show a strong negative correlation between this DGT type 
performance and salinity gradient (r = −0.75) and gradually decreasing 
cDGT/cDISS ratio from 1.09 to 0.87 between S22 and S07 stations, 
respectively. In 2021 similarly to Dow-PIWBA resin, the cDGT/cDISS ratio 
varied in the range of 1.32–0.89 between the HEM and S07 stations with 
a significant decrease at station S01 (cDGT/cDISS = 0.66) resulting in a 
strong negative correlation between the salinity and Lewatit FO 36 
performance (r = −0.79). 

3.4. Long-term uranium monitoring 

The Chelex-100, Diphonix, Dow-PIWBA, and Lewatit FO 36 DGTs 
were evaluated for the long-term monitoring trials (with deployment 
times of 2, 6, 21, or 28 days) (Fig. 5). The water salinity at the station 
HZ1, where the long-term deployment was performed in 2020, was ~28, 
with pH = 7.92 ± 0.04, and a temperature of 8.05 ± 1.75 ◦C. The pa-
rameters at the station HZ2 from 2021 were similar – with the salinity of 
~26, pH = 8.0 ± 0.03, and temperature of 6.67 ± 1.16 ◦C. The results of 
the DGT-determined U concentrations indicate that at the end of the 
deployment period, only Diphonix DGTs accumulated uranium which 
resulted in excellent agreement with the dissolved uranium concentra-
tions (cDGT/cDISS = 0.93, 0.94, 0.81, and 0.96 after 2, 6, 21, or 28 days, 
respectively). This can also be observed from the U mass accumulation 
per gel disc over the deployment time which was compared to theoret-
ical U mass that would be accumulated under the perfect sink condi-
tions. The Dow-PIWBA and Lewatit FO 36 DGTs provided 
underestimated U concentrations which agreed with the dissolved U 
concentration by only 9.6–14.0% and 2.9–4.6%, respectively, at the end 
of the trials. A significant decrease in the U uptake on the Lewatit FO 36 
resin was observed already after 2 days of deployment. The Chelex-100 
DGTs were deployed only for 28 days (in 2020) and provided strongly 
underestimated results which agreed with the dissolved U concentration 
by less than 1%. 

Fig. 3. The concentration of dissolved uranium (0.45 μm) in the function of salinity along the Scheldt estuary during field campaigns in 2014–2021. A transect from 
S01 to HEM was performed on the first day (upstream) and from HEM to S01 on the following day (downstream). 
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3.5. Discussion 

3.5.1. Uranium speciation in the Scheldt estuary 
In the natural surface water under oxic conditions, uranium is pre-

sent mostly in the hexavalent oxidation state U(VI) i.e., in the form of the 
uranyl ion (UO2

2+). Under these conditions, uranium is generally com-
plexed with ligands such as OH−, Cl−, CO3

2−, PO4
3−, F−, SO4

2− [59]. 
One of the most important uranium complexes found in the natural 
aquatic environment is represented by uranyl carbonates with the 
neutral or anionic UO2(CO3)x species dominating between pH 4–12. In 
solutions containing Ca at neutral and alkaline pH the very stable 
ternary Ca2UO2(CO3)3(aq) and CaUO2(CO3)3

2− complexes are formed. 
In addition, speciation of uranyl in freshwater may be affected by the 

concentration of organic ligands – especially humic substances that form 
stable uranyl complexes and contribute to the element’s migration in 
aquatic systems [60]. In rivers, more than 90% of uranium may be 
associated with colloidal fraction, either in relation to iron colloids or 
through interactions with humic or humin acids. The colloidal fraction 
governs transport mechanisms of uranium in aquatic systems, but its 
representation tends to diminish linearly as salinity increases. In estu-
arine environments, less than 5% of uranium is associated with this 
fraction at the salinity of 3 [61,62]. It is likely that during initial estu-
arine mixing, the riverine uranium associated with Fe-organic rich col-
loids, is removed. This removal is due to colloidal aggregation into 
larger particles that can sink on a short time-scale. 

Calculating U speciation with geochemical modelling is strongly 

Fig. 4. A comparison of the DGT technique performance (utilizing Chelex-100, Diphonix, Dow-PIWBA, and Lewatit FO 36 resins) with the dissolved U concentrations 
in the function of the increasing salinity (grey line) along the Scheldt estuary during campaigns in 2014–2021 (n = 4–6, mean ± standard deviation). Chelex filter 
corresponds to Chelex-100 units deployed in a filter tube. 
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dependant on the completeness of the thermodynamic databases used, 
affecting especially stable ternary earth alkaline uranyl carbonate 
complexes [63–66]. In addition, the composition of organic matter is not 
well known. In the present study, we calculated the U speciation in the 
Scheldt estuary using Visual MINTEQ 3.1. For the complexation of U 
with DOC, the Stockholm Humic Matter model was selected [40] and the 
composition of DOC was estimated as 80% fulvic acids and 20% humic 
acids [67,68]. The results of the calculations are shown in Fig. 6. Cal-
cium uranyl carbonate complexes dominate throughout the whole es-
tuary accounting for 97% of the species in the riverine end member 
(HEM) and 86% at the mouth (S01). The UO2(CO3)2

2− fraction, humic 
and fulvic acid complexes account for less than 1% of the dissolved U 
species. An important increase in the UO2(CO3)3

4− fraction from 2 to 
14% is observed seawards. 

3.5.2. Influence of uranium speciation on the binding properties of different 
resin gels 

The DGT-determined concentration is dependent on both the 
mobility (diffusion) and the lability of the metal species [69] and is also 
operationally defined by the selection of experimental parameters (pore 
size of the diffusive layer, diffusive layer thickness, the affinity of 
binding phase, etc.). The differences in the performance of DGT resins 
tested in this study are influenced by the properties of their functional 
groups which show different affinities towards uranium species. 
Chelex-100 is a chelating ion-exchange resin with iminodiacetate (IDA) 

functional groups. The structure of the IDA groups changes with pH and 
so the performance of DGTs utilizing Chelex-100 resin is pH-dependent 
as well. At neutral and alkaline pH the IDA groups have a negative 
charge and thus pose a high affinity towards divalent metals such as Ca, 
Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pd, or Zn [70,71]. However, the negative 
charge of the functional groups is also the cause of electrostatic repul-
sion of uranyl anionic species (CaUO2(CO3)3

2−, UO2(CO3)2
2−, 

UO2(CO3)3
4−) that predominate in seawater at pH ~8 [42]. However, 

Zhao et al. [40] showed that UO2(CO3)2
2− has a high uptake rate on 

Chelex-100 DGTs in comparison to UO2(CO3)3
4− which has the lowest 

uptake rate. This can explain the systematic decrease in cDGT/cDISS with 
increasing salinity as the UO2(CO3)3

4− increases from 2 to 14% and the 
contribution of UO2(CO3)2

2− is negligible in the Scheldt estuary ac-
cording to the speciation calculations. Another factor that plays a role is 
the accumulation rate of calcium uranyl carbonate species on the resin 
gel. Laboratory experiments performed in our lab (unpublished data) 
have shown that deploying Chelex-100 DGTs in solutions rich in calcium 
and carbonate for a 14-day period while using double resin gels, result in 
a non-linear accumulation of U on the resin gels over time. Moreover, U 
starts to accumulate on the second resin gel after 2 days (by 6%) and this 
fraction increases to 40% after 14 days. In such cases, the non-perfect 
sink conditions prevail and the simple DGT formula cannot be used. 
This explains the low accumulation of U on Chelex-100 DGTs during the 
long deployment (28 days). 

Dow-PIWBA resin is a polyphenol impregnated weak base anion 
exchanger. In general, polyphenols bind uranium through chelation and 
ion exchange with their functional groups (i.e., hydroxyl, carbonyl, 
carboxyl) [72,73]. Unlike Chelex-100, this resin is able to operate across 
a wide range of pH (3–9) and its performance is independent of the ionic 
strength in the range from 0.1 mM to 0.7 M NaNO3, but the U adsorption 
starts to decrease at Ca concentrations above 200 mg/L and concen-
trations >500 mg/L [45]. In the Scheldt estuary, for a 24 h deployment, 
a good agreement is observed between cDGT and cDISS. However, the 
resin is not suitable for long-term monitoring in seawater as its binding 
sites started to show signs of saturation after 6 days of deployment in the 
station with a salinity of 26–28. Likewise, our laboratory experiments 
with double resin layers, deploying Dow-PIWBA DGTs in calcium 
carbonate-rich waters for 14 days (unpublished data) show that accu-
mulation on the second resin starts to occur after 7 days. 

Diphonix is a strong cation-chelating resin with diphosphonic acid 

Fig. 5. Long-term deployment of DGTs 
(utilizing Chelex-100, Diphonix, Dow- 
PIWBA, and Lewatit FO 36 resins) in 
seawater at the station HZ1 (2020, salinity 
~28, pH = 7.92 ± 0.04) and HZ2 (2021, 
salinity ~26, pH = 8.0 ± 0.03) with a 
comparison of the DGT-determined vs. dis-
solved U concentrations (A) and U masses 
accumulated per gel disc vs. theoretical 
values assuming the perfect sink conditions 
(obtained with Eq. (2) using the concentra-
tion of dissolved U during the deployment; 
D = 4.40 × 10−6 cm2 s−1 at 25 ◦C; Δg =
0.0925 cm; and A = 3.14 cm2) (B).   

Fig. 6. Speciation of U in the Scheldt estuary calculated with Visual MINTEQ 
(input data from 2014 in Supplementary information). 
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and sulphonic acid functional groups. Therefore, it acts as a dual 
mechanism polymer, with a sulfonic acid cation exchange group 
allowing rapid access (mostly non-specific) of ions into the polymeric 
network, and the diphosphonic acid group being responsible for selec-
tive binding a number of metal cations. The Diphonix resin exhibits an 
extraordinarily strong affinity for actinides, especially in the tetra- and 
hexavalent oxidation states. Its main advantage is the extremely high 
binding capacity as Diphonix resin gel disc does not show signs of 
saturation even after loading 2500 μg of U per gel disc [17] and thus has 
a significantly higher capacity compared to Dow-PIWBA resin with the 
capacity of only 100 μg of U per gel disc [45]. Another advantage is its 
resilience towards the influence of external factors such as interfering 
ions (Ca2+, PO4

3−, SO4
2− and HCO3

−) or extreme pH conditions on its 
performance [17]. Diphonix was the only resin able to quantitatively 
accumulate U over long deployment periods indicating its performance 
is affected neither by saturation of the binding sites by competing ions 
nor by U speciation in the solution. Diphonix resin was originally used 
for DGT measurement by Drozdzak et al. [17] and Turner et al. [43]. In 
the latter study, the field deployments revealed linear accumulation of U 
by DGTs in freshwater for the duration of 7 days while in seawater, the 
results matched the course of U uptake predicted by simple DGT formula 
(Eq. (2)) for 3 days only. However, this is not the case of this study, 
where Diphonix provided excellent agreement with dissolved U con-
centration in seawater (salinity ~27) even after 28 days of deployment. 
This can be attributed to slight differences in the preparation of 
Diphonix resin gels. In this work, the protocol by Drozdzak et al. [17] 
was followed but in contrast to previously mentioned studies, the resin 
was ground and sieved to a resulting particle size <50 μm before the gel 
production. This not only improved the homogeneity of the resulting 
gels but could also increase the already high binding capacity. As a 
result, the interference effects of any co-adsorbed analytes could be 
better suppressed. Comparable results were also found in our laboratory 
experiments in calcium carbonate rich waters using double resin gel 
layers. Linear accumulation was observed for up to 30 days with no 
accumulation on the second resin layer (unpublished data). 

Lewatit FO 36 is a weakly basic ion-exchange resin that is doped with 
a nano-scaled film of iron oxide-hydroxide with a high affinity for 
oxyanions such as As, P, Si, V, or Sb [74]. Even though the efficiency of 
this resin should not be influenced by the presence of chlorides (as stated 
by the manufacturer and as demonstrated in the original study devel-
oping the Lewatit FO 36-DGT technique [53]), this fact is declared for 
the determination of arsenic. But the sorption mechanism of arsenic and 
uranium by this resin differs. While arsenic is bound by a specific, 
reversible reaction involving hydroxy-groups on the iron 
oxide-hydroxide surface, uranium predominantly reacts with the weakly 
basic anion exchange group (–CH2–N(CH3)2). And these groups may 
become easily saturated by chlorides or other competing anions in 
seawater. The mechanism of U uptake by ferrihydrite is also known. 
Nevertheless, the uranyl carbonate complexes present in seawater have 
a lower affinity towards FeO(OH) functional groups at intermediate pH 
and therefore, the uptake by tertiary amine group likely prevails [75, 
76]. Thus, the results indicate the possible use of this resin for the U 
determination in freshwater environments, but its performance may be 
hampered in seawater or when deployed over a longer period in 
seawater. 

The performance of the DGT technique during long-term de-
ployments may be generally hampered by the formation of biofilm on 
the surface of the samplers as it acts as an additional diffusion layer [77]. 
However, no biofilm formation on the samplers has been observed on 
the surface of DGT samplers during the long-term deployment trials in 
this study. Moreover, biofouling would affect the performance of all 
DGT devices despite the utilized resin. 

4. Conclusions 

The salinity influence on the performance of the DGT technique for 

uranium monitoring was investigated in this extensive comparative 
study for the first time. Results of four field expeditions performed over 
the period 2014–2021 were compared in order to subject the selected U 
binding phases to thorough testing in estuarine and marine environ-
mental conditions. The U concentrations along the Scheldt estuary 
ranged from 0.96 ± 0.16 μg L−1 at station HEM located in Antwerp 
(salinity 0.2–1.0) to 3.17 ± 0.67 μg L−1 at station S01 located in the 
mouth of the Scheldt estuary (salinity 23.1–26.3). In this study, the 
differences in the performance of tested DGT resins were related to the 
changes of U speciation along the salinity gradient for the 24 h de-
ployments. The speciation modelling of U showed that calcium uranyl 
carbonate complexes dominate along the Scheldt estuary (from 97 to 
86% seawards) and that the fraction of UO2(CO3)3

4− showed an 
increasing trend seaward (from 2 to 14%). This change in U speciation 
may explain the systematic decrease of U accumulated on the Chelex- 
100 DGT with increasing salinity. Chelex-100 cannot be used for long- 
term measurement of U due to competition and saturation effects. The 
Lewatit FO 36 DGT provided overall reliable results and the DGT- 
determined concentrations agreed with the dissolved U concentrations 
up to salinity 18, but the performance decreased at higher salinity levels 
(>18) and especially during the long-term deployment in seawater 
(deployment period >24 h). The Dow-PIWBA DGT could be used 
throughout the whole salinity gradient for 24 h deployments, but in 
seawater performance dropped after 48 h. The most robust performance 
along the salinity gradient was achieved by Diphonix DGTs. The U-DGT 
fraction determined by this resin was in very good agreement with the 
dissolved uranium concentrations across the whole salinity gradient. 
Moreover, the long-term deployment trial revealed that Diphonix resin 
is the only binding phase providing comparable results even after 28 
days of deployment in seawater (salinity ~27). The results of this study 
thus demonstrated that thorough testing of the DGT technique in a 
natural environment is a crucial prerequisite for obtaining reliable data 
and application of the DGT as a speciation tool. 
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6 CONCLUSIONS 

The aim of this work was the development and evaluation of Diffusive Gradients in Thin 

films technique for environmental application. A particular interest of this study lied in 

the investigation of arsenic and uranium in the aquatic environment. To be able to study 

their speciation and biogeochemistry, a novel DGT technique utilizing commercially 

available resin Lewatit FO 36 was successfully developed, characterized, and validated 

by in-situ applications in natural aquatic environments. 

The novel DGT resin gel utilizing Lewatit FO 36 is easy to produce and provides 

accurate and reproducible results. The Lewatit FO 36 resin gel has a high sorption 

capacity (~535 μg per gel disc) towards all four tested arsenic species (AsIII, AsV, 

monomethylarsonic acid (MMA), and dimethylarsinic acid (DMA)) and its sorption 

ability is not influenced in the pH range 4–8 or in the presence of interfering analytes 

such as chlorides and humic acid. Only a very high concentration of phosphates 

(10 mg L−1) caused a slight decrease (around 10%) in the diffusion coefficients of MMA 

and AsV species which can be explained by the chemical analogy of PO4
3− and AsO4

3−. 

The phosphates may therefore compete for the binding sites on the resin and thus 

decrease the efficiency of arsenates uptake. Similarly, the presence of iron (1 mg L−1) 

caused a decrease in the uptake of all tested As species, due to the formation ofAs-Fe 

complexes which are not labile and thus do not contribute to the DGT-determined 

fraction. Nevertheless, regarding the common concentrations of phosphates (0.05 mg 

L−1) and iron (less than 0.3 mg L−1), these negative effects may be considered negligible 

for applications in most natural waters. However, it is always important to consider the 

influence of iron on arsenic speciation particularly in areas, where higher concentrations 

of iron may occur, and take this into account for data interpretation. 

The performance of the DGT technique utilizing Lewatit FO 36 resin gels was 

validated by several applications in natural waters. Very good results were obtained 

during deployment in the water reservoir Záskalská (Neřežín, Czech Republic) in the 

vicinity of the former cinnabar mine, where the DGTs linearly accumulated As for up to 

49 days. Although the DGT performance at the end of this experiment was influenced 
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by the formation of biofilm, the agreement between DGT-determined and dissolved As 

concentration in the water was 91–93%. The following application of the Lewatit FO 36 

DGTs focused on the investigation of As bioavailability in arsenic and iron-rich water 

from natural mineral springs Hronovka and Regnerka (Hronov, Czech Republic). 

Although it was expected that the bioavailability of As in mineral water will be reduced 

by the high Fe content (as it was observed during the development of Lewatit FO 36 

DGTs), the obtained DGT-determined concentrations fully corresponded to the 

dissolved As concentrations analysed directly in grab water samples. For this reason, it 

is assumed that the composition of the mineral water (especially high concentrations of 

sulphates, sulphides, or phosphates) prevents the complexation of arsenic and iron, and 

arsenic is thus completely available to DGT and potentially to the biota. 

Arsenic distribution and geochemistry in water and sediments of the Zenne River 

were investigated based on the research findings from the years 2010–2021. The 

combination of passive and sampling techniques and analysis of historical data revealed 

that the downstream transport of As in the Zenne River is completely dominated by the 

presence of an important point source located on the tributary Tangebeek. After the 

confluence of Zenne with this tributary, the concentrations of As in water sediments 

sharply increase and affects the downstream part of the river. Since this part is influenced 

by the tide, large temporal variability in As concentrations can be observed in this are as 

due to the dilution with the Dijle water during rising tide. The study has demonstrated 

the benefits of DGT application in this dynamic environment, where the technique 

provides time-weighted average concentrations of labile As species. The investigation 

of geochemical behaviour of As in sediments showed that the reducible fraction is the 

main binding fraction for As and porewater geochemistry is dominated by the reductive 

dissolution of Mn end Fe oxyhydroxides. In sediment porewaters As is predominantly 

present as non-DGT labile species (66–93%) and the DGT labile As fraction is 

dominated by As(III). Flux calculations evaluating the relative importance of different 

As sources to the Zenne River revealed that the point source on Tangebeek contributes 

for 87% of the As load carried by the Zenne River. 
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The results pointed out the presence of As source located in the industrial area 

downstream of Brussels where a sharp increase of As concentrations is observed in water 

and sediments. Large temporal variability in As concentrations in the tidal zone is found 

with the dissolved and particulate As concentrations generally being 4–5 times higher 

during low tide. Comparison with the historical data (2003) demonstrated changes in the 

partitioning of As between the dissolved and particulate phases. Currently, lower 

concentrations of dissolved As are generally found along the Zenne River as a result of 

oxygen restoration due to the operation of the wastewater treatment plants in the Brussels 

area. The study also highlighted the benefits of the DGT application in a dynamic 

environment such as tidal rivers where water grab sampling may provide variable and 

misleading results. On the contrary, the time-integrated As concentrations provided by 

the DGT technique are more informative. The investigation of As geochemistry in 

sediments then showed that As mobility in this area is predominantly driven by reductive 

desorption or dissolution from the iron/manganese (oxyhydr)oxides.  

The initial development process of the Lewatit FO 36 DGT binding phase also 

resulted in the optimization of a novel ET-AAS method. Since the highly concentrated 

mixture of NaOH and NaCl (both 10 g L−1) was originally used for the elution of arsenic 

from Lewatit FO 36 resin gels, the determination of As content in eluates was 

complicated by the loss of arsenic content during the pyrolysis step and interferences 

caused by the matrix of elution agent. To avoid these complications, the proposed 

method combines a unique graphite furnace temperature program with the cool-down 

pre-atomization step and modification of the graphite furnace surface by tungsten 

carbides. The method enables the analysis of As in solution samples without any samples 

pre-treatment and is characterized by high accuracy and precision. Although the method 

was initially proposed for the analysis of As in the eluents of the Lewatit FO 36 resin 

gels, it can find broader application. Since the method utilizes standard addition 

calibration, it can be applied on high salinity samples without the knowledge of the exact 

concentration of chlorides. This enables its application for the analysis of seawater or 

mineral water samples. 
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Further laboratory testing of the Lewatit FO 36 resin gel revealed its ability to 

simultaneously determine arsenic and uranium. The resin gel has a high sorption capacity 

(~1250 μg per gel disc) towards uranium and does not display any significant sorption 

selectivity in favour of one element over another. A novel protocol for simultaneous 

elution of arsenic and uranium from Lewatit FO 36 resin gel was also proposed in this 

study. It utilizes 1 M NaOH in combination with a higher temperature (70 °C). 

In comparison with the original elution protocol, the novel method provides good results 

in As elution and, in addition, allows simultaneous elution of U. Moreover, the 

elimination of NaCl from the elution process allows a fast and simple analysis of both 

elements using ICP-MS, and therefore, the Lewatit FO 36-DGT technique can become 

more commonplace among laboratories without the need to modify the analytical 

method as proposed in the original study. 

 The final chapter focused on the evaluation of the salinity influence on the DGT 

performance for uranium monitoring in the estuarine and marine environment. Four 

selected DGT binding phases (Chelex-100, Diphonix, Dow-PIWBA, and Lewatit FO 36 

resins) were tested by in-situ deployment along the Scheldt estuary (Belgium) within 

four campaigns between 2014–2021. The concentrations of dissolved uranium in this 

area exhibit typical conservative behaviour along the salinity gradient. The speciation 

modelling of U showed that calcium uranyl carbonate complexes dominate along the 

Scheldt estuary (from 97 to 86% seawards) and that the fraction of UO2(CO3)3
4− showed 

an increasing trend seaward (from 2 to 14%). This change in U speciation may explain 

the systematic decrease of U accumulated on the Chelex-100 DGT with increasing 

salinity. Chelex-100 cannot be used for long-term measurement of U due to competition 

and saturation effects. The Lewatit FO 36 DGT provided overall reliable results and the 

DGT-determined concentrations agreed with the dissolved U concentrations up to 

salinity 18, but the performance decreased at higher salinity levels (> 18) and especially 

during the long-term deployment in seawater (deployment period > 24 h).  This suggests 

that the resin could be valuable for simultaneous monitoring of As and U in a freshwater 

environment (such as mining-impacted areas) but further research investigating the 

influence of other competing ions is necessary. The Dow-PIWBA DGT could be used 
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throughout the whole salinity gradient for 24h deployments, but its performance drop 

after 48 h in seawater. The most robust performance along the salinity gradient was 

achieved only by Diphonix DGTs as this resin provided good results even after 28 days 

of deployment in seawater (~27 PSU). Therefore, the results of this study demonstrated 

that thorough testing of the DGT technique in a natural environment is a crucial 

prerequisite for obtaining reliable data and application of the DGT as a speciation tool. 
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7 FUTURE PERSPECTIVES 

Within this work, the Lewatit FO 36 resin was proved to be a reliable DGT binding 

phase with a great potential for As and/or U monitoring in natural environments. 

However, regarding the nature of the functional groups of this resin (and technical 

information provided by the manufacturer), it is also capable of selective adsorption of 

other species of oxyanions such as HPO4
2−, HSiO3

−, HSbO4
2−, HVO4

2−, MoO4
2−

, SeO4
2−, 

etc. Therefore, the evaluation of the sorption abilities of Lewatit FO 36 towards other 

oxyanions belongs among our future interests. Field expeditions on the RV Belgica using 

the Lewatit FO 36 resin are planned. 

Knowledge of the speciation of As is essential for the understanding of its 

environmental fate and toxicity. The Lewatit FO 36 resin effectively binds As(III), 

As(V), MMAs and DMAs and up to now only total As measurements were made. Future 

perspectives involve the selective elution of the different species or simultaneous elution 

followed by chromatographic separation. The aim is to apply these developments in 

uranium mining sites in Canada where high arsenic concentrations are observed. 

Other perspectives also include the completion of studies which are currently 

ongoing and are therefore not included in this thesis. These studies were performed in 

cooperation with Orano Mining and focused on the application of the DGT technique as 

a monitoring tool for uranium and other trace elements. One such study evaluates 

whether the DGT technique can be used as a long-term monitoring tool for uranium in 

surface water and groundwater at an active nuclear site (Tricastin, France). To find the 

design of the DGT technique for uranium monitoring over longer time periods, extensive 

laboratory testing with various binding phases (Chelex-100, Iontosorb Oxin, Diphonix, 

and Dow-PIWBA resins, or their mixtures) was performed and followed by in-situ 

application on the site. Another field expedition is currently planned. Another study 

focuses on the mapping of the speciation and bioavailability of U in mining sites in 

France. The monitoring was already performed in the Pays de Loire region and 

Burgundy in France. The outcomes of these studies will be potentially used for the 

implementation of the future water quality standards (Water Framework Directive) in 
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which the U concentrations and toxicity in the function of the composition of the surface 

water are the subjects of discussions with the safety authorities.  

 

 

 

(Collection of sediment core during sampling cruise in the Belgian coastal zone in 2021). 
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9 ABBREVIATIONS 

3-MFS 3-mercaptopropyl-functionalized silica 

A Exposure area of DGT sampler 

AAS  Atomic adsorption spectrometry  

AG Agarose gel 

ANOVA Analysis of variance 

APA  Agarose cross-linked polyacrylamide gel  

APS Ammonium persulphate 

ASV Anodic stripping voltammetry 

BCR Community Bureau of Reference 

BLM Biotic ligand model 

cDGT Analyte concentration determined by DGT 

CE Capillary electrophoresis 

CEC Capillary electrochromatography 

cSOL Analyte concentration in the bulk solution 

CSV Cathodic stripping voltammetry  

CV-AFS Cold vapour atomic fluorescence spectrometry 

CZE Capillary zone electrophoresis 

D Diffusion coefficient of the analyte 

DT Diffusion coefficient of the analyte at the temperature T 

DRef Diffusion coefficient of the analyte at the temperature TRef 

DBL  Diffusive boundary layer  

DET Diffusive equilibrium in thin films technique 

Δg Thickness of the diffusive layer 

DGT  Diffusive gradients in thin films technique  

DMA Dimethylarsinic acid 

DMT Donnan membrane technique 

DOM Dissolved organic matter 

ET-AAS Electrothermal atomic absorption spectrometry 
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F-AAS Flame atomic absorption spectrometry 

FA Fulvic acid 

Fe3O4NPs Nanoparticulate Fe3O4 

Fh Ferrihydrite 

FIAM Free ion activity model 

fu Uptake factor 

fe Elution factor 

GC Gas chromatography 

GE Gel electrophoresis 

GSH Glutathione 

HA  Humic acid  

HFPLM Hollow fibre permeable liquid membranes 

HS Humic substances 

HEDPA  1- hydroxyethane-1,1-diphosphonic acid  

HG-AAS Hydride generation atomic absorption spectrometry  

HPLC High performance liquid chromatography 

ICP -MS  Inductively coupled plasma mass spectrometry  

ICP-OES Inductively coupled plasma optical emission spectrometry 

IDA Iminodiacetic acid 

IE Ion-exchange 

IEF Isoelectric focusing 

ISE Ion-selective electrodes 

J Flux of analyte to a DGT sampler 

LC Liquid chromatography 

LLE Liquid-liquid extraction 

LOD  Limit of detection  

M Mass of analyte accumulated in the DGT binding layer 

Ma Mass of analyte accumulated in the DGT binding layer 

Me Mass of analyte eluted from the DGT binding layer 

Mi Initial mass of analyte in the solution 
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Mr Remaining mass of analyte in the solution 

MBL Mixed binding layer 

MDL Material diffusive layer 

MEKC Micellar electrokinetic capillary electrochromatography 

MMA Monomethylarsonic acid 

ML Metal complex with ligand 

MZ+ Free metal ion 

nano-La2O3 Nanoparticulate lanthanum oxide 

PES Polyethersulphone 

PLM Permeation liquid membrane 

PVDF Polyvinyl fluoride 

RG Restricted gel 

ROS Reactive oxygen species 

RP Reversed phase 

SAM S-adenosylmethionine 

SCPEI-PCPEI Mixture of sulphonated and phosphonated cross-linked polyethylenimine 

SE Size-exclusion 

SF-ICP-MS Sector field inductively coupled plasma mass spectrometry 

SPE Solid-phase extraction 

SPR-IDA Suspended particulate reagent-iminodiacetate 

SLM Supported liquid membranes 

δMDL Thickness of the material diffusive layer 

ΔDBL Thickness of the diffusive boundary layer 

t Time of DGT deployment 

T Temperature of the solution 

TRef Reference temperature of the solution (25 °C) 

TEMED  N,N,N′,N′-tetramethylenediamine  

TMAO Trymethylarsine oxide 

TWA Time-weighted average 

WHAM Windermere humic aqueous model 
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WHO  World health organization 

Zn-ferrite Zinc ferrite 
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12 LIST OF ANNEXES 

12.1 Supplementary Information to Chapter 5.3 

Ad Chapter 2   Materials and methods 

Table S3 Location of sampling stations on the Zenne River. 

Station Location Distance 

(km*) 

Z1 Lembeek 0 

Z1b Lembeek 2 

Z3 Beersel 13.2 

Z4 Drogenbos 16.5 

Z5 Anderlecht Industrie 19.9 

Z5a Anderlecht Veterinaire 22.5 

Z7 Van Praet 29.7 

Z8 Haren 33.0 

Z9 Haren-Buda 33.8 

Z9c Vilvoorde Sluisstraat 35.9 

Z10a Vilvoorde Ziekenhuis 37.5 

Z10b Vilvoorde PB Gelatine 38.8 

Z10c Vilvoorde na kanaaldok 40.0 

Z11 Eppegem 41.5 

Z11b Weerde Damstraat 43.3 

Z11c Weerde E19 45.0 

Z11d Zemst 46.2 

Z12 Hombeek 51.5 

Z13 Heffen 55.9 

Z14 Zennegat 58.0 

* The first station on the Zenne River is located at N 50° 42' 34.679'', E 4° 13' 2.996''. 

Reagents and chemicals 

All chemicals were of analytical reagent grade or higher. Milli-Q water (Millipore, 

USA) was used for the preparation of gels and solutions, as well as for cleaning DGT 

devices. The nitric acid was used for material cleaning (HNO3 produced by distillation 
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apparatus Berghof, Germany), samples acidification, and gels extraction (Optima Grade, 

Fisher Scientific, USA). The DGT gels were prepared using acrylamide 40% (w/v) 

(Merck, Germany), agarose (Biorad, USA), agarose-derived DGT cross-linker (2%) 

(DGT Research Ltd., UK), ammonium persulfate (APS) (Merck, Germany), N,N,N′,N′-

tetramethylethylenediamine (TEMED) (Merck, Germany) and resins Chelex-100 (Bio-

Rad, USA), Metsorb® (Graver Technologies Ltd., USA), Lewatit® FO 36 (Lanxess, 

Germany), and 3-mercaptopropyl-functionalized silica (3-MFS, 200–400 mesh; Sigma-

Aldrich, Germany). The 3-MFS resin gels and diffusive gels were prepared with agarose 

(Bio-Rad, USA). The ZrOCl2 × 8H2O and MES (2-(N-morpholino)-ethanesulfonic acid 

The sodium hydroxide (Merck, Germany) and potassium iodate (Sigma-Aldrich, 

Germany) were used for gel extraction. Hydrofluoric acid 40% (v/v), hydrochloride acid 

37% (v/v) and boric acid 4% (w/v) (all Trace Metal Grade, Fisher Scientific, USA) were 

used for digestion. Acetic acid (Merck, Germany), hydroxylammonium chloride 

(Thermo Fisher, USA), hydrogen peroxide (Thermo Fisher, USA), and ammonium 

acetate (Merck, Germany) were used for sequential extractions. Zinc acetate, sodium 

sulphide, N,N-dimethyl-p-phenylenediamine sulphate, and ferric chloride (all Sigma-

Aldrich, Germany) were used for preparation of solutions for the sulphide analysis. A 

multi-element standard solution (Merck XIII) was used for the preparation of the 

calibration standards for analysis of trace elements together with the internal standard of 

indium (Alfa Aesar, USA).  

 

Ad Chapter 2.5   Protocol for manufacturing and handling the DGTs 

The DGT pistons, glass, and plastic equipment used for gels handling were cleaned 

in 5% (v/v) HNO3 for at least 24 h and thoroughly rinsed with Milli-Q water prior to 

use. The gel stock solution was prepared using 15% (v/v) acrylamide and 0.3% (v/v) 

DGT cross-linker. The polymerization reaction of the gel solution was initiated by 

freshly prepared 10% (w/v) ammonium persulfate (APS) and catalysed by N,N,N′,N′-

tetramethylethylenediamine (TEMED). For the preparation of the APA diffusive gels, 

10 mL of gel solution was mixed with 70 µL of freshly prepared 10% (w/v) APS and 25 

µL of TEMED according to the protocol described in the literature [1]. The agarose-
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based diffusive gels were only used for DGTs utilizing 3-MFS resin gel and were 

prepared by dissolution of agarose (1.5% solution) in Milli-Q water at 80 °C. All of the 

diffusive gels were prepared with a resulting thickness of 0.08 cm. 

The same protocol was slightly modified for the preparation of each type of resin 

gel with a resulting thickness of 0.04 cm (Table S2). The Lewatit FO 36 and Metsorb 

resins were ground (Pulverisette Type 02.102, Fritsch, Germany) and sieved on a Teflon 

sieve (50 µm) prior to use. Only the 3-MFS resin gels were prepared in AG according to 

protocol by Pommier et al. [2]. Thoroughly mixed gel solution with each resin was cast 

between two glass plates and let polymerized at 45 °C (APA gels) or room temperature 

(AG gels) for 1 h. The ZrO2 resin gels were prepared by in-situ precipitation on the 

diffusive gel according to the protocol by Guan et al. [3]. After 24 h of hydration in 

Milli-Q water, the gel sheets were then cut using a plastic circle cutter (diameter 2.5 cm) 

or Teflon coated razor blade (2.5 × 32 cm for sediment probes) and stored in 0.01 M 

NaNO3 at 4 °C prior to use. 

Table S2 Preparation protocol of resin gels (reagents used per 10 ml of gel solution). 

 Resin (g) 10% APS (µl) TEMED (µl) 

3-MFS* [4] 1 - - 

Chelex-100 [1] 4 50 15 

Lewatit FO 36 [5] 1.25 240 120 

Metsorb [6] 1 60 15 

ZrO2
** [3] 12.88 + 4.24 - - 

* The 3-MFS resin gel was prepared in agarose and thus no APS and TEMED were added.  
** The masses correspond to ZrOCl2 × 8H2O and MES (2-(N-morpholino)-ethanesulfonic acid, 

respectively, used for in-situ precipitation of ZrO2 on the diffusive gel prepared from 10 mL of 

gel solution. The amount of precipitated ZrO2 in the resulting resin gel is however unknown. 

The DGT pistons and probes (DGT Research Ltd., UK) (with an exposure window 

of 3.14 cm2 and 27 cm2, respectively) were used for water and sediment deployment. 

Polyvinyl fluoride (PVDF) Durapore® membrane filters of 0.45 μm pore size (Merck, 

Germany) were pre-cleaned in 10% (v/v) HNO3 for 24 h and thoroughly rinsed with 
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Milli-Q water prior to use. The DGT plastic housings were loaded with resin gel, covered 

by diffusive gel and membrane filter, and capped by a tight-fitting outer sleeve with an 

exposure window. Assembled DGT units were stored at 4 °C in zip-lock bags and kept 

moisturized with 0.01 M NaNO3 prior to deployment. 

Elution protocol of resin gels 

After disassembling the DGT piston-shaped units, the resin gel discs were rinsed 

with Milli-Q water and placed in the clean tube. The resin gels from sediment probes 

were sliced by Teflon coated razor blade at 0.5–1 cm interval and placed in the clean 

tube. The reagents used for the elution of each type of resin gel together with the elution 

procedures are shown in Table S3. Since the gel slices from sediment probes are smaller, 

half the volume of eluent was used in order to avoid unnecessary dilution of trace 

elements concentration. After elution, the samples were diluted ten times by Milli-Q 

water or 2% HNO3 (in the cases where elution reagent was not an acid) and stored at 

4 °C until analysis. 

 Table S3 Elution protocols for resin gels used within this work. 

 Reagent Volume* Elution 

procedure 

Elution 

factor 

3-MFS [7] 1 M HNO3 + 0.01 M 

KIO3 
1 mL LT**, 24 h 0.8 

Chelex-100 [1] 1 M HNO3 1 mL LT, 24 h 0.8 

Lewatit FO 36 [8] 1 M NaOH 5 mL 70 °C, 24 h 0.9 

Metsorb [6] 1 M HNO3 1 mL LT, 24 h 0.8 

ZrO2 [3] 0.5 M NaOH 10 mL LT, 24 h 0.9 

* The eluent volume per gel disc. Half the volume of eluent was used for the extraction of gel 

slices from sediment probes. 
** LT – Laboratory temperature (20 °C). 

DGT calculations 

Arsenic mass (M, ng) accumulated on the resin gel disc is calculated from the 

concentration of As measured by analytical technique in the eluent (ce) using Eq. 1, 
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where V is the total volume of gel and elution agent and fe is the elution factor as 

described in. 

M = ce · V / fe          (1) 

Arsenic concentration determined by DGT (cDGT, μg L−1) is then calculated from the 

accumulated mass (M, ng), the thickness of diffusive layer consisting of diffusive gel 

and membrane filter (Δg, cm), the diffusion coefficient of As (D, cm2 s−1), the area of 

the exposure window (A, cm2), and the deployment time (t, s) using Eq. 2. 

cDGT = M · Δg / (D · A · t)            (2) 

The diffusion coefficients of As at 25 °C used for calculations were as follows – 6.41 

×10−6 cm2 s−1 for Lewatit FO 36 [5], 10.1 ×10−6 cm2 s−1 for 3-MFS (AsIII) [6], 6.78 ×10-

6 for ZrO2 [5], and 5.96 ×10−6 cm2 s−1 for Metsorb (measured in the laboratory). 

Ad Chapter 3   Results and discussion 

Ad Chapter 3.1   Distribution of dissolved and particulate As in water along the Zenne 

River 

  

Fig. S1 Longitudal profiles of the SPM (A), pH (B), and conductivity (C) along the Zenne River 

(0 km corresponds to station Z1 in Lembeek).   
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Ad Chapter 3.2   Temporal variability of As in the tidal zone and DGT time-integrated 

concentrations 

 

Fig. S2 Variation profiles of conductivity (A), pH (B), dissolved oxygen concentrations 

(C) and suspended particulate matter (D) at Z14 (Zennegat) during a tidal cycle, March 

2021. 
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Fig. S3 Evolution of dissolved and total As concentrations (As-dis, As-tot) during 2008-

2020 at stations Lembeek, Anderlecht, Haren, Eppegem, Heffen, and Dijle based on the 

data from VMM online database (data expressed as median values with 10th (P10) and 

90th (P90) percentiles for n = 5–12). 
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Fig. S4 The depth profiles of redox potential and pH in the sediments at stations Z5 and 

Z14 (June 2020). 

 

 

 

  



 

202 
 

[1] Zhang, H. & Davison, W. Performance characteristics of diffusion gradients in thin 

films for the in situ measurement of trace metals in aqueous solution. Analytical 

Chemistry. 1995, (67), 3391-3400. DOI:10.1021/ac00115a005. 

[2] Pommier, A.-L., Simon, S., Buzier, R. & Guibaud, G. Evaluation of a mercapto-

functionalized silica binding phase for the selective sampling of SeIV by Diffusive 

Gradients in Thin films. Talanta. 2019, (199), 590-595. 

DOI:10.1016/j.talanta.2019.02.086. 

[3] Guan, D.-X., Williams, P.N., Luo, J., Zheng, J.-L., Xu, H.-C., Cai, C. & Ma, L.Q. 

Novel precipitated zirconia-based DGT technique for high-resolution imaging of 

oxyanions in waters and sediments. Environmental Science & Technology. 2015, (49), 

3653-3661. DOI: 10.1021/es505424m. 

[4] Reichstädter, M., Gao, Y., Diviš, P., Ma, T., Gaulier, C. & Leermakers, M. Cysteine-

modified silica resin in DGT samplers for mercury and trace metals assessment. 

Chemosphere. 2021, (263), 128320. DOI:10.1016/j.chemosphere.2020.128320. 

[5] Smolíková, V., Pelcová, P., Ridošková, A., Hedbávný, J. & Grmela, J. Development 

and evaluation of the iron oxide-hydroxide based resin gel for the diffusive gradient in 

thin films technique. Analytica Chimica Acta. 2020, (1102), 36-45. 

DOI:10.1016/j.aca.2019.12.042. 

[6] Bennett, W.W., Teasdale, P.R., Panther, J.G., Welsh, D.T. & Jolley, D.F. New 

diffusive gradients in a thin film technique for measuring inorganic arsenic and selenium 

(IV) using a titanium dioxide based adsorbent. Analytical Chemistry. 2010, (82), 7401-

7407. DOI:10.1021/ac101543p. 

[7] Bennett, W.W., Teasdale, P.R., Panther, J.G., Welsh, D.T. & Jolley, D.F. Speciation 

of dissolved inorganic arsenic by diffusive gradients in thin films: selective binding of 

AsIII by 3-mercaptopropyl-functionalized silica gel. Analytical Chemistry. 2011, (83), 

8293-8299. DOI:10.1021/ac202119t. 

[8] Smolíková, V., Pelcová, P., Ridošková, A. & Leermakers, M. Simultaneous 

determination of arsenic and uranium by the diffusive gradients in thin films technique 

using Lewatit FO 36: Optimization of elution protocol. Talanta. 2021, (228), 122234. 

DOI:10.1016/j.talanta.2021.122234. 

  



 

203 
 

12.2 Supplementary Information to Chapter 5.4 

Table S1 Instrumental parameters of the SF-ICP-MS used in this work. 

Instrument 

Forward power 

Reflected power 

Nebuliser 

Solution uptake rate 

Spray chamber 

Sampling and skimmer cones 

Sample gas flow 

Cool argon flow rate 

Auxiliary argon flow rate 

Torch 

RF frequency 

Sensitivity 

Autosampler 

Take-up time 

Wash time 

Number of acquisition 

Mass window LR 

Search window LR 

Samples per peak LR 

Integration window LR 

Mass window HR 

Search window HR 

Samples per peak HR 

Integration window HR 

Scan type 

Integration type 

ELEMENT2 Thermo Finnigan 

1,350 W 

< 2 W 

Concentric 

0.4 mL min-1 (pumped) 

Cyclonic 

Ni (Thermo Finnigan) 

1 to 1.5 L min-1 

16 L min-1 

1.0 L min-1 

Capacitive decoupling Pt shield torch 

27.12 Mhz 

1 x 106 cps per 1 ng mL-1 115In (in Low Resolution) 

ESI SC 3 Fast 

15 s 

10 s 

6 (3 runs and 2 pass) 

150% for each isotope 

150% for each isotope 

20 

80% for each isotope 

As75 65%, In115 125% 

60% 

30 

60% 

E scan for each isotope 

Average for each isotope 
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Table S2 Tukey's post-hoc test matrices declaring the significant differences between variants of 

elution agents on the level of significance α=0.05. 

As        

Variant A B C D E F G 

A  0.00274 0.00343 0.00014 0.00014 0.00431 0.00014 

B 0.00274  1.00000 0.00014 0.00014 0.99999 0.00014 

C 0.00343 1.00000  0.00014 0.00014 1.00000 0.00014 

D 0.00014 0.00014 0.00014  0.99879 0.00014 1.00000 

E 0.00014 0.00014 0.00014 0.99879  0.00014 0.99563 

F 0.00431 0.99999 1.00000 0.00014 0.00014  0.00014 

G 0.00014 0.00014 0.00014 1.00000 0.99563 0.00014  

        

U        

Variant A B C D E F G 

A  0.00000 0.12929 0.00000 0.00000 0.00000 0.00118 

B 0.00000  0.00000 0.00000 0.00017 0.00009 0.00068 

C 0.12929 0.00000  0.00000 0.00000 0.00000 0.56143 

D 0.00000 0.00000 0.00000  0.00006 0.00011 0.00000 

E 0.00000 0.00017 0.00000 0.00006  0.99999 0.00000 

F 0.00000 0.00009 0.00000 0.00011 0.99999  0.00000 

G 0.00118 0.00068 0.56143 0.00000 0.00000 0.00000  
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Fig.  S1 Box plots showing significant differences between elution variants expressed as mean, 

standard deviation, and mean ± 1.96 × SD. 
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12.3 Supplementary Information to Chapter 5.5 

Table S1 Sampling stations on the Scheldt estuary and Belgian coast. 

Location  Geographical coordinates Results available for each campaigna 

 
Sampling 

station 
Latitude Latitude 2014 2019 2020 2021 

Scheldt estuary HEM 51°11.57′N 04°20.15′E CH, P CH, P, D * CH, P, D, L 

 S22 51°14.20′N 04°23.70′E CH, P CH CH, P, D, L CH, P, D, L 

 S15 51°18.80′N 04°16.40′E CH, P CH, P, D CH, P, D, L CH, P, D, L 

 S12 51°21.90′N 04°13.50′E CH, P CH CH, P, D, L CH, P, D, L 

 S09 51°22.20′N 04°04.20′E CH, P CH, P, D CH, P, D, L CH, P, D, L 

 S07 51°26.10′N 03°59.30′E CH, P CH CH, P, D, L CH, P, D, L 

 S04 51°20.50 ′N 03°50.50′E CH, P CH, P * * 

 S01 51°24.80′N 03°34.40′E CH, P CH, P, D * CH, P, D, L 

Zeebrugge 

harbour 
HZ1 51°20.41′N 03°12.20′E   CH, P, D, L (l-t)  

 HZ2 51°19.87′N 03°11.97′E    P, D, L (l-t) 

a CH – Chelex-100; P – Dow-PIWBA; D – Diphonix; L – Lewatit FO 36; l-t – long term deployment. 

* Missing data due to unfavorable weather conditions for DGT retrievement or loss of DGTs. 
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Table S2 Physico-chemical parameters of water from stations HEM–S01 during campaigns 2014–2021 (average values of n=2 obtained from 

upstream and downstream sampling). 

Parameter Year Station 

HEM S22 S15 S12 S09 S07 S04 S01 

Temperature (°C) 2014 7.40 7.40 7.40 7.00 6.40 6.10 6.00 6.00 

 2019 8.90 8.75 8.90 8.90 8.25 8.10 8.05 7.95 

 2020 8.80 8.25 8.30 8.25 7.80 8.05 8.05 7.61 

 2021 8.30 8.40 8.00 8.10 7.10 6.50 5.90 6.30 

pH 2014 7.80 7.90 7.90 8.00 8.00 8.09 8.10 8.05 

 2019 7.81 7.88 7.90 8.00 8.04 8.01 8.04 8.01 

 2020 8.38 8.16 8.09 7.97 8.04 8.06 8.05 8.04 

 2021 7.73 7.78 7.94 7.96 7.90 7.95 7.98 7.96 

Salinity 2014 0.9 1.6 3.7 5 8.4 11.4 16.7 25.2 

 2019 0.3 1 2.3 4.9 9.6 14.8 19.5 25.7 

 2020 0.2 0.4 3.1 3.9 9.9 14.9 20 25.3 

 2021 0.4 0.7 4.7 6.8 11.3 14.5 18.8 24.9 

Oxygen (mg L−1) 2014 8.8 8.0 8.0 8.0 7.7 10.7 11.6 12.3 

 2019 9.5 9.6 9.8 11.5 11.1 11.7 12.2 11.5 

 2020 8.7 9.3 10.8 11.0 11.2 11.5 11.4 11.8 

 2021 7.2 7.6 9.8 10.5 11.1 11.6 11.9 12.3 
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Table S3 Physico-chemical parameters and concentrations of major cations, anions, and DOC analysed in the Scheldt Estuary 

(upstream sampling, 2014) and used as input data for the geochemical speciation of uranium. 

 

Parameter Station 

HEM S22 S15 S12 S09 S07 S04 S01 

Salinity 1.0 2.0 4.0 5.4 9.7 12.8 16.8 24.0 

Temperature (°C) 6.7 7.0 7.2 7.0 6.4 6.2 6.1 6.2 

pH 7.8 7.9 7.9 8.0 8.0 8.1 8.1 8.1 

Alkalinity (meq L−1) 3.9 3.9 3.8 3.7 3.6 3.5 3.3 2.9 

O2 (mg L−1) 8.8 8.0 8.0 8.0 7.7 10.7 11.6 12.3 

DOC (mg L−1) 6.925 6.923 4.712 7.988 5.244 1.851 1.683 1.135 

Ca2+ (mg L−1) 93 101 118 129 170 193 231 290 

K+ (mg L−1) 18 27 47 58 105 132 175 249 

Mg2+ (mg L−1) 34 65 131 178 332 427 573 815 

Na+ (mg L−1) 241 511 1,069 1,425 2,664 3,436 4,606 6,536 

Cl− (mg L−1) 510 1,075 2,414 2,979 5,847 7,563 10,621 16,536 

SO4
2− (mg L−1) 119 189 333 414 762 1,208 1,874 2,261 

PO4
3− (mg L−1) 0.24 0.24 0.26 0.23 0.25 0.23 0.20 0.15 

NH4
+ (mg L−1) 0.32 0.23 0.11 0.04 0.05 0.04 0.04 0.06 

Si (mg L−1) 3.78 3.24 3.05 2.75 2.56 2.03 1.85 1.07 

NO3
− (mg L−1) 16.20 16.04 15.04 14.24 12.36 11.23 9.24 5.75 

U (µg L−1) 1.07 1.2 1.32 1.54 1.92 2.18 2.73 2.82 
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Table S4 Matrix of Pearson-type correlation between salinity and dissolved uranium concentration at stations HEM–S01. 

   Dissolved U concentration 

 
  2014 2019 2020 2021 

S
al

in
it

y
 

 2014 0.957099 
   

 2019 
 

0.985534 
  

 2020 
  

0.987798 
 

 2021 
   

0.982811 
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