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 Abstract 

The distribution of trace-metal compounds and the physicochemical processes in which these 

species are involved are key factors to understand bioavailability. Diffusive gradients in thin-

films technique (DGT) is a dynamic analytical technique that measures the analyte available 

after a certain deployment time. It allows to define a DGT-labile concentration of the sample 

(cDGT) from the knowledge of the metal diffusion coefficient as the only one specific 

parameter of the analyte. Since cDGT is an effective metal concentration, a relationship with 

the concentration of the real species was derived by introducing the lability and mobility of 

each species. Accordingly, methods to measure these physicochemical parameters, as well as, 

to study their dependence on the composition of the system and the characteristics of the 

DGT devices are desired.  

In this thesis, we have contributed to this aim by studying the dependence of the lability of 

the species on the geometrical characteristics of the DGT device. Both, rigorous numerical 

simulations and laboratory experiments have been conducted and complemented with 

measurements in natural waters.  

The influence of the sequential complexation in the availability of Ni in presence of NTA has 

been studied with DGT devices with different thickness of the diffusive gel and resin layer in 

laboratory experiments.  

New strategies have been provided to measure diffusion coefficients of free metal ions and 

complexes both in the linear and in the finite volume regimes with diffusion cell devices.  

Special attention has been devoted to the measurement of the lability degree as well as to the 

dissociation rate constant of complexes from the mass accumulated in a back resin disc when 

DGT devices with a stack of two resin discs are used. From first principles, expressions 

considering a homogeneous or an heterogenous distribution of the resin beads have been 

developed to determine dissociate rate constants.  

The deployment of 3 sets of DGT devices with different configurations has allowed the 

determination of the lability and diffusivity of a pool of inorganic Zn complexes in the Osor 

stream. 

Finally, the speciation and availability of Hg in solutions with natural organic matter have 

been studied. A global discussion of the relationship between the reducible Hg fraction, the 

DGT-labile Hg concentration  and the Hg bound to the carboxylic and phenolic sites of 

SRHA or SRFA has been provided.
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 Samenvatting 

De distributie van sporemetaalverbindingen en de fysisch-chemische processen waarbij deze 

species betrokken zijn, zijn sleutelfactoren om de biologische beschikbaarheid te begrijpen. 

Diffusieve gradiënten in dunne-film techniek (DGT) is een dynamische analytische techniek 

die de beschikbare chemische stof meet na een bepaalde onderdompelingstijd in de oplossing. 

Het maakt het mogelijk een DGT-labiele concentratie van het monster (cDGT) te bepalen op 

basis van de kennis van de metaaldiffusiecoëfficiënt als enige specifieke parameter van de 

chemische stof. Aangezien (cDGT) een effectieve metaalconcentratie is, werd een relatie met 

de echte species concentratie afgeleid door de labiliteit en mobiliteit van elke species in te 

voeren. Bijgevolg zijn methoden gewenst om deze fysisch-chemische parameters te meten, 

alsook om hun afhankelijkheid van de samenstelling van de oplossing en de kenmerken van 

het DGT-toestel te bestuderen.   

In dit proefschrift hebben wij hiertoe bijgedragen door de labiliteit van de species als functie 

van de geometrische eigenschappen van het DGT-toestel te bestuderen. Zowel rigoureuze 

numerieke simulaties als laboratoriumexperimenten zijn uitgevoerd en aangevuld met 

metingen in aquatische systemen.  

De invloed van de sequentiële complexatie op de beschikbaarheid van nikkel in aanwezigheid 

van NTA is bestudeerd met DGT-toestellen met verschillende diffusieve gel en harslaag 

diktes via laboratoriumexperimenten.  

Er zijn nieuwe strategieën ontwikkeld om de diffusiecoëfficiënten van vrije metaalionen en 

complexen te meten in verschillende omstandigheden met diffusiecellen.  

Speciale aandacht is besteed aan de meting van de labiliteitsgraad en de 

dissociatiesnelheidsconstante van complexen uit de geaccumuleerde massa in de achterste 

harslaag van een DGT met 2 harslagen. Vanuit de basisbeginselen zijn uitdrukkingen 

ontwikkeld voor een homogene of heterogene verdeling van de harskorrels om de 

dissociatiesnelheidsconstanten te bepalen.  

Het gebruik van 3 sets DGT-toestellen met verschillende configuraties heeft de bepaling van 

de labiliteit en diffusiviteit van een pool van anorganische Zn-complexen in de Osor-stroom 

mogelijk gemaakt. 

Tenslotte zijn de speciatie en beschikbaarheid van Hg in oplossingen met natuurlijk organisch 

materiaal bestudeerd. Een algemene bespreking van het verband tussen de reduceerbare Hg-
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fractie, de DGT-labiele Hg-concentratie en het Hg dat gebonden is aan de carboxyl- en 

fenolische sites van humuszuur of fulvinezuur werd verstrekt.
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 Resumen 

La distribución de compuestos metálicos traza y los procesos fisicoquímicos en los que 

intervienen estas especies son factores clave para comprender la biodisponibilidad. La técnica 

“Diffusive gradients in thin-films technique” (DGT) es una técnica analítica dinámica que 

mide el analito disponible tras un determinado tiempo deposición. Permite definir una 

concentración DGT-lábil de la muestra (cDGT) a partir del conocimiento del coeficiente de 

difusión del metal como único parámetro específico del analito. Dado que cDGT es una 

concentración efectiva de metal, se derivó una relación de la concentración de las especies 

reales con la labilidad y la movilidad de cada especie. En consecuencia, se desea disponer de 

métodos para medir estos parámetros fisicoquímicos, así como, estudiar su dependencia de la 

composición del sistema y de las características de los dispositivos DGT.  

En esta tesis, hemos contribuido a este objetivo estudiando la dependencia de la labilidad de 

las especies con las características geométricas del dispositivo DGT. Se han realizado 

simulaciones numéricas rigurosas y experimentos de laboratorio que se han complementado 

con medidas en aguas naturales.  

Se ha estudiado la influencia de la complejación secuencial en la disponibilidad de Ni en 

presencia de NTA con dispositivos DGT con diferentes grosores del gel difusor y de la capa 

de resina en experimentos de laboratorio.  

Se han proporcionado nuevas estrategias para medir los coeficientes de difusión de iones 

metálicos libres y complejos tanto en el régimen lineal como en el de volumen finito con 

dispositivos de celdas de difusión.  

Se ha prestado especial atención a la medición del grado de labilidad, así como a la constante 

de velocidad de disociación de los complejos a partir de la masa acumulada en un disco de 

resina posterior cuando se utilizan dispositivos DGT con una pila de dos discos de resina. A 

partir de primeros principios, se han desarrollado expresiones considerando una distribución 

homogénea o heterogénea de las perlas de resina para determinar las constantes de velocidad 

de disociación.  

La deposición de 3 conjuntos de dispositivos DGT con diferentes configuraciones ha 

permitido determinar la labilidad y difusividad de un conjunto de complejos inorgánicos de 

Zn en el río Osor. 

Finalmente, se ha estudiado la especiación y disponibilidad de Hg en soluciones con materia 

orgánica natural. Se ha proporcionado una discusión global de la relación entre la fracción de 
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Hg reducible, la concentración de Hg lábil por DGT y el Hg enlazado a los sitios carboxílicos 

y fenólicos de SRHA o SRFA
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 Resum 

La distribució de compostos metàl·lics traça i els processos fisicoquímics en els que 

intervenen aquestes espècies són factors clau per a comprendre la biodisponibilitat. La 

tècnica “Diffusive gradients in thin-films technique” (DGT) és un tècnica analítica dinàmica 

que permet mesurar el analit disponible després d’un temps determinat de mesura. A partir 

del coneixement del coeficient de difusió del metall com a únic paràmetre específic del analit 

es pot definir la concentració DGT-làbil de la mostra (cDGT). Donat que (cDGT) és una 

concentració efectiva de metall, se ha demostrat un relació de les espècies reals introduint la 

labilitat i la mobilitat de cada espècie. En conseqüència, es vol disposar de mètodes per 

mesurar els paràmetres fisicoquímics, així com, estudiar la seva dependència de la 

composició del sistema i de les característiques dels dispositius DGT. 

En aquesta tesi, per tal d’assolir l’objectiu hem estudiat la dependència de la labilitat de les 

espècies amb les característiques geomètriques del dispositiu DGT. S’han realitzat 

simulacions numèriques rigoroses i experiments del laboratori que s’han complementat amb 

les mesures en aigües naturals. 

S’ha dut a terme l’estudi de la influència de la complexació seqüencial de la disponibilitat de 

Ni en presència de NTA amb els dispositius DGT amb diferents gruixos de gel difusiu i de la 

capa de resina en experiments de laboratori. 

S’han proporcionat noves estratègies per mesurar els coeficients de difusió d’ions metàl·lics i 

complexes tan en el règim lineal com en el règim de volum finit amb la cel.la de difusió. 

S’ha donat especial atenció a la mesura del grau de labilitat, així com a la constant de 

velocitat de dissociació dels complexes a partir de la massa acumulada en un disc de resina 

posterior quan s’utilitzen dispositius DGT amb 2 discs de resina apilats. A partir de primers 

principis, s’han desenvolupat expressions considerant una distribució homogènia o 

heterogènia de les perles de resina per a determinar les constants de velocitat de dissociació. 

La deposició de 3 conjunts de dispositiu DGT amb diferents configuracions ha permès 

determinar la labilitat i difusivitat d’un conjunt de complexes inorgànics de Zn en el riu Osor. 

Finalment, s’ha estudiat la especiació i la disponibilitat de Hg en solucions que contenen 

matèria orgànica natural. S’ha proporcionat la discussió global de la relació entre la fracció 

de Hg reduïble, la concentració de Hg làbil per DGT i el Hg enllaçat als setis carboxílics i als 

fenòlics de SRHA o SRFA. 
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1 Introduction 

Natural waters are highly complex systems in terms of chemical, physical and biological 

processes 1. The fate and transport of trace-metal ions depend on inherent characteristics of 

the natural water defined by their chemical composition and type of physical processes that 

occur. The knowledge of these processes is relevant to unravel the chemical cycle of an 

element as well as to understand the mechanisms that produce the biomagnification of a 

trace-metal element along the food chain 2. In general, the activity of a free metal ion is 

regulated by inorganic ligands (such as phosphates, chlorides, carbonates, etc), organic 

ligands such as fulvic or humic acids, polysaccharides, colloids or suspended particulate 

matter 3. The distribution of trace-metal compounds among these variety of species is a key 

factor to understand the uptake of these elements by biota 4. In general, only the free metal 

ion is able to be internalized by some proteins present at the cell membrane. Thus, the use of 

total concentrations has been proven to be a poor predictor of toxicity for biota.  

The uptake process is characterized by different steps including at least the transport to the 

membrane surface and the internalization. When the metal uptake is rate limited by the 

internalization step, the free metal ion is able to predict the toxicity of a trace-metal 5-7. 

However, this dependence might not be valid for other trace-metals whose transport across 

the biota membrane is fast enough to produce a metal depletion close to the consuming 

surface so that the internalization is no longer the rate limiting step in the uptake process. In 

these conditions, a concentration gradient develops and all the species tend to buffer the 

metal consumption contributing in this way to the uptake 8-9.  

The above overview indicates that the uptake is not only dependent on the process that allow 

the crossing of the free metal ion through the consuming membrane but it is the result of a set 

of coupled processes in which many species take part: free metal, complexes and other 

species that can support the metal consumption. The transport of all these species, usually 

determined by diffusion, and the interchange reactions (dissociation of complexes) are also 

relevant determining altogether the toxic or nutritive properties of the media. Accordingly, 

there is a need to measure the concentration of the different species in which a trace-metal is 

involved together with the corresponding physicochemical parameters among which 

diffusion coefficients and dissociation rate constants are the most relevant. Unfortunately, 

this information is not accessible in many cases since there are large mixtures of ligands in 

natural media and even not all the ligands present in the media may be known. 
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Simplifications based on the use of pools or fractions of compounds are many times required 

to approach the global system and the knowledge of the characteristics of these fractions 

require a set of independent measurements. 

In this thesis, we have focused on the development of a dynamic analytical technique called 

diffusive gradients in thin-films (DGT). This technique was invented around 1994 10. Since 

then, it has been extensively used by environmental researchers to monitor the concentration 

of trace-metals in all types of natural waters 11-14. 

The idea to develop the DGT technique came from a need to improve the sensitivity of 

Diffusive Equilibrium in thin-films (DET) for trace-metals in porewaters. But its first 

application was tested in sea water 10. The application of the DGT technique has evolved in 

order to be able to monitor the concentration of trace-metals in soils and sediments 15-16 17 18. 

Among the main advantages of DGT devices are the ability to work “on site” avoiding 

contaminations of the sample, an easy manipulation, accumulations independent of the flow 

of external water in streams, as well as, a simple interpretation. DGT devices mimic the 

uptake processes of biota in limiting diffusion conditions so that DGT labile concentrations 

are expected to be interesting parameters to predict bioavailability.  
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1.1 The DGT technique 

1.1.1 Manufacture and measurement in natural waters 

A DGT device is composed of a piston, a resin layer that works as a binding agent, a 

diffusive gel placed on top of the resin layer, a filter and a cap with a circular hole as 

indicated in Figure 1.1.  

 

Figure 1.1 Schematic representation of components of a DGT device.  

The resin disc is made of the same polymeric matrix than the diffusive gel layer but it 

includes a dispersion of a fast and strong binding agent of the target analyte. For metal 

measurements, Chelex 100, a styrene divinylbenzene copolymer containing paired 

iminodiacetate ions, is usually used as binding agent. It has been proven that Chelex 100 

reacts efficiently with free metal ions like Pb+2, Ni+2, Zn+2, Cu+2, Co+2 etc 19. Nevertheless, 

for other trace-metals elements such as Hg+2, Chelex 100 has shown a kinetic limitation due 

to a lack of affinity between Hg+2 and the iminodiacetic groups 20. This problem has been 

solved using other binding agents based on mercaptans such as 3-mercaptopropyl 

functionalized silica 21.  

Binding agents used in DGT devices aim to generate a full depletion of  the free trace-metal 

of interest at the interface of the resin-diffusive gel (perfect sink conditions). The geometrical 
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characteristics, size of the window and thickness of the diffusive gel and resin were designed 

to accumulate in natural samples a mass of the target element high-enough for a 

quantification of the element with ICP-OES or ICP-MS after deployments in the range of 

hours or days.   

When only free metal is present in the solution, after a transient regime lasting of the order of 

20 min, a quasi-steady-state is reached with a linear metal concentration profile along the 

diffusive layer 10. For deployments lasting hours or days, a very good approximation is based 

on assuming instantaneous steady-state. Accordingly, the First Fick law allow to write the 

metal accumulation as: 

*

M M

g

D c
n At


=  (1) 

where n stands for the number of moles of the target accumulated in the resin disc, A is the 

geometric area, g the thickness of the diffusive layer, 
*

Mc  the metal concentration in the bulk 

solution, MD  the metal diffusion coefficient and t the deployment time. 

In presence of complexes, the metal concentration profile in the diffusive gel is no longer 

linear due to the buffering of the complexes, but using the model outlined above, a DGT-

labile concentration, DGTc , can be defined as: 

M DGT

g

D c
n At


=  (2) 

The DGT labile concentration, cDGT, is then the effective concentration of a sample that, 

containing only free metal, would give the same accumulation as our system.  

According to Eq (2) the interpretation of a DGT accumulation in terms of a labile 

concentration requires the knowledge of only one parameter specific of the metal: the 

diffusion coefficient. No detailed knowledge is required on the reaction rate constants 

between the metal and the binding agent, whenever this binding is fast and strong enough to 

drop the metal concentration to zero at the diffusive gel/resin interface (perfect sink 

conditions). 

However, close to the interface between the filter and sample solution, the diffusion domain 

penetrates into the solution in what is called, the diffusive boundary layer (DBL) 22. When the 

DBL is considered, Eq (2) assumes that δg stands for the composed thickness of the diffusive 

gel, filter and DBL. It has been shown that the diffusion coefficient in the diffusive gel is not 

far different from that in the filter so that only one layer with the common diffusion 
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coefficient needs to be considered. In many cases, the external flow of the water where the 

DGT devices are deployed makes the DBL negligible with respect to the composed thickness 

of diffusive gel and filter. In these conditions, Eq (2), applies. Otherwise, to improve the 

quality of the measurement or in cases where the sample is stagnant, the deployment of 

devices with different thickness of diffusive gel allow to calculate the thickness of the DBL 

by the linear regression of the inverse of the mass accumulated vs the inverse of the thickness 

of the gel layer. In stagnant waters ( e.g lakes, wells), its determination is almost compulsory 

to ensure a good measurement, because the flow of water is slow enough to produce a DBL 

comparable to the thickness of the DGT device 23. 

When the binding agent dispersed in the resin domain is electrically charged (for instance, in 

resin discs prepared with  Chelex 100) the immobilized charges in the volume of the resin 

layer may produce an electric field leading to a migration flux that adds to the diffusive one 

for electrically charged species. For instance, for negatively charged complexes, the electric 

field induces a migration flux in the opposite direction to the diffusive flux, thus reducing the 

metal accumulation in the resin layer at low ionic strengths 24. When this scenario occurs, a 

Donnan potential can be calculated by considering that the net charge from the resin layer is 

neutralized by the trace metal and the concentration of the background salt in the resin 

domain. In media with a high ionic strength the Boltzmann factors are close to 1 and these 

characteristics do not play an important role on the measurement of a flux since the electrical 

charges of the resin are screened by the background salt. However at high ionic strengths, the 

kinetics and stability of the binding between metal cations and Chelex can also decrease 

leading to situations where Eq (1) is not valid. In these cases, the kinetics of the binding 

needs to be considered 24. 

In natural waters, as explained in the previous section, the free metal ion is distributed among 

diverse species involving inorganic, organic, colloids or particulate matter. The species 

diffuse inside the DGT gels when they are smaller than the pore size of filter and the pore 

size of the diffusive gel layer. When the free metal ion reaches the resin domain it binds to 

the resin beads so that the free metal concentration profile in the resin domain is negligible. 

The consumption of the free metal shifts the complexes towards dissociation. When a 

complex is able to achieve full dissociation at the interface of the resin-diffusive gel layer, the 

complex is called labile, whereas a complex that does not dissociate at all along the resin 

domain is called inert. The complexes that their dissociation rate process is kinetically limited 
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but they achieve a certain degree of dissociation at the interface of the resin layer are called 

partially labile complexes. These set of processes are depicted in the following figure: 

 

Figure 1.2 Schematic representation of diffusion-reaction processes of different metal species in the bulk 
solution. A free metal ion (red) together with a set of inorganic complexes (yellow) and organic complexes 
(green) are included in the figure. A particular diffusion coefficient for each ligand is considered and labelled 

as L,iD . In the figure, it is also assumed that the particulate matter cannot cross the filter.  

Figure 1.2 provides an overview of the diffusion-reaction processes in the DGT device for a 

set of species including a metal and different complexes. The binding of the free metal ion at 

the interface of the resin-gel layer produces a diffusion gradient of the free metal 

concentration that penetrates until the bulk solution. Complexes that are labile achieve 

complete dissociation at the interface of the resin-gel layer. However, partially labile 

complexes penetrate and dissociate along the resin layer. In the case of inert complexes, 

although they penetrate in the resin layer, their dissociation is negligible and accordingly, 

they do not contribute to the metal accumulation.  

An overview of a theoretical framework that models the set of diffusion-reaction process 

taking place in the DGT device together with some results reported in the literature are 

briefly reviewed in the following section.  

 

1.1.2 Theoretical framework 

Eq (2) defines cDGT as an effective concentration. In order to understand the functioning of 

natural systems, an interpretation of Eq (2) in terms of the real species present in the system 

has been developed 25 26. In this framework, when the system contains a set of complexes 

MLi with a set of ligands Li, the accumulation in a DGT sensor can be written as: 
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* *
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  (3)  

where i  stands for the lability degree of the complex MLi which can be identified with: 

r

M L

*

M L

1 i

i

i

c

c
 = −  (4)  

where 
r

M Li
c  stands for the concentration of the complex MLi at the resin-diffusive gel 

interface and 
*

M Li
c  labels the complex concentration in the bulk solution 

Notice that 0< i <1. In the case of inert complexes, 0i = , 
r *

M L M Li i
c c= , indicating that there 

is no dissociation of the complex at the interface diffusive gel/resin even though the free 

metal concentration at this spatial position drops to zero. The labile complexes are defined in 

the other limit, 1i =  which implies that 
r

M L 0
i

c = , indicating that the dissociation of the 

complex is complete and they have reached a local equilibrium with the free metal  along the 

diffusive gel. These complexes are known as labile. Complexes with intermediate 

dissociation degrees are known as partially labile complexes. 

As defined in Eq.(5), the lability degree of a complex in a mixture cannot be experimentally 

measured. 

In addition to the particular lability degree of each complex, a global lability degree of a 

metal in a system can be defined as: 

*

M M

g
free

*

ML MLlabile free

g
1

i i

h
i
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J J At

D cJ J




=

−
−

= =
−



 (5)  

where the flux of free metal is described as: 

*

M
free M g

c
J D


=  (6)  

and labileJ , the hypothetical flux in the system when all the complexes were labile can be 

written as: 

*

ML

labile ML g
1

i

i

h

i

c
J D

=

=   (7)  

Notice that Eq (5) indicates that the lability degree is related to the contribution of the 

complexes to the metal flux. It can be defined as the increase of the metal flux due to the 
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presence of complexes ( freeJ J− ) with respect to the maximum contribution of the complexes 

to the metal flux ( labile freeJ J− ) which would arise when all complexes were fully labile, i.e., 

1i i =  .  

In a system with only one complex, Eq (5) indicates that the lability degree of this complex is 

experimentally accessible from the accumulation of metal in a DGT device (n)  

*

M M

*

ML MLi i

g

i

g

D cn

At

D c





−

=  (8)  

whenever the speciation and the diffusion coefficients of both free metal and complex are 

known. 

The interpretation of the physical meaning of Eq (3) is now very simple: the total flux is the 

addition of the flux of free metal in the solution plus a contribution from all the complexes 

equal to the fraction of the maximum contribution indicated by the respective lability degree. 

Eq (3) also indicates that in addition to geometric characteristics of the DGT device, the 

accumulation depends on the mobilities (Di) and labilities ( i ) of all the species 27 28-29. 

A main question around the lability degree remains: Is it an intrinsic property of a complex or 

is it dependent on the device and on the composition of the media?. Several works have been 

devoted to answer this question as well as to describe these dependences. It has been shown 

that the lability degree depends on the thickness of the diffusive gel and the resin disc. 

Increasing both thicknesses, the lability degree tends to increase since partially labile 

complexes have more time to dissociate while travelling by diffusion across both discs ( see 

Figure 2). The same argument suggests that the lability degree also tends to increase as the 

diffusion coefficient of the complex decreases. Approximate analytical expressions for this 

dependence in systems with only one complex have been reported both when the electrostatic 

effects originated by the charge of the resin beads are negligible 30 or when these effects are 

relevant and are modelled through a Donnan model 31. 

The dependence of the lability degree on the concentration of the ligand in a system with only 

one ligand has also been studied. It has been shown that an increase of the ligand 

concentration tends to decrease the lability degree of the complex in the range of ligand 

excess but this is a mild dependence in comparison with the same influence in other sensors. 

Conversely, in absence of ligand excess, i. e., when the free ligand concentration profile is 
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not flat along the DGT device, an increase of the ligand concentration tends to increase the 

lability degree of the complex. 

Studies of the dependence of the lability degree of a complex on the concentration of other 

ligands are still scarce. Previous results have suggested that although the influence of the 

system composition on the lability degree of a complex could be relevant, the use of the 

lability degree measured in single ligand solutions in the prediction of the flux of the 

mixtures has only small deviations since mutual influences between the lability degrees of a 

couple of complexes are on the opposite sense and tend to cancel32. 

It seems then pertinent to try to increase the knowledge of the dependence of the lability 

degree on the composition of the system in ligand mixtures as well as to focus on the 

determination of intrinsic physicochemical parameters like diffusion coefficients and 

dissociation rate constants in order to increase our knowledge on the functioning of natural 

system.   



  Chapter 1. Introduction 

___________________________________________________________________________  

27 

 

1.2 Outline of the thesis 

In this thesis, we have aimed to further develop this theoretical framework by: 

1) Developing a rigorous numerical code that applies the Finite Element Method ( FEM) to 

solve the diffusion-reaction equations (PDE) that are involved in the accumulation of 

trace-metal ions in a DGT device in presence of ligands. 

 

2) Setting up new strategies to determine diffusion coefficients of free metal ion and 

complexes from experimental measurements in a diffusion cell device: 

a.  We would like to model the transport of a set of species that interact among them 

to quantitatively interpret the processes in a diffusion cell. We would like to 

apply this model to determine the diffusion coefficients of free metal cations and  

complexes using experiments at different ligand concentrations.  

b. We would also like to model the transport in the diffusion cell when effects of the 

finite volume of both cells are non-negligible. With this model, we aim to 

determine the diffusion coefficient of a set of free metal ions.  

 

3) In natural waters, the free metal ions endure several complexation reactions that may 

modify their contribution to the uptake by biota. With some hypothesis, in chapter 4, this 

problem has shown to be formally identical to the one of a single ML complex by just 

defining a formal complex species with an apparent dissociation rate constant and an 

apparent diffusion coefficient. In consequence, the formula of the lability degree in 

excess of ligand, perfect sink and steady-state conditions can be applied to reproduce the 

experimental results when Ni endures successive complexation with NTA. The use of 

different DGT configurations are employed to show the dependency of the lability 

degree with the thickness of the resin and gel layer. 

 

4) The use of DGT devices with a stack of 2 resins have been proved to be useful to 

elucidate the presence of partially labile complexes and to determine the dissociation rate 

constant33. Nevertheless, the casting of the Chelex 100 resin produces a heterogeneous 

distribution of the resin layer. From first principles, in chapter 5 we have developed a 

model for a double heterogeneous resin layer considering that half of the volume of the 

resin disc is empty. The dissociation rate constant of a metal complex has been obtained 

from the application of this model in controlled laboratory experiments and in natural 
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waters. From these results, the contribution of these complexes to the biouptake by biota 

has been assessed in diffusion limited conditions.  

 

5) Hg is a trace-metal element that has been extensively studied because its toxicity and 

bioaccumulation along the food chain represents a hazard to human health 34. However, 

the accumulation of Hg in DGT devices in presence of organic matter is still far from 

being understood. For a further insight into this problem, we compare the measurements 

of different Hg fractions: reducible and non-reducible Hg, labile and non-labile Hg and 

the Hg bound to phenolic and carboxylic sites in experiments in presence of Suwanee 

river humic acid (SRHA) and Suwanee river fulvic acid (SRFA). 

 

6) A stream located in Girona, Catalonia, where former mining activity contaminated the 

river water 35 has been sampled with several analytical techniques to obtain 

complementary data about Zn concentration and its speciation. In chapter 7 we report the 

results obtained when the measurements of cDGT with different DGT devices ae used in 

order to determine the physicochemical properties of Zinc complexes in Osor stream (i.e 

the diffusion coefficient and the dissociation rate constant).  
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2 Numerical procedure to solve the diffusion-reaction 

equations (PDE) of metal binding to DGT devices in 

presences of ligands.  

2.1 Description of the problem 

The transport of the metal species inside the DGT device is described by the diffusion-

reaction equations (PDE). In many practical situations, the system of partial differential 

equations that describes the motion of the species cannot be uncoupled 1. Thus, it is not 

possible to derive an analytical solution that describes the transport of the species in that 

specific situation. As a result, a usual way to solve PDE is by using numerical methods that 

transform a system of partial differential equations into an algebraic system of equations 2. 

We aim to find the solution of a system of diffusion-reaction PDE under a set of specific 

boundary values that model the physicochemical behaviour of a DGT device. The diffusion 

transport in this device mainly occurs along the DGT axis, because the free metal ion strongly 

binds to the resin layer. Thus, the solution of the boundary problem in one dimension is 

enough to understand the transport of the metal ions in a DGT device. A one dimensional 

representation of the system is given by the following figure: 
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Figure 2.1 schematic representation of the regions of a DGT device for an homogeneous resin (Panel A) 
heterogeneous resin ( Panel B). In both cases δg includes the gel layer, filter and DBL where is assumed that 
the species have the same diffusion coefficient. 

In Figure 2.1 is displayed a one dimensional representation along the DGT axis. It defines the 

domain to solve the diffusion-reaction motion of a metal in presence of h ligands where each 
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ligand can endure n successive reactions. Additionally, side reactions of the ligand with other 

reactants can be considered (e.g protonation of the ligand). Nevertheless, the reactions that 

are considered in the program must have the following form: 

a

d

k

k
A B C+   (2.1)  

 

Where ka is the association reaction rate constant and kd is the dissociation reaction rate 

constant in the gel layer and bulk solution. Whereas 
R

dk  is the dissociation reaction rate 

constant in the resin layer. The equilibrium constant is defined by a

d

k
K

k
= .  When the species 

are in equilibrium their concentrations become 
* * *

A B C, ,c c c , and fulfil the equilibrium constant 

by 
*

C

* *

A B

c
K

c c
= .  

In the resin domain, we have considered different types of distribution among the resin beads. 

A homogeneous distribution implies that the resin beads are placed along the whole domain 

from 0>x>δr. An heterogeneous distribution of the resin layer is modelled in a way that the 

resin beads are placed from δr /2>x>δr and from 0>x> δr /2 there are no resin beads. For a 

stack of 2 resin discs, the regions where there are resin beads are from δr /2>x>δr  and from  

δr /4>x>δr./2 . In these regions, the metal ions may endure a reaction with the resin beads, in 

the following way: 

a,R

d,R

M R MR
k

k
+  (2.2)  

 

Where ka,R is the association reaction rate constant and kd,R is the dissociation reaction rate 

constant which equilibrium constant is defined by 
a,R

R

d,R

k
K

k
= .  

Considering the previous specifications of the problem the diffusion-reaction equations that 

are going to be solved are: 

2

R 2
1

 
Nreac

ii i

ji

Dc c
reaction terms

Dt x =

  
= + 

  
  (2.3)  
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Where iD  and 
R

iD  are the diffusion coefficients in the gel layer and in the resin layer 

respectively. Nreac defines the total number of reactions that the species i is enduring with 

the form a

d

k

k
A B C+ . Therefore for a general system of the following form: 

a1

11 12 13
d1

a2

21 22 23
d2

a,

,1 ,2 ,3
d,

a,

,1 ,2 ,3
d,

+c c

c +c c

                   ....

+

                   ....

c +c c

j

j j j
j

h

h h h
h

k

L L L
k

k

L L L
k

k

L L L
k

k

L L Lk

c

c c c

⎯⎯→⎯⎯

⎯⎯→⎯⎯

⎯⎯→⎯⎯

⎯⎯→⎯⎯

 (2.4)  

 

We need to define an index matrix (Mreac) that keeps track of the set of reactions that endure 

each species in our system. Where the dimension of Mreac is Nx3 and in general it has the 

following shape: 

11 12 13

21 22 23

reac

1 2 3

1 2 3

...

...

j j j

h h h

L L L

L L L

M
L L L

L L L

 
 
 
 

=  
 
 
  
 

 (2.5)  

 

Where the values Li,j are integer numbers that label each species that is having a reaction, and 

in the program are used to indicate the concentration of the species that are reacting with the 

species i.  

The matrix that stores the kinetic reaction constants ( kreac) has the same number of rows and 

columns than Mreac, because it stores the value of ka, kd and 
R

dk . Thus , 
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R

a,1 d,1 d,1

R

a,2 d,2 d,2

reac R

a, d, d,

R

a,N d,N d,N

...

j j j

k k k

k k k

k
k k k

k k k

 
 
 
 

=  
 
 
 
 
 

 (2.6)  

 

Once Mreac and kreac have been defined a general definition of the system of  diffusion 

reaction PDE equations can be done and for the species A and B in the gel layer would be: 

( )
reac reac reac

2

reac( ,1) ( ,1) ( ,2) reac( ,2) ( ,3)2
1

Nreac
i i

i j M j M j j M j

j

c c
D k c c k c

t x =

 
= + − +

 
  (2.7)  

 

Whereas for the species C the sign in the reaction is the opposite to the species A and B , 

thus: 

 

( )
reac reac reac

2

reac( ,1) ( ,1) ( ,2) reac( ,2) ( ,3)2
1

Nreac
i i

i j M j M j j M j

j

c c
D k c c k c

t x =

 
= + −

 
  (2.8)  

 

To formulate the transport equation in the resin domain for the species A or B, the term 

cMreac(j,3) should be multiplied by kreac(j,3) and Di changed for
R

iD and the transport equation is 

written as: 

( )
reac reac reac

2
R

reac( ,1) ( ,1) ( ,2) reac( ,3) ( ,3)2
1

Nreac
i i

i j M j M j j M j

j

c c
D k c c k c

t x =

 
= + +

 
  (2.9)  

For the species C, the sign in the reaction term kreac(j,3) and cM, reac(j,3) is the opposite to the 

species A and B as explained above: 

( )
reac reac reac

2
R

reac( ,1) ( ,1) ( ,2) reac( ,3) ( ,3)2
1

Nreac
i i

i j M j M j j M j

j

c c
D k c c k c

t x =

 
= + −

 
  (2.10)  

 

To have a better understanding of how works the matrix Mreac, let us consider a particular 

case where a metal (M) reacts with a 2 different ligands ( 1L, 2L ) and each ligand endures 2 

successive complexation reactions ( M1L1 , M
1L2  ) and ( M2L1 , M

2L2  ). Then, the set of 

chemical reactions to consider are : 
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a1

d1

a,2

d,2

a,3

d,3

a,4

d,4

1 1

2 2

1 1 1

2

2 2 2

2

M+ L M L

M+ L M L

M L+ L M L

M L+ L M L

k

k

k

k

k

k

k

k

⎯⎯→⎯⎯

⎯⎯→⎯⎯

⎯⎯→⎯⎯

⎯⎯→⎯⎯

 (2.11)  

 

Assigning a new integer number every time a new species appears in the set of reactions, the 

matrix Mreac for the last example would become: 

reac

1 2 3

1 4 5

3 2 6

5 4 7

M

 
 
 =
 
 
 

 (2.12)  

 

Where the labels of the species for the metal M is “1” , the ligand 1L is “2”, the complex M1L 

is “3”, the ligand 2L is “4”, the complex M2L is “5”, the complex M1L2 is “6” and the 

complex M2L2 is “7”. Notice that to keep track of the species of the first 2 complexations 

reactions ( first and second row of Eq (2.12) ), we don’t need 6 numbers to label each species, 

because the same metal (with label “1”) is reacting with 2 different ligands. For the 

successive complexation reactions (rows 3 and 4), we use the integer numbers that have been 

already assigned to the complex M1L , M2L and their ligands 1L , 2L, but the species 

produced ( M1L2 , M
2L2 ) are labelled with a new integer number.   
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2.2 Initial and boundary conditions  

The formulation of our boundary problem requires to impose a set of boundary values and 

initial conditions to the partial differential equations. In particular, to solve these set of 

equations we need to impose the equilibrium condition at the bulk solution which requires to 

solve the equilibrium problem from a set of total metal  and ligand concentrations for a given 

pH and in a given temperature. The speciation code VMINTEQ has been applied to obtain 

these set of equilibrium concentrations, as well as, their equilibrium constants.  

The DGT device is considered to be empty at t=0, thus : 

r g( 0,0 ) 0ic t x  =   + =   (2.13)  

 

and the bulk solution is considered well-agitated so the concentration of the species at the 

interface between the DGT device and the bulk solution is considered to be in equilibrium, 

therefore: 

r g *( 0, )i ic t x c  = + =  (2.14)  

 

Also, at the bottom of the DGT device there is a piston that is assumed to be impermeable 

and does not endure any binding reaction, thus, there is no flux of matter across the piston: 

0

0i

x

c

x =


=


 (2.15)  

 

The transfer of matter from the gel layer to the resin layer is considered by the flux equality at 

the interface of the resin layer. Nevertheless, we consider to apply the Donnan potential to 

take into account the electrostatic effects due to the charged resin beads inside the resin. 

Thus, the boundary condition for the flux is : 

r- r+

i i
i i

x x

c c
D D

x x = =

 
=

 
 (2.16)  

 

And the continuity of the concentrations is given by: 

r+ r-

r riz

i ix x
c c

 = =
=   (2.17)  
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Where iz
 stands for the electrostatic effect given by the Donnan potential at the interface of 

the resin-layer: 

Dexpiz iz F

RT

 
 =  

 
 (2.18)   
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2.3 Non-dimensional variables 

The set of partial differential equation that comprise our problem are characterized by the set 

of concentrations, diffusion coefficients and reaction constants that define our system. The 

differences between the numerical values that have the concentrations and diffusion 

coefficients of the different species may cause computational issues when making operations. 

Thus, we are going to change the variables of the system of partial differential equations into 

a system with non-dimensional variables, by applying the following operations: 

The concentration of the species considered are going to be divided by its equilibrium 

concentration in the bulk solution: 

*

i
i

i

c
q

c
=  (2.19)  

 

We are going to re-scale the spatial dimension of the problem by changing the spatial 

coordinate variable : 

max

z
x

D
=  (2.20)  

 

Where Dmax is the largest diffusion coefficient of all species. Then, the second spatial 

derivative is changed as follows: 

2 2

2 2

max

1c c

x D z

 
= 

 
 (2.21)  

 

Thus applying this change to the partial differential equation that describes the transport of a 

species A the diffusion coefficient A
A

max

D
d

D
=  and 

R
R A
A

max

D
d

D
=  .  

Assuming that species A endures a simple complexation reaction 
a

d

k

k
A B C+ inside the 

DGT device and dividing by the equilibrium concentration (cA
*). Where we assume that this 

particular species reacts with the beads of the resin layer. 

Now, it is needed to change the variables for the rest of the concentrations, which is done by 

multiplying and dividing by ci
* where i≠A. 
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**2
A d,R R* *d CA A

a A B B C a,R A R R ARR 2 * *

A A A

d k ck cq q
k q q c q k q q c q

dt z c c

  
= − + − + 

  
 (2.22)  

 

Applying the same operations to the transport equations of species B and C, assuming that 

they do not endure a reaction with the resin layer: 

*2
B * d CB B

a A B A CR 2 *

B B

d k cq q
k q q c q

dt z c

  
= − + 

  
 (2.23)  

 

2 * *
CC C a A B

A B d CR 2 *

C C

dq q k c c
q q k q

dt z c

  
= − + 

  
 (2.24)  

For the sake of simplicity, in subsection “Weak formulation” and onwards, the derivation of 

the matrix notation from the variational formulation is going to be done for the Eqs (2.22)-

(2.24) instead of using the general formulation implemented earlier.  
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2.4 Solving the transient problem 

In this section is explained with a flowchart the set of operations that convert the equilibrium 

concentrations, dissociation reaction rates, association reaction rates of the set of species of 

the system into the concentration profiles and other output values. Moreover, the spatial 

discretization of the domain is explained in detail. 

2.4.1 General algorithm 

A general scheme of the program is provided to have a general understanding about the 

inputs required, the outputs of the program and the key operations that are done. 
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Figure 2.2 Flowchart of the program to compute the concentration profiles, the accumulation, ξ and %back  

In Figure 2.2 are summarized the key steps that follow our program to compute the 

concentration profiles. From a set of input values, the program iteratively solves a set of 

unknowns qnew,i that are the normalized concentrations for the set of transport equations of 

the species considered. The input values are the equilibrium concentrations, reaction rate 

constants, diffusion coefficients, Boltzmann factors and other internal parameters (such as Δt, 
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number of grid points, final time etc). The approximate solution of the unknowns q(t)new,i are 

considered correct for every species, for a given time “t”, when the norm of the normalized 

concentrations satisfies a given tolerance. In the case that the final time has been reached the 

program gives the output values described in Figure 2.2, otherwise computes the new 

solution for the next time step q(t+Δt)new,i . 

2.4.2 Spatial discretization 

The discretization of the domain is key factor to obtain accurate results when applying 

numerical methods. In our case we apply the finite element method to obtain approximate 

solutions of a set of PDE in a discrete domain. The grid is build to have NR+NG+1 points for 

a homogeneous resin. Where NR is the number of points in the resin and NG is the number of 

points in the gel. For a heterogeneous resin, the total number of grid points can be equal to 

the homogeneous case, but there are 4 different regions: from ( 0>z>δr/4) with a number of 

points labelled as NR1, from ( δr/4>z>δr/2) with a number of points NR2, from ( 

δr/2>z>3δr/4) with a number of points NR3, from ( 3δr/4>z>δr)  with a number of points NR4. 

The total number of points in the heterogeneous case is given by 

NR1+NR2+NR3+NR4+NG+1. In both cases, the interval of the grid is variable (hi) and to 

avoid any confusion, as this definition is arbitrary, its length is defined between the points zi 

and zi+1. 

 

Figure 2.3 Panel A discretization of the domain for the case of a homogeneous resin layer. Panel B 
discretization of the domain in the case of a heterogeneous resin layer. 

Figure 2.3 shows the grid that is used to discretize the domain of the DGT device, for a 

homogeneous case (Panel A) and for a heterogeneous case (Panel B). Notice that length of 

the interval hi is narrower in the positions near the boundary points between different regions. 

Because, it is considered that the derivatives of the solution near to these point are going to 

experience sharper changes. Whereas the interval length is wider in the middle of the regions 
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where the derivatives of the solution are smoother. To build the grid for a DGT device with a 

heterogeneous resin it has been used the following formula: 

 

1

2
1

3
1 2

4
1 2 3

1 2 3 4

1 cos  for 0< < 1 
2 1

 
1 cos  for 0< < 2

2 2

1 cos  for 0< < 3
2 3

1 cos  for 0< < 4
2 4

i

i

i

i

i

r i
z i NR

NR

r i
z r i NR

NR

r i
z r r i NR

NR

r i
z r r r i NR

NR

g
z r r r r

   
= −   

  

   
= + −   

  

   
= + + −   

  

   
= + + + −   

  

= + + + + 1 cos  for 0< < 
2

i
i NG

NG
















    −       

 (2.25)  

 

In this case, r1, r2 , r3 and r4 correspond to a fourth part of the total thickness of the resin and 

they encompass the regions described in Figure 2.3 and the thickness of the gel corresponds 

to g. Notice that when i=0, the grid function (zi ), becomes 0, thus it is the beginning of the 

grid. In between regions, when i=0 the grid function is defined in the previous region. For the 

fifth region, when i is equal to the total number of grid points, the grid function have the 

thickness “r1”). Whereas for the other regions, the grid function is equal to the length of that 

region plus the length of the previous regions. In the case that the resin is homogeneous, the 

same grid function is applied but only 1 region is considered for the resin layer and 1 region 

for the gel layer. 

 

2.4.3 Weak formulation 

To obtain an approximate solution related to the boundary problem, we use the finite element 

method ( FEM ) which is based on the weak formulation of a system of partial differential 

equation for a finite vector basis that corresponds to a discrete domain 3.  

Previous to derive the weak formulation, let us show the variational formulation of the 

problem for species A, B and C. 

r g **2
A d,R R* *d CA A

a A B B C a,R A R R ARR 2 * *0
A A A

0
d k ck cq q

k q q c q k q q c q dz
dt z c c

 


+    

= − + − + −      
  (2.26)  
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Where ϕ is any function that belongs to the Hilbert space containing the solutions, then it is 

enough that this property holds for any basis.  3. 

To proceed to derive the weak formulation, we have to use the linear properties of the 

integral operator: 

r g r g r g r g r g r g **2
A d,R R* *d CA A

a A B B C a,R A R R ARR 2 * *0 0 0 0 0 0
A A A

0
d k ck cq q

dz dz k q q c dz q dz k q q c dz q dz
dt z c c

           

     
+ + + + + +  

= − + − + − 
  

     

 (2.27)  

 

Now, we can integrate by parts the diffusive term which contains second order spatial 

derivatives by applying :  

r g r gr g

00 0
  udv dz uv vdu dz

    + ++
= −   (2.28)  

 

Where the term u in Eq (2.28) is equal to the basis function u=ϕ, thus its derivative is du=dϕ  

. The term dv in Eq (2.28) is equal to the diffusive term in Eq (2.27) that have second order 

partial derivative over x. Thus, 

2 2

2 2
; ;A A Aq q q

dv v dz v
z z z

  
= = =

     (2.29)  

 

Now by substituting the terms u, du, dv, v into Eq (2.28), we obtain: 

r g

r g r g2

20 0
0

'A A Aq q q
dz dz

z z z

 
   

  

+
+ +  

= −
     (2.30)  

 

Where the first term is equal 0 because ϕ(x=δr+δg)=0 to satisfy the Dirichlet boundary 3 

conditions at δr+δg and because there is no flux of matter across the piston 

0

0A

x

q

z
=


=


. 

Thus, Eq (2.30) becomes: 

r g r g2

20 0
'A Aq q

dz dz
z z

   

 
+ + 

= −
    (2.31)  

 

Substituting this equation into Eq (2.27), we obtain: 
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r g r g r g r g r g r g**
A d,R R* *d CA

a B A B C a,R R A R ARR * *0 0 0 0 0 0
A A A

0 ' A
d k ck cq q

dz dz k c q q dz q dz k c q q dz q dz
dt z c c

           

     
+ + + + + +  

= + + − + − 
  

     

 (2.32)  

 

Eq (2.32) corresponds to the weak formulation of the boundary value problem for the species 

A. Applying the same procedure, we obtain the weak formulation for species B and C:  

r g r g r g r g*
* d C

a A A B CR *0 0 0 0
B

0 '
BB B

B

d k cq q
dz dz k c q q dz q dz

dt z c

       

   
+ + + +  

= + + − 
  

     (2.33)  

 

r g r g r g r g* *
CC C a B A

A B d CR *0 0 0 0
C C

0 '
dq q k c c

dz dz q q dz k q dz
dt z c

       

   
+ + + +  

= + − + 
  

     (2.34)  

 

: 

2.4.4 Development of continuous functions in terms of basis functions 

In this section, we approximate the vector basis functions ϕ into a basis set h    with N 

components that correspond to the discretization of the with a length h that is variable along 

the domain.  

2.4.4.1 Basis functions (Galerkin method) 

Following the Galerkin approach, the unknown trial functions Aq , Bq and Cq  that belong to 

the solution space are going to be developed in terms of a finite vector basis functions with N 

elements that correspond to the number of grid points ( for an homogeneous resin N=NR+NG 

and for a heterogeneous resin N= NR1+NR2+NR3+NR4+NG). 

Thus, we can define our vector of unknows as function of a finite vector basis functions that 

describes the discretized domain 4. 

, ,N+1

1

( , ) ( ) ( ) ( )
N

A A i i A

i

q t z q t z q t
=

= +  (2.35)  

 

'

,

1

( , )
( ) ( )

N
A

A i i

i

q t z
q t z

z


=


=


  (2.36)  
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,

1

( )( , )
( )

N
A iA

i

i

q tq t z
z

t t


=


=

 
  (2.37)  

 

1

( , ) ( , ) ( ) ( ) ( )
N

A B A B i

i

q t z q t z q t q t z
=

=   (2.38)  

 

B B, B,N+1

1

( , ) ( ) ( ) ( )
N

i i

i

q t z q t z q t
=

= +  (2.39)  

 

'

,

1

( , )
( ) ( )

N
B

B i i

i

q t z
q t z

z


=


=


  (2.40)  

 

B,B

1

( )( , )
( )

N
i

i

i

q tq t z
z

t t


=


=

 
  (2.41)  

 

C C, C,N+1

1

( , ) ( ) ( ) ( )
N

i i

i

q t z q t z q t
=

= +  (2.42)  

 

C,C

1

( )( , )
( )

N
i

i

i

q tq t z
z

t t


=


=

 
  (2.43)  

Now, we can define the weak formulation of our system of equations in terms of basis 

functions where the time contribution is carried by nodal values and the spatial contribution 

by the shape functions. The Galerkin formulation for each species is : 

 

r g r g r g r g

r g r g

*
A ' ' * d CA

a B A B CR *0 0 0 0
1 1 1 1A A

*

d,R R*

a,R R A R AR*0 0
1 1A

0
N N N N

i j A i j i j i j

i i i i

N N

i j i j

i i

d k cq
dz q dz k c q q dz q dz

dt c

k c
k c q q dz q dz

c

       

   

       

   

+ + + +

= = = =

+ +

= =

 
= + + − + 

  

−

      

  

 (2.44)  

 

(2.45)  

 

r g r g r g r g*
B ' ' * d CB

B a A A B CR *0 0 0 0
1 1 1 1B B

0
N N N N

i j i j i j i j

i i i i

d k cq
dz q dz k c q q dz q dz

dt c

       

       
+ + + +

= = = =

 
= + + − 
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r g r g r g r g* *
C ' 'C a B A

C A B d CR *0 0 0 0
1 1 1 1C C

0
N N N N

i j i j i j i j

i i i i

dq k c c
dz q dz q q dz k q dz

dt c

       

       
+ + + +

= = = =

 
= + − + 

  
      

 (2.46)  

 

The shape functions (ϕ(z)) are piecewise linear functions that behave as a kronecker delta, 

thus the functions are equal to 1 at the ith position and 0 when j≠i. A type of functions that 

fulfil this behaviour are first order Lagrange polynomial, which we use to define our shape 

functions. 

1
1

1

1

1

1

( )    

0

i
i i

i i

i

i i

i i

z z
z z z

z z

z z
z z z z

z z

elsewhere



−
−

−

+

+

+

−
  −


 −

=  
−





 (2.47)  

 

And their first derivative is equal to a step function whose value is the inverse of the 

thickness of the grid between the nodes ith and ith-1 or ith +1 and ith. 

1

1

1

1

1

1
'( )    

0

i i

i i

i i

i i

z z z
z z

z z z z
z z

elsewhere



−

−

+

+


  −


−

=  
−





 (2.48)  

 



Chapter 2. Numerical procedure to solve the diffusion-reaction equations (PDE) of metal 

binding to DGT devices in presences of ligands. 

___________________________________________________________________________  

50 

 

 

Figure 2.4 Panel A displays the shape of the basis functions at the beginning, at the end and at the ith location 
of the grid. Panel B depicts the domain of integration between the product of two shape function which belong 
to the lower diagonal position and upper diagonal position (Aa and Ac). For the case of Ab, the picture depicts 
the domain of integration of the square of the shape function at the ith position of the grid. 

 

In Panel A Figure 2.4 is displayed the shape functions according to different positions of the 

grid. Notice that in the position z1 the hat function is cutted in half, because is the end of the 

domain. Whereas in position zN, the hat function finishes at the position zN+1 where there is 

the boundary condition. The domains of integration are depicted in Panel B Figure 2.4 of the 

hat functions which are between zi-1  to zi  and between zi to zi+1 . Then, three different type of 

integral come into play:  

1 1 1

1 1 1

1 1 1 1
b

1 1 1 1

i i i i i

i i i i i

z z z z z
i i i i

i i i i i i
z z z z z

i i i i i i i i

z z z z z z z z
A dz dz dz dz dz

z z z z z z z z
  

+ + +

− − −

− − + +

− − + +

     − − − −
= = + = +     

− − − −     
    

(2.49)  

 

1 1

1
a 1

1 1

i i

i i

z z
i i

i i
z z

i i i i

z z z z
A dz dz

z z z z


− −

−
−

− −

  − −
= =   

− −  
   (2.50)  

 

1 1 1
c 1

1 1

i i

i i

z z
i i

i i
z z

i i i i

z z z z
A dz dz

z z z z


+ + +
+

+ +

  − −
= =   

− −  
   (2.51)  
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A tridiagonal matrix (A) describes the result of the integration of the product of basis functions 

at each point of the grid. The fact that the matrix is tridiagonal arises from the definition of the 

basis functions in Eq (2.47). The subindexes a,b,c are referred to lower diagonal, main diagonal 

and upper diagonal positions of a tridiagonal matrix. In Eq (2.50)which corresponds to the 

lower diagonal position of the matrix A is defined by the product of the vector basis function 

ϕi by  ϕi-1 . The function ϕi is defined in Eq (2.47) and the function ϕi-1 is the equivalent of the 

function  ϕi  (in the domain zi-1<z< zi ) with a negative slope and ending at the position zi. In Eq 

(2.51)the function ϕi now has the expression of the domain zi<z< zi+1 and the function ϕi+1 is 

the equivalent of ϕi (in the domain zi<z< zi+1) but with a positive slope and starting at the 

position zi. 

Moreover, we have another type of matrix to consider that come out from applying the 

integration by parts on the diffusive term. This second matrix (let us call it B), comes from 

the definite integral of the product of the derivatives of two basis functions described in Eq 

(2.48) . Therefore, this matrix is also tridiagonal and we are going to use the subindexes b, a 

and c to refer to the main diagonal, the lower diagonal and the upper diagonal respectively. 

1 1 1

1 1 1

' ' ' ' ' '

b

1 1 1 1

1 1 1 1i i i i i

i i i i i

z z z z z

i i i i i i
z z z z z

i i i i i i i i

B dz dz dz dz dz
z z z z z z z z

     
+ + +

− − −
− − + +

     − −
= = + = +     

− − − −     
    

(2.52)  

 

1 1

' '

a 1

1 1

1 1i i

i i

z z

i i
z z

i i i i

B dz dz
z z z z

 
− −

−

− −

  −
= =   

− −  
   (2.53)  

 

1 1' '

c 1

1 1

1 1i i

i i

z z

i i
z z

i i i i

B dz dz
z z z z

 
+ +

+

+ +

  −
= =   

− −  
   (2.54)  

 

The result of the integrals Ab (Eq (2.49)), Aa (Eq (2.50)), Ac (Eq (2.51) )and Bb (Eq (2.52)) Ba 

(Eq (2.53)) and Bc (Eq (2.54)) are: 

1
b

3 3

i ih h
A −= +  (2.55)  

 

1

2

i
a

h
A −=  (2.56)  



Chapter 2. Numerical procedure to solve the diffusion-reaction equations (PDE) of metal 

binding to DGT devices in presences of ligands. 

___________________________________________________________________________  

52 

 

 

c
2

ih
A =  (2.57)  

 

b

1

1 1

i i

B
h h−

= +  (2.58)  

 

a

1

1

i

B
h −

−
=  (2.59)  

 

c

1

i

B
h

= −  (2.60)  

The matrices A, B in the matrix notation are:  

1 1

1 1 2 2

1 1

2 2 1 1

1 1

0 0 0 0 0
3 2

0 0 0 0
2 3 3 2

0 ... ... ... 0 0 0

0 0 0 0
2 3 3 2

0 0 0 ... ... ... 0

0 0 0 0
2 3 3 2

0 0 0 0 0
2 3

i i i i

N N N N

N N

h h

h h h h

h h h h
A

h h h h

h h

− −

− − − −

− −

 
 
 
 +
 
 
 
 

= + 
 
 
 
 +
 
 
 
 

 (2.61) 



 Chapter 2. Numerical procedure to solve the diffusion-reaction equations (PDE) of metal 

binding to DGT devices in presences of ligands. 

___________________________________________________________________________  

53 

 

1 1

1 1 2 2

1 1

2 2 1 1

1 1

1 1
0 0 0 0 0

1 1 1 1
0 0 0 0

0 ... ... ... 0 0 0

1 1 1 1
0 0 0 0

0 0 0 ... ... ... 0

1 1 1 1
0 0 0 0

1 1
0 0 0 0 0

i i i i

N N N N

N N

h h

h h h h

B
h h h h

h h h h

h h

− −

− − − −

− −

− 
 
 
 − −

+ 
 
 
 

− − +=
 
 
 
 − −

+ 
 
 −
  
 

 (2.62) 

Notice that in Eq (2.61) and Eq (2.62) the first and last element of the matrices Ab and Bb 

correspond to half of the integral, because, as said before the first and last element correspond 

to a half of the shape function.  

 

2.4.5 System of partial differential equations expressed in terms of basis functions. 

 

From the Galerkin approximation, after applying the definite integrals, we proceed to derive 

the matrix notation of our system of PDE, in a first step, we substitute the definite integrals 

by the corresponding matrices Eq (2.61) and Eq (2.62):  

**
A d,R AR* *d CA

a B A B C a,R R A R ARR * *
1 1 1 1 1 1A A A

0
N N N N N N

ij A ij ij ij ij ij

i i i i i i

d k ck cq
A q B k c q q A q A k c q q A q A

dt c c= = = = = =

 
= + + − + − 

  
     

(2.63) 

To proceed to solve this system of Equations we apply the Implicit Euler method which is 

considered to be a simple numerical method that has unconditional stability respect to Δt and 

an accuracy of order 1 5. In the Implicit Euler method the time partial derivative is treated as: 

( ) ( )
( ( ), )i i i

i

q q t t q t
F q t t t

t t

 +  −
= = + 

 
 (2.64) 

Then, to apply the implicit Euler method we need to discretize the time differentiation as in 

Eq (2.64) and substitute qA for qA(t+1) on the other terms of Eq (2.63), so we obtain: 
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*
A * d C

a B A B CR *
1 1 1 1A A

*

d,R R*

a,R R A R AR*
1 1A

( ) ( )
0 ( ) ( ) ( ) ( )

( ) ( ) ( )

N N N N
A A

ij A ij ij ij

i i i i

N N

ij ij

i i

d k cq t t q t
A q t t B k c q t t q t t A q t t A

dt c

k c
k c q t t q t t A q t t A

c

= = = =

= =

 +  − 
= + +  + +  +  − +  +  

   

+  +  − + 

   

 

 (2.65) 

 

The system of equations shown in Eq (2.65) has N unknowns that correspond to qA(t+1) from 

i=1, N in the grid position. Thus, in order to derive the matrix notation of our system of 

equations, we need to isolate qA(t + t ) in Eq (2.65) 

**
A d,R R* * d C

a B B a,R R R A C ARR * *
1 1 1 1 1 1 1A A A

( ) ( ) ( ) ( ) ( ) ( )
N N N N N N N

ij ij ij ij A ij ij ij

i i i i i i i

d k ck c
A t B k c q t t A k c q t t A q t t q t A t q t t A q t t A

d c c= = = = = = =

     
+  + +  + +  +  = +  +  − +        

      
      

 (2.66) 

 

Our objective is to solve the previous linear system of equations that expressed in matrix in 

notation becomes: 

Mq T=  (2.67) 

This linear system of equations is iteratively solved until the approximate solution of the non-

linear system of equation satisfies a certain tolerance (i.e the approximate solution is good 

enough to obtain the results). 

From the comparison with a Matrix notation 
ij i iM q T= , we can assign our system of 

equations displayed in Eq (2.66) to M and T as: 

A * *

A a B B a,R R RR
1 1 1 1A

( ) ( )
N N N N

ij ij ij ij

i i i i

d
M A t B k c q t t A k c q t t A

d= = = =

   
= +  + +  + +    

    
     (2.68) 

**
d,R ARd C

A A C AR* *
1 1 1A A

( ) ( ) ( )
N N N

ij ij ij

i i i

k ck c
T q t A t q t t A q t t A

c c= = =

 
= +  +  − +   

 
    (2.69) 

Applying the same procedure to the weak formulation of  the transport equations of species B 

and C in Eqs (2.33)-(2.34), the matrix notation for species B and C is: 

B *

B a A AR
1 1 1B

( )
N N N

ij ij ij

i i i

d
M A t B k c q t t A

d= = =

   
= +  + +    

    
    (2.70) 

*

d C
B B C*

1 1B

( ) ( )
N N

ij ij

i i

k c
T q t A t q t t A

c= =

 
= +  +  

 
   (2.71) 
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C

C dR
1 1 1C

N N N

ij ij ij

i i i

d
M A t B k A

d= = =

   
= +  +   

    
    (2.72) 

* *

A B
C C a A B*

1 1C

( ) ( ) ( )
N N

ij ij

i i

c c
T q t A t k q t t q t t A

c= =

 
= +  +  +  

 
   (2.73) 

 

The shape of the Matrix MA , MB , MC are tridiagonal. Thus, Eq (2.68)-(2.72) can be written in 

a vector format. To show that we are going to use the matrix of species A (MA). Where  main 

diagonal is labelled as A ,bi
M , the term of the upper diagonal A ,ci

M  and the term of the lower 

diagonal A ,ai
M :  

,a

A * *

A ,a ,a a B B ,a a,R R R ,aR
2 2 2 2A

( ) ( )
i

N N N N

i i i i

i i i i

d
M A t B k c q t t A k c q t t A

d= = = =

   
= +  + +  + +    

    
    (2.74) 

,b

A * *

A ,b ,b a B B ,b a,R R R ,bR
1 1 1 1A

( ) ( )
i

N N N N

i i i i

i i i i

d
M A t B k c q t t A k c q t t A

d= = = =

   
= +  + +  + +    

    
    (2.75) 

,c

1 1 1 1
A * *

A ,c ,c a B B ,c a,R R R ,cR
1 1 1 1A

( ) ( )
i

N N N N

i i i i

i i i i

d
M A t B k c q t t A k c q t t A

d

− − − −

= = = =

   
= +  + +  + +    

    
    (2.76) 

 

These equations (Eq (2.74)-(2.76)) can be stored in 3 different vectors which we need as an 

input along with Eq (2.69) to solve the linear system of equations. To do that we use a 

Fortran subroutine from numerical recipes called tridagdp which performs a LU 

decomposition and solves the system of equations with back substitution 6. 

To have a full understanding in relation to the code, it is useful to expand the terms in Eq 

(2.74)-(2.76) in the key positions of the grids i.e (i=1, i=Nfin and i=jth) in the resin and gel 

layer, as well as, it is important to show how to take into account the Donnan potential in the 

flux equality at i=NR 7.  

In the first position of the grid are only needed Eq (2.69), Eq(2.75) and Eq (2.76) which are 

displayed as : 

( )
1,b

R * *

A 1,b A 1,b a B B 1,b a,R R R 1,b( ) ( )M A t d B k c q t t A k c q t t A = +  + +  + + 
  (2.77) 
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( )
1,c

R * *

A 1,c A 1,c a B B 1,c a,R R R 1,c( ) ( )M A t d B k c q t t A k c q t t A = +  + +  + + 
 

 (2.78) 

( ) ( ) ( )
1

**
d,R ARd C

A A 1,b 1,c C 1,b 1,c AR 1,b 1,c* *

A A

( ) ( ) ( )
k ck c

T q t A A t q t t A A q t t A A
c c

 
= + +  +  + + +  +  

 
(2.79) 

 

In the ith position of the grid assuming that it corresponds to a position between 2 and NR-1 

Eq (2.68) and (2.69) become: 

( )
,b

R * *

A ,b A ,b a B B ,b a,R R R ,b( ) ( )
i i i i iM A t d B k c q t t A k c q t t A = +  + +  + + 

  (2.80) 

( )
,a

R * *

A ,a A , a B B ,a a,R R R ,a( ) ( )
i i i a i iM A t d B k c q t t A k c q t t A = +  + +  + + 

   (2.81) 

( )
,c

R * *

A ,c A ,c a B B ,c a,R R R ,c( ) ( )
i i i i iM A t d B k c q t t A k c q t t A = +  + +  + + 

   (2.82) 

( ) ( ) ( )
**

d,R ARd C
A A , ,b ,c C , 1,b 1,c AR , 1,b 1,c* *

A A

( ) ( ) ( )
i i a i i i a i a

k ck c
T q t A A A t q t t A A A q t t A A A

c c

 
= + + +  +  + + + +  + +  

 

 (2.83) 

At the position NR, it has to be considered the flux equality from Eq (2.16) and apply finite 

differences as: 

( ) ( )R

A A A A A A(NR) (NR-1) (NR) (NR+1)

(NR-1) (NR)

D q q D q q

h h

− −
=  (2.84) 

In our case, we have applied the Donnan potential model to describe the electrostatic effect in 

the resin beads which is described in Eq (2.17). Notice that the concentration inside the resin 

is Πz times proportional to the concentration outside the resin, to the power of the charge (z) of 

the species “A”, thus Eq(2.84) becomes: 

( ) ( )
R

A A A A A A
(NR) (NR-1) (NR) (NR+1)

(NR-1) (NR)

iz
D q q D q q

h h

 − −
=  (2.85) 

Then, after some operations, we obtain: 

 
R R

a a

R

a a

(NR) (NR)
(NR) 1 (NR-1)- (NR+1)=0

(NR-1) (NR-1)
izD h D h

q q q
D h D h

 
 + − 

 
 (2.86) 

Therefore, the Matrix a, b and c at the position NR become: 

R

NR,b

(NR)
= 1

(NR-1)
izD h

M
D h

 
 + 

 
 (2.87) 
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R

NR,a

(NR)
=-

(NR-1)

D h
M

D h

 
 
 

 (2.88) 

 

NR,c =1M  (2.89) 

 

NR =0T  (2.90) 

To fulfil the boundary condition (Eq (2.17)) it is also required that the equation 

corresponding to the matrix MNR-1,c  is multiplied by Πz. Because it also corresponds to the 

position q(NR) of the vector of solutions, so that MNR-1,c becomes:  

. ( )R * *

NR-1,c NR-1,c A NR-1,c a B B ,c a,R R R NR-1,c( ) ( )iz

iM A t d B k c q t t A k c q t t A =  +  + +  + + 
 

 (2.91) 

 

In the gel layer, the Eq (2.74)-(2.76) at a position between NR+1 and N-1 become: 

( )
,b

*

A ,b A ,b a B B ,b( )
i i i iM A t d B k c q t t A = +  + + 

 
 (2.92) 

( )
,a

*

A ,a A , a B B ,a( )
i i i a iM A t d B k c q t t A = +  + + 

 
 (2.93) 

( )
,c

*

A ,c A ,c a B B ,c( )
i i i iM A t d B k c q t t A = +  + + 

   (2.94) 

( ) ( )
*

d C
A A , ,b ,c C , ,b ,c*

A

( ) ( )
i i a i i i a i i

k c
T q t A A A t q t t A A A

c

 
= + + −  +  + + 

 
 (2.95) 

Notice that Eqs ((2.92)-(2.95)) no longer have present the term of the reaction between the 

species A and the resin beads, also, the diffusion coefficient corresponds to the gel phase.  

The equations at the last point of the grid have the particularity of including the information 

that belongs to the boundary condition at the position δr+ δg. 

( )
,b

*

A ,b A ,b a B B ,b( )
N N N NM A t d B k c q t t A = +  + + 

   (2.96) 

( )
,a

*

A ,a A , a B B ,a( )
N N N a NM A t d B k c q t t A = +  + + 

   (2.97) 

( )
,c

*

A ,c A ,c a B B ,c( )
N N N NM A t d B k c q t t A = +  + + 

   (2.98) 
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( ) ( )
*

d C
A A , ,b ,c C , ,b ,c*

A

( ) ( )
N N a N N N a N N

k c
T q t A A A t q t t A A A

c

 
= + + +  +  + + 

 
 (2.99) 

Where qA(t+1)=qB(t+1)=qC(t+1)=1 in Eq (2.98) and equilibrium conditions are also fulfilled. 

Thus, Eq (2.98) goes to the independent term and the equations become: 

( )
,b

*

A ,b A ,b a B B ,b( )
N N N NM A t d B k c q t t A = +  + + 

   (2.100) 

( )
,a

*

A ,a A , a B B ,a( )
N N N a NM A t d B k c q t t A = +  + + 

   (2.101) 

( ) ( )( ) ( )*

A , ,b , ,b A ,cN N a N a B N a N NT A A t k c A A t d B = + +  + − 
 

 (2.102) 

The development of the equations for the species B and C that have been done in this section 

follows the same procedure but we have to use instead Eq (2.45) and Eq (2.46). 

2.4.6 Solver for non-mobile species 

The species that are non-mobile in a DGT device are the beads of resin that are fixed in the 

gel polymeric matrix. In consequence, these equations do not have the diffusive term and 

there is no need to apply the finite element method to solve them. 

*R
a,R A R A AR d,R

q
k q q c q k

t


= − +


 (2.103) 

*AR
A R a,R A d,R AR

q
q q k c k q

t


= −


 (2.104) 

A way to proceed is the application of the inverse Euler method (Eq (2.64)) on Eqs(2.103)-

(2.104).Therefore: 

*R R
a,R A R A AR d,R

( ) ( )
( ) ( ) ( )

q t t q t
k q t t q t t c q t t k

t

+  −
= − +  +  + + 


 (2.105) 

 

*AR AR
A R a,R A d,R AR

( ) ( )
( ) ( ) ( )

q t t q t
q t t q t t k c k q t t

t

+  −
= +  +  − + 


 (2.106) 

Then, isolating for qR(t+ t ) in Eq (2.103) and for qAR(t+ t ) in Eq (2.104), we obtain : 

*

R a,R A A R AR d,R( )(1 ( ) ) ( ) ( )q t t tk q t c q t t q t t k+  +  = +  + +   (2.107) 

( ) *

AR d,R A R a,R A AR( ) 1 ( ) ( ) ( )q t t tk tq t q t t k c q t t+  +  =  +  + +   (2.108) 

The initial conditions necessary to solve this system of equations are qAR(t)=0 and 

qR(t)=1.This system of equations is solved along the resin layer, for an homogeneous resin 

layer they would be solved for the grid points 1 to NR. For a heterogeneous resin layer they 
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would be solved for the grid points NR1 to NR1+NR2 and for NR1+NR2+NR3 to 

NR1+NR2+NR3+NR4. No reaction with the resin beads would be observed from 0 to NR1-1 

and from NR1+NR2+1 to NR1+NR2+NR3-1.  
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2.5 Accumulation, lability degree and %back 

DGT devices are dynamic sensors that measure a flux of metal by the elution of the resin disc 

or other experimental procedures. In presence of ligands from the metal flux at the resin layer 

the contribution of the complexes in solution to the total accumulation can be understood by 

calculating the global lability degree of the metal species in solution. 

Another strategy to unravel the presence of partially labile complexes is by measuring the 

percentage between the back accumulation and the total accumulation (i.e %back) with a 

DGT devices with a stack of 2 resins. Both the lability degree and the %back are 

experimental measurements that can be employed to determine the dissociation rate constant 

of a complex. 

Thus, from the solution of the concentration profiles this experimental variables can be 

calculated in a simulation which allow to predict or understand the behaviour of diffusion-

reaction systems. 

This procedure can be done by integrating the concentration of metal that has reacted with the 

resin beads (i.e qAR) at the last simulation time : 

r

M MR
0

( , )nn A q z t dz


=   (2.109) 

 

Where A is the area of the DGT device, qMR is the concentration of metal bound to the resin 

at the last time of the simulation, δr is the thickness of the resin disc. Considering a DGT 

device with 2 resin layers, this integration can be performed numerically by the trapezoidal 

rule and Eq (2.109) becomes: 

NR
* MR MR 1

M R max

1

( ( , ) ( , ))
2

2

i n i n
i

i

q z t q z t
n A c z D+

=

+ 
=  

 
  (2.110) 

Where maxi ix z D =   is the spatial coordinates in the international units and *

Rc is the total 

concentration of the resin beads, which has been used previously to solve the problem with 

non-dimensional variables.  

The back accumulation can be calculated in a very similar way : 

r
NR/2

* * MR MR 12
back R MR R max

0
1

( , ) ( , )
( , )

2

i n i n
n i

i

q z t q z t
n Ac q z t dz Ac z D



+

=

+ 
= =  

 
  (2.111) 

Thus, the %back is computed straightforward from the division of Eq (2.111) by Eq (2.110).  
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back

T,M

%
n

back
n

=  (2.112) 

The global lability degree is computed from 8: 

r r

r r

free

max free

x x

x x

J J

J J

 

 

 = =

= =

−
=

−
 (2.113) 

By applying forward differences to rx
J

=
 and rfree x

J
=

and substituting by: 

r

ML MLM M M L M L
max g g g

1 1

i i j j

h n

x
i j

D cD cD c
J

   =
= =

= + +   (2.114) 

The global lability degree is computed as : 

ML ML* *M L M L
max MLM L

1 1
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ML MLM M M L M L M M
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1 1
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(2.115) 

 

Whereas for each species the lability degree is computed as: 

1 (NR)i iq = −  (2.116)  
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3 Determination of diffusion coefficients of complexes 

and free metal ions in gel layers from diffusion cell 

experiments. 

3.1 Introduction 

The (bio)availability of trace metals in natural waters depends, in general, on the chemical 

speciation as well as on the mobility and reactivity of all the metal species 1. Convection is the 

main transport phenomena responsible for the dissemination of metal species. However, close 

to the consuming surfaces of algae and microorganisms, under laminar conditions, the mobility 

of the species is determined by diffusion 2. In these conditions, when the free metal is the only 

one species able to be internalized, the metal flux at the consuming interface depends on the 

respective diffusivities and labilities of the set of species present. In recent years, several 

dynamic analytical techniques have been developed with the purpose to mimic the uptake by 

biota. Among them, GIME (Gel integrated Microelectrode) and DGT has been presented to 

measure trace-metal ions in situ by diffusion through a hydrogel3-4. 

The wide use of these analytical techniques relies on their simplicity and their ability to be used 

on site. Their interpretation in terms of the species present requires the knowledge of the 

diffusion coefficients in hydrogels through independent experimental measurements. The 

characteristics of the diffusion cell offer a way to obtain reliable values of diffusion coefficients 

in hydrogels 5-7. A diffusion cell is composed of an acceptor and a donor compartments 

connected with the gel layer through which we are interested in measuring the diffusion 

coefficients. After a transient time, the accumulation in the acceptor cell is linear with time 

allowing the determination of the diffusion coefficient from first Fick’s law. This approach is 

only valid at short time measurements, because it neglects the decrease of the metal flux that 

is caused by a depletion of the concentration in the donor cell and the consequent increase of 

the concentration in the acceptor cell.  

In some cases, the concentration in the donor cell is limited by precipitation phenomena, 

especially when we want to do the measurements at a pH close to the natural waters. When the 

concentration in the donor is low, we have to wait long times to have measurable concentrations 

in the acceptor cell and the effects of finite volume of the cells cannot be neglected.  
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Considering pH values close to the natural systems also requires to be aware of the presence 

of metal hydroxo-complexes that can exhibit different diffusion coefficients to that of the 

metal. Actually, the determination of diffusion coefficients of metal complexes is a subject of 

intrinsic interest which has been little explored up to now, since the metal availability in natural 

samples depends on the mobility of each species as stated above6, 8. 

In this chapter, we start considering measurements of diffusion coefficients using different 

stirring rates in the donor and acceptor solutions in order to evaluate the influence and the 

convenience of considering a DBL on both sides of the gel layer when using a diffusion cell to 

measure diffusion coefficients. 

We also aim to determine diffusion coefficients of metal complexes in mixtures. When there 

is more than one metal species in the donor solution, the diffusion flux to the acceptor depends 

on the diffusion coefficients of all the species, and a set of experiments with different 

concentrations can be required to determine the diffusion coefficient of each species.  

Finally, we have derived an expression that allows determining diffusion coefficients of trace-

metals in conditions of finite volume regime, which can be useful in cases where the 

concentration of free metals in the donor compartment is close to the limit of detection since 

the concentration in the acceptor should also be above the LOD and accordingly, it is non-

negligible with respect to the concentration in the donor cell.  
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3.2 Materials and Reagents. 

The diffusion cell is composed of two compartments (donor and acceptor) of 100 mL each 

one connected through a circular hole of 2 cm2 (0.80 cm radius). See Figure 3.1 for a scheme 

of the cell. 

 

Figure 3.1 Diffusion cell instrument employed to perform the experiments in Table 3.1 (Panel A). In Panel B is 
depicted the diffusion cell inside a recipient with an external flow of water to keep constant the temperature, 
as well as, a couple of rotors to maintain a selected constant agitation. 

Both cells are connected by the gel layer and separated by a plastic (with a hole with the same 

area of the gel layer)  to avoid compression damage of the APA gel that is placed on the 

connecting area between both compartments. The thickness of the gel is 0.629 mm and has an 

area of 4.91 cm2 (1.25 cm radius ). Both compartments are clamped together and placed in a 

thermostatic bath to maintain a constant temperature. For long term experiments, an APA gel 

with an area of 8.04 cm2 (1.6 cm radius ) has been employed.  

The donor compartment is filled with a solution of a given concentration of the analytes 

whose diffusion coefficients need to be determined. The solution of the acceptor 

compartment is free from the analyte but shares a similar ionic strength, pH and volume with 

the donor solution to ensure that only diffusion controls the transport of the target cations 

from the donor to the acceptor cells.  

In both compartments there is a stirring paddle which homogenizes both solutions. The 

stirring paddle frequency can be modulated by applying a certain potential difference. For an 

applied potential of 3.5V, 5V and 7.5V a frequency of 140, 243 rpm and 400 rpm is obtained. 

The temperature has been maintained constant with a thermostatic bath at 25°C.  

The solutions in the donor compartment have been prepared  from certified reagents of Cd, 

Zn and Pb at 1000 mg/L 2% HNO3 Précis, Lithium standard for ICP 1004 mg/L ± 2 mg/L, Ni 

1000 µg/mL 2% HNO3 SPEX certiprep, Rb 1000mg/L 2% HNO3 Assurance. In another type 
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of experiments, the donor solutions have been prepared from certified reagents TraceCERT 

which contain Ag 10 mg/L, Al 10 mg/L, Ba  10 mg/L, Be 10 mg/L, Bi 10mg/L, Ca 100mg/L, 

Cd 10 mg/L, Co 10 mg/L, Cr 10 mg/L, Cs 10 mg/L, Cu 10 mg/L, Fe 100 mg/L, Ga 10 mg/L, 

In 10 mg/L, K 100 mg/L, Li 10 mg/L, Mg 10 mg/L, Mn 10 mg/L, Mo 10 mg/L, Na 100 

mg/L, Ni 10 mg/L, Pb 10 mg/L, Rb 10 mg/L, Sr 10 mg/L, Tl 10 mg/L,V 10 mg/L, Zn 

10mg/L with a 10% w/w HNO3. The analysis of the trace-metals in solution  has been done 

by ICP-MS. 



 Chapter 3. Determination of diffusion coefficients of complexes and free metal ions in gel 

layers from diffusion cell experiments. 

___________________________________________________________________________  

67 

 

 

Table 3.1 Experimental conditions and concentrations of the analytes in the donor cell 
are quoted as columns in the Table. The concentration of the analytes in the acceptor 
cell at t=0s was negligible. The salt background in the acceptor cell is  NaNO3 and it has 
the same concentration as in the donor  compartment. Stirring rate was the same at the 
donor and acceptor cells and the values are indicated in the Table. Temperature was set 
at 25ºC, the volume of the donor and acceptor solution cells was 0.1 L and the sampling 
volume at different times for measurement of the concentration evolution is reported in 
the Table. 

 Donor solution 

cNaNO3 (mol m-3) 5 5 5 10 100 101 101 5 

cT,NTA(mol m-3) 2x10-1 - - - 1x10-

1 
0.05 - - 

cNi (mol m-3) 0.0078 0.185 0.176 0.186 0.001 0.05 0.57 0.185 

cZn (mol m-3) 0.0073 0.165 0.15 0.155 - - - 0.165 

cPb (mol m-3) 0.0022 0.054 0.052 0.053 - - - 0.054 

ccu(mol m-3) 0.0087 - - - - - - - 

cco(mol m-3) 0.0087 - - - - - - - 

cCd (mol m-3) 0.041  0.096 0.09 0.093 - - - 0.096 

cRb (mol m-3) 0.0058 0.12 0.11 0.12 0.071 - - 0.12 

cK (mol m-3) 0.165 - - - - - - 0.26 

cLi (mol m-3) 0.072 

 

1.426 1.36 1.47 - - - 1.43 

cGlycina (mol m-3) - - - - 0.04 - - - 

cHepes (mol m-3) - - - - - 40 2 - 

Stirring rate 
(rpm) 

243 243 400 140 243 243 243 243 

pH 3.96 3.00 2.49 4.23 8.77 7.56 7.48 2.38 

V aliquot (µL) 500 500 50 35 100 150 150 200 

Time (h) 2.9 2.9 54.0 149.7 2.9 3.5 3.0 50.1 
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3.3 Methodology  

The donor cell is filled with the solution of the metal ion. Aliquots of the acceptor solution of 

the volumes indicated in Table 3.1 are extracted and analysed for the metal content by ICP-

MS at different times. Let us assume that the free metal is the only one relevant metal species 

in the donor with a concentration that can be considered time independent during the 

experiment, while the metal concentration in the acceptor is negligible. Assuming 

instantaneous steady-state and perfect mixing in the acceptor side, the accumulation in the 

acceptor solution is described by Eq (3.1) 6: 

*

M M

M g

D c At
n


=    (3.1) 

Where nM is the number of moles of metal in the acceptor solution, *

Mc  is the total metal 

concentration at the donor solution, A is the geometric area, DM, the diffusion coefficient of 

the free hydrated metal and δg is the thickness of the gel layer. The previous equation 

considers that the gel thickness is the current diffusion path of the analyte (
DBL << δg ) so 

that the existence of a DBL is neglected in comparison to δg 9. However, if the diffusion 

coefficient of the metal in the gel is not far different from that in water, Eq (3.1) is still valid 

assuming that δg  stands for the thickness of the gel plus the 
DBL  at both sides of the gel, in 

the donor and in the acceptor cells. 

 

3.3.1 Measurement of the DBL thickness from diffusion-cell experiments 

Figure 3.2 shows a schematic representation of the diffusion layers of  a diffusion cell 

instrument and the steady-state concentration profile when only the free metal is present in 

the solution : 
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Figure 3.2 Domains considered in the diffusion cell along with the steady-state concentration profile for a 

trace-metal with a donor concentration ( *

Mc ). 

Figure 3.2 includes a DBL with thickness
DBL in each side of the diffusive gel layer. The 

slope of the metal concentration profile is smaller in these layers assuming that the diffusion 

coefficient is higher in water than in the gel layer. 

In well-stirred donor and acceptor solutions, it is a fair assumption to neglect 
DBL  and then 

Eq.(3.1) can be used to calculate the diffusion coefficient. However, when the stirring is not 

vigorous enough the experimental measurement of the diffusion coefficients through Eq.(3.1) 

can yield to underestimated values. 

Since 
DBL  decreases as the stirring increases, when an increase of the stirring rate  does not 

yield a significant increase of the accumulation in the acceptor cell we can accept that 
DBL  is 

negligible with respect to 
g  and the diffusion coefficient obtained with the simple Eq.(3.1) 

can be accepted. 

Alternatively, 
DBL  can be calculated at any stirring rate assuming as true a reference value of 

the diffusion coefficient of a given metal. Values reported in DGT research can be used to 

this aim. For instance, we compute an operational 
DBL  from a trace-metal element (e.g Cd) 

Gel D LDonor

Solution

Acceptor

Solution

D L
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added in the donor solution with the application of Eq (3.2). Once 
DBL  is known, the 

diffusion coefficients of the rest of trace-metals can be obtained from the acceptor data. 

Under steady-state and perfect sink conditions, and assuming a common diffusion coefficient 

of the metal in the gel layer and in the DBL, the accumulation in the acceptor cell coming 

from a diffusive flux can be described as: 

*

M M

M g DBL2

D c At
n

 
=

+
   (3.2) 

Where   is the total metal concentration at the donor solution, A is the geometric area, DM, 

the diffusion coefficient of the free hydrated metal,  the thickness of the gel layer and 
DBL  

the diffusive boundary layer (considered identical in both compartments of the diffusion cell 

when the rotation frequency is the same in both cells). Then, from Eq (3.2),
DBL  can be 

determined as: 

* g
DBL M M

2

D c A s

s




−
=   (3.3) 

where s is the slope of the linear regression of the plot of the mass of the reference cation 

(Cd) accumulated in the acceptor cell vs time, DM is the diffusion coefficient of Cd in the 

APA gel reported by DGT research at the temperature of interest and *

Mc  the Cd 

concentration in the donor solution. Once this operational value of 
DBL  is determined at the 

stirring frequency of interest, the diffusion coefficient of other metals can be determined at 

that stirring frequency using Eq (3.2).  

 

3.3.2 Measurement of diffusion coefficients of metal complexes from a mixture of 

metals in excess of ligand conditions. 

When the donor solution contains metal complexes, the flux of metal towards the acceptor 

solution depends on the diffusive motion of both, free metal and complexes. It can be seen 

(See supporting information) that when diffusion takes place in steady-state and in a finite 

domain, the total metal flux is derived from an independent diffusion of the species. 

Assuming steady-state conditions, cM(x=0)=0, cML (x=0)=0 (perfect sink conditions) and cML 

*

Mc

g
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(x=δg+2 δDBL)= *

MLc , cM (x=δg+2 δDBL)= *

Mc   the mass of metal accumulated in the acceptor 

solution can be written as: 

 

*

M M MLi MLi

*

g DBLM
2

n

i

D cD c

n At
 

=

+

+


   (3.4)  

Which corresponds to a case with only one ligand that yields to successive metal complexes. 

In Eq (3.4), MLiD  and *

MLic  label the diffusion coefficient and the concentration of the metal 

complex,  n is the maximum stoichiometric metal-to-ligand ratio and i  refers to the ith 

complexation reaction. 

Taking advantage of the independent diffusion of species, the application of Eq.(3.4) is a 

good strategy to determine the diffusion coefficients of complexes through experiments at 

different ligand concentration. Diffusion coefficients and 
DBL  can be determined solving a 

system of equations built from measuring the accumulation in systems with different 

speciation. The equilibrium concentrations of all the species in a laboratory system can be 

assessed using a speciation code (e.g VMINTEQ) from cT,M, cT,L, pH and the temperature of 

the system. To reduce the number of unknowns, an additional independent experiment at the 

same pH, ionic strength and stirring rate, can be used to determine 
DBL , as explained in the 

above section. 

 

For example, for a case where there is a single complexation reaction Eq (3.4) becomes : 

*

M M ML ML

*

g DBL2

D c
A

D
n t

c

 +
=

+
   (3.5)  

and the diffusion coefficient of the complex can be determined as,  

g DBL *

M M
ML

ML

*

2 )(s AD c
D

Ac

  −+
=    (3.6)  

once 
DBL is known. If both diffusion coefficients, DM and DML, have to be determined, a 

couple of experiments using different concentrations of metal and/or complex in the donor 

solution are required.  

Something similar happens when complexes with stoichiometry ML and ML2 are present. In 

this case, Eq (3.4) becomes: 
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*

M M ML ML ML2 ML2

* *

g DBL2

D D c cc
n At

D

 

+

+
=

+
   (3.7)  

and the number of unknowns increases up to 4 (DM, DML, DML2 and 
DBL ). In these conditions, 

the simplest approach to determine DML2 is to have previously determined 
DBL , DM and DML 

using experiments in which the concentration of ML2 is negligible. In this way, only one 

additional experiment  is needed to obtain DML2. 

Thus, when DM and DML are known, DML2 can be obtained as: 

( ) ( )*

M

g DBL *

M ML ML

ML2

ML2

*

2s A D c D c
D

Ac

 + − +
=    (3.8)  

where DML2 is the diffusion coefficient of the complex that comes from the second 

complexation reaction.  

3.3.3 Calculation of diffusion coefficients when a finite volume regime applies 

When metal concentrations in the bulk solution are of the order of nM, the linear regime does 

not hold during a time long enough to have a measurable concentration in the acceptor cell 

since the metal concentration in the donor cell is depleted during the experiment while the 

metal concentration in the acceptor cell increases. For this case, we have developed an 

approximate model to determine the diffusion coefficient from the evolution of the 

concentration in the acceptor cell with time. 

When the flux is not steady-state, the variation of the donor and acceptor concentrations with 

time can be written as: 

*

D D
0

D

( )
tA

c t c Jdt
V

= −     (3.9)  

and 

A
0

A

( )
tA

c t Jdt
V

=     (3.10)  

Assuming that concentrations at both sides of the gel layer are time dependent, but that the 

metal profile is close to linear between both surfaces as would be if steady state was reached, 

when first Fick’s law is applied the flux becomes: 

D A
M

( ) ( )
( )

c t c t
J t D

g

−
=    (3.11)  
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We will refer to the approximation of the flux as done in Eq (3.11) as instantaneous steady 

state approximation. This is a good approximation when the change of the concentrations at 

the limiting surfaces of the gel layer is slow in comparison to the time to reach steady-state 

for time independent concentrations at the gel surfaces. This means that we are facing effects 

of the finite volume of the donor and acceptor cells but these effects are mild. 

After substituting Eq (3.9) and Eq (3.10) into Eq (3.11) we obtain : 

M

0
A D

1 1
( ) ( )

tD A
J t J t dt

g V V

 
= + 

  
    (3.12) 

Then, the time derivative of the flux  becomes: 

M

A D

( )
( )

DdJ t A A
J t

dt g V V

 
= − + 

  
   (3.13)  

Once we integrate on both sides respect to the flux and time we obtain: 

M
0( ) exp

A D

D A A
J t J t

g V V

  
= − +   

  
   (3.14)  

Substituting Eq (3.14) in Eq (3.9) and Eq (3.10) and integrating respect to time, we obtain an 

expression for the concentration in the donor and acceptor cell: 

* *

D D D D M A D
A

A D A D A D

( ) exp
c V c V D A V V

c t t
V V V V g V V

  +
= − −   + +    

   (3.15)  

* *
* D D D D M A D

D D

A D A D A D

( ) exp
c V c V D A V V

c t c t
V V V V g V V

  +
= − − −   + +    

   (3.16) 

Eq (3.15) can be rewritten as  

* *

D D M A D D D
A

A D A D A D

ln ( ) ln
c V D A V V c V

c t t
V V g V V V V

     +
− = − +     

+  +     
   (3.17) 

which allows us to determine the metal diffusion coefficient from the slope of the linear 

fitting of 
*

D D
A

A D

ln ( )
c V

c t
V V

 
− 

+ 
 vs t since the slope can be identified with M A D

A D

D A V V

g V V

 +
−  

  
. 

From Eq (3.17) DM can be easily fitted from the experimental data, when finite volume effects 

take place.  
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3.4 Results 

3.4.1 Estimation of the DBL thickness from experiments in a diffusion cell 

It has been done a set of experiments with increasing applied voltage to the stirring paddle, 

3.5V, 5V and 7.5V which correspond to stirring frequencies of 140 rpm, 243 rpm, 400 rpm 

respectively. For DGT accumulation measurements, a well-stirred solution is considered 

when a rotation frequency of 100 rpm is applied to the deployment solution 9. Our purpose is 

to revise if similar results apply to measurements in the diffusion cell.   

The experimental results of the accumulation vs time for each stirring rate are shown in  

Figure 3.3. 

 

Figure 3.3 Normalized accumulation in the acceptor cell against time for 3 experiments with stirring rates 
400 rpm (gray dots), 243 rpm (orange dots) and 140 rpm (blue dots). 

With the purpose to show the differences with the stirring rate, it has been plotted in Figure 

3.3 the accumulation of rubidium at the acceptor cell vs time. This figure shows a very mild 

increase of the accumulation in the acceptor cell as the stirring rate increases. As a result, the 

slope of the accumulation vs time in an experiment that belongs to a stirring rate of 400 rpm 

is greater than the slope of an experiment that has been done at 140 rpm. According to Eq 

(3.2), this increase is compatible with a decrease of 
DBL  so that the diffusion domain is 

shortened and the flux increases. Thus, introducing into Eq (3.3) the diffusion coefficient of 
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Cd, 
DBL -values for each stirring can be determined. The results of this procedure based on 

the Cd diffusion coefficient reported in the website of  DGT-research can be found in column 

1 of Table 3.2 . Alternatively, the experiment at 400 rpm can be used to determine DCd by 

assuming a negligible 
DBL 0 = . Thus, with 

DBL 0 = the analysis of the concentrations on the 

acceptor cell lead to DCd = 4.97x10-10
 m

2 s-1 which, used in the rest of experiments reported in 

Table 3.2  lead to the 
DBL -values for each stirring rate indicated in column 2 of Table 3.2 .  

The 
DBL -values reported in Table 3.2 should be useful for each metal cation within the 

model that 
DBL  depends on the physical characteristics of the transport on both 

compartments of the cell but not on the chemical composition of the solutions.  

Different rows in Table 3.2 have different stirring rates so that differences between 
DBL  in 

the last column of Table 3.2 are expected. 

 Table 3.2 Values of 
DBL  determined for each stirring rate from the regression of the 

plot of accumulation vs time and using Eq (3.4) for each experiment reported in the 

different rows. The 
DBL  values reported in column 1 come from introducing 

DCd=6.09x10-10 m2 s-1 into Eq (3.4) as reported for T=25ºC in the website of DGT 

research. 
DBL  values reported in column 2 come from applying Eq (3.4) with 

DCd=4.97x10-10 m2 s-1 obtained from the data at 400 rpm assuming a negligible 
DBL  at 

such stirring rate. Other data: T = 25°C and δg =6.29x10-4(m). 

DBL  (m) 

 

 

Stirring rate(rpm) 

Cd  Cd 
<

DBL > 
(m) 

 

140 2.04x10-

4 
8.54x10-

5 
1.45 x10-4 

243 (Exp Abril 2021) 3.12x10-

4 
1.97x10-

4 
2.54 x10-4 

400 (Exp Agost 2022) 1.46x10-

4 
4.02x10-

5 
8.57x10-5 

400 (Exp Juny 2021) 7.09x10-

5 
-  
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A decrease of 
DBL  as the stirring rate increases, is expected. Although there is a trend in this 

sense, data of Table 3.2 do not allow to corroborate this dependence. At 400 rpm, the lowest 

DBL  is reported. However 
DBL  corresponding to 140 and 243 rpm do not show the expected 

trend.   

Once <
DBL  > have been determined, we calculate the diffusion coefficient of the free metal 

elements (e.g Ni, Cd, Zn, Pb) and compare these values with the data available in the DGT 

website. 

Table 3.3 Set of diffusion coefficients determined from Eq (3.4) using the value reported 

of 
DBL corresponding to the labelled stirring rate reported in the previous table . 

Element D (m2 s-1) 
at 25 °C 
(140 rpm) 

D (m2 s-1) at 
25 °C (243 
rpm) 

D (m2 s-1) 
at 25 °C 
(400 rpm) 
Exp Juny 
2021 

D (m2 s-1) 
at 25 °C 
(400 rpm) 
Exp Agost 
2022 

D from DGT 
research at 
25 °C 

Pb  6.48x10-10 6.68x10-10 6.52x10-10 - 
8.03x10-10 

Pb 7.94x10-10 8.19x10-10 7.99x10-10 7.59x10-10 

Zn - 6.71x10-10 - - 
6.08x10-10 

Zn - 8.00x10-10 - 6.68x10-10 

Ni 4.69x10-10 5.52x10-10 4.65x10-10 - 
5.77x10-10 

Ni 5.74x10-10 6.76x10-10 5.70x10-10 5.88x10-10 

 

The methodology shown in the section “Measurement of the DBL thickness from diffusion-

cell experiments Measurement of the DBL thickness from diffusion-cell experiments” allows 

to determine very similar results than those reported in DGT research. Moreover, the results 

given for the diffusion coefficients are consistent when the stirring rate is changed.   



 Chapter 3. Determination of diffusion coefficients of complexes and free metal ions in gel 

layers from diffusion cell experiments. 

___________________________________________________________________________  

77 

 

3.5 Determination of diffusion coefficients from a mixture of 

metals with partial complexation with NTA. 

Depending on the molecular size, diffusion coefficients of metal complexes can differ from 

that of the free metal. In many cases, complexes show diffusion coefficients lower  than free 

hydrated metal ions. For example, this behaviour has been reported for metal complexes such 

as NiNTA, CdNTA, CoNTA and PbNTA. Whereas, the opposite case has been observed for 

iodide complexes showing a higher diffusion coefficient than the free metal 10. Thus, the 

speciation of the trace-metal ion will influence the rate of mass transport when the process is 

controlled by diffusion.  

In this section, we use the methodology described in “Measurement of diffusion coefficients 

of metal complexes from a mixture of metals in excess of ligand conditions” to measure the 

diffusion coefficient of M-NTA complexes in the APA gel.  

We apply this methodology to experiments where we have different ligand concentrations 

with a cocktail of metal ions (i.e Cd, Co and Pb) or with a single trace-metal (i.e Ni). In the 

cases of Cd and Co, the speciation includes a relevant fraction of free metal ion, being this 

fraction greater for Cd than for the case of Co. In the case of Pb, the trace-metal ion has an 

affinity for the ligand higher than other trace-metals ions present in the system and 

accordingly, it achieved a very high degree of complexation. For Ni, we have compositions 

of the donor solution where the main Ni species is the complex NiNTA but in other cases, the 

concentration of Ni(NTA)2 is not negligible. 

Figure 3.4 evidences that the speciation plays a relevant role in the rate of accumulation in 

the acceptor cell, in particular for Cd, Co and Pb: 
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Figure 3.4 Panel A Cd accumulation in the acceptor cell vs time for  an experiment which solution contained a 
cocktail of metal ions in absence of ligands (orange squares) compared to an experiment which solution 
contained a cocktail of metals in presence of NTA (blue dots). Total concentrations are reported in Table 3.1 
column 2 and column 1 respectively.  

Panel B As in panel A for the Co transport in the same solutions  

Panel C: As in panel A replacing Cd with Pb. 

Figure 3.4, panel A reports in orange squares a plot of the normalized accumulation of Cd in 

the acceptor cell vs time when the donor solution contains Cd together with a cocktail of 

metal ions in absence of ligands (orange squares). In blue dots, a donor solution which 

contains the same mixture of metal ions but in presence of NTA. According to VMINTEQ in 

the first case the speciation of Cd in solution corresponding to orange squares mainly 

corresponded to the free metal ion. Whereas in the second case corresponding to the blue 

circles, the speciation of Cd according to VMINTEQ was shared between the free Cd (55%) 

and CdNTA(45%). As seen in the Figure 3.4, the accumulation in the acceptor cell when the 

donor contains the mixture tends to decrease with respect to the accumulation when there is 

only free Cd in the donor solution. This trend suggests a smaller diffusion coefficient of 

CdNTA than that of Cd. 

Figure 3.4, panel B, shows more clearly that the slope of the accumulation in the acceptor cell 

decreases when there is a 76% of the total Co as Co-NTA and a 24% of free Co (according to 

VMINTEQ) in the donor solution with respect to the accumulation when the donor solution 

only contains free Co. A quantitative analysis of this effect allows to compute the ratio 

between the diffusion coefficient of the complex and the free metal ion for the case of 

CoNTA (εCoNTA=0.65). The calculation of  DML (therefore, ε) is straightforward from the slope 

of the linear accumulation in the acceptor cell vs time, when EqAcctotM (3.6) is considered. 

Since EqAcctotM (3.6) includes two unknowns, DM and DML, two independent experiments 

involving different concentrations of free metal and/or ligand are required, as explained in 
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section “Measurement of diffusion coefficients of metal complexes from a mixture of metals 

in excess of ligand conditions”. When in one experiment only the free metal is relevant (as it 

is the case of  column 2 in Table 3.1 where there is no ligand in the solution) the 

determination of DM is independent of that of DML. Then, and a second experiment, with 

concentrations selected so that the presence of CoNTA is high enough that the diffusion of 

the complex has an important impact on the accumulation in the acceptor cell (e. g., column 1 

in Table 3.1) can be used to obtain DML. In both experiments, the slope of the linear 

regression of the accumulation in the acceptor cell vs time allow the calculation of the 

diffusion coefficient whenever the equilibrium concentrations in the donor solution ( *

Mc  and 

*

MLc ) are provided by VMINTEQ . 

In Figure 3.4 panel C, we can observe that for the case of Pb, where the 97% of Pb is 

complexed, the accumulation of the mixture has a much smaller slope than the accumulation 

of the free metal ion. Thus proving that the complex diffuses at slower rate than the free 

metal ion. Notice that, in this case, there is no need to use Eq  (3.6) . Instead, Eq (3.2) can be 

used because the concentration of PbNTA is close to 100% and in consequence the diffusive 

flux corresponds to this species. The result for DPbNTA is reported in Table 3.4. 

Let us now consider the accumulation of Ni in the acceptor solution in 3 independent 

experiments with increasing NTA concentration in the donor solution. In presence of NTA, 

Ni can yield to free Ni, NiNTA and Ni(NTA)2. 
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Figure 3.5 Normalized accumulation with cT,Ni in the acceptor cell of 3 independent experiments. In blue dots 
is represented a case which the donor solution contained only Ni which experimental conditions are in Table 
3.1 column 7. In Orange dots is represented a case which the donor solution contained Ni in presence of NTA 
which cT,Ni , cT,NTA and other experimental parameters are given in Table 3.1 column 6. In gray dots the donor 
solution contained Ni in presence of NTA which cT,NTA and pH were higher than the prior cases, see Table 3.1 
column 5. 

In Figure 3.5, we gather the results of 3 independent experiments with increasing 

concentrations of total NTA in the donor solution. The blue dots represent an experiment 

with a donor solution containing only Ni whose speciation results indicate that almost all the 

Ni is present as free metal ion. The orange dots represent a case for a donor solution 

containing Ni +NTA with total concentrations specified at column 6 of Table 3.1. According 

to VMINTEQ, the addition of NTA in the solution implies a change in the speciation where 

97% of Ni becomes complexed as NiNTA. Grey dots correspond to a donor solution 

containing Ni+NTA, where cT,NTA and pH have increased respect to the orange markers, with 

concentrations specified in column 5 of Table 3.1  

The speciation results show that eventhough the cT,NTA increases from 0.05 to 1x10-1 mol m-3 , 

the concentration of NiNTA2 would not increase from a 3% to a 30% unless the pH of the 

solution had been changed from 7.6 to 8.8. Because, cNTA 
-3 is buffered by the protonation 

reaction, at pH=7.6, a great percentage of NTA is still protonated. Thus, at pH=7.6 there is 

not enough cNTA 
-3

 to achieve a great percentage of NiNTA2 in the solution and pH needs to be 

increased to 8.8 to increase the NTA-3 available for a consecutive Ni complexation.  
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Going back to Figure 3.5 , the difference between slopes (orange and gray dots ) show that 

the complex formed from the second successive complexation reaction (Ni(NTA)2(H2O)4) 

has a smaller diffusion coefficient than the complex produced in the first complexation 

reaction NiNTA(H2O)5  as suggested by  a decrease of  the slope of the gray dots compared to 

the orange ones. However the difference is small because Ni(NTA)2 contain only 30% of the 

total Ni while NiNTA is still the main species with a 70% of cT,Ni . The application of Eqs ( 

(3.6) -(3.8) yields to DNiNTA2=1.38x10-10 m2/s (see Table 3.4 ) which has strongly decreased in 

comparison to DNiNTA = 3.78 x10-10 m2/s.  

To sum up, this methodology offers a new way to measure diffusion coeficients in thin gels 

such as APA gel with the diffusion cell. A task that is difficult to achieve from accumulation 

experiment in DGT devices, because the dissociation of complexes is coupled to the diffusion 

process for partially labile complexes. In consequence when performing these measurements 

with DGT there can be an understimation of the diffusion coeficient of the complex in the 

case that there is not a correct assesment of the lability of the complex. 
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Table 3.4 Values reported for the diffusion coefficients of metal complexes obtained 
applying  the methodology described, as well as, the values for ε  and speciation  of 
metal complexes.The values employed of δg =6.29x10-4(m) and δDBL=.7.09x10-5 m. The 
diffusion coefficients of the free metals used for calculating ε  and DML (When necessary) 
are: DCo= 5.94x10-10m2 s-1and DCd =6.09x10-10m2 s-1, DPb=7.07x10-10 m2 s-1,DNi=4.34x10-

10 m2 s-1, DCu=6.23x10-10 m2 s-1, DZn=6.08 x10-10 m2 s-1.  

Exp D 
(Experime
ntal) m2 s-1 

ε 
(Experi
mental) 

Speciation 
(Experime
nt) 

D  m2 s-1 (Literature) ε (literature) 

CuNTA 4.36x10-10 0.70 99.3 % 
 

5.37x10-10  0.86 

PbNTA 4.53x10-10 0.64 97% 5.95x10-10  0.74 

 

CoNTA 4.09x10-10 0.69 76.3 % - - 

NiNTA 3.78x10-10 0.87 97.7 %  4.75x10-10 0.82 

NiNTA2 1.38x10-10 0.40 30% - - 

ZnNTA 6.14x10-10 1.00 82.95 %  

 

- - 

CdNTA 4.15x10-10 

 

0.68 45%  3.99x10-10 at 22°C 

 

0.65 
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3.6 Determination of diffusion coefficients from a finite volume 

regime 

3.6.1 Physical details about the finite volume regime 

We have done a set of experiments out of the linear regime in the diffusion cell and different 

stirring rates (140 and 400 rpm) (see Table 3.1, columns 3,4) to show that at a certain point in 

time the diffusion gradient decreases because the concentration in the acceptor cell after some 

accumulation time is comparable to the concentration in the donor cell.  

 

Figure 3.6 Evolution of the Ni concentration in the donor cell (orange dots) and acceptor cell (blue dots) for a 
stirring rate of 140 rpm. 

Figure 3.6 shows that the metal concentration in the acceptor cell is linear in a short period of 

time (close to 10 hours) when the decrease of cNi in the donor cell is negligible compared to 

the concentration in the acceptor cell. After that period of time, the accumulation in the 

acceptor cell is no longer linear because the mass transfer by diffusion is slowed down due to 

a lower diffusion gradient. Nearby to the end of the experiment, after 138.9 h, as it can be 

observed the concentration in acceptor and the donor cell are almost constant in time 

indicating that the system is close to reach the equilibrium.  

A numerical simulation of the concentration profiles, to show the change of diffusion 

gradient over time has been done with a MATLAB built-in subroutine (ODE-15s) to integrate 

the diffusion partial differential equation with the boundary conditions of the diffusion cell. 
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The idea is to simulate and reproduce the change in concentration (in the donor and acceptor 

cell ) that occur in the experiment shown in Figure 3.6.  

 

Figure 3.7 Shows the concentration profile of Ni along the diffusion layer (Δg +2 ΔDBL ) at 3 different times 
0.27 h (black line), 28h ( green dashed line) and 150h (green dashed and dotted line ) using the following 
parameters :Δg=6.29x10-4 m, ΔDBL=2.34x10-4 m, DNi =5.77x10-10 m2 s-1, VA=VD=1x10-4 m3, c*Ni =0.186 mol m-

3,t=5400000s . 

 Figure 3.7 displays the Ni concentration profile along the gel that connects both 

compartments of the diffusion cell in the experiment described in column 4 of Table 3.1 for 3 

different times (0.27 h, 28h and 150h). In Figure 3.7, the concentration at the donor cell is 

depicted at x=0.Whereas, the concentration in the acceptor cell is depicted in the rightmost 

part of Figure 3.7, when x=1.097x10-3 m. The decrease of the concentration along the gel 

layer indicates the arising of a diffusive flux between both compartments that is independent 

of de x-plane considered since the profile is linear. As time goes on, Figure 3.7 indicates that 

the gradient decreases since the slope of the linear concentration profile decreases. The black 

line corresponds the concentration profile related to a quasi steady-state when 0.27h have 

passed. In this case, the concentration in the donor solution cD,Ni ( at x=0 ) (see black line) is 

equal to c*
Ni and the concentration in the acceptor cell is negligible. This quasi steady-state 



 Chapter 3. Determination of diffusion coefficients of complexes and free metal ions in gel 

layers from diffusion cell experiments. 

___________________________________________________________________________  

85 

 

lasts less than 7 hours ( what is called the linear regime, see Figure 3.6), more or less when 

the concentration in the acceptor cell would reach a value close to 0.01 mol m-3. At 28 hours, 

the diffusion gradient decreases which can be observed by a decrease in the slope of the 

straight line respect the to the simulation at t=0.27 h. Thus the accumulation in the acceptor 

cell vs time has already become non-linear ( see Figure 3.6 ). At 150 h, the diffusion gradient 

is so small that the amount of mass that comes from diffusion tends to 0 and thus in the 

experiment ( see Figure 3.6 ) the concentration in the acceptor cell vs time is almost constant 

(from 138h to 150h).  

3.6.2 Determination of diffusion coefficients for trace-metals with natural abundance 

The natural abundance of some trace-metal elements (e.g Zn) challenges the measurement of 

physicochemical parameters (e.g DZn ), because the amount of metal measured in the acceptor 

cell at short times (3h ) is of the same order as the amount of metal present in the blanks. One 

way to solve this problem is to perform an experiment in a larger period of time. In the case 

that the period of time is large enough and the donor concentration is not high enough to 

consider the acceptor concentration negligible, the accumulation with time will become non-

linear due to finite volume effects. In such conditions, it is possible to use our model 

developed at section “Calculation of diffusion coefficients when a finite volume regime 

applies” in order to determine the diffusion coefficient of such trace-metal elements. 

To verify this behaviour, let us compare the evolution of the concentration in the acceptor cell 

in the linear regime with the finite volume regime. 

 

Figure 3.8 Comparison of the evolution of Zinc concentration in the acceptor cell in the linear regime (panel 
A) with the finite volume regime (panel B).  

Figure 3.8, panel A shows that during the linear regime when 3 hours of experiment have 

been reached is not possible to determine DZn, because the background concentration of Zn in 

the acceptor cell is higher than the concentration of zinc produced by the mass accumulated 
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by transport by diffusion of zinc ions. It is true that this behaviour is no longer observed from 

3h to 7.5 h and during this time-span a linear fitting of the data can be done to determine DZn.. 

Nonetheless, it may also happen that in experiments with lower initial donor concentrations 

this linear regime may not be observed. Moreover our model grants access to a set of data 

points that were not able to be interpreted using the linear model. 

In order to extract information about the diffusion coefficient in this finite volume regime, we 

can linearize the experimental data from the acceptor cell by applying two operations, which 

consist on subtracting Zn A D
Zn

D

( )
2

c V V
c

V

+
= (when VA= VD ) to *

Znc  in the acceptor cell and to 

apply natural logarithm. These operations are reflected on the linearization process of Eq 

(3.15) .After that, we get: 

 

 

Figure 3.9 Linearized experimental data of the Zn concentration in the acceptor cell vs time for a stirring rate 
of 400 rpm (until 80h) (Panel A) and using the same experimental data, it is linearized until 30h of 
accumulation in the acceptor cell (Panel B) 

The comparison of panel A and panel B in Figure 3.9 is done with the purpose to show that 

the fitting of the diffusion coefficient using data at very long times can lead to overestimated 

result. One reason might be that the experimental data is not accurate enough at very long 

times, because the gel layer might suffer some damage from the vibration that is created 

caused by the stirring motion. Another reason is that towards to the end of the experiment, the 

acceptor concentration tends to a value that is half of the donor concentration, but the 

measured concentration in the acceptor cell may oscillate around that value or even be a bit 

greater than that concentration.  

For the reasons above, using the slope of the linear regression of the data displayed in Figure 

3.9 Panel B (using seconds instead of hours), the calculation of DZn is straightforward using 

Eq(3.17) (This calculation has also been performed for the elements Ni, Cd and Pb). From 
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experimental data obtained at 400 rpm and 140 rpm (see Table 3.1, columns 3 and 4 

respectively), we obtain the following diffusion coefficients: 

Table 3.5 Diffusion coefficients values obtained through a fitting of the experimental 
data of 400 rpm and 140 rpm using Eq(3.17) in a finite volume regime. Parameters 
used: δg =6.29x104(m), δDBL =7.09 x105 (m), A=3.14x10-4 m2. 

Frequency 
(rpm) 

D (m2/s) 
(140 rpm) 

D (m2/s) (400 
rpm) 

Ni  4.53x10-10 5.05x10-10 

Pb 7.50x10-10 8.90x10-10 

Cd 4.75x10-10 5.51x10-10 

Zn 4.42x10-10 5.82x10-10 

The diffusion coefficients obtained in Table 3.5 show a good agreement with the results 

obtained in the linear regime (see Table 3.2 ). Therefore, this methodology can be considered 

adequate to determine diffusion coefficients in particular cases when the linear regime is not 

able to provide a good estimation. For example, when there is a natural abundance of a trace-

metal ion.  
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3.8 Supporting information of: Determination of diffusion 

coefficients of complexes and free metal ions in gel 

layers from diffusion cell experiments. 

3.8.1 Steady-state model of the processes in a diffusion cell for a system with a metal in 

presence of a ligand which endures n sequential complexation reactions. 

Let us consider that we have in the donor compartment of a diffusion cell device (see Figure 

3.2 of the main text) a system where a free metal (M) endures n complexations reactions with 

a Ligand (L) : 

a a a a a

d d d d d
2 1 1 1M+L ML+L ML  ... ML +L ML +L ML  ... ML +L ML

k k k k k

i i i n i
k k k k k

− + −
⎯⎯→ ⎯⎯→ ⎯⎯→ ⎯⎯→ ⎯⎯→⎯⎯ ⎯⎯ ⎯⎯ ⎯⎯ ⎯⎯  

Assuming that each species has a common diffusion coefficient in the DBL and the diffusive 

gel layer, the transport of the species to the acceptor cell in steady-state conditions is 

described by: 
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1 1
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1 2 1 1
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  (S3.1)  

 

The boundary conditions of the system can be written as: 

g DBL

*

2i ix
c c

 = +
=   (S3.2)  

0
0i x

c
=

=   (S3.3)  

where i refers to each species in the donor solution and 
g DBL2 + is the whole thickness of 

the gel that connects both compartments and the diffusion boundary layers at each side of the 

gel. The donor side corresponds to x=0 while the acceptor side to 
g DBL2x  = +  
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The sum of the system of ordinary differential equations defined in Eq (S3.1)  becomes: 

22
MLM

M ML2 2
1

0 i

i

n

i

cc
D D

x x=


= +

 
   (S3.4)  

Eq (S3.4) can be written as: 

2

M M ML ML2
1

0
i i

n

i

d
D c D c

dx =

 
= + 

 
   (S3.5)  

 

By integration of the Eq (S3.5), the general solution of the differential equation can be 

written as: 

M M ML ML

1
i i

n

i

Ax B D c D c
=

 
+ = + 

 
   (S3.6)  

where A and B are integration constants. 

Applying the boundary conditions Eq(S3.2) and Eq(S3.3) in Eq (S3.6) a solution for the 

integration constants A and B is obtained: 

* *

M M ML ML

1

g DBL2

i i

n

i

D c D c

A
 

=

+

=
+


  (S3.7)  

 

0B =   (S3.8)  

 

Thus, the total flux of metal in steady-state conditions at x=0 (acceptor cell ) defined as 

 

M M ML ML

1 0

i i

n

i x

d
J D c D c

dx


= =

  
= +  

  
   (S3.9)  

 

is given by : 

* *

M M ML ML

1
M g DBL2

i i

n

i

D c D c

J
 

=

+

=
+


  (S3.10)  
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Which indicates that the total flux of M from the donor to the acceptor solution is just the 

addition of the flux of each metal species independently of the chemical reactions between 

them.   
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3.8.2  Numerical program build with MATLAB to solve the partial differential 

equation by using the method of lines (MOL):  modelling the evolution of 

concentrations in the diffusion cell when finite volume effects of the 

compartments are non-negligible 

 

The program considers a simple system with only free metal in the donor solution of the 

diffusion cell. Thus, the transport equation is:. 

g 2
MM M

2DBL

M

Dc c

t xD

  
=  

  

  (S3.11)  

Where g

MD  and DBL

MD  are the diffusion coefficients of the free metal ion at the diffusive gel 

and the DBL respectively. 

The initial and boundary conditions are: 

g DBL *

M M( 0, 2 )c t x c = = + =   (S3.12)  

 

g DBL

M ( 0,0 2 ) 0c t x  =   + =   (S3.13)  

 

A

M
0

( , 0)
t

c t x
A

Jdt
V

= =    (S3.14)  

g DBL *

A

M M
0

( , 2 )
tA
Jdt

V
c t x c = + = −    (S3.15)  

 

The spatial domain is discretized by NDBL1, NDBL2 and NG points resulting in step intervals for 

each domain given by: 

1

DBL

1

DBL

DBL =
N


   (S3.16)  

g

G

g=
N


   (S3.17)  

2

DBL

2

DBL

DBL =
N


   (S3.18)  

The method of lines is based on discretising the spatial variable of a PDE to transform the 

spatial derivatives in an algebraic approximation 1. Once this operation is done, the spatial 
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variable of the PDE is not stated explicitly. Applying a finite differences scheme in the spatial 

derivative, Eq(S3.11) within the MOL framework becomes : 

g

M, M, 1 M, M, 1M

2DBL

M

2i i i ic c c cD

t xD

− + − + 
=  

  

  (S3.19)  

which can be solved applying an ODE integrator. 

The MATLAB subroutine ODE-15S uses a variable order method to integrate the algebraic 

system of equations.  It requires the time points at which the PDE needs to be solved, as well 

as the initial conditions that have been specified in Eq (S3.12) and Eq (S3.13).  

The vector of solutions, when ODE-15s is employed, is defined as:  

M,sol M[ , ] 15 (@algdiffcell, , initial conditions)c t c ode s tspan=   (S3.20)  

Where @algdiffcell is the subroutine needed to specify the spatial discretization at each point 

of the domain and tspan refers to the time points at which we want to know our solution. 

Now, we are going to specify the equations required in the subroutine @algdiffcell in relation 

to the discretization applied in each region: 

In the first and last point of the domain : 

( )DBL

M M,1 M,2M,1

1DBL

D c cc A

t V

−
=

 
  (S3.21)  

( )DBL

M M, 1 M,M,1

2DBL

Nfin NfinD c cc A

t V

− −
=

 
  (S3.22)  

 

Where Eq(S3.21) has negative sign in the first point of the domain and positive sign in the 

last point of the domain (Nfin=NDBL1+NG+NDBL2 ).  

In the region DBL1: 

( )
DBL

M, M
M, 1 M, M, 12

1

2
DBL

i

i i i

c D
c c c

t
− +


= − +

 
  (S3.23)  

In the gel domain: 

( )
g

M, M
M, 1 M, M, 12

1

2
g

i

i i i

c D
c c c

t
− +


= − +

 
  (S3.24)  

In the second DBL domain: 

( )
DBL

M, M
M, 1 M, M, 12

2

2
DBL

i

i i i

c D
c c c

t
− +


= − +

 
  (S3.25)  



SI Chapter 3.Determination of diffusion coefficients with diffusive cell device

 

94 

 

At the interface between the DBL and the gel layer, the continuity of the flux has to be taken 

into account. Thus the following equalities need to be considered, 

( ) ( )
DBL

M M
M, 1 M, M, 1 M,

1DBL
i i i i

D D
c c c c

g
− +− = −

 
  (S3.26)  

 

( ) ( )
DBL

M M
M, -1 M, M, 1 M,

2DBL
i i i i

D D
c c c c

g
+− = −

 
  (S3.27)  

 

Using Eq (S3.26) to replace cM,i+1 in Eq (S3.23):  

( )
( )

( )
( )

DBL2 G

DBL2 G DBL2 G

G DBL G DBL1 1

DBL
M, M

M, 1 M,

1 1

g

M
M, M, 1

1

2

DBL g DBL

2

g g DBL

N N

N N N N

N N N N

c D
c c

t

D
c c

+

+ + +

+ + −


= − −

   + 

−
  + 

  (S3.28)  

The same procedure has to be followed at the other interface but in this case, the substitution 

of cM,i+1 has to be done in Eq (S3.24) using the flux equality from Eq(S3.27) 2. This leads to 

the following expression: 

( )
( )

( )
( )

DBL2 G

DBL DBL2 2

DBL DBL2 2

g
M, M

M, M, 1

2

DBL

M
M, M, 1

2 2

2

g g DBL

2

DBL g DBL

N N

N N

N N

c D
c c

t

D
c c

+

+

−


= − −

   + 

−
  + 

  (S3.29)  

Notice that ODE15-S only requires information about the discretization of the spatial variable 

at every point of the domain.   
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4.1 ABSTRACT 

The analytical technique DGT (Diffusive Gradients in Thin films) is able to gain access 

to a wealth of information by carefully interpreting accumulation data from passive 

samplers with different configurations (i.e. different thicknesses of its constituent layers). 

A set of DGT devices were simultaneously deployed in solutions of Ni and nitrilotriacetic 

acid (NTA) of different concentrations to measure the availability of Ni in these solutions. 

Accumulations indicate that the availability of Ni depends on both the thickness of the 

resin and the thickness of the diffusive gel. In both cases, the lability degree increases as 

the thickness increases. As the formation of successive complexes (such as Ni(NTA)2) 

proceeds, the availability of the metal decreases, which is quantitatively explained by 

reducing the formulation to a case with only one complex, but with an effective 

dissociation rate constant that decreases as the concentration of NTA increases. Simple 

analytical expressions are reported to quantify the lability degree in the different DGT 

configurations. These results indicate that a set of different DGT devices can characterize 

the availability of a cation in a natural sample with uptake processes at different spatial 

or time scales. Alternatively, and from a more fundamental point of view, information on 

speciation, mobilities and labilities of the species present in natural samples can be 

obtained with a set of DGT configurations. 

 

Keywords: DGT, lability degree, stoichiometry effects, thickness of diffusion, thickness 

of resin, NiNTA  
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4.2 Highlights 

• Independent information is easily obtained with DGT devices with different 

thicknesses  

• Lability increases as the diffusive gel or the resin thickness increase 

• Simple expressions quantify the influence of the thickness on the availability 

• The formation of successive complexes reduces their availability 

• Speciation, mobilities and labilities of a mixture can be solved with a set of DGT 

data 
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4.3  INTRODUCTION 

Despite many efforts, the measurement of trace metal speciation in freshwaters is still 

challenging. Different types of analytical techniques have been developed to gain 

insight into the equilibrium and dynamic speciation of natural waters. Some of them are 

based on quantifying the concentration of the free ion in solution, such as Ion selective 

electrodes, Absence of Gradients and Nernstian Equilibrium Stripping (AGNES) or the 

Donnan Membrane Technique (DMT) 1-5. Alternatively, other techniques provide a 

quantification of a labile fraction, which includes the contribution of the free ion plus an 

extra contribution of some complexes. For example, the Gel Integrated Microelectrodes 

(GIME) were designed 6 to provide in situ measurements of some labile fraction of 

metal compounds able to dissociate in a well-defined diffusion layer. Anodic stripping 

voltammetry (ASV) and other stripping voltammetric techniques can also measure a 

labile fraction dependent on the electrode size 7-8. Permeation Liquid Membrane (PLM) 

and Polymer Inclusion Membrane (PIM) also determine a labile fraction, but they can 

be tuned to reduce this fraction up to the concentration of the free ion 9-11. 

It has been shown that the span of dynamic analytical techniques provides 

complementary data as a consequence of the spatio-temporal scale of the measurement 

process involved in each technique 12. These measurements can mimic the uptake of 

some nutrients or contaminants by living organisms, when the uptake process is 

selective for the free metal ion and evolves under diffusion-controlled conditions 13. 

Thus, chemical availabilities measured in a set of sensors can predict metal 

bioavailability to microorganisms and algae in natural media and they can be 

consistently used in pollution prevention laws and policies.   

DGT (Diffusive Gradients in Thin films) is a dynamic technique that is readily used for 

in situ measurements 14-17. It accumulates metals in a binding layer (resin disc) after 

they have diffused through a hydrogel (diffusive gel disc). The binding to the resin disc 

is ideally so fast and strong that perfect sink conditions apply 18. The flux of metal 

bound is calculated from the metal accumulated during the whole deployment time, 

which is typically of the order of days and it constitutes a time weighted average 

concentration 19-20. Different chemical species can contribute to the accumulation, but 

DGT provides only an integrated value and it does not allow to identify the contribution 

of a specific species which depends on its mobility and lability. Lability refers to the 
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capability of complexes to dissociate and reach local equilibrium along the diffusion 

domain 21-22. Net dissociation occurs in a region (the so-called reaction layer) where the 

complex concentration does not reach equilibrium with the free metal and ligand. In 

DGT, the reaction layer comprises part of the diffusive gel, but it extends into the resin 

domain where a negligible concentration of free metal drives partially labile complexes 

to dissociate 23-24. Thus, complexes are far more labile in DGT than in voltammetric 

sensors, where penetration into the electrode is not allowed. The dependence of the 

lability on the thickness of the diffusive and resin gels in DGT opens the way to obtain 

complementary information on the availability of a metal cation in a natural sample 

which can be summarized in a kinetic signature, i.e., a set of availabilities at different 

spatial and time scales covered by the set of sensors 12, 25. Furthermore, this information 

can be used to assess which are the complexes that contribute to the metal availability 

and, eventually, to determine the speciation, dissociation rate constants or diffusion 

coefficients of the species present in a natural sample 26 which is an important task to 

understand the functioning of natural systems. 

Up to now, there have been few attempts to determine mobilities, concentrations and 

labilities of the species present in a natural system 25-28. The procedure is based on using 

a set of DGT devices equipped with different gels and/or resins. A set of lability degrees 

for all the target analytes is, thus, obtained. These lability degrees can be written in 

terms of the speciation, physicochemical and geometrical parameters, when a 

convenient relationship is known. The resulting set of equations allow, then, to solve for 

the unknowns. An analytical expression, derived for a complex under ligand excess 

conditions is available 24. In this paper, this expression is extended to consider 

electrostatic effects of the resin charge typical in freshwaters and it is applied to a model 

system that contains Ni and nitrilotriacetic (NTA) acid at different total NTA 

concentrations. One aim of this work is to  check the accuracy of this expression in a 

controlled system, which is a necessary step prior to its application in natural samples. 

In many cases, complexes with a stoichiometric relationship between metal and ligand 

1: n with n>1 arise. Despite such complexes being common for most ligands, they have 

seldom been considered in the DGT literature. Since Ni and NTA form a complex of 

stoichiometry Ni(NTA)2 at some concentrations ratios, this situation is also considered 
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in this paper, evidencing why trace metals become less available when successive 

complexes are formed.  
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4.4 Chemical availability of metal cations in presence of 

ligands using DGT: the lability degree. 

The lability degree,  , of a set of complexes of an element M has been defined 21-22, 29 

as: 

free

labile free

J J

J J


−


−
 (4.1) 

where J stands for the total flux of metal accumulated in the resin disc, and freeJ  and 

labileJ  are defined below. freeJ  is the flux due to the free metal in solution (as if complex 

dissociation was frozen), which in steady state and perfect sink conditions, as typically 

met in DGT deployments, becomes 

*

M
free M g

c
J D


=  (4.2) 

where 
*

Mc  is the bulk concentration of free metal in solution, MD  is the metal diffusion 

coefficient, g  is the integrated thickness of the diffusive gel, filter and diffusive boundary 

layer (DBL), where common diffusion coefficients for each species are assumed to apply. 

When only one ligand is present in the solution, but successive complexes with 

stoichiometric relationships metal-to-ligand 1:1,... , 1:n can be formed, Jlabile is defined 

as: 

*

ML

labile ML freeg
1

i

i

n

i

c
J D J

=

= +  (4.3) 

where *

MLi
c  stands for the bulk concentration of the complex MLi generated by one M ion 

and i ligands (L) and 
MLi

D  is its corresponding diffusion coefficient. Jlabile is the steady 

state flux when dissociation of all the complexes is so fast that equilibrium with the free 

metal is reached at all the relevant spatial domain. Equation (4.3) can be extended to 

systems with different ligands by adding an extra summation for all the ligands present. 
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According to Eqs. (4.1)-(4.3), the lability degree of a system stands for the fraction that 

relates the actual contribution of complexes to the metal flux, freeJ J− , with the maximum 

contribution, labile freeJ J− , reached if all the complexes were labile 15, 22.  

 

The global lability degree of a set of complexes of an element in a system is 

experimentally accessible with Eq. (4.1) when the bulk concentrations and the diffusion 

coefficients are known. The particular lability degree of a given complex, 
MLi

 , is not 

experimentally accessible, since only the total accumulation is measurable. However, it 

is a measure of the complex consumption by dissociation and it can be defined 30-31 as  

r

ML

ML *

ML

1 i

i

i

c

c


+

 −  (4.4) 

where r

MLi
c

+

 stands for the complex concentration at the diffusive gel side of the resin- 

diffusive gel interface (x= r , see Fig S4.1 in the Supporting Information). Obviously, 

ML0 1
i

  . 

 

When only one complex is present, ML (we omit the subscript i=1, since it is no longer 

necessary)is given by Eq. (4.1), and when freeJ J ,  

 

M
ML *

labile ML
ML g

n AtJ

J c
D





= =
 
 
 

 (4.5) 

where nM stands for the accumulation (moles) of metal M, A is the area of the DGT device 

and t the deployment time 32. Eq (4.5) allows the measurement of the lability degree of 

ML complexes in systems where only one relevant complex in solution is present.  

Alternatively, in excess of ligand conditions, ML  can be written in terms of 

physicochemical parameters 32 as: 
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( )
( )ML
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g ' Rg g r
' ML
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1
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z
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K
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+
= −

 +   
+ +   

   

 (4.6) 

where 
ML

M

D

D
 =  is the normalized diffusion coefficient. In Eq (4.6), zML stands for the 

charge of the ML complex, 

( )
ML

d 1 '

D
m

k K
=

+
  (4.7) 

R

ML
ML

d

D

k
 =  (4.8) 

ML

r

ML ML

r

ML

exp
z c z F

RTc

−

+

 
 = =  

 
 (4.9) 

where R and F label the gas and the Faraday constants, respectively, T labels the 

temperature and    stands for the electrostatic potential difference between the diffusive 

gel and the resin. 

From now on, the superscript R denotes the value of a magnitude in the resin domain, 

while the absence of this superscript denotes magnitudes in diffusion domains other than 

the resin disc. Thus, 
R

MLD  labels the diffusion coefficient in the resin domain (we are 

interested in allowing different diffusion coefficients in the resin and diffusive gel 

domains as we will see later on), 
a

d

k
K

k
=  stands for the stability constant,  

* ' *

a L a ML

*

d d M

k c k c
K

k k c
 = = =  and ka and kd are the association and dissociation rate constants. 

 

The Boltzmann factor   stands for the electrostatic partitioning of a monovalent 

positively charged species at the resin/diffusive gel interface, due to the negative charge 

of the resin. This effect implies that the concentration profiles of charged species at the 

resin-diffusive gel interface suffer a discontinuity which depends on the ionic strength 

and the charge of the species 32-33. 
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Eq (4.6)  indicates that the lability degree depends on the ligand concentration as well as  

on the geometrical parameters of the DGT device, increasing when  g  or  r  increase. 

The lability degree decreases as the ligand concentration increases, since this increase 

shifts the equilibrium of complexation towards association. However, in DGT devices 

most of the metal bound to the resin comes from the complex dissociation inside the resin 

domain where, under perfect sink conditions, the free metal concentration is negligible 34-

35, but where the complexes that are not fully labile can have a relevant concentration. 

Since the shift of the equilibrium as the ligand concentration increases cannot take place 

in absence of metal, the lability degree in DGT devices becomes almost independent of 

the ligand concentration in ligand excess conditions. 

In a system that contains a mixture of ligands, 
ML  differs from the corresponding value 

in a single ligand system sharing in common the complex and free ligand concentrations, 

1

ML

h =
. However, the use of 

1

ML

h =
 measured in single ligand systems provides reasonably 

approximate values when predicting metal accumulation in mixtures 30, 36 due to opposite 

mutual effects that tend to cancel.   
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4.5 Materials and Methods 

4.5.1 Experimental set-up for DGT measurements. 

Diffusive and resin gels were acquired from DGT research Limited 

(https://www.dgtresearch.com). A total number of 15 DGT devices were used. In order 

to assay DGT devices with different resin and diffusive gel thickness, 5 groups of 3 units 

were prepared containing: 1 filter, 1 diffusive gel and 1 resin disc (labelled as 

configuration 1R1G); 1 filter, 1 diffusive gel and 2 resin discs (2R1G); 1 filter, 2 diffusive 

gels and 1 resin disc (1R 2G) and 3 filters, 1 diffusive gel and 1 resin disc (1R1G3F). A 

last group containing 1 filter, 1 diffusive gel and 1 resin disc was used for blank 

measurements.  

DGT holders (piston type, 2 cm diameter window), polyacrylamide gel discs (diffusive 

disc, 0.779 mm thick and resin disc 0.4 mm thick) and polyethersulfone (PES) filters 

(0.45 µm pore size, 150 µm thick) were used. Once assembled, they were rinsed in a 

preconditioning solution at the same ionic strength (100 mmol L-1) of the solutions for at 

least 24 hours.  

Deployments: 2 L of solutions corresponding to the experimental conditions of either 

column 1 (Exp A) or column 2 (Exp B) of  Table 4.1 were left to equilibrate in a 5L 

polyethylene exposure bucket thermostatized at 25 °C  during 3 h and stirring rate 240 

rpm. Three DGT devices of each type were deployed in each solution (see working 

conditions in Table 4.1). Deployment time lasted for 20 hours and pH was measured at 

the beginning and end of the accumulation. Three aliquots of 0.9 mL were extracted from 

the solution before and after the deployment in order to measure total Ni concentration 

with ICP-MS (7700 Series, Agilent). 
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Table 4.1 Total concentrations of Ni, NTA, HEPES and physical parameters for DGT 
experiments Exp A and Exp B. 

 Exp A  Exp B 

cT,Ni (mmol L-1) 3.50×10-2  3.50×10-2 

cT,NTA (mmol L-1) 5.50×10-2  1.14 

HEPES (mmol L-1) 0.200  0.200 

NaNO3 (mmol L-1) 100  100 

pH 7.7  7.6 

T(◦C) 25  25 

% NiNTA 99%  62% 

% Ni(NTA)2 1%  38% 

 

After the deployment, DGT devices were disassembled, resin discs were extracted using 

clean tweezers and eluted using 1 mL HNO3 20 %, to ensure an efficient metal extraction 

procedure (elution factor equal to 1 was used). More details are described elsewhere 37. 

4.5.2 Experimental set-up for measurements with diffusion cell. 

Stock solutions of Ni (Ni(NO3)2·6H2O, Sigma-Aldrich,puriss p.a) 100 mmol L-1, NTA 

(Fluka, analytical grade) 3×10-1 mmol L-1, HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), High purity grade Amresco, at pH 8.4, adjusted by 

dropwise addition of 103 mmol L-1 NaOH or HNO3 (Fluka ACS reagent) 250 mmol L-

1and glycine(Sigma-Aldrich, puriss. p.a) 25 mmol L-1were prepared. Solutions were left 

to equilibrate for 24 h with stirring and T=24.9ºC. In experiment 4 (Table 4.2. ) glycine 

were used instead of HEPES due to its buffer capacity in a different pH range 38. 

A set of four experiments were done in a diffusion cell to measure the diffusion 

coefficients of NiNTA and Ni(NTA)2 across the diffusive gel. The two compartments 

(donor and acceptor) of the diffusion cell were connected through a diffusive gel placed 

in the communication 2 cm2 circular hole. See experimental details in the SI. 

Concentrations of the solutions are gathered in Table 4.2. The acceptor cell contains the 

buffer and background electrolyte at the same concentrations as the corresponding donor 
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solution in the experiment. In all experiments, sodium nitrate (Fluka, puriss. p.a) was used 

as background electrolyte to reach an ionic strength I=100 mmol L-1. 

4.5.3 Determination of diffusion coefficients  

Diffusion coefficients were determined from the measurement of the slope of the plot of 

the mass of Ni in the acceptor solution of the diffusion cell against time 39-40. The mass 

of Ni in the acceptor solution was determined by analysing at different times aliquots of 

the acceptor solution with ICP-MS, resulting in a linear increase with time as reported 

in the SI.  

Table 4.2. Experimental conditions (for experiments 1 to 4) which have been 
employed in donor and acceptor diffusion cells respectively.  

 

Parameters 

Donor 

 

Acceptor 

 

Exp 1 Exp2 Exp 3 Exp 4 Exp 1   Exp 3 Exp 4 

cT,Ni (mmol L-1) 5.69×10-2 4.6×10-2 1 ×10-

2 

3.77×10-

2 

- - - - 

cT,NTA (mmol L-

1) 

 5×10-2 1×10-1  - - - - 

cT,Hepes(mmol L-

1) 

0.2 0.2 - 0.2 0.2 0.2 - 0.2 

cT,Glycine(mmol 

L-1) 

  1×10-1    1×10-1  

NaNO3(mmol 

L-1) 

100 100 100 100 100 100 100 100 

pH 7.44 7.60 8.66 7.04 7.42 7.48 8.87 6.97 

T(◦C) 24.9 24.9 24.9 24.9 24.9 24.9 24.9 24.9 

Volume (L) 0.100 0.088 0.100 0.092 0.100 0.088 0.100 0.092 

Total time (s) 11700 10380 10320 11460 11700 10380 10320 11460 

 

Assuming: i) that the concentrations of M and ML in the acceptor are at any time 

negligible with respect to those in the donor solution, ii) a common diffusion coefficient 
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for each species in water and gel solutions and iii) steady-state diffusion, then the mass 

of metal in the acceptor solution, Mn , can be written as: 

ML

BLM

*

g D

MLi i

n

i

D c

n At
 +

=


 (4.10)   

where DBL  stands for the total DBL thickness at both sites of the diffusive gel, so that 

in this previous formula g stands just for the gel thickness. 

 

For n=2, at least two experiments are required to determine MLD  and 
2MLD . Total 

concentrations of the performed experiments are detailed in Table 4.2.  Concentrations of 

1

*

MLc  and 
2

*

MLc  were calculated using the speciation software VMinteq 41. The parameter 

DBL  was determined from an experiment with only  free metal, also included in  Table 

4.2. , using NiD =5.77×10-10 m2 s-1 as reported by DGT Research. The mass of Ni in the 

acceptor solution, Mn , was determined by analysing samples with ICP-MS from both 

diffusion cell compartments  Table 4.2.  Exp 4 (see Table 4.4 ) was used to verify the Ni 

diffusion coefficient in a stack of two diffusive gels. See SI for more details. 

 

4.5.4 Determination of the lability degree of the Ni complexes in the different 

DGT devices 

When there are two relevant Ni complexes in the sample solution (Exp B in Table 4.1), 

62 % of NiNTA and 38 % of Ni(NTA)2), the global lability degree of Ni complexes in 

the different DGT devices is assessed with Eq (4.1) (theoretically estimating  Jlabile with 

Eq (4.3) and Jfree -which becomes negligible- with Eq (4.2)). When only one Ni complex 

is present (Exp A in Table 4.1, 99% of Ni as NiNTA), the lability degree is computed 

with the particular Eq ((4.5)). In both cases, speciation is estimated with VMinteq and the 

diffusion coefficients are determined as described in Section “Determination of diffusion 

coefficients”. The thickness of the diffusion domain is particular for each DGT 

configuration. The thickness of an individual diffusive gel, resin and filter are 0.629mm
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, 
r 0.4mm =  and 

f 0.150mm = , respectively. Due to the vigorous stirring, the DBL thickness in 

DGT experiments is neglected. 

 

4.5.5  Determination of kinetic constants. 

In Exp A (Table 4.1), NiNTA is the only relevant Ni species.  

Table 4.3. Experimental diffusion coefficients and the regression coefficient 
obtained in this work from the number of accumulated moles vs. time, using the 
conditions of Table 4.2. .  

 

 

 

In order to evaluate whether Eq (4.6) accurately predicts the lability degree of the NiNTA 

in the different DGT devices and different concentrations, we need to estimate the 

dissociation rate constant of the NiNTA. In this task, the experimental value of ξNiNTA for 

1R1G devices is used as input value  and solving Eq (4.6), with an iterative procedure 

described in the SI, kd,1 (for NiNTA dissociation) is obtained.  

 

Notice that using ξNiNTA from 1R1G DGT, instead of that from other geometrical 

configurations, is an arbitrary choice, but it has been checked that using ξNiNTA from other 

DGT configurations as an input, a very close output kd,1 is retrieved, which suggests the 

suitability of ξNiNTA given by Eq (4.6).   

In Exp B, both NiNTA and Ni(NTA)2 concentrations are relevant and the values of ka,1, 

kd,1, ka,2, and kd,2 are required to run the numerical simulations (see next section). ka,i and 

Experiment Diffusion Coefficient in 
the gel phase (in m2s-1) 

R2 

Exp 2 
NiNTAD =5.06×10-10 

0.9996 

Exp 3 
( )

2
Ni NTA

D =2.25×10-10 0.9976 

Exp 4 (using 2 
diffusion gels) NiD =4.60×10-10 

0.9989 
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kd,i label, respectively, the association and dissociation rate constants of the process 

1ML L MLi i− + . 

In general, in a set of successive complexes, the dissociation of ML into M and L is 

usually the rate limiting step 42-43. Assuming that the dissociation of ML is the rate 

limiting step, ML and ML2 will be in equilibrium along all the spatial domain, but not 

with M. The particular values of the rate constants ka,2 and kd,2 are, then, not necessary 

whenever their ratio fulfils the stability constant of Ni(NTA)2 (which was taken from 

VMinteq) and are large enough for the concentrations of both NiNTA and Ni(NTA)2 to 

satisfy equilibrium. Accordingly, a dissociation rate constant for ML2 higher than 100-

fold that of ML was used after checking that a further increase did not modify the 

accumulation, securing that the rate limiting step is the ML dissociation process. 

 

4.5.6  Numerical simulation of concentrations profiles and accumulations. 

A further step in the quantitative understanding of the system behaviour has been gained 

by using a rigorous numerical code, that solves the system of diffusion-reaction equations 

taking into account the specific DGT initial and boundary conditions, to obtain theoretical 

expected values of the lability degree (see details in Section 4.10.1 of this SI or Section 2 

in the SI of reference 44). Speciation calculations with VMinteq for total Ni and NTA 

concentrations of each case indicate that Ni, NiNTA, NiNTA2, NTA and HNTA are the 

relevant species, while the rest of species have negligible concentrations (see Section 

4.10.4 of the SI). Accordingly, only these relevant species have been considered in the 

numerical simulation code. Rate constants and diffusion coefficients determined as 

commented above were used. Notice that the acid base equilibrium NTA H HNTA+  

is included in the simulation considering equilibrium between these species. Association 

and dissociation kinetic constants for the proton binding to the NTA are then assumed 

large enough, while the ratio fulfils the equilibrium constant. 

 

In conditions of low ionic strength, the negative charge of the resin can induce a migration 

flux resulting from the gradient of the electrical potential at the resin-gel interphase. In 

the simulation code, this physical phenomenon is modelled using the Donnan partition 
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model which considers the electrical potential as a step function located at the resin-gel 

interphase (See Section 1 of the SI). Accordingly, a Boltzmann factor () as defined in 

Eq (4.9) is considered for the electrostatic partitioning of the charged species. The 

Boltzmann factor for each species was evaluated from the experimental determination of 

the rubidium Boltzmann factor. Rubidium chloride was added into the solution at a 

concentration of 3.92×10-3 mmol L-1. and because the specific binding of Rb to the resin 

sites is expected to be negligible, as other alkali metals such as Na, all the Rb mass eluted 

from the resin disc corresponds to the electrostatic binding. Accordingly, the Boltzmann 

factor for Rb can be computed dividing the bulk Rb concentration by the concentration 

of rubidium in the resin disc as Eq. (4.9) indicates 20, 45. For any other species with charge 

zi,  the factor ( ) iz
  applies.  
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4.6 Results and discussion. 

4.6.1 Characterization of the solutions described in Table 1 

The first experiment detailed in Table 4.2.  (Exp 1) aims to calculate 
DBL  in the diffusion 

cell. This calculation uses the tabulated value 5.77×10-10 m2s-1 from DGT research limited 

(https://www.dgtresearch.com/diffusion-coefficients) for DNi at 25ºC. Once 

DBL
 is 

known, Eq. AccM(4.10) allows the determination of NiNTAD
 and 2NiNTAD

 from the rest of 

experiments. Diffusion coefficients of NiNTA and Ni(NTA)2 measured with the diffusion 

cell are reported in Table 4.3. The obtained diffusion coefficient of Ni(NTA)2 is smaller 

than that of NiNTA indicating an increase of the size of the Ni(NTA)2 complex. Exp 4 in 

Table 4.2.  also allows the determination of the Ni diffusion coefficient in a stack of two 

diffusive gels. The diffusion coefficient is expected to be independent of the thickness of 

the diffusive gel, but the experimental measurement yielded NiD  =4.60×10-10 m2s-1, a 

value lower than the tabulated value at DGT research limited, indicating that a kind of 

extra resistance to diffusion appears when a stack of diffusive gels is used. We speculate 

that this extra resistance might be due to a change in the size of the gel pores at the surface 

of the gel. 

The Boltzmann factor for the Donnan partitioning at the resin diffusive gel interface, 

obtained by adding Rb into the system, of  =1.13 is very small, indicating an important 

screening of the resin charges by the salt background. However, species with electrical 

charge zi will have Boltzmann factors  iz
 . Since Ni(NTA)2 and NTA have a high 

electrical charge (-4 and -3, respectively) the resulting Boltzmann factors are non-

negligible (1.6 and 1.4, respectively) advising the explicit consideration of the 

electrostatic effects. These Boltzmann factors can be applied to all experiments of Table 

4.1, since they share a common ionic strength. 

The dissociation rate constant of NiNTA, fitted with the numerical simulation from the 

experimental lability degree in Exp A (Table 4.1), is kd,1(NiNTA) =1.43×10-3 s-1.  
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4.6.2 Dependence of the accumulation and lability degree on the geometrical 

parameters of the DGT device 

Figure 4.1 plots the accumulation and the lability degree vs the thickness of the diffusive 

gel or the thickness of the resin gel. The lines in Figure 4.1 correspond to values computed 

with Eq (4.6) for a complex whose diffusion coefficient, stability and rate dissociation 

constant coincide with the above values determined for NiNTA. As shown in Figure 4.1a, 

an increase of  g decreases the accumulation, since the diffusion domain becomes 

thicker, the source of complex moves away and the flux decreases. Conversely, an 

increase of  r increases the accumulation, since the complexes NiNTA and Ni(NTA)2 

inside the resin have more time and volume for dissociation. 
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 Figure 4.1. Dependence of the accumulation (panel a) or the lability degree (panel b) either on the gel 
thickness (dashed green line) or on the resin thickness (solid blue line) computed with Eq ((4.6)). 
Parameters used in Eq ((4.6)) are the values for NiNTA resulting from Eqs. ((4.11))-eqPieff(4.16). 
Markers for panels a and b correspond to the experimental measurements of Exp B in Table 4.1. Lines 
and markers (green squares) corresponding to the dependence on  g  have  r = 0.4mm Lines and 
markers (blue diamonds) corresponding to the dependence on  r  have  g = 0.779 mm. Errors bars 
correspond to standard deviations of accumulation (Fig.1A ) or lability degree (Fig.1B)  as reported in 
Table  . 

 

Figure 4.1b depicts the dependence of the lability degree on the thickness of the diffusive 

gel or the thickness of the resin gel. As seen in the figure, an increase of either  r or  g 

increases ξ. However, the influence of  r is more pronounced at low thicknesses, but it 

plateaus beyond a certain resin thickness, while a sufficiently large increase of  g is able 

to bring the complex to full lability. Indeed, an increase in  r increases the dissociation 

volume of the complexes that have penetrated into the resin, while the complex 

concentration profile has not yet reached full dissociation in the resin domain. When full 

dissociation is reached, a further increase of  r has no effect neither on the lability degree 

nor on the accumulation. Thus, the lability degree is not an intrinsic property of a 

complex, since it also depends on the geometrical characteristic of the sensor, among 

other factors, as Eq (4.6) indicates.  
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Table 4.4 Experimental and predicted lability degrees obtained for conditions of 
Exp A and B from Table 4.1., for each type of DGT device. Parameters used for the 
rigorous simulations and analytical calculations as in Figure. 4.2 

 

 cT,NTA=5.5×10-2 mmol L-1 
(Exp A) 

cT,NTA=1.15 mmol L-1 (Exp B) 

Geometrical 
configuration 

1R1
G 

2R1
G 

1R2
G 

1R1G3
F 

1R1
G 

2R1
G 

1R2G 1R1G3F 

nNi (µmol) 0.26 0.28 0.24 0.16 0.18 0.23 0.13 0.15 

Standard Deviation 
(nNi (µmol)) 0.04 0.05 - 0.02 0.03 0.05 - 0.05 

ExperimentaL ξ  0.46 0.55 0.72 0.49 0.35 0.46 0.56 0.49 

Standard Deviation 
(Experimental ξ) 0.08 0.09 - 0.06 0.06 0.09 - 0.15 

Predicted ξ 
(simulation)  

0.44 0.53 0.63 0.55 
0.38 0.48 0.57 0.49 

Predicted ξ 
(Analytical Eq. 
(eq16(4.6))) 0.45 0.55 0.60 0.57     

Predicted ξ 
(Analytical 
Eqs.(eq16(4.6)),(eq11(

4.11))-eq15(4.15))     0.39 0.50 0.59 0.51 

 

Experimental ξ values measured with DGT devices of different geometrical 

characteristics for the Ni complexes in the solutions described in Table 4.1.  are reported 

in Table 4.4 . These values corroborate the increase of ξ as either  r or  g increase. Table 

4.4  also gathers the theoretical prediction of ξ–values obtained with numerical 

simulations as indicated in Section “Numerical simulation of concentrations profiles and 

accumulations.”. Notice the agreement between experimental measurements and 

numerical simulation predictions, indicating that, despite its simplicity, the model 

contains an essentially correct description of the main physicochemical phenomena in 

DGT devices. 
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We aim at checking whether Eq. (4.6) is useful in the prediction of the lability degree for 

different thicknesses of the diffusive or resin gels. Eq. (4.6) can only be directly applied 

to the system with cT,NTA=5.5×10-2mmol L-1, since in this solution, NiNTA is the only 

one relevant Ni complex and the simple scheme M L ML+  linked to Eq. (4.6) applies. 

The predicted ξ values for all the DGT configurations used in Exp A are close to the 

experimental measurements and to the numerical simulation values.  
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Figure. 4.2  Normalized concentrations profiles ci/ci* for cT,NTA=5.5×10-2 mmol L-1 and cT,Ni=3.5×10-2 

mmol L-1 obtained by numerical simulation. Dashed line with two points represents 
Ni

*

Ni

c

c
, dashed line 

represents 
NTA

*

NTA

c

c
, solid line represents 

NiNTA

*

NiNTA

c

c
 and dotted-dashed line 

HNTA

*

HNTA

c

c
. Total concentrations 

used for this simulation are in columns 2 to 4 of Table  . Diffusion coefficients, NiD =5.77×10-10, NiNTAD  

=4.75×10-10, ( )
2

Ni NTA
D =2.25×10-10  m2s-1, except for 1R2G devices, where all values of diffusion 

coefficients are reduced by a factor 0.8.The kinetic constants are kd,1=1.48×10-3 s-1, ( ) 2d,Ni NTA
k =0.148 s-1 , 

kd,HNTA=1×102  s-1, ka,1 =4.68×105 L mmol-1s-1, 
2a,Ni(NTA)k =9.635 L mmol-1s-1, ka,HNTA=4.46×108 L mmol-1s-1 

and =1.13 

 

Eq.(4.6) was obtained as an analytical solution of the reaction diffusion problem assuming 

excess of ligand. In this approximation, the concentration profile of the ligand is expected 

to be flat. Figure. 4.2 depicts the simulated concentration profiles in DGT devices of the 

Ni complexes of the solution described in column 1 of  Table 4.1. (Exp A). The 

discontinuities of electrically charged species at x= r are due to the Donnan partitioning, 

so that the size of the discontinuity depends on ( ) iz
  where zi labels the electrical charge 

of the species. However, besides the discontinuity, Figure. 4.2 shows that ( )Lc x  increases 

as x decreases, indicating that the ligand produced by dissociation of the complex at the 

resin domain is not negligible with respect to the ligand in the bulk solution. Thus, ligand 

excess conditions are not strictly fulfilled and accordingly, we are not in the best situation 

for using Eq.(4.6) However, even in this case, its predictions of ξ are quite accurate, since 

the NTA concentration is buffered by the presence of HNTA as the main NTA species 

and most of the NTA produced by dissociation is transformed into HNTA to diffuse back 

to the bulk solution.  

Furthermore, in Figure. 4.2 Ni and NiNTA are in equilibrium along most of the diffusive 

gel (for instance for x>0.47mm in Figure. 4.2A). However, close to the resin interface, 

the metal concentration drops to zero while the complex cannot reach equilibrium, since 

dissociation is not fast enough. This is the so-called reaction layer, which extends also to 
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all the resin domain, where a negligible concentration of Ni coexists with a non-negligible 

NiNTA concentration. It is in the reaction layer where net dissociation occurs, while just 

net diffusion takes place in the rest of the diffusion domain. 

Figure. 4.2 also offers an overview of how steady-state concentration profiles of the 

species in the DGT device evolve with the thickness of the diffusive or the resin gels. 

This overview is useful to understand the dependence of the lability degree on these 

geometrical characteristics. Indeed, according to Eq.(4.5), ξNiNTA is just the distance from 

the normalized NiNTA profile at x= r up to 1. The effect of  g can be assessed by 

comparing Figure. 4.2A with Figure. 4.2B. In steady state, the flux of the complex 

dissociation in the resin domain should equal the flux of the complex entering into the 

resin domain, i.e., the flux of complex crossing the resin/diffusive gel interface. As a first 

approximation, we can assume that the profile of NiNTA is approximately flat inside the 

resin and linear in the diffusive gel domain, with slope ξ/ g as seen in the figure. For a 

given  r, an increase of  g implies a decrease of the slope of the NiNTA in the diffusive 

gel. Accordingly, the flux of NiNTA entering into the resin domain will decrease, and to 

keep steady state, the amount of NiNTA dissociated in the resin domain must also 

decrease by decreasing the concentration of NiNTA in the resin domain. Likewise, an 

increase of  r increases the capacity of dissociation in the resin domain requiring an 

increased flux supply of NiNTA to reach steady state and a lower value of the normalized 

concentration profile at the resin-diffusive gel interface (compare Figure. 4.2A with 

Figure. 4.2C). 

The prediction of the lability degree in Exp B goes parallel to the discussion of the 

influence of the NTA concentration on the lability degree and it is reported in the next 

section. 

 

4.6.3 Dependence of the lability degree on the NTA concentration 

The dependence of the lability degree of a complex on the ligand concentration is relevant 

to assess the influence of the composition on the availability of toxic or nutritive elements 

in natural media. It has been reported that increasing the ligand concentration, the lability 

degree of a complex decreases, since the dissociation equilibrium is shifted towards 

association. However, the availability of a metal in DGT devices under ligand excess 
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conditions is mainly due to the complex dissociation in the resin domain 34. As the 

concentration of free metal in the resin domain is negligible, in the typical case where the 

metal is strongly and quickly bound to the resin, the complexation equilibria cannot be 

shifted by an increase of the ligand concentration and the availability of the metal 

becomes almost independent of the ligand concentration in the DGT devices. This result 

facilitates the determination (or estimation) of the lability degree of a complex in DGT 

devices, since it allows the use of any ligand concentration in the measurement system 

just with the proviso of being under ligand excess conditions. When the free ligand 

concentration is below that of the free metal, a decrease of the ligand concentration also 

decreases the lability degree against the expected general trend commented above 36.  

 

 

Figure 4.3  Impact of the total NTA concentration on the lability degree of Ni (referred to left ordinate 
axis) in a solution with Ni and NTA measured with a 1R1G DGT device. Blue circles correspond to 
numerical simulation results of the DGT processes, orange line stands for the calculated values with Eqs. 
((4.6))-((4.9)), (4.11)-(4.15), red triangles indicate the results of experiments A i B in Table   (Ionic 
strength 100 mmol L-1, pH= 7.7; T=25◦C). The gray line depicts the percentage of Ni(NTA)2 (referred to 
the right ordinate axis) present in the solution. Total Ni concentration and all the parameters as in 
Figure. 4.2 

However, other changes associated to an increase of the ligand concentration can 

concomitantly take place. Indeed, as seen in Table 4.2. and in Figure 4.3, when the total 
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NTA concentration increases (Exp B), the bulk speciation indicates a very relevant 

increase of Ni(NTA)2.  

 

Table 4.4  shows the experimental lability degree of the Ni complexes. Decreasing values 

of ξ are obtained when cT,NTA increases, as noticed by comparing the values corresponding 

to Exp B (cT,NTA=1.14 mmol L-1) with those of Exp A (cT,NTA=5.50×10-2 mmol L-1) for a 

fixed configuration of the DGT devices. Theoretical expectations for ξ obtained with 

numerical simulations (described in Section “Numerical simulation of concentrations 

profiles and accumulations.”) are also gathered in Table 4.4 . Notice that the value 

kd,(NiNTA) fitted for the 1R1G device deployed at cT,NTA=5.50×10-2 mmol L-1 for the system 

with cT,NTA=1.14 mmol L-1 has been used, since the rate dissociation constant is a 

physicochemical parameter independent of the ligand concentration. Equilibrium 

between Ni(NTA)2 and NiNTA was assumed as explained in Section “Determination of 

kinetic constants.”. The remarkable agreement between experimental and theoretical 

predictions lends support to the developed model. Moreover, the fitting of only one 

experimental parameter -the dissociation rate constant of the NiNTA complex- was 

enough for the interpretation of all the data reported in the manuscript, i. e., the data 

corresponding to the different DGT configurations (4) and to the different NTA 

concentrations (2) either with the formation of only NiNTA or the formation of both 

NiNTA and Ni(NTA)2. This result lends support to the robustness of the model 

developed.   

A simple analytical relationship between the lability degree and the physicochemical 

parameters in a system like the one with NiNTA and Ni(NTA)2 can be helpful. The simple 

model M L ML+  does not account for this phenomenon, so a general theory for MLn 

complexes would be useful.  

As quoted above, in a set of successive complexes, the dissociation of ML into M and L 

is usually the rate limiting step 42-43. Accordingly, it is reasonable to assume that ML2, 

ML3, and successive complexes are in equilibrium with ML, but not with M if they are 

partially labile. These equilibrium relationships allow to reformulate the reaction-

diffusion set of equations corresponding to the DGT processes in a scheme formally 

analogous to the case of only one complex of 1:1 metal-to-ligand stoichiometry (see SI). 
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Labelling as MLeff   the effective (formal) complex, the reformulation of a system that 

only contains ML and ML2 is reached by defining 

2

* * *

ML,eff ML MLc c c= +  (4.11) 
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where 
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d,

i

i

i

k
K

k
=  stands for the stability constant of the process 1M L L MLi i− + ,  ka,i and 

kd,i are the association and dissociation rate constants and 
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i

i
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K

k c
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= = .  

Eqs (4.12), (4.14) and (4.15) have to be understood as “local” expressions, in the sense 

that the computation of the effective diffusion coefficient, dissociation rate constant and 

stability constant of this formal complex should use the corresponding values at the 

domain of interest (e.g the diffusive gel or the resin).  For instance, since the free ligand 

is electrically charged, the ligand concentration profile in excess of ligand conditions 

exhibits a discontinuity at the resin/diffusive gel interface (x= r ). For x> r , ( ) *

L Lc x c= , 

while for x< r ,  ( ) L* R *

L L L

z
c x c c= =  . Thus, 

iK   takes different values in the diffusive 

gel or in the resin gel and accordingly, 
effK   given in (4.15) becomes 

( ) ( )

( )

L L'R ' R ' ' r

1 2 1 2'

eff
' ' r

1 2

1 1

1

z z
K K K K x

K
K K x





 + =  +  
= 

+ 

 (4.17) 

According to Eq (4.14), in a system with ML and ML2, an increase of the ligand 

concentration not only shifts the equilibrium towards complexation, but also modifies the 
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effective dissociation rate constant. Indeed, as Eq (4.14) indicates, the effective 

dissociation rate constant decreases as the ligand concentration increases whenever  

2

*

ML*

2 2 L *

ML

1
c

K K c
c

 = =   (4.18) 

indicating that when 
2

* *

ML MLc c , i.e., when ML2 is the relevant species in the system, an 

increase in the ligand concentration reduces the lability degree of the system. This is a 

noticeable result in DGT, since it is a particular trait of MLn complexes that contrasts with 

the almost negligible influence of the ligand concentration on the lability when only ML 

complexes arise 34.  

The dissociation rate constant of the formal complex defined in Eq (4.14) can be 

calculated in the diffusive gel domain from 
2K   and kd,1. For Exp B in (Table 4.1), it 

becomes kd,eff =9.08×10-4 s-1, so that kd,eff < kd,1. It has to be highlighted that kd,eff is not 

fitted from the experimental results, but derived from Eq (4.14), so that all the 

experiments are interpreted with only one fitted parameter, kd,1 as quoted above. 

Using kd,eff, Exp B can be interpreted as if there was a solution with only one complex 

instead of the two complexes NiNTA and Ni(NTA)2. Thus, the lability degree in each 

DGT device in Exp B is calculated using expression ((4.6)) and the effective parameters 

given by Eqs.(4.11)-(4.15). The resulting ξ values, reported in the last row of Table 4.4  

and as orange line in Figure 4.3, indicate that the analytical expression ((4.6)) is consistent 

with experimental and simulated values (see red and blue markers in Figure 4.3 

respectively), paving the way to the use of a DGT device with different configurations to 

obtain information about dynamic speciation in natural systems. 

Given the increase of the total NTA concentration, close to a factor of 100, one could 

expect a stronger decrease. However, we have to notice that the decrease of the effective 

rate constant depends on 32 NTA
1 K c −+  as Eq (4.14) indicates. Taking into account the 

speciation of the system, as given by VMinteq, 32 NTA
K c −  keeps being smaller than 1, so 

that there is only a mild decrease in kd,eff. Actually, speciation of NTA is mainly 

dominated by HNTA at the pH of the experiment. Accordingly, only a mild decrease of 

the lability degree is observed in Table 4.4  when the NTA concentration increases and 

Ni(NTA)2 starts to be relevant as also seen in Figure 4.3.  
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Additional insight on the effect of the total NTA concentration on the lability degree of 

the Ni complexes can be obtained looking at the concentration profiles. The concentration 

profile of Ni(NTA)2 is now included in Figure 4.4  , given the non-negligible 

concentration of this complex. Unlike the concentration profiles depicted in Figure. 4.2, 

the NTA concentration profile in Figure 4.4   is almost flat indicating fulfilment of excess 

of ligand conditions, as expected from the increase of the total NTA by a factor of 50. 

Discontinuities of the concentration profiles at x=
r  are in agreement with the 

electrostatic partitioning  and, for each type of DGT device, the NiNTA concentration at 

x=
r

+

 is in Figure 4.4   higher than in Figure. 4.2, consistent with the lower lability 

degree in the conditions of Figure 4.4  . 
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Figure 4.4  Normalized concentration profiles ci/ci* for cT,NTA=1.136 mmol L-1 and cT,Ni=3.5×10-2 mmol L-

1 . Dashed line with two points represents 
Ni

*

Ni

c

c
, short dashed line 

NTA

*

NTA

c

c
, solid line 

NiNTA
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NiNTA
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with one point 
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*
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c

c
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2

Ni(NTA)

*
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c

c
. Rest of parameters as in Figure. 4.2. 

 

 

A main difference between the concentration profiles in Figure. 4.2 and Figure 4.4  is the 

overlapping of normalized concentration profiles of Ni and NiNTA along most of the 

diffusion gel domain. In excess ligand conditions this overlapping indicates equilibrium 

29, 46-48. The diverging of both normalized profiles defines the reaction layer, where net 

dissociation takes place. Moreover, the normalized NiNTA concentration profile 

converges with that of Ni(NTA)2 in all the diffusive gel domain, indicating that both 

complexes are in equilibrium, as expected from assuming that the dissociation of NiNTA 

is the rate limiting dissociation step. Thus, according to Eq (4.4), the particular lability 

degrees of both complexes coincide  and also coincide with the lability degree of the full 

system, since it can be shown (see Eq (8) in reference 30) that the last one is a weighted 

average of the particular lability degrees of the present complexes. The particular lability 

degree of a complex is not usually measurable. However, in excess of ligand conditions, 

the lability degree of successive complexes in equilibrium with ML1 can be measured, 

since all these complexes have a common lability degree which coincides with that of the 

system. 

In Figure. 4.2, the existing equilibrium between some Ni species (in some regions) does 

not show up as a collapse of the concentration profiles (of the species in equilibrium), due 

to the system not being under ligand excess conditions.  

The dependence of the lability degree on the thickness of the diffusive gel or of the resin 

follows the same trend commented in the above section and for the same reasons. 

Almost all transition metals yield MLn complexes with simple ligands due to the high 

number of possible bonds in the coordination sphere and almost all of these ligands are 

involved in acid-base equilibria. Thus, the effects commented above are of a broad 

applicability to most of the trace metal complexes. As general conclusion, the model here 
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developed suggests that lability decreases as the ligand-to-metal ratio increases, i.e., as 

the ligand-to-metal stoichiometry (n) of the dominant species increases.  
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4.7 CONCLUSIONS 

Speciation in natural systems is challenging since many measurements involve the 

contribution of multiple species through several physicochemical parameters. 

Accordingly, a set of independent measurements and a suitable theoretical framework is 

required to solve the speciation unless more selective analytical techniques were 

developed.  Based on using a set of DGT devices with different resin or diffusive gel 

thicknesses, this work paves the way to optimize the correlation between chemical 

composition and bioavailability, as well as it lays out a framework to solve the speciation 

and labilities of complexes present in natural samples. 

It is shown that the lability degree increases as the thickness of either the diffusive gel or 

the resin disc of the DGT device increases. A simple analytical expression is shown to 

reproduce accurately this dependence in excess of ligand condition as usually met in trace 

metal analysis. Defining effective concentrations and parameters, this expression can be 

extended to systems with sequential complexation. In this case, an increase of the ligand 

concentration tends to decrease the lability degree of the system due to a decrease of the 

effective dissociation rate constant. The decrease of the lability degree is more evident 

when, following the increase of the ligand concentration, the main complex present in the 

solution moves from ML to MLn. Only the fitting of the dissociation constant of ML is 

required for the interpretation of the lability of the MLn system with any DGT 

configuration. 
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4.10.1 Formulation of continuity equations in a DGT device when a metal M 

forms successive metal complexes with a ligand L 

 

Let us consider a system with a metal M and a ligand L which react to yield successive 

metal complexes. Let us restrict ourselves to the case where only two complexes of 

stoichiometry ML and ML2 are formed. Let  and  be the equilibrium 

constants  of the successive processes and ka,1, ka,2, kd,1 and kd,2 the respective association 

and dissociation rate constants.  

 

We model the DGT accumulation by considering that the total diffusion thickness 

consists of the resin layer thickness, , plus the aggregate thickness of the diffusive 

gel, filter and diffusive boundary layer (DBL) which we represent just as  (See 

Figure S 4.1) . This aggregation of diffusion regions is useful whenever the diffusing 

species have a common diffusion coefficient in all these regions. We are assuming that 

the diffusion coefficient for the metal  is the same, not only in the diffusive gel, in 

the filter and in the DBL (Diffusive Boundary Layer), but also in the resin. The same is 

assumed for ,  and  1. We label the diffusion axis as x. 
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Figure S 4.1 Schematic representation of a DGT device. In this work, the DBL, filter and gel layers are 

lumped together as a unique diffusion domain whose thickness is labelled as .  

 

The diffusion-reaction equations can be written as 

 (S4.1) 

  (S4.2) 

 (S4.3) 

 (S4.4) 

 (S4.5) 

We assume that the pH is fixed with the use of a buffer so that  for  while 

 for . We are then assuming that a discontinuity in the proton 

concentration profile can arise at  as commented below. We have labelled the 
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proton concentration in Eq (S4.5) as  to recall this discontinuity so that in the resin 

domain the proton concentration is different than in the diffusive gel domain and we have 

used  and  to denote the first association and dissociation rate constant of the 

proton to the NTA, respectively. 

 

The boundary value problem, at  (where we assume that bulk concentrations 

are restored due to the natural or artificial stirring) can be written as  

 (S4.6)  

At x=0, the boundary conditions can be written as 

  (S4.7)  

indicating that no flux is crossing the plane x=0. Assuming (as said before) that the species 

share a common diffusion coefficient in the diffusive gel and the resin layer, continuity 

equations at the gel-resin interface (x=r) become:  
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   (S4.10)  

   (S4.11)  

   (S4.12)  

 

Additionally, the negative charge of the resin can induce a migration flux and a gradient 

of the electrical potential at the resin-gel interphase. As the gradient of the electrical 

potential is located in a thin layer (of the order of the Debye length which at I =100 mM 

is of the order of 10-9 m) close to the resin-diffusive gel interface, while resin and diffusive 

gel layers have a thickness of the order of 10-3 m, the electrostatic effects are modelled 

using the Donnan partition model which considers the electrical potential as a step 

function located at the resin-gel interphase. Accordingly, concentrations at x=r are related 

2-4through: 

  (S4.13)  

 

where F is the Faraday constant, R the gas constant, and T the absolute temperature.  

is the electric potential difference between both phases, and  and  are the 

concentrations of species i at the resin and diffusive gel sides, respectively, zi is the 

electrical charge of the species i, and  is the so-called Boltzmann factor for a species 

of charge 1. As described in the main manuscript,  is experimentally measured by 

adding Rb in the solution and dividing the Rb concentration at the bulk solution by the 

concentration of rubidium in the resin disk.  

Eqs.(S4.1)-(S4.4) with the boundary conditions Eqs (S4.6)-(S4.13) have been 

numerically solved using the Finite Element Method. Details of the application of this 

method to this system are reported elsewhere 5  
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4.10.1.1 Formulation when excess of ligand conditions applies. Transformation of 

the formulation of the diffusion-reaction processes for a system with ML 

and ML2 into a system with only one formal complex 

 

In excess of ligand conditions ( ), instead of Eq (S4.4) one can consider 

 (S4.14) 

 (S4.15) 

The ligand concentration profile is flat except at the resin-diffusive gel interface where a 

discontinuity arises. When the ligand is negatively charged,  and the ligand 

concentration in the resin domain is . 

Indeed, the equilibrium constants K1 and K2 hold everywhere, but  and 

 take discontinuous values whenever the ligand is a charged species in 

agreement with the discontinuous . 

The relationship between  inside the resin (denoted as ) and inside the diffusive 

gel domains (denoted just as ) can be written as:  

   (S4.16)  

 

In general, in a set of successive complexes, the dissociation of ML into M and L is 

usually the rate limiting step 6-7. Accordingly, it is reasonable to assume that ML2, ML3, 

and successive complexes are in equilibrium with ML, but not with M if they are partially 

labile. Below it is shown that these equilibrium relationships allow to reformulate the 

reaction-diffusion set of equations corresponding to the DGT processes in a scheme 

formally analogous to the case of only one complex of 1:1 metal-to-ligand stoichiometry. 

Let us label MLeff  to a formal complex whose concentration is given by 

  (S4.17) 
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 (S4.18)  

 (S4.19)  

Adding up the diffusion-reaction equations for both complexes, Eq (S4.2) and Eq (S4.3), 

and replacing both cML and  in terms of , we have:  

 

                                            (S4.20)  

where, 

 (S4.21) 

and 

 (S4.22)  

Eq (S4.20) is formally identical to the reaction-diffusion equation for a system 

, so that the formulation of the transport phenomena in a DGT device for 

a system with a metal and two successive complexes is formally analogous to the 

formulation of a simple  system whenever dissociation of ML into M and 

L is the rate limiting in the dissociation process and effective concentrations, rate 

constants and diffusion coefficients given by Eqs  (S4.17), (S4.21) and (S4.22) are 

considered. 

The diffusion coefficient, effective stability relationship, effective dissociation rate 

constant as well as other related parameters of the effective complex take different values 

depending on the diffusion phase considered. Thus, according to equations (S4.21) and 

(S4.22) for the gel layer these parameters become: 
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 (S4.24)  

  (S4.25)  

 (S4.26) 

  (S4.27) 

  (S4.28) 

 

while for the resin layer: 

  (S4.29)  
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4.10.2 Boltzmann factor for the formal complex 

The formal complex, see Eq.(S4.17) ,is composed of two species (  and )  that 

have different electrical charge (  and ). The partition of these species at the resin-

diffusive gel interface is given by the respective Boltzmann factors. 

  (S4.34) 

   (S4.35) 

 

To derive an expression for the Boltzmann factor of the effective complex concentration, 

it is necessary to relate  with . Recalling that  

    (S4.36)  

and replacing  and  into (S4.36),  

     (S4.37)  

Equilibrium relationships, Eqs. (S4.18) and (S4.19), allow to relate  and  with 

 so that: 

  (S4.38)  

which can also be written as  

  (S4.39)  

 

Eq. (S4.39) indicates that  is the weighted average of the Boltzmann factors of both 

species ML and ML2.  
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4.10.2.1 The lability degree for the formal complex 

According to Eq (S4.20), the lability degree in a system with successive complexes ML 

and ML2 is given by the lability degree of a system , given in Eq (10) of 

a previously published work 8, once the parameters of the formal complex, Eqs (S4.23)-

(S4.33) are used. Accordingly,  

 (S4.40)  

4.10.2.2 Fitting chart-flow to estimate the dissociation rate constant from the 

lability degree of a complex in a system . 

The following chart-flow summarizes an algorithm to obtain kd of a complex in a system 

with the scheme  from Eq (12) in reference 8: 

(S4.41) 

The meaning of the physical parameters,  and  can be found 

elsewhere 8. 

The algorithm requires an educated guess of the initial value for µ, usually of the order 

of 10-6 m. When the difference between the previous and the new value of  is less than 

a given tolerance (e.g. 10-9 m), self-consistence is reached and the kinetic dissociation 

constant is obtained. 

For the sake of simplicity, the expressions  and  are 

substituted for a and b in the following flow chart. 
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Figure S 4.2 Flow chart algorithm designed to calculate the kinetic dissociation constant, where a and 

b stand for  and , respectively.  
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4.10.3  Experimental set-up for DGT measurements. 

Plastic holders (or caps), resins and diffusive gels have been received from DGT research. 

DGT devices have been prepared in a laminar flux hood fume on a high density 

polyethylene (HDPE) opaque sheet. Tweezers have been used for assembling resin, gel 

discs and a filter on a piston base, then a plastic holder is added on the top. Previously, 

plastic caps and pistons have been washed 3 times with HNO3 10% during 24 hours and 

rinsed with Ultrapure water with a resistivity higher than 18 µΩ cm –1  9.  
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4.10.4 Speciation of Ni and NTA solutions. 

Speciation of solutions of Table 1 of the main manuscript is obtained with VMINTEQ 

and reported in Table S 4.1 and Table S 4.2  

Table S 4.1 Percentage of Ni species calculated using VMINTEQ based on 
experimental working conditions corresponding to Exp A (cT,Ni=0.035 mmol L-1, 
cT,NTA=0.055 mmol L-1) and Exp B (cT,Ni=0.035 mmol L-1, cT,NTA=1.14 mmol L-1) of 
Table 1 from the main manuscript. 

% Ni 
speciation 

Exp A Exp B 

Ni 0.0018 2.03x10-5 

NiNTA 98.84 61.53 

Ni(NTA)2 1.010 38.44 

 

Table S 4.2 Percentage of NTA species calculated using VMINTEQ based on experimental 
working conditions as in Table S 4.1 . 

% NTA 
Speciation  

Exp A Exp B 

H2NTA- 2.987x10-4 8.061 x10-4 

H3NTA (aq) 4.548x10-10 1.227 x10-9 

H4NTA+ 1.189x10-16 3.209 x10-16 

HNTA-2 35.60 96.08 

Ni(NTA)2-4 0.7047 1.184 

NiNTA- 63.35 1.895 

NiOHNTA-2 3.341x10-2 9.994 x10-4 

NTA-3 0.3123 0.8426 
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4.10.5 Experimental details for the set-up procedure in the diffusion-cell 

Before the experiment, acceptor and donor compartments, two plastic tweezers and a 

plastic spacer have been washed with Ultrapure MQ water. Afterwards, they have been 

rinsed in a closed compartment with HNO3 10% during 24 hours. This procedure is 

repeated 3 times. 

The set-up of the diffusion cell consisted in mounting the donor and acceptor 

compartments. In the mounting process, before introducing an APA gel, it is necessary to 

put (on the top of the surface of one of the tilt compartments) a plastic spacer with a 

similar thickness to that of the gel. This spacer presents a hole with a diameter slightly 

larger than the gel, thus the gel can perfectly fit in it. The APA gel has been introduced 

with clean tweezers on the surface of the hole. Both cells are clamped by a compressing 

tool. Once the set-up is completed, it can be introduced into a thermostatic bath 

(Polyscience Thermostat) to keep the temperature constant 10. 

During the experiment, both cells are submitted to a controlled agitation using plastic 

mechanical stirrers. Every 20 min three samples from each compartment are taken and 

pH is measured using Orion™ Dual Star with double channel. Each channel is connected 

to an electrode (previously calibrated with three standard solutions of pH 7, 4 and 10) 

which is exclusively used for one of the compartments. The experiment is finished 

approximately within 3 hours.  

In experiments 2 to 4, donor and acceptor solutions have been preconditioned. They have 

been stirred during 24 hours at the experimental temperature (24.9°C) using Labnet 

211DS .This procedure is extremely important when the solution is composed by a metal 

and a ligand. For experiment 1, the donor solution has been stirred using a Mini Digital 

Vortex Mixer VXMNDG for at least 1 minute in order to ensure a homogenized 

concentration.   
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4.10.6 Experimental results: accumulation vs time in acceptor diffusion-cell 

compartment. 

The time-accumulation plots recorded for experiments 1 to 4 (reported in Table 2 of the 

main manuscript) are included below.  

 

Figure S 4.3 Moles of Ni+2 accumulated in the acceptor diffusion cell over time using an APA gel of 
thickness 0.629 mm for experimental conditions of Exp 1 of Table 2 from the main manuscript 

 

Figure S 4.4 Moles of Ni+2 accumulated in the acceptor diffusion cell over time using an APA gel of 

thickness 0.629 mm for experimental conditions of Exp 2 of Table 2 from the main manuscript. 
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Figure S 4.5 Moles of Ni+2 accumulated in the acceptor diffusion cell over time using an APA gel of 
thickness 0.629 mm for experimental conditions of Exp 3 of Table 2 from the main manuscript.

 

Figure S 4.6 Moles of Ni+2 accumulated in the acceptor diffusion cell over time using two APA gels of 
thicknesses 0.629 mm for experimental conditions of Exp 4 of Table 2 from the main manuscript. 
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5.1 Abstract 

Determining species, concentrations and physicochemical parameters in natural waters 

is key to improve our understanding of the functioning of these ecosystems. Diffusive 

Gradients in Thin-films (DGT) devices with different thicknesses of the resin or of the 

diffusive disc can be used to collect independent information on relevant parameters. 

In particular, DGT devices with a stack of two resin discs offer a simple way to 

determine dissociation rate constants of metal complexes from the accumulation of the 

target metal in the back resin disc. In this work, simple approximate expressions for the 

determination of the dissociation rate constant are reported and applied to a model Ni 

nitrilotriacetic complex as well as to Zn complexes in the Mediterranean Osor stream. 

Once the physicochemical parameters are known, one can plot the labile fraction of the 

metal complexes in terms of the thickness of the diffusion domain. These plots reveal 

a strong dependence on the nature of complexes as well as on the characteristics of the 

diffusion domain and they are of high interest as predictors of availability to biota 

whose uptake is limited by diffusion.    
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5.2 Short synopsis statement 

A method to determine dissociate rate constants of metal complexes and to estimate 

metal bioavailability in environmental waters is reported.   
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5.3  Introduction 

Micronutrients such as Fe, Co, Zn or Mn are governing and limiting autotrophic 

productivity in High Nutrient Low Chlorophyll (HNLC) areas in the ocean. However, 

the very complex cellular machinery of phytoplankton species for resource acquisition 

and for growth makes it necessary to dwell on the concept of “nutrient availability”, 

because trace metals can exist in different forms in the ocean (free ion, weak and strong 

inorganic and organic complexes and colloids) and they are not all bioavailable. The 

same reasoning as for the micronutrients can be held for toxic trace metals. Knowledge 

of trace metal availability is thus of crucial importance to understand key processes 

such as phytoplankton growth or intoxication of organisms in natural aquatic systems. 

Availability of metal cations to microorganisms or chemical sensors results from a set 

of physicochemical and biological phenomena that include at least the mobility and 

kinetics of dissociation of the species present in the aquatic medium and the 

internalization of the metal ion, whenever the free metal ion is the only one chemical 

species able to be internalized, i.e., transported through the cell membrane.1-4  

The consumption of the metal cation by internalization leads to the development of a 

free metal concentration profile. All equilibrium processes involving the metal cation 

are, then, shifted to buffer the metal consumption and both, the kinetics of dissociation 

and the transport determine the contribution of each species to the accumulation. For 

trace metals in natural waters, total metal concentrations are well below those of simple 

or macromolecular ligands and, then, the accumulation is mainly dependent on the 

properties of the complexes.5 When transport is the rate-limiting step in the uptake 

process, the system is called labile, while when dissociation is the rate-limiting step, 

the accumulation is under kinetic control.6 Only when the internalization is the rate-

limiting step, the concentration profile of all metal species is almost flat, and availability 

is given by the free metal concentration as predicted by the Biotic Ligand Model 

(BLM).7  

In laminar conditions, sufficiently close to the consuming surface of the living organism 

or of the chemical sensor (x= r , in Figure 5.1), the arrival of the metal species takes 

place by diffusion. Beyond the diffusion domain (i.e. x>r+g), bulk concentrations of 
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free metal and complexes are usually assumed as fulfilling equilibrium conditions, 

unless experimental measurements lead to other considerations.  

The thickness of the diffusion domain defines a timescale window that needs to fit the 

dissociation of the complex to contribute to its availability.8 Thus, availability is sensor 

dependent, so that the metal flux, measured by different analytical techniques such as 

Diffusive Gradients in Thin-films (DGT), Anodic Stripping Voltammetry or by several 

measurements of only one technique with configurations where the thickness of the 

diffusion domain varies, can be used to obtain a labile concentration signature that 

characterizes the natural water.9-10 

The contribution of complexes to the metal flux either individually or collectively (the 

global set of complexes) can be quantified with the so-called lability degree.11-13 

The lability degree indicates the ratio of the current contribution of a complex (or of all 

the complexes present in the system, when the global lability degree is considered) to 

the metal flux over the maximum contribution of this(these) complex(es) that could be 

reached if dissociation was so fast that complexes were in equilibrium with the free 

metal at all times and relevant spatial positions.6,14-16  

DGT devices with a stack of resin discs allow to access the metal accumulation in each 

resin disc of the stack by separate elution of each one (see Figure 5.1). 17-18 In this work 

DGT devices with a stack of two resin discs will be used. The top or front resin disc is 

in contact with the gel disc and it accumulates the free metal arriving by diffusion from 

the gel disc plus the metal released by dissociation of complexes in this front resin 

disc.19 Further away from the sampled solution, we find the bottom or back resin disc 

where the whole metal accumulated comes from the dissociation of partially labile 

complexes provided that the front resin disc is far from saturation, the binding agent is 

well dispersed in the front resin disc (i.e. the free metal cannot diffuse and cross any 

resin disc without getting bound) and the formation of ternary complexes with the resin 

sites is negligible. Indeed, since both, the diffusive and resin gels, share common pore 

sizes, complexes able to diffuse through the diffusive gel disc can also penetrate the 

front resin disc and the back one, where they will dissociate.  A non-negligible presence 

of mass of a target metal in the back resin disc indicates, then, the presence of partially 

labile complexes. The use of DGT devices with a stack of resin discs is, then, relevant 
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to reveal the presence of partially labile complexes, as well as to obtain the dissociation 

characteristics of these complexes in an easy way. 

In this work, a more general expression for the back accumulation is reported without 

neglecting the accumulation in the front resin disc due to the flux of free metal as done 

previously.20 Simple criteria are discussed to decide in which cases the simplified 

formula yields accurate values of the dissociation rate constant. This discussion 

suggests that the settling of the resin beads could also be relevant in the back 

accumulation. Accordingly, an analytical expression for the percentage of back 

accumulation that takes into account the heterogeneity of the resin beads distribution 

(due to the settling process during casting) in the DGT resin discs is reported. The 

procedure is applied to determine the dissociation rate constant of the well-defined Ni  

nitrilotriacetic acid (NTA) complex, NiNTA. The back accumulation in DGT devices 

deployed in a Mediterranean river is also used to determine an effective dissociation 

rate constant for a pool of inorganic zinc complexes in this freshwater. In both cases, 

dissociation rate constants obtained from the back resin accumulation are compared 

with values that can be obtained from the total accumulation, since accumulation is also 

impacted by the lability of complexes.  

In this framework, once the dissociation rate constant is known, the “effective” metal 

concentration seen by biota in the media can be predicted as a function of the thickness 

of the diffusion domain developed around the surface of the biota driven by the uptake 

process.   
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5.4 Theoretical framework: dissociation rate constant and 

accumulation in DGT devices  

5.4.1 Assuming perfect dispersion of the resin beads in the resin disc 

DGT is a dynamic technique that measures, for a certain deployment time, the metal 

accumulation in a resin disc. On top of the resin disc, a diffusive gel is used to define a 

diffusive domain where the metal species, coming from the aqueous sample, travel by 

diffusion towards the resin disc. When the binding to the resin is fast and strong, after 

a short time, the accumulation takes place in a quasi-steady-state regime. The flux in 

the DGT device can be computed as the accumulation per unit of time and surface, and 

it depends on speciation, mobilities, labilities and other factors such as pH and ionic 

strength, among others. For a metal M which only forms a complex, ML, in a given 

media, the total accumulation can be written as 21 

* *

M M ML ML
M g g

D c D c
n At 

 

 
= + 

 
  (5.1) 

where nM is the accumulation (moles) of M at a certain deployment time t, 
*

Mc  and 

*

MLc are the bulk equilibrium concentrations of the free metal and complex in the sample 

solution, DM and DML, the respective diffusion coefficients, δg is the thickness of the 

diffusive gel disc plus that of the Diffusive Boundary Layer (DBL, the extension of the 

diffusion domain into the solution, omitted in Figure 5.1 for the sake of clarity), A labels 

the area of the DGT device and  is the lability degree of the complex. The lability 

degree in terms of the physico-chemical parameters, for one complex in excess ligand 

conditions can be written as: 21-22 

g g g r

ML ML

'

(1 ')
' coth tanh

K

K
K

m m




    


 

=
   +

+ +   
   

 (5.2) 

where 
ML

M

D

D
 =   describes the ratio of diffusivities, 

*
' ML

*

M

c
K

c
=  is the excess-ligand 

conditional stability constant,  δr is the thickness of the resin layer, λML is related to the 

thickness of complex penetration into the resin layer before full dissociation, 
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ML
ML

d

D

k
 =   (5.3) 

and m is related to the reaction layer thickness in the diffusive gel disc: 

( )
ML

d 1 '

D
m

k K
=

+
 (5.4) 

and kd is the dissociation rate constant. 

The lability of complexes in DGT devices tends to be higher than in other sensors due 

to the (relatively high) thickness of the diffusive gel, of the order of 10-3 m, and to the 

penetration of complexes in the resin disc.8 Indeed, the reaction layer, where there is 

net dissociation of the complexes, starts at the neighbourhood of the resin-gel interface 

and penetrates into the resin domain where free metal concentration is negligible, due 

to the typical fast and strong binding of the metal to the resin (perfect sink conditions). 

21 

In a laboratory experiment, when the speciation and diffusion coefficients are known, 

Eq (5.1) can be used to determine the lability degree and, in a further step, by solving 

Eq (5.2) to determine the dissociation rate constant of the complex.  

The calculation of the dissociation rate constant from the accumulation can be extended 

to systems with a mixture of complexes like those in natural media. In presence of a set 

of complexes, the second term of the r.h.s. of Eq (5.1) would contain a summation for 

all the complexes. The knowledge of relationships between lability degrees, sensor 

characteristics and physicochemical parameters of the chemical species 21-22 opens the 

way to use the measurements of a set of sensors (equal or larger than the number of 

unknowns) to determine physicochemical parameters of the system as well as to predict 

the availability to microorganisms. In this case, there is a set of unknown kinetic 

dissociation constants and, accordingly, a set of DGT devices with different 

configurations in terms of thickness of the diffusive or the resin discs are required to 

write a set of equations determining the set of dissociation rate constants. 17-18, 23-25 

Mobilities can also be included in the set of unknowns. Nonetheless, the detailed 

application of this procedure to natural waters is still unapproachable, unless a reduced 

number of pools of complexes sharing similar mobilities and labilities could be defined 
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to simplify the system. In any case, this method allows a step further in the 

understanding of the behaviour of metal complexes in natural systems.  

 

In this work, another independent strategy to obtain the dissociation rate constants of 

complexes is proposed.  

When DGT devices with a stack of two resin discs are used (see Figure 5.1 for a 

scheme), the metal concentration drops to zero at the resin-diffusive gel interface 

(perfect sink) and remains negligible along all the resin discs whenever we are far from 

saturation. Thus, when there is only metal in the solution (Panel A of Figure 5.1) the 

metal does not reach the back resin disc. However, in presence of complexes (Panel B 

of Figure 5.1), the decreasing concentration of the complex towards the bottom of the 

DGT device indicates a flux of complex in this direction that, in steady state, needs to 

dissociate to avoid complex accumulation. Since there is no free metal in both resin 

discs (the M profile is flat (no diffusion) and equal to zero), all the metal released by 

dissociation of the partially labile complex ML is retained in the corresponding resin 

disc where dissociation takes place. Thus,  in the back resin disc, only metal from the 

local dissociation of partially labile complexes is expected to be found whenever 

ternary complexes are negligible. Once these discs are eluted separately, the mass in 

the back resin disc informs on the presence of partially labile complexes as well as on 

their dissociation rate constants. 
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Figure 5.1: Schematic representation of a DGT device with a diffusive gel (of thickness g) and two 
resin discs (each one of thickness r/2) deployed in a solution with only free metal (M) at a 

concentration 
*

Mc  (panel A) or in a solution that also contains M, a ligand (L) and a partially labile 

complex (ML) (panel B) with concentrations 
*

Mc , 
*

Lc  and 
*

MLc , respectively. The figure also depicts 

schematic concentration profiles of M (red line) and ML (green line) in excess of ligand conditions and 
steady-state.  

Let us define the percentage of back accumulation, B, as the moles of metal 

accumulated in the back resin divided by the total moles accumulated in all resin layers 

of the DGT.  

In steady state, the accumulation in a back resin per unit of time can be computed as 

the total metal flux crossing the plane x= δr/2 (which is just due to the complex ML), 

while the total accumulation per unit of time (in both resins) equals to the total metal 

flux crossing x= δr. Accordingly, 

r

r r
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x x
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Assuming perfect sink conditions, excess of ligand and steady-state concentrations, B 

can be written as: 20 
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as derived also in section 5.9.4, Eq S5.89 of the supporting information (SI). 

Equation (5.6) relates B with the dissociation rate constant of a complex allowing the 

determination of kd by numerical solution of this equation (see SI, Section 5.9.5) once 

B is experimentally known.  

Additionally, when 'K >>1 the transport of the metal towards the resin mainly takes 

place through the complex.  In these conditions, it has been shown that most of the 

metal accumulated comes from the dissociation of complexes inside the resin domain, 

19 i.e., r rM MLx x
J J

 = =
 . With this approximation, Eq (5.6) becomes: 

r

ML

1
sech

2 2
B





 
=  

 

  (5.7) 

and, accordingly,  

2
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d 2

r
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1 1 (2 )
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2

2

BD
k

B

 + −
 =
    

 
 

  (5.8) 

Equation (5.8) leads to the determination of kd from an experimental value of B (Bexp ) 

provided that DML is known.  

Figure 5.2A plots B computed with Eqs (5.6) and (5.7) vs. the dissociation rate constant 

(kd) for a case with εK’=2.54×104. According to the figure, for kd>10-3 s-1, there is a 

good agreement between (5.6) and (5.7). However, as kd decreases both Eqs. diverge 

and, while (5.7) tends to B=0.5 regardless of the kd-value, B decreases according to Eq 

(5.6) without reaching the value 0.5. This is a fundamental difference between both 

expressions that comes from neglecting the flux entering to the resin as free metal in 

the derivation of Eq (5.7). Indeed, for any εK’ value, a low enough lability of the 

complex will render negligible the dissociation inside the resin compared to the flux 

entering to the resin as free metal, so the use of Eq (5.6) would be required. 

As εK’ decreases, see Figure 5.2B where εK’=4.70 in contrast to εK’= 2.54×104  of 

panel A, the agreement between eqs (5.6) and (5.7) is restricted to higher kd-values 

(kd>10-1 s-1 in Figure 5.2B), because of the increase of the metal flux rM x
J

=
. 
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Figure 5.2: Percentage of back accumulation against the dissociation rate constant (kd) while keeping 
the ratio ka/kd constant. Panel A) K’=3.63×104, DNi=7.07×10-10 m s-2, ε=0.7, δg=8.54×10-4 m, δr=8×10-4 
m, and kd,E =7.7x10-6 s-1, P  el B) K’=4.70,  Zn=4.20×10-10 m s-2, ε= .0, δg=1.079×10-3 m   d δr=8×10-4 

m. The blue line stands for Eq (5.6) that considers a homogeneous distribution of beads in the resin 
disc. The dashed red line is given by Eq (5.7) and the dotted black line is given by Eq S5.78 in SI 
assuming a heterogeneous distribution of the resin beads. 

5.4.2 Influence of the settling of the resin beads in B 

As it is well documented, the resin beads settle during casting, so that both large 

surfaces of the resin disc are not equal. 26 Schemes illustrating this heterogeneity are 

included for instance in references. 27-28 

A small roughness indicates the side of the resin disc that should be placed in contact 

with the diffusive gel when the DGT device is mounted.  The settling of the resin beads 

can be clearly appreciated in Figure S5.1, a picture obtained with a microscope of the 

resin gel. The influence of this heterogeneity on the accumulation has been studied in 

reference. 20 

The settling influences accumulations when a DGT device with a stack of resin discs is 

used, especially in the presence of partially labile complexes. In the supplementary 

information, we provide details on the calculation of B considering this effect with Eq 

S5.78, to which we are going to refer as the heterogeneous model.  

Figure 5.2 (both panels) also plot B computed with Eq S5.78 considering that only half 

of the volume of each resin disc contains resin beads as suggested by the picture of the 
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resin reported as Figure S5.1. This is a reasonable assumption given the size of the 

beads (100 m) and the thickness of the disc.  Notice that for a fixed kd, the value of B 

computed with Eq S5.78 is greater than the value resulting from Eq (5.6) which 

corresponds to a homogeneous distribution of the resin beads. This difference can be 

understood from the observation of the concentration profiles of free metal and complex 

in a heterogeneous resin depicted in Figure S5.4. The percentage of metal accumulation 

in the front resin disc is higher in the homogeneous resin since the front resin disc 

collects all the metal released in its volume, while in the heterogeneous resin, part of 

the metal released in the front resin disc volume is collected in the back resin disc. 

As discussed in reference 20, maximum discrepancies in the accumulation between the 

homogeneous and the heterogeneous models appear for lability degrees close to 0.25. 

Regarding back accumulation, Figure 5.2  indicates that differences between Eq (5.6) 

and Eq S5.78  are negligible for small B values, since the system is either very inert or 

very labile and there is practically no dissociation of the complex in the resin domain. 

For intermediate B values, the difference, according to Figure 5.2, is quite independent 

of K’ and close to 0.3 log units especially at the right side of the maximum that 

corresponds to systems where complexes are more labile and relevant for the 

accumulation. Thus, kd calculated with the heterogeneous model is close to a factor of 

2 higher than the kd calculated with the homogeneous model when we are on the right 

side of the maximum (or half of the kd calculated with the homogeneous model when 

we are on the left of the maximum) as expected from the argument that a reduction of 

one-half in the volume of dissociation requires a double kinetic dissociation constant to 

release a given amount of free metal. For B values close to the maximum, the 

differences in kd recovered from both models increase and the homogeneous model may 

even be unable to justify Bexp. A plot of the maximum B value calculated with the 

homogeneous model vs K’ can be seen in Figure S5.5. Bexp values higher or close to the 

maximum B of the homogeneous model require the use of the heterogeneous model to 

recover kd-values.  

In the following sections, we are going to apply Eqs (5.5), (5.6) and (5.7) for the 

determination of the kinetic dissociation rate of NiNTA complexes as well as to Zn 
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complexes in the freshwater Osor, a small tributary of the Fluvià river in the northeast 

of Spain.   
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5.5 Methodology 

5.5.1 Experimental section 

5.5.1.1 Laboratory experiments: Ni accumulation in DGT devices in presence of 

NTA at pH=7.5  

Experimental details are described elsewhere.22 Briefly, DGT holders (piston type, 2 

cm diameter window), polyacrylamide gel discs (diffusive disc, 0.8 mm thick, Chelex 

resin disc, 0.4 mm thick) from DGT Research Ltd. were used. The 5L polyethylene 

exposure chamber was kept at 25 °C by using a thermostat and stirred at 240 rpm. DGT 

devices were deployed per triplicate in solutions of 0.5 M NaNO3 (Merck, Suprapur) 

and 10-5 mol L-1 Cd and Co and 2.5×10-5 mol L-1 of Ni (prepared from 10-2 mol L-1 

stock solutions of nitrate salts Cd(NO3)2 3H2O, Co(NO3)2
.6H2O, Zn(NO3)2

.6H2O and 

Ni(NO3)2
.6H2O) and 8×10-5 mol L-1 of NTA (Fluka, analytical grade) during 24 hours 

at pH=7.5 (Sigma-Aldrich). In addition to standard DGT devices composed of 1 resin 

layer and 1 gel layer, DGT devices with 2 resins layers (labelled as 2R1G devices) were 

also used. The front and the back resin discs were eluted separately. 

5.5.2 DGT accumulation in the Osor stream 

The Osor stream is a small tributary of the Fluvià river located in Girona province 

(Catalonia) in the Northeast of Spain whose surface waters are impacted  by former 

mining activities of F-Ba-Pb-Zn ore. 29-30  

Our sampling strategy was mainly designed to assess the speciation of Zn by deploying 

DGT devices in this freshwater as described elsewhere.10 At the sampling site, 

coordinates 41° 57′14” N, 2° 35′ 58″ E, a set of parallelepiped structures were 

fixed with the purpose of holding the DGT devices parallel to the river flow. During 

10th and 11th March 2020, in situ measurements of a set of physical parameters were 

taken with an Orion Star A329 pH/ISE/Conductivity/RDO/DO Meter and samples were 

collected and prepared in situ by filtering 9.98 mL of stream water though a 0.45 µM 

syringe filter and mixing it with 20 µL of HNO3 70%. These samples were analysed for 

total Zn using an inductively coupled plasma mass spectrometer (ICP-MS, 7700x, 

Agilent Technologies, Inc.). The electroanalytical technique Absence of Gradients and 

Nernstian Equilibrium Stripping (AGNES) was applied to the last grab sample from 
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11th March 2020 10 to determine the free Zn concentration in the water. Main anions 

and cations were measured with IC (ion chromatography), alkalinity of this last grab 

sample was analysed in the Scientific and Technical Services of the Catalan Institute 

for Water Research (ICRA) and Dissolved Organic Carbon (DOC) was analysed at 

“serveis científico tècnics” of the Universitat de Lleida. 

5.5.3 Determination of K’  

For the well-defined NiNTA complex, the speciation code VMINTEQ allows a detailed 

prediction of the species and concentrations in solution under conditions reported in 

“Experimental section” so that K’NiNTA can be computed by just dividing the 

equilibrium concentration of the complex ( *NiNTAc ) by the free Ni ( *Nic ) resulting in 

K’=3.63×104.  

In the Osor stream, cT,Zn measured with ICP-MS was 6.33×10-7 mol L-1 and *Znc , 

obtained from AGNES, was 1.11×10-7 nmol L-1 10. All measured concentrations are 

cT,Na=6.25×10-4 mol L-1, cT,K=3.07×10-5 mol L-1, cT,Mg=2.03×10-4 mol L-1, 

cT,Ca=4.32×10-4 mol L-1, cT,Li=8.64×10-7 mol L-1, cT,NO2=2.17×10-7 mol L-1, 

cT,NO3=1.29×10-6 mol L-1, cT,Cl
-=3.42×10-4 mol L-1, cT,SO4

-2=1.55×10-4 mol L-1, 

cT,F=1.47×10-5 mol L-1, cT,CO3=7.32×10-4 mol L-1, cT,Zn= 6.33 ×10-7 mol L-1, cTPb=4.64 

×10-9 mol L-1, cT,Mn=3.13 ×10-7 mol L-1, cT,Fe=1.46 ×10-7 mol L-1 

Speciation of Zn in the Osor stream can also be estimated by using VMINTEQ. The 

prediction is that zinc is mainly present in the freshwater as free zinc ( *Znc ) 192 nmol 

L-1 (in agreement with the concentration obtained by AGNES result) and a set of 

inorganic complexes (ZnCO3(aq) , ZnOH2, ZnOH+, etc) with concentrations of 78.6 nmol 

L-1, 287 nmol L-1 and 22.5 nmol L-1 respectively. Complexes of Zn with Dissolved 

Organic Matter, computed with default parameters of NICA-DONNAN 31 have a 

concentration of 8.21 nmol L-1 which represents around 1% of cT,Zn, so that from now 

on, we are going to neglect the Zn bound to Dissolved Organic Matter. 

Assuming that the inorganic complexes could be treated as a pool with a common 

diffusion coefficient, DZnL=DZn, the concentration of this pool can be estimated as   
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* *

ZnL T,Zn Znc c c= −  and a K’ (K’=4.70 of this pool was straightforwardly obtained by 

dividing *ZnLc  by *Znc  (111 nmol L-1). 

5.5.4  Determination of kd from B 

The use of the limiting expression Eq (5.8), when applicable, allows a straightforward 

determination of kd, while, when Eq (5.6) needs to be used, an iterative procedure can 

be applied. 

In order to have a simple criterion for the plausibility of the application of Eq (5.8), 

we need to explore the fulfilment of the approximation: 

r rM M Lx x
J J

 = =
   (5.9) 

on which the limiting expression Eq (5.8) relies. The reaction layer concept32 applied 

to the DGT devices can provide approximate expressions for rM x
J

=
 and rM L x

J
=

.19 

As detailed in the SI (see Eq S5.93), with these expressions, the inequality 
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whose fulfillment validates the kd-value obtained with the limiting expression (Eq 

(5.8)). Conversely, if Eq (5.10) is not satisfied, a better approximation for kd should be 

sought using Eq (5.6) instead of (5.8).  

In order to check whether the heterogeneity of the resin beads distribution is relevant 

for the determination of kd, we can examine the inequality  Bexp<Bmax. A plot of Bmax 

vs. K’ for the homogeneous resin and typical values of the rest of parameters is given 

in Fig. S5.5 of the SI. When Bexp is close to or greater than Bmax, then Eq S5.78 is 

needed to recover accurate kd values as discussed in section “ 

When Eq. (5.6) or S5.78 have to be used, we notice that according to Figure 5.2 two kd-

values are obtained, corresponding to a more inert or a more labile system. Both kd-

values can be used to compute accumulations (with Eqs. (5.1)- (5.4)) to be compared 

with the experimental one in order to select the one leading to the closest agreement. 

See details in section 5.9.5 of the SI. 
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An Excel file ready to generate the solutions of Eq. (5.8), Eq (5.6) and Eq S5.78 is 

provided as SI. See section 5.9.9 in the SI for further instructions. According to the 

results of the inequalities (5.10) and Bexp<Bmax, the selected value of kd appears in a cell 

with green background.    
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5.6 Results and discussion 

5.6.1 Determination of kd for the NiNTA complex using 2R1G DGT devices. 

A previous work22 showed that, while the dissociation in the diffusive gel follows Eigen 

principles based on a dissociative mechanism, the dissociation reaction of the NiNTA 

complex (the rest of Ni complexes in solution are fully labile) in the resin layer follows 

a faster ligand-assisted mechanism. Thus, a dissociation rate constant, kd,E (7.7x10-6 s-1) 

22, was assumed in the diffusive gel, where subindex E indicates Eigen mechanism, 

while a dissociation rate constant, kd,R, was considered for the dissociation within the 

resin disc which corresponds to a ligand-assisted exchange mechanism. Actually, both 

mechanisms compete inside the resin disc, but the higher rate of the ligand-assisted one 

renders negligible the presence of the Eigen mechanism in the resin domain. 

Accordingly, λML involves kd,R, while m uses kd,E  in Eq (5.2) when the determination 

of kd is done from the lability degree or when it is determined from B  using Eq (5.6). 

Table 1 Dissociation rate constants values determined from the back 
accumulation (with either the homogeneous or the heterogeneous resin model). 
The parameters needed to calculate kd,R (for NiNTA) or kd (for Zn in Osor) are 
                     “                 K’”        Figurefig 5.2 caption. 

Model Laboratory 

Experiments 

Osor stream 

 kd NiNTA (s-1) kd ZnLInorganic (s
-1) 

Homogeneous resin and eq (5.8)  4.0(±0.9)×10-3 3(±1)×10-3 

Homogeneous resin and eq (5.6) 4.1(±0.9)×10-3 Undetermined  

Heterogeneous resin and eq S78 in SI 8 (±2)×10-3 1.2(±0.6)×10-3 

Lability degree (ξ), found from Eq (5.1)  0.67(±0.01) 0.76(±0.03) 

kd from lability degree (ξ) and Eq (5.2)  2.8(±0.3)×10-3 2.8(±0.7)×10-3 

As seen in Table , using Eq (5.8) and kd,E =7.7x10-6 s-1, a dissociation rate constant kd,R 

of 4×10-3 s-1 has been obtained for the partially labile complex NiNTA. When Eq (5.10) 

is checked, we obtain 3.88×10-3<<1/2,  indicating that the condition is satisfied. 

Therefore, the kd value computed with Eq (5.8) can be accepted as can be confirmed by 

comparing this value with that obtained from the complete Eq (5.6), also reported in 
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Table , 4.1×10-3 s-1 . These values are in good agreement between them and with the 

result obtained from the lability degree 2.8×10-3 s-1. 33 

As the Bexp value (0.29±0.03 for NiNTA) is well below the corresponding Bmax value 

obtained from Fig. S5.5 of the SI for εK’=2.54×104, we expected that the simplified 

expression ( Eq (5.8) )would yield an accurate value (i.e. within the order of magnitude) 

of the rate dissociation constant of this complex. Indeed, applying the expression for B 

reported as Eq S5.78), kd,R results in 8×10-3 s-1 , a value just twofold higher than the 

homogeneous estimation of kd,R as expected from Figure 5.2.  

5.6.2 Determination of kd for inorganic Zn complexes in the stream Osor. 

The same procedure (except that a single kd is assumed everywhere), applied to the 

availability of Zn in the stream Osor, leads to a different outcome. The simplified 

expression (Eq (5.8)) produces kd= 3×10-3 s-1. This value of kd in Eq (5.10) yields 0.25, 

a value smaller than 1/2, but not at the level of orders of magnitude.  Nevertheless, this 

kd-value cannot be compared with the one obtained from the more complete expression 

(5.6), because this equation does not yield any kd value with a B=0.29±0.06 for the set 

of used parameters, indicating that Bexp value is higher than Bmax=0.22 reported in Fig. 

S5.5 of the SI for K’=4.70.  Therefore, in this case, we need to apply the heterogeneous 

model for the resin layer to obtain a solution for kd.  

As seen in Figure 5.2, a B equal to 0.29±0.06 yields two solutions of eq S5.78: 

kd=1.2×10-3 s-1 and kd=3.4×10-4 s-1. For the Osor stream, the selected solution is 

kd=1.2×10-3s-1, according to the agreement of the Zn accumulation predicted by eqns. 

with eqns. (5.1)- (5.4) with the experimental measurement.    

The difference between this value (kd=1.2×10-3s-1) and the one obtained from the 

lability degree assuming a homogeneous resin, kd=2.8×10-3 s-1, reflects the differences 

between models as well as the corresponding experimental uncertainties associated to 

the back and to the total accumulation, respectively. 

In conclusion, DGT devices with two resin discs provide complementary information 

of the system that can be used, at least, to double-check the determination of reaction-

rate constants from the lability degree.  
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5.6.3 Environmental implications 

When internalization is not the rate-limiting step, the free metal develops a 

concentration profile supported by the dissociation of complexes that depends on the 

respective diffusion coefficients and the thickness of the diffusion domain. Dynamic 

analytical techniques can mimic, in this case, the uptake process of some biota 

becoming suitable for predicting bioavailability. It should be noticed that different 

dynamic techniques such as DGT, Permeation Liquid Membrane34-35 or stripping 

voltammetry (including Scanned Stripping ChronoPotentiometry, SSCP) yield 

different availability measurements in a common sample reflecting different 

contributions of complexes in agreement to the different diffusion layer thickness of 

each technique. 8 Likewise, different microorganisms, algae, or biological consumers 

face different available concentrations in a common sample since they exhibit different 

diffusion domains.  These different domains induce different dissociation degrees of 

metal complexes, which are a signature of the lability of the pool of complexes in the 

sample. 

While the diffusion domain extends out of the biota membrane, in DGT, complexes can 

penetrate in the resin disc, so that the diffusion domain encompasses both the diffusive 

and the resin disc. For a closer resemblance with the biouptake process of biota, once 

kd is determined as explained in this work, we can compute the expected accumulation 

(nM) in a DGT device without penetration of complexes by setting δr=0 in Eqs (5.1) - 

(5.2), as done in reference.10 Defining as usual M
DGT

M

1 gn
c

At D


= , a plot of cDGT vs. δg 

computed with δr=0 and a given total concentration of a target metal can be understood 

as the potential maximum “effective” concentration that a microorganism can uptake 

in the studied solution according to its thickness of the diffusion domain. Notice how 

this concentration increases as the thickness of the diffusion domain of the organism 

increases, due to a higher contribution of partially labile complexes to the accumulation 

reaching the total concentration of the metal when all the complexes are labile and with 

a common diffusion coefficient with the free metal. 36 
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Figure 5.3: Available DGT concentration as a function of the diffusion thickness for two types of DGT 
( δr=4×10-4 m and δr=0 m) devices and two types of metal complexes (ZnLInorg of Osor water and 
NiNTA) for a cT,Zn=6.33×10-4 mol m-3 and cT,Ni=2.5×10-2 mol m-3. 

 

Figure 5.3 depicts cDGT (normalized with respect to the total metal concentration) for 

Ni in our laboratory solution with NTA as well as cDGT for Zn in the Osor stream 

expected for any biota whose diffusion domain thickness ranges from 10 m to 1 mm. 

In any case, an important decrease of the Ni and Zn availability is seen in the figure 

from the standard DGT device to a DGT without penetration of complexes in the resin 

disc. 

For the case of Zn, the minimum availability is close to 20% of the total Zn, in 

agreement with the free Zn concentration (111 nM) in this freshwater, but it reaches a 

value close to 50% for biota with diffusion domain thickness close to 1mm (see 

continuous green line). For example, diatom species such as Coccolithus pelagicus or 

Coscinodiscus wailesii are expected to show an availability of 20% of the total 

concentration because their radius is between 2-10 µm and 50 µm, respectively, which 

is also the size of their diffusion domain. 37-39 . Reference 40 used a diffusion layer length 

of 400 µm to determine the flux available to Spinacia oleracea grown in hydroponic 
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media. According to Figure 5.3, it would face an availability of 30% of the total Zn 

concentration of the Osor water.  

For the case of Ni, as complexes with NTA are strong, biota with a diffusion domain 

thickness from 10 µm to 1000 µm would face an effective Ni concentration lower than  

1% of the total Ni (see continuous orange line). Thus, Spinacia oleracea in the same 

solution would face the same “effective” concentration of Ni as Coccolithus pelagicus 

or Coscinodiscus wailesii even though its diffusion thickness is 40 times greater than 

the one of Coccolithus pelagicus. 

The building of figures similar to Figure 5.3 can be of high environmental interest for 

any target element in natural waters. In the present case, this process has been facilitated 

by the determination of the dissociation kinetic constants of the complexes. Obviously, 

limitations in this task come from the measurement of the low free metal concentrations 

in some waters, the identification of the ligands, the determination of the 

physicochemical parameters and the fact that we lack knowledge about the presence  of 

functional ligands on the outer membrane of the organisms. The use of DGT devices 

with different thicknesses of the diffusive and resin discs, as well as devices with a 

stack of resin discs, can be helpful to improve our understanding of the lability and 

availability of metal complexes in natural waters.   
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5.9.1 Homogeneous and heterogeneous resin models  

During the preparation of the Chelex resin discs, while the resin gels are becoming solid, the 

settling of the beads generates a heterogeneous distribution of the beads in the resin disc 

which concentrates the binding sites close to the bottom surface. We have used an optic 

microscope to show the heterogeneous distribution of the resin beads from the profile. 

 

Figure S5.1 Photograph with an optic microscope of a Chelex resin. At the bottom of the picture we can see 
round shapes that correspond to Chelex 100 beads. On the bottom left of the picture there are different beads 
at different planes and that is why they become more blurry.  

 

Therefore, it could be convenient to develop a model that takes into account this 

heterogeneous distribution of the resin beads in the binding disc of a DGT device.  

Let us consider a DGT device with a stack of two resin discs, whose resin beads have settled 

just in the front part of each resin disc (See Figure S5.1). In order to assess for the relevance 

of the settling, we will use the homogeneous model as reference.  In contrast to the 

heterogeneous model, in the homogeneous model, the binding sites are uniformly distributed 

within the whole resin disc (See Figure S5.2B).  

Figure S5.2 is a schematic representation of the stack of the two resin discs. The x-axis is 

perpendicular to the interface between the resin disc and the diffuse disc. The resins are in the 

range 0<x<r . 
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Figure S5.2 Domains considered in a heterogeneous distribution (panel A) and a homogeneous distribution of 
the resin beads (panel B) in a stack of two resin discs (front resin, r/2<x< r and back resin <x< r/2). Orange 
background indicates the presence of resin sites, while they are absent in the blue background shading.  g is 
the aggregate thickness of the diffusive disc plus that of the Diffusive Boundary Layer (DBL). r is the aggregate 
thickness of the two resin discs. 

In the next section, an analytical solution for the diffusion-reaction equations involving 

heterogeneous resin discs is reported.   
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5.9.2 Derivation of a solution for cM and cML for a heterogeneous resin of a DGT 

device  

 

We have developed a model that solves the diffusion-reaction equations for the boundary 

conditions of a DGT device considering a heterogeneous distribution of the beads of the resin 

in the resin discs.  

Let us consider the simple case of a free metal (M) that reacts with a ligand (L) to produce a 

complex (ML).  

a

d

M L ML
k

k
+  

The association reaction of M with L is considered a second order reaction rate with a 

constant (ka) with units 

3m

mol s
 and the dissociation reaction is considered a first order rate 

with a constant (kd) with units 
1s−
. 

The equilibrium constant of this reaction process is defined as:  

a

d

k
K

k
=  (S5.1) 

 

We assume excess of ligand conditions, which imply that the concentration of L (cL) is much 

larger than the concentration of M (cM), so that it stays approximately constant everywhere in 

the DGT spatial domain. Therefore, a conditional equilibrium constant can be defined as: 

' *

a a L

d d

'
k k c

K
k k

= =  (S5.2) 

 

Along the heterogeneous distribution presented in Figure S5.2A, the following assumptions 

are going to be considered to solve the diffusion-reaction equations: 

• The resin domain is r 0x   , but only in the subdomains 
r

r 3

4
x


     and    

r r

2 4
x

 
   there is a constant concentration of resin beads (

*

Rc ). In the intervals 

r r3

4 2
x

 
   and 

r

0
4

x


  ,   cR=0. 

• The association of M with the resin beads is considered fast and strong, so perfect 

sink conditions for M are applied. 

• The system is in steady-state conditions, so M ML 0
c c

t t

 
= =

 
. 
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• In the bulk solution (x>r+g), the concentration of free metal (cM) and the 

concentration of complex (cML) are considered constant (cM = *

Mc  and cML = *

MLc ) and 

in equilibrium conditions, so * *

ML M'c K c= . 

 

Considering the previous assumptions and the schematic representation shown in Figure 

S5.2A , the steady state diffusion-reaction equations to be solved are 

Mathematical formulation 

Regions 1 ( )r g r  x  +   , 3 
r r3

4 2
x

  
  

 
, and 5 (0 <x< δr/4): 

2
'M

M d ML a M2
0

c
D k c k c

x


+ − =


 (S5.3)  

2
'ML

ML d ML a M2
0

c
D k c k c

x


− + =


 (S5.4)  

Regions 2 (
r

r 3

4
x


   ), and 4 (

r r

2 4
x

 
  ): 

 

cM(x)=0 (S5.5) 

2

ML
ML d ML2

0
c

D k c
x


− =


 (S5.6) 

 

Boundary conditions: 

r gx  = +    
r g *

M M( )c x c = + = ; 
r g *

ML ML( )c x c = + =  (S5.7) 

rx =         ( )r

M 0 c x = = ; r r

ML ML( ) ( )c x c x 
− +

= = = ; 
-r r

ML ML

x x

c c

x x 
+
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 (S5.9) 

r

2
x


=     

r

M 0 
2

c x
 

= = 
 

; 
r r

ML ML( ) ( )
2 2

c x c x
 

− +

= = = ;   
r r

ML ML

2 2
x x

c c

x x 
− +

= =

 
=

 
(S5.10) 

r

4
x


=     

r

M 0 
4

c x
 

= = 
 

; 
r r

ML ML( ) ( )
4 4

c x c x
 

− +

= = = ;   
r r

ML ML

4 4
x x

c c

x x 
− +

= =

 
=

 
(S5.11) 



SI Chapter 5. Back accumulation of Diffusive Gradients in Thin films (DGT) devices with a 

stack of resin discs to assess availability of metal cations to biota in natural waters  

___________________________________________________________________________  

186 

 

0x =     

M

0

0
x

c

x =


=

 ;  

ML

0

0
x

c

x =


=

  (S5.12) 

 

Solution 

In the gel layer (
r g r  x  +   ), which, according to the Figure S5.2A is referred as 

region 1, the transport equations are: 

2
'M

M d ML a M2
0

c
D k c k c

x


+ − =


 (S5.13) 

2
'ML

ML d ML a M2
0

c
D k c k c

x


− + =


 (S5.14) 

An equivalent system of equations that is uncoupled can be found by searching linear 

combinations of Eqs (S5.13) and (S5.14). By addition, we obtain: 

2

M M ML ML

2

( )
0

D c D c

x

 +
=


 (S5.15) 

After solving a homogeneous second order differential equation, the general solution for Eq 

(S5.15) is:  

M M ML ML 0 1D c D c A x A+ = +  (S5.16) 

 

A second independent uncoupled equation can be found for ML M'c K c = − . Using Eqs 

(S5.13) and (S5.14), after some rearrangements we obtain: 

'2

a d

2

M ML

k k

x D D




 
= + 

  
 (S5.17) 

The general solution for Eq (S5.17) is  

 

exp exp
x x

Q P
m m


   

= + −   
   

 (S5.18) 

 

where 

'

a d

M ML

1 k k

m D D
= + .  Q and P  can be redefined in terms of a new couple of constants 

A’ and B’ in order to obtain simplified expressions. In the case of the first region, these 

parameters are set equal to: 

r g' ' ( )
exp

2

A B
Q

m

  − − + 
=   

   
 (S5.19) 
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r g' '
exp

2

A B
P

m

  + + 
=   

   
 (S5.20) 

 

Then ϕ in the first region has the following expression: 

r g r g

'cosh 'sinh
x x

A B
m m

   


   + − + −
= +   

   
 (S5.21) 

 

Now, to obtain a particular solution for the free metal concentration and complex 

concentration, we need to apply the boundary conditions (from the first region)  to find the 

particular solutions for  Eq (S5.16) and (S5.21).  These conditions correspond to:  

r g *

M M( )c x c = + =  (S5.22) 

( )r

M 0 c x = =  (S5.23) 

r g *

ML ML( )c x c = + =  (S5.24) 

( )r r

ML ML  c x c= =  (S5.25) 

where the superscript “r” indicates value of a concentration at x=r. These values 

( )r r

M ML and  c c , will be found later on (e.g. see Eq  (S5.63)) 

Once applied the boundary conditions (S5.22)-(S5.25), we obtain the solution for the 

integration constants: 

* * r * * r
rM M ML ML ML M M ML ML ML

0 1 ML MLg g

( ) ( )
,

D c D c c D c D c c
A A D c

 

+ − + −
= = −  (S5.26) 

and 

r

ML

g
' 0, '

sinh

c
A B

m


= =

 
 
 

 (S5.27) 

 

 

With the integration constants, we can obtain the concentration profiles in region 1 for cM and 

cML as: 
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r g
r

ML* * r g r * * r r

M ML ML ML M ML ML
M g gg

sinh
( ) ( ( ))

( )
(1 ') (1 ')

(1 ')sinh

x
c

mc c c c c c c
c x x

K K
K

m

 


    

   


 + −
 

+ − − + − 
= − +

+ + 
+  

 

 (S5.28) 

 

and 

 

r g
r

ML* * r g r * * r r

ML ML ML ML ML ML ML
ML g gg

sinh
'( ) ' ( '( ))

( )
(1 ') (1 ')

(1 ') sinh

x
c

mc K c c K c c K c c
c x x

K K
K

m

 

    

   


 + −
 

+ − − + − 
= + +

+ + 
+  

 

 (S5.29) 

where ML

M

D

D
 = , is the ratio of the diffusion coefficient of the metal complex and the free 

metal.  

It is interesting to calculate 
-r

ML

x

c

x =




 for the boundary condition involving the flux. From eq 

(S5.29), we obtain: 

( )r

g
g

* r

ML ML ML

g g

coth

'
1 'x

mc c c
K

x K m





  +

=

  
  

   = − −
  +
 
 

 (S5.30) 

 

This expression is of the interest to apply a boundary condition involving the flux at the right 

side of the resin-gel interface (eq (S5.30)) which will allow one to find an expression for 
r

MLc
 

in terms of the physical parameters. 

 

In region 2 (
r

r 3

4
x


   ), cM=0. The system of differential equations (S5.13)-(S5.14) is then 

reduced to: 

2

ML
ML d ML2

0
c

D k c
x


− =


 (S5.31) 

A general solution for eq (S5.31) is : 
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r r

ML 0 1

ML ML

( ) sinh cosh
x x

c x A A
 

 

   − −
= +   

   
 (S5.32) 

where ML
ML

d

D

k
 = . 

Now to obtain a particular solution for Eq (S5.31), we need to apply the boundary conditions 

(S5.25) together with  

3rr

4
ML ML

3
 

4
c x c

 
= = 

 
 (S5.33) 

where the superscript “3r/4” indicates that the value of the concentration is taken at x=3r/4.  

 

The solutions for the integration constants are: 

3r r
r4

ML ML

ML r

0 1 MLr

ML

cosh
4

,

sinh
4

c c

A A c









 
−  

 
= =

 
 
 

 (S5.34) 

 

Substituting these  integration constants, we obtain the concentration profile for the complex 

inside region 2, as a function of the boundary conditions and the physicochemical parameters. 

3r r
r4

ML ML r r
ML r

ML MLr
ML ML

ML

cosh
4

( ) sinh cosh

sinh
4

c c
x x

c x c



  

 



 
−  

   − − 
= +   

     
 
 

 (S5.35) 

We can also calculate 
-r

ML

x

c

x =




 and 

-r

ML

3

4
x

c

x 
=




, which will be useful to find an expression for  

r

MLc  and 

3r

4
MLc  in terms of the physicochemical parameters: 

-r

3r
r

r 4
ML ML

MLML

r

ML

ML

cosh
4

sinh
4

x

c c
c

x 










=

 
− 

  
=

  
 
 

 (S5.36) 
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r

3 r
r

4
MLr r r

MLrML
ML

3
ML ML ML ML

4

coth
4

coth cosh sinh
4 4 4x

c
c

c
x 



  

   
+

=

 
 

        = − −              

 (S5.37) 

 

Let us, now, consider the region 3 (
r r3

4 2
x

 
  ) where Eq (S5.15) and Eq (S5.14) have to be 

solved. The general solutions for cM and cML are Eqs (S5.16)  and (S5.21). 

In region 3, we have to apply Eq (S5.33) and the following boundary conditions for the free 

metal and complex: 

( )
r r

M

3
0 for  and

4 2
c x x x

 
= = =  (S5.38) 

rr

2
ML ML  

2
c x c

 
= = 

 
 and  

3rr

4
ML ML

3
 

4
c x c

 
= = 

 
 (S5.39) 

The integration constants are: 

3r r

4 2
ML ML ML r r 3r

2 2 4
0 1 ML ML ML ML MLr

4

, 2

D c c

A A D c D c c


 
− 

  
= = + − 

 
 (S5.40) 

 

r 3r r

2 4
ML ML 3r

4
MLr

cosh
4

' , '

sinh
4

c c
m

A B c

m





 
−  

 
= =

 
 
 

 (S5.41) 

 

 

With the integration constants, we can write the concentration profiles in region 3 for cM and 

cML in terms of the boundary values (e.g. 

r

2
ML  c )  and the physicochemical parameters as: 

r
3r

4r 3r 3r r r 3r r
ML

2 4 4 2 2 4 r
ML ML ML ML ML ML

M r r

3

4cosh
33 2 4 cosh

4 4( ) sinh
(1 ') (1 ') (1 ')

(1 ')sinh
4

x
c

mc c c c c c xm
c x x

K K m K
K

m




  


   


 
− 

        − − −       −        = + − − 
+ + +   +     

 (S5.42) 

and 
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r
3r

4r 3r 3r r r 3r r
ML

2 4 4 2 2 4 r
ML ML ML ML ML ML

ML r r

3

4cosh
3' 3 2 4 ' cosh

4 4( ) sinh
(1 ') (1 ') (1 ')

(1 ') sinh
4

x
c

mK c c K c c c c xm
c x x

K K m K
K

m




  

   


 
− 

        − − −       −        = + + + 
+ + +   +     

 (S5.43) 

Now we can calculate 
r

ML

3

4
x

c

x 
−

=




 and 

r

ML

2
x

c

x 
+

=




. We obtain: 

( ) ( ) ( ) ( )r

r r

3r r

ML 4 2
ML MLr r

3

4

coth csch
4 44 ' 4 '

1 ' 1 ' 1 ' 1 'x

m mc K K
c c

x K m K m K K

 

 

     −

=

      
      

       = + − +
    + + + +
   
   

 (S5.44) 

 

( ) ( )r

r r r r

3r r

4 2
ML MLr r

ML

2

cosh coth sinh coth
4 4 4 44 ' 4 '

1 ' 1 'x

m m m mK K
c c

m m

c

x K K

   

 

 

 
+

=

          
−          

          + +
   
   

    = −
 + +

(S5.45) 

From these expressions, later on, we are going to find 

3
r

4
MLc

 and 

r

2
MLc  in terms of the 

physicochemical parameters. 

 

In region 4, (
r r

2 4
x

 
  ), the same differential equation as in region 2 has to be solved, (Eq 

(S5.31)) whose general solution is: 

r r

ML 0 1

ML ML

2 2( ) sinh cosh

x x

c x A A

 

 

   
− −   

= +   
   
   
   

 (S5.46) 

 

In this region 4, the boundary conditions to obtain the particular solution of the differential 

equation are (S5.39) together with 

rr

4
ML ML  

4
c x c

 
= = 

 
 and 

rr

2
ML ML  

2
c x c

 
= = 

 
 (S5.47) 

The solutions for the integration constants are: 
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r r r

4 2
ML ML r

ML 2
0 1 MLr

ML

cosh
4

,

sinh
4

c c

A A c









 
−  

 
= =

 
 
 

 (S5.48) 

 

After obtaining the integration constants, the concentration profile for cML  in region 4 

becomes: 

r r r

4 2
ML ML rr r

ML 2
ML MLr

ML ML

ML

cosh
4

( ) sinh cosh

sinh
4

c c
x x

c x c



  

 



 
−  

   − − 
= +   

     
 
 

 (S5.49) 

Now we can obtain -r

ML

2
x

c

x 
=




 and 

r

ML

4
x

c

x 
+

=




 as: 

-r

r rr

2 4
ML ML

MLML

r

2 ML

ML

cosh
4

sinh
4

x

c c
c

x 










=

 
− 

  
=

  
 
 

 (S5.50) 

and 

r

r rr r r r

2 4 2
ML ML ML

ML ML MLML

r
ML

4
ML

ML

cosh cosh sinh
4 4 4

sinh
4

x

c c c
c

x 

  

  






+

=

      
−      

       
= −

  
 
 

 (S5.51) 

From these expressions we will find an expression for 

r

2
MLc  and 

r

4
MLc  in terms of the 

physicochemical parameters. 

 

In region 5, (0 <x< δr/4), the same system of uncoupled differential equations as in region 1 

and 3 has to be solved (eqs (S5.15) and (S5.17). Their general solutions are  eq (S5.16) and 

an equation similar to eq (S5.21) : 

r r1 1

4 4'cosh 'sinh

x x

A B
m m

 


   
− −   

= +   
   
   

 (S5.52) 

Now to obtain a particular solution for the free metal concentration and complex 

concentration in region 5, we need to apply the boundary conditions.  
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r

M 0 
4

c x
 

= = 
 

 (S5.53) 

M

0

0
x

c

x =


=


 (S5.54) 

 

rr

4
ML ML  

4
c x c

 
= = 

 
 (S5.55) 

 

ML

0

0
x

c

x =


=


 (S5.56) 

The solutions for the integration constants are: 

r

4
0 1 ML ML0,A A D c= =  (S5.57) 

 

r rr

4 4
ML ML' tanh , '

4
A c B c

m

 
= − = 

 
 (S5.58) 

-With the integration constants, we obtain the concentration profiles for cML and   cM in region 

5 as: 

r r
r

r4
ML

M
4 4( ) 1 tanh sinh cosh

1 ' 4

x x
c

c x
K m m m

 
 



    
− −     

 = + −    
+       

    
    

 (S5.59) 

and 

r r
r

r4
ML

ML
4 4( ) ' tanh sinh cosh

1 ' 4

x x
c

c x K
K m m m

 





    
− −     

 = + −    
+       

    
    

 (S5.60) 

while +r

ML

4
x

c

x 
=




 becomes: 

( )
+r

r r

4
ML

ML

4

tanh
4

1 'x

c
mc

x m K



=

 
 

  =
 +

 (S5.61) 
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Now that we have an expression for each region of our piecewise function, we can obtain the 

constants 

3r r r

r 4 2 4
ML ML ML ML, , ,c c c c  in terms of the physical parameters by applying conditions of 

flux continuity.   

In order to obtain r

MLc , we can write: 

+ -r r

ML ML
ML ML

x x

c c
D D

x x = =

 
=

 
 (S5.62) 

Using Eqs (S5.30) and (S5.36) and solving for 
r

MLc , a solution is found in terms of 

3r

4
MLc  and 

some physical parameters: 

3r r
* g4
ML ML ML

MLr

ML g g r
gML

ML

ML

(1 ') (1 ')csch
4

' coth (1 ')coth
4

c K c K

c

K K
m m


   



   
   



 
+ + +  

 
=

  
+ + +   

   

 (S5.63) 

 

In order to obtain 

3r

4
MLc , we apply: 

 

r r

ML ML
ML ML

3 3

4 4
x x

c c
D D

x x 
+ −

= =

 
=

 
 (S5.64) 

from which, using Eqs (S5.37) and (S5.44) and solving for 

3r

4
MLc , we find a solution in terms of 

r

2
MLc  and some physical parameters. To write the solution for 

3r

4
MLc  in a compact way, we define 

the variables a, b and z : 

g g r
gML

ML

ML

' coth (1 ')coth
4

a K K
m m

   
   



   
= + + +    

    
 (S5.65) 
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rr

ML

r

ML

r r r r
g

ML ML ML ML

ML

cothcoth
444 '

(1 ') (1 ')

coth cosh sinh csch (1 ')
4 4 4 4

mK
b a

K m K

K





   

   
 

   



   
   

    = + + −
 + +
  
 

         
− +          

         
−

 (S5.66) 

and 

r

r

csch
4 4 '

(1 ') (1 ')

m K
z a

m K K





  

  
  

  = +
 + +
 
 

 (S5.67) 

 

With these definitions, 

rr r r
* 2
ML ML3r

ML ML ML4
ML

(1 ') coth cosh sinh
4 4 4

c K c z

c
b

  


  

      
+ − +      

      =  (S5.68) 

 

Then, to obtain 

r

2
MLc , we apply: 

 

r r

ML ML
ML ML

2 2
x x

c c
D D

x x 
+ −

= =

 
=

 
 (S5.69) 

which, using Eqs (S5.45) and (S5.50) and solving for 

r

2
MLc , has a solution in terms of 

r

4
MLc  and 

some physical parameters. To be able to display the solution for 

r

2
MLc , we use the previous 

variables  b (Eq (S5.66)), z (Eq (S5.67)) and the following variables: 

r r r r r r
*

ML

ML ML ML

r

(1 ') coth cosh sinh coth cosh sinh
4 4 4 4 4 4 4 '

(1 ') (1 ')

c K
m m m K

h
b m K K

     


   

  

               
+ − −               

               
= +

 + +
 
 
 

 (S5.70) 

and 
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r r r r r

ML

r r

ML

coth cosh sinh coth coth
4 4 4 4 44 ' 4 '

(1 ') (1 ') (1 ') (1 ')

m m m mz K K
f

b m K K m K K

    

 

      

           
−           

−            
= + + + +

 + + + +
 
 
 

 (S5.71) 

 

 

With these definitions, 

 

r r

4
ML MLr

ML2
ML

ML

csch
4

c h

c
f








 
+ 

 =  (S5.72) 

 

Then, to obtain 

r

4
MLc , we apply: 

r r

ML ML
ML ML

4 4
x x

c c
D D

x x 
+ −

= =

 
=

 
 (S5.73) 

 

which, using Eqs (S5.51) and (S5.61), has a solution only in terms of some physical 

parameters. To be able to show the solution for 

r

4
MLc , we use the previous variables f (Eq 

(S5.71)) and h (Eq (S5.70)) and define the variable p: 

 

r r r r r

r
ML ML ML ML

2

ML ML ML

coth cosh sinh coth tanh
4 4 4 4 4

csch
4 (1 ')

m
p

f m K

    

   

   

          
−          

           = + + 
+ 

 (S5.74) 

With these definitions, 

 

r r r

r
ML ML ML4

ML

ML

coth cosh sinh
4 4 4

h

c
fp

  

  



      
−      

      =  (S5.75) 

The ML concentration profile in the whole resin domain is a piecewise function defined by 

equations (S5.29), (S5.35), (S5.43) and (S5.49) which contain the boundary values given in 

Eqs (S5.63), (S5.68), (S5.72) and (S5.75).   
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5.9.3 Deriving the back percentage B for a heterogeneous resin 

To derive an expression to determine the percentage of back accumulation, B , one needs to 

calculate the ratio of accumulated moles of metal from x=0 to x=r/2 over the accumulated 

moles of metal from x=0 to x= r . 

In order to derive this expression, first, one needs to add the differential equations for the free 

metal and complex (Eq (S5.13) and Eq (S5.14)). Second, one needs to integrate twice the 

resulting differential equation (S5.15). After obtaining the general solution (S5.16) and 

applying the boundary conditions (S5.22)-(S5.25), we obtain: 

r

* * r

M M ML ML
MLg gx

D c c c
J D

  =

−
= +  (S5.76) 

 

A similar procedure leads to obtain the flux at x= δr/2, but one needs to apply the boundary 

conditions of the region 3 ( Eqs (S5.33), (S5.38) and (S5.39)). 

r

2

3r r

4 2
ML ML

ML r
4

x

c c
J D

 =

 
− =

 
 
 

 (S5.77) 

 

Then, to obtain B in a heterogeneous resin, one needs to divide the flux in the back resin (Eq 

(S5.77)) by the total flux (Eq (S5.76)): 

 

( )

3r r

4 2
ML ML

ML r

het * r*
ML ML MLM M

g g

4
c c

D

B
D c cD c



 

 
− 

 
 
 =

−
+

 (S5.78)  
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5.9.4 Deriving B for a homogeneous resin 

As above, to derive an expression for B in a homogenous resin, one needs to calculate the 

ratio of accumulated moles of metal from x=0 to x=δr/2 over the accumulated moles of metal 

from x=0 to x= δr . 

In steady-state and ligand excess conditions, the accumulation when a metal (M) reacts with a 

ligand (L) to produce a complex (ML) can be written as: 

r r

ML M
M ML M

x x

c c
n At D D

x x
 = =

  
= +      (S5.79) 

The flux is 

r r

ML M
ML M

x x

c c
J D D

x x
 = =

 
= +

 
 (S5.80) 

In the back resin (i.e x<δr /2) the accumulation is: 

r

ML
M M

2
x

c
n At D

x 
=


=


  (S5.81) 

With the same procedure used in the heterogenous resin, but using cM =0 for the whole resin 

domain 0 <x< δr, the flux at x=δr can be written as,  

r

* * r

M M ML ML
MLg gx

D c c c
J D

  =

−
= +  (S5.82) 

 

The main difference in the flux calculation respect to the heterogeneous resin is found in the 

calculation of the flux of complex at x=δr /2 .  

Eq (S5.31) describes the diffusion-reaction equation for ML in a region with resin beads. This 

equation holds now for the complex in region 2 of the homogenous resin. The general 

solution of Eq (S5.31) can be written as: 

ML 2 2

ML ML

( ) exp exp
x x

c x A B
 

   −
= +   

   
 (S5.83) 

 

A particular solution can be found by applying the following boundary conditions: 
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r- r r+

ML ML ML( ) ( )c x c c x = = = = ; ML ML

r rx x

c c

x x − += =
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The result for the integration constants A2 and B2 after applying the boundary conditions is : 
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and the concentration profile after substituting the integration constants is: 
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Applying 
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 to the previous equation, the flux at x=δr/2 can be found as: 
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The expression for B in the homogeneous case results from dividing J at x= δr (Eq S5.87)  by 

J at x=δr /2 (Eq (S5.88)): 
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5.9.5 Determination of kd from B  

Sections 5.4 and 5.5 outline the determination of B from the limiting expression (5.8) of the 

main manuscript, from Eq (S5.89) or from Eq (S5.78). A short discussion on the validity 

conditions for using each one of these expression follows. Complementary to these Sections, 

an additional Excel file is included in the SI ready to  estimate kd value using to all these 

equations once input data from the user is introduced. The most accurate value of kd appears in 

a green cell.   

5.9.5.1  Algorithm to obtain kd using the complete expression for B corresponding to a 

homogeneous resins 

The use of the limiting expression Eq (5.8) of the main manuscript, when applicable, allows a 

straightforward determination of kd, while, when Eq (S5.89) (Eq (5.6) of the main 

manuscript) needs to be used, an iterative procedure can be applied. 

In order to have a simple criterion for the plausibility of the application of Eq (5.8), we 

explore the fulfilment of the approximation: 

r rM M Lx x
J J

 = =
   (S5.90) 

on which the limiting expression Eq (5.8) relies. The reaction layer concept30 applied to the 

DGT devices can provide approximate expressions for rM x
J

=
 and rM L x

J
=

.23 Indeed, since 

almost all the metal arriving as free metal at x= r comes from the dissociation of complex in 

the reaction layer located inside the diffusive disc,  

( )r

g
*

M d ML 1 tanh
x

J k c m
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 (S5.91) 

where ( )*

ML 1c −  stands for the complex concentration at the interface resin-diffusive disc, i.e., 

estimates the complex concentration taken as constant along the reaction layer inside the 

diffusive disc whose thickness is estimated by 
g

tanhm
m

 
 
 

. 17 

On the other hand, due to steady state, one can assume that the flux of arriving ML at x= r is 

also the amount of ML that is dissociating along an effective thickness of the complex 
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penetration into the resin disc given by 
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(see figure 1 in reference 17) with 
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According to eqs (S5.91) and (S5.92), the inequality r rM M Lx x
J J

 = =
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 which considering the definitions of m and λML given in Eqs 

(4) and (3) of the main manuscript, can be written as 
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as reported in the main manuscript.  

The fulfillment of Eq (5.10) allows one to use the limiting expression (5.8) for the 

determination of kd. Since both, m and λML depend on kd, we cannot verify Eq (5.10) until a 

provisional kd-value was obtained from Eq (5.8). The fulfilment of Eq (5.10) with this 

provisional value ensures that the kd obtained is a good approximation for the dissociation rate 

constant of the complex. Conversely, if Eq (5.10) is not satisfied, a better approximation for kd 

should be sought using eq (S5.89) instead of (5.8).  

A simple, but effective, algorithm to calculate kd using Eq (S5.89) is explained as a flowchart 

in Figure S5.3.  
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Figure S5.3 Algorithm applied to determine kd from an experimental measurement of Bexp  measured in Osor 
stream for a homogeneous resin. 

 

The algorithm follows an iterative procedure that allows to obtain a value for kd from an 

experimental B (in our work BExp=0.29 in the case of stream Osor). The algorithm searches 

the kd result that satisfies the Bexp for a given tolerance (Test=1×10-4) within a span of kd 

values ( 1×10-1 s-1 to 1×10-6 s-1). This iterative procedure needs an educated guess as an initial 

value for kd which should be taken as a kd=1×10-6 s-1 or kd=1×10-1  s-1. This educated guess can 

be assessed depending on the lability degree (ξ)  of the complex. For ξ close to 0.7, kd should 

be close to 1×10-2 s-1 (as it is expected for a quite labile complex), but for cases where ξ is 

close to 0.3, kd will be close to 1×10-4 s-1 (as the behaviour of the complex should be quite 

inert). Therefore, in the first case a good educated guess would be 1×10-1 s-1 while for the 

second case a good educated guess would be 1×10-6 s-1. Moreover, for the first case in this 

algorithm it has to be chosen a negative increment (e.g increment=-1×10-6 s-1), so the kd value 

decreases and we search for a solution for partially labile complexes. While in the second 

case a positive increment is needed so the kd increases and then we start searching for a 

solution of kd for rather inert complexes. Solutions for kd either for very labile or very inert 

complexes are not feasible with these method as transport is limited by diffusion and the 

kinetic reaction process does not have an impact on the accumulation. 

Input values:  Exp      M ,  
r  g   K         

 d,guess , increment

1.Calculate physicochemical parameters:     ML  
2.Calculate  ( d)

3.Calculate Test=abs(  Exp  ( d))

Output:   d value which

corresponds to  Exp

Test  = 1x10 4

 es

No

       B  

          B       d,guess            B    B  d,guess   
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Alternatively, a value for kd  can be obtained from high-level coding programs. For example, 

Mathematica has a subroutine called Findroot that helps to find a solution for a given 

equation or system of equations. 

Then, we need to check whether the heterogeneity of the resin beads distribution is relevant for 

the determination of kd. To do so, we need to check that Bexp<Bmax, where Bmax  is the maximum 

back percentage that can be reached in a stack of two homogeneous resin discs.  When Bexp is 

close to Bmax, an accurate computation of kd requires the use of the heterogeneous resin model, 

by means of Eq (S5.78), as outlined in the following Section. 

5.9.5.2  Algorithm to obtain kd for a heterogeneous resin 

According to Figure (5.2) in the main manuscript, Eq (S5.89) for the homogeneous model 

plotted against kd, has a maximum, that can be labelled as Bmax .  Bmax is then, the maximum 

back percentage that can be reached by a stack of two homogeneous resin discs. Section 

“Derivation of maximum B for a homogeneous model” gives some details on the calculation 

of Bmax. 

When Bexp is close or greater than Bmax, Eq (S5.78) is needed to recover accurate kd values. In 

this task, we can use essentially the same algorithm as in section “Derivation of a solution for 

cM and cML for a heterogeneous resin of a DGT device ”. 
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Figure S5.4 Algorithm applied to determine kd from a B measured in Osor stream for a heterogeneous resin. 

In the flowchart shown in Figure S5.4, 
r

MLc ,
3r/4

MLc  and 
r/2

MLc  and 
r/4

MLc  can be computed with Eqs 

(S5.63), (S5.68), (S5.72) and (S5.75), respectively.  

Once they are written down in the program, B can be computed as prescribed in Eq (S5.78).  

Once again, notice that this procedure is the algorithm that has been used in this work, 

nevertheless other programs can be applied to iteratively solve the equation and find a 

solution for kd that satisfies the Bexp.  

Define function using equations from 

section 3 in SI:

1.

2.

3.

4.

Input values:  Exp      
r  g, K    M 

  d,guess ,       , increment

Calculate physicochemical parameters:     ML  
Use function to calculate   using input values specified 

Calculate: Test=  Exp  ( d)

 d = d increment  

Solution for  d corresponds 

to  Exp

Test  = 1x10 4

 es

No

Use function with input values specified to calculate 

 ( d,guess)   Test= Exp  ( d,guess)
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5.9.6 Concentration profiles of Zn+2 and pool of inorganic Zn complexes for an 

heterogeneous resin model  

Using the equations derived in section “Derivation of a solution for cM and cML for a 

heterogeneous resin of a DGT device ” and the data from Osor stream (regarding equilibrium 

concentrations, kinetic dissociation constant and diffusion coefficients), one can compute the 

concentration profiles for the free metal and the complex with the boundary conditions of the  

DGT device equipped with a stack of two resin discs. For the standard thickness of the resin 

disc, 0.4 mm, the back disc occupies the abscissas axis in the range 0< x< 0.4 mm, while the 

front resin disc is located in the abscissa range 0.4 mm < x <0.8 mm. 
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Figure S5.5 The continuous blue line shows the concentration profile for free zinc, the dashed red line shows 
the concentration profile for a pool of inorganic complexes ZnLInor.The thickness of the resin layer and gel layer 
are δr=8×10-4 m and δg=1.079×10-4 m, respectively. The diffusion coefficients of complex and free metal are 
DZnLinor=DZn=4.21×10-10 m2 s-1. The kinetic dissociation constant is kd=3.35×10-3 s -1 and the condiditional 
stability constant is K’=4.70 m l m-3. 

 

Figure S5.5 depicts the concentration profiles of free metal and complex in a stack of two 

heterogeneous resin discs (as illustrated in Figure S5.2). This figure is quite useful to 

understand that the percentage of back accumulation, when using heterogeneous resin discs, is 

higher than the back accumulation when the resin discs are homogeneous. Dissociation of the 

complex in the volume 0 < x < 0.4 mm leads to back accumulation when the resins are 

homogeneous. Instead, dissociation in the volume 0 < x <0.5 mm leads to back accumulation 

when the resins are heterogeneous. Notice in Figure S5.5 that in the volume 0<x<0.2 mm where 

there is no resin beads, a profile of free metal resulting from the complex dissociation appears. 

The decreasing cM concentration as x increases indicates that the free metal produced in this 

volume diffuses towards increasing x values and gets bound to the back resin at x=0.2 mm. 

Likewise, a free metal concentration appears in the volume 0.4 mm < x <0.6 mm. The profile 
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of the free metal (continuous blue line in Figure S5.5)  indicates that the metal produced 

between 0.4 mm < x< 0.5 mm diffuses also towards the back resin disc and binds to it (at x=0.4 

mm) increasing the back accumulation with respect to what takes place when the resin discs 

are homogeneous.  
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5.9.7 Derivation of maximum B for a homogeneous model  

Back accumulation in a DGT device is negligible for a fully labile system as well as for a 

completely inert one. In both cases there is no dissociation of complexes in the resin domain, 

which is the phenomenon responsible for the back accumulation assuming that the resin 

beads are homogeneously distributed in the resin disc with a concentration enough to bind all 

the metals that diffuse in this domain (i.e. no saturation effects). 

The accumulation in the back resin disc depends on the physicochemical  parameters of the 

metal species (DM, DML, K’, kd ), as well on the characteristics of a DGT device (δg and δr). In 

this Section, we are going to derive a condition to determine the dissociation rate constant of 

the complex that yields to the maximum percentage of back accumulation, assuming fixed 

values of the rest of parameters.  

The partial derivative of B respect to kd  on Eq (S5.89) becomes  
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The condition of maximum requires that this derivative is equal 0. Unfortunately, there is not 

an explicit solution of Eq (S5.94) for kd. Therefore,  the Bolzano method has been applied to 

find  the kd value (kd,max) which produces a 0 in Eq (S5.94), where B(kd,max)= Bmax .The initial 

points that define the starting section are selected as kd,a=0.1 s-1 and kd,b=1×10-9 s-1 . To 

calculate a middle point kd,c between kd,a and kd,b , we have used 

log(kd,c)=(log(kd,a)+log(kd,b))/2. The solution for kd is found once the condition (kd,a-

kd,b)/2<tolerance is satisfied, where tolerance=1×10-9 s-1. 
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The Bolzano method can be applied iteratively for a range of K’ values, so that we can plot a 

figure of Bmax vs K’. We have computed this relationship for the following parameters δg 

=1.079×10-3  m, δr =8×10-4 m, DML=DM=4.20×10-10  and the result is shown in Figure S5.6 . 

 

Figure S5.6 : The dashed black line shows the behaviour of Bmax (computed with the homogeneous model) 
        l   (εK’) f     e     me e    f δg =1.079x10-3  m, δr =8x10-4 m, DM=4.20x10-10 m2 s-1   d ε=0. .   e 
  l d   ee  l  e      l  l  ed w      e   me     me e        e d   ed  l    l  e           ε= .  

This figure is of high interest to assess whether the homogenous model of the resin disc is 

accurate for determining kd or the heterogeneous model of the resin disc is required. As seen 

in Fig. 5.2 of the main text, when the percentage of back accumulation (Bexp) approaches the 

maximum value of the homogeneous model (Bmax), an accurate value of kd will require the 

use of Eq (S5.IS78). Figure S5.6  allows one to check whether Bexp  is close to the maximum 

B (Bmax ) for a given K’ and standard δg =1.079×10-3  m and δr =8×10-4 m values. Figure S5.6  

also shows that a change of ε from 1 (solid green line) to 0.1 (dashed black line) leads to just 

small discrepancies in Bmax , when εK’ is smaller than 1. Thus this plot can be used for the 

typical values in standard DGT devices. 
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Just as an example, we can consider the case of Zn in the Osor stream. We have K’=4.70  and 

=1 so log( K’)=0.67. From Figure S5.6  we know that the maximum value that can be 

achieved for B  is near to 0.22. As in our case we have Bexp=0.29 , it is not possible to find a 

solution for kd using the homogeneous model. Then, instead of applying Eq (S5.89) we will 

need to apply Eq (S5.78). In the case that Bexp<Bmax , then we can find a solution for kd 

applying the homogeneous model (Eq (S5.89)) and from our computations we know -for 

these data- that the kd retrieved by the heterogeneous model will be just 0.3 log  units greater 

than the result retrieved by the homogeneous model which corresponds to a kd value 2 times 

greater.  
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5.9.8 List of symbols 

M: free metal ion 

ML: complex 

L: Ligand 

ka: association rate constant of the complexation reaction of the free metal ion with the ligand 

kd: dissociation rate constant of the complexation reaction of the free metal ion with the 

ligand 

K: Equilibrium constant 

K’: Conditional equilibrium constant 

*

Mc : Concentration of free metal ion in the bulk solution 

*

MLc : Concentration of the complex in the bulk solution 

*

Lc : Concentration of the ligand in the bulk solution 

DM : diffusion coefficient of the free metal ion 

DML : diffusion coefficient of the complex 

δg: Thickness diffusive gel layer + thickness of DBL 

δr: Thickness resin layer  

A : Area 

t: time 

ε: ratio diffusion coefficient of the complex divided the diffusion coefficient of the free metal 

ion 

J: total metal flux at the resin-gel interface 

JML: Flux of complex at the resin interface 

JM: Flux of free metal at the resin interface 

nM : total metal accumulation at the resin interface 

Bexp: Experimental value %back 

Bmax: maximum value %back for homogeneous model 

B: theoretical value %back homogeneous  

Bhet: theoretical value %back heterogeneous model 

λML: penetration distance of the complex in the resin layer 

m: reaction layer 

ξ: lability degree 
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r

MLc :  concentration of complex at x=r  

3r/4

MLc : concentration of complex at x=3r/4 

r/2

MLc : concentration of complex at x=r/2 

r/4

MLc : concentration of complex at x=r/4 

Rc : concentration of resin beads  
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5.9.9 Use of Excel file 

5.9.9.1  How to enable Macros 

The use of the Excel file requires that Macros were enabled. Usually Microsoft displays a 

yellow warning which reads: “Security Warning: Macros has been disabled”. This message 

has a button that enables the Macros in your excel file.  

If this message does not appear in your screen look at internet for how to enable macros for 

excel taking into account your excel version and your operative system. 

5.9.9.2 Structure of the excel file 

The excel file contains 3 sheets: “Input”, “Intermediary calculations” and “Output”. 

In the Input sheet, you can find the list of Input values that are needed to calculate “kd”.  y 

default, the list of entries are filled with the values from the measurements in natural waters 

in the Osor stream: 

 

Figure S 5.7 List of Input values from the measurements in Osor stream with the units that use the program to 
compute kd (s-1). 

Figure S 5.7  displays the list of Input values to be provided by the user in order to fit a kd 

value from Bexp. 

The second sheet, named “Intermediary calculations”, is used for the automatic computation 

of kd  according to the homogenous resin model, when Bexp <Bmax , or to the heterogeneous 

model when Bexp >Bmax  . As 2 solutions can be obtained, the excel file uses the accumulation 

in the DGT device to select the correct solution  
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Figure S 5.8    ee       f   ee  “I  e med   y   l  l      ” w            ex l         f   e f            f 
each section. 

 

Figure S 5.8 displays the main calculations that the program does in order to fit kd from Bexp. 

On the Top left of the figure, there are conditions that need to be fulfilled in order to select 

kd .On the Top right, it is shown the calculation of kd with Eq (5.6) of the main manuscript. 

The computation is done twice with a different seed for the labile case (kd=1x10-3
 s

-1) and 

kd=1x10-6 s-1 for the inert case. The right value is selected based on the accumulation in the 

DGT device. The bottom left is used to obtain the maximum B value  with Eq (S5.94). On the 

bottom right, the fitting of kd is done by using Eq (S5.78) and the set of equations that are 

needed to calculate Bhet explained in the previous sections. The fitting procedures are done by 

using the tool goal seek. 

The sheet “Output” displays the model and the result for kd that is obtained. The correct 

solution is highlighted in green.  
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Figure S 5.9 Output sheet of the excel file displaying in green background the correct result for kd. 
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6 Hg availability to DGT devices in the presence of 

dissolved organic matter: an experimental and 

numerical approach  

6.1 Introduction 

Despite Hg concentration in natural waters is generally in the order of picomolar (pM) levels, 

its concentration sharply increases along the food chain 1. The mechanisms behind these 

bioaccumulation and biomagnification processes are multiple and complex, with a lot of them 

still far from being understood. The fact that Hg is a highly toxic element coupled to this 

biomagnification problem results to an important issue related to human health. Thus, the 

availability of Hg species to biota is a topic of main concern on the scientific community.  

Speciation of Hg in the natural waters has a great influence on its availability and toxicity in a 

given media. In particular, the knowledge of the free metal concentration is a key factor when 

the internalization step is slow in comparison to the transport of the trace-metals to the 

membrane surface. In these conditions, the biouptake of trace-metals is directly proportional 

to the free concentration as FIAM or BLM models prescribe 2. However, when concentration 

gradients arise close to the membrane, the diffusive properties of the Hg species coupled with 

their labilities are key variables that allow to understand the availability of Hg for biota such 

as phytoplankton or plants3. Therefore, the development of dynamic analytical techniques 

that measure fluxes in diffusive-controlled conditions is of great help for a better 

understanding of the uptake of Hg species by biota.  

DGT is a dynamic speciation technique that allows to quantitatively monitor the fluxes of 

diverse trace-metals in all types of natural waters 4. On top of a resin disc that acts as a sink 

for the target metal, DGT devices have a diffusive gel disc to define a diffusion domain that 

reduces the influence on the mass of the metal accumulated in the resin disc by the 

convective transport of the water out of the diffusive gel. The strong binding of the free metal 

by the binding agent dispersed in the resin disc leads to a metal concentration profile and to a 

shift of all the metal complexes towards dissociation in order to buffer the metal 

consumption. Thus the total metal flux in DGT devices is related to the free Hg plus the Hg-

complexes that are able to dissociate in the spatio-temporal window of the DGT device (i.e 

labile Hg-complexes). Accordingly, DGT measurements allow us to define a labile Hg-
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concentration in the solution that is expected to be in close correlation with the Hg uptake by 

biota. Due to these characteristics, the use of DGT to understand the availability of Hg-

species in natural waters has been widely extended 5-8.  

In addition to the labile Hg fraction based on DGT measurements other Hg fractions can be 

recognized. Some Hg species are able to be reduced to elemental Hg by SnCl2. This fraction 

is known as “reducible” or “reactive” Hg, which encompasses small inorganic Hg complexes 

(HgClx
2-x, HgOH2, HgOHCl, …) ,as well as, some Hg complexed with dissolved organic 

matter  (DOM). It has been shown that the type of DOM and the ratio Hg/DOM in solution 

greatly influence the fraction of reducible Hg 9-11, so that the measurement of this fraction 

gives information on the Hg speciation in a natural water and can be used to investigate the 

role of Hg complexation in solution on Hg bioavailability via passive diffusion. 

In general, natural waters contain dissolved organic matter (DOM) that give rise to 

complexation with Hg ions 12 Mercury speciation in presence of DOM is complex due to the 

DOM heterogeneity and polyelectrolytic effects. Heterogeneity means that DOM molecules 

(usually of macromolecular nature) are mixture of particles with size diversity which have a 

large number of sites that show different affinity for the metal ions due to the presence of 

different functional groups or different electronic environments. Also, these functional groups 

can interact with many metal cations so that there are important competitive effects. 

Depending on pH and ionic strength, these functional groups can be electrically charged so 

that part of the binding energy with the cations comes from an electrostatic origin. The 

NICA-Donnan model, developed by L K Koopal, W van Riemsdijk and coworkers 13 has 

been successfully used in describing the competitive metal binding to DOM. It allows to 

describe non-ideal competitive binding of a set of cations to DOM with an explicit 

description of the electrostatic effects through the Donnan model. A set of generic proton and 

metal parameters to describe this binding has been reported 14 15 and included in the 

speciation software VMINTEQ so that a complete speciation including simple ligands and 

DOM can be obtained with this software. Since the acid-base titration of DOM usually shows 

a shape of a double wave, the NICA-Donnan model for the generic description of metals and 

protons includes a bimodal description of affinities, that are labelled as a carboxylic and 

phenolic distributions. In general, the affinity of the phenolic sites for the proton and the rest 

of cations is higher than the affinity of the carboxylic sites in the naked ligand.  
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It could then be interesting to study the distribution of Hg ions in these fractions: free 

mercury, inorganic Hg complexes with simple ligands, Hg complexed to the carboxylic sites 

and Hg complexed to the phenolic sites of the DOM. 

In this work, we have performed a set of experiments increasing the DOM/Hg ratio by 

increasing the concentration of Suwannee river fulvic acid (SRFA) or Suwannee river humic 

acid (SRHA) in simulated seawater controlled experimental solutions (pH=8, I=0.5, T=20°C) 

where DGT devices were deployed.  

In each solution, we have determined the reducible Hg fraction (via Cold Vapor Atomic 

Fluorescence Spectrometry) and the labile Hg fraction, from the mass of Hg accumulated in 

DGT resin gels analysed with Atomic Absorption Spectrometry. The Hg complexed to 

carboxylic sites and phenolic sites of the DOM have been assessed using Visual Minteq 

speciation modelling software using as input values the total Hg concentration, the total metal 

concentration coming from the impurities of the background salt and the DOC measured in 

solution (via TOC analyzer). These data allow us to discuss the relationship between the 

different fractions. Finally, a visualization of the occupied sites in terms of the site affinity 

allows an overview of these relationships.   
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6.2 Methodology 

6.2.1 Fractionation and speciation of Hg in solution 

6.2.1.1 Reducible, non-reducible and total Hg in solution 

Different fractions of Hg can be recognized based on the reactivity of Hg complexes in the 

solution. Following the strategy of Lamborg et al.9, modified by Miller et al.10, the reducible 

Hg concentration in solution is identified with the Hg fraction able to be reduced to elemental 

Hg by using SnCl2. Elemental Hg can then be measured with CV-AFS as mentioned in the 

section “Measurement of Hg in solution ”.  

Lamborg9 suggested that free Hg ions (Hg2+),  inorganic Hg complexes (HgL) and organic 

Hg complexes (Hg-DOM) that are weakly bound, i.e., with low stability constant, are 

reducible by SnCl2 and accordingly they give rise to the reducible Hg. However, in the same 

publication it is reported that Hg complexed with small inorganic ligands such as HgCl2 and 

Hg(OH)2, which have high equilibrium constants (log K=19 – 22), are encompassed in this 

pool. In the work of Miller 2009, it is proved that other organic forms of Hg with low 

molecular weight and formula Hg-S-R, like Hg-Cysteine with log K=37.5 16, Hg-thiosalicylic 

acid or Hg-thioglycolic, can also be reduced by using SnCl2 even though they have greater 

stability constants than HgCl2 and Hg(OH)2. Therefore, they state that cred,Hg cannot only be a 

function of the bond strength.  

Other experiments made by Miller (2009) with Suwannee River NOM (SRNOM) show that 

not all Hg species in solution are reducible. Moreover, this reducible fraction further 

decreases when the ratio of SRNOM/Hg increases as well as when the equilibration time 

between SRNOM and Hg increases. However,  this all  suggest that the ability of Hg to be 

reduced cannot only be related to the stability of its complexes but also to kinetic effects so 

that non-reducible Hg-complexes may be kinetically limited. 

 

6.2.1.2 Labile and non-labile Hg concentration 

The mass of Hg accumulated in the resin disc of a DGT device along the deployment depends 

on the mobility and kinetics of metal complexes. Thus, another fraction of Hg species in a 

solution can be associated to the outcome of a DGT measurement. In a DGT device, the fast 

and strong binding agent dispersed in the resin disc (in our case 3-mercaptopropyl 

functionalized silica) acts as a sink for the Hg ions. Neglecting the formation of ternary 

complexes, labile species in DGT are those that can dissociate within the time scale of the 
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DGT measurement, related to the diffusion time spent in crossing the diffusive gel, plus the 

resin disc. The accumulation of Hg in the resin disc allows us to define a DGT labile 

concentration as:  

labile

L

gn
c

D At


=  (6.1) 

where n (moles) is the accumulation in the DGT device,  g (m) is the thickness of the gel 

layer plus the thickness of the DBL, A (m2) is the geometric area and t (s) is the deployment 

time. 

This definition comes parallel to the usual cDGT definition and relies on Fick first law of 

diffusion, but we would like to highlight that instead of using the diffusion coefficient of the 

free metal as done in the definition of cDGT, we will use the diffusion coefficient of the SRFA 

or SRHA (DL (m
2 s-1)) in the solutions that contain these ligands. Actually, for the 

concentrations of our experiments in presence of SRHA or SRFA, we will assume that all the 

metal is bound to the SRHA or SRFA and, accordingly, the diffusion coefficient of the 

complex Hg-SRHA is expected to be very close to the diffusion coefficient of the SRHA due 

to the high volume of this macromolecular species. A similar argument applies when Hg-

SRFA complexes are formed in solution. 

The diffusion coefficient of SRFA (DSRFA) and SRHA (DSRHA) were determined by Lead et 

al. with fluorescence correlation spectroscopy. 17 The choice of the diffusion coefficient has 

been done according to Lead’s results considering the pH of our experiment and the medium 

where the species diffuse (i.e a gel of agarose). Thus, the values of the diffusion coefficients 

for SRHA and SRFA used in this work for pH=8 in agarose gel are DSRHA =2.3·10-10 m2s-1 

and DSRFA =2.5·10-10 m2s-1, respectively. However, DSRHA and DSRFA were also determined by 

other authors using different experimental techniques leading to a variety of results. 

Therefore in the subsection “Labile Hg concentrations measured with DGT” values of the 

diffusion coefficients in best agreement with our experimental results are reported. In the SI, 

the calculations (clabile, ξ, kd ,%back) done with different DSRHA and DSRFA values are reported 

together with a discussion related to the choice of the result that is in best agreement with the 

results of our model. 

Obviously, the chemical reactions involved in the binding of Hg to the resin sites are different 

from those involved in the measurement of the reducible fraction. But we would like to assess 

whether there is a relationship or not between the reducible and the labile fraction. To this 
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aim, we will determine clabile through Eq (6.1) using in this equation the experimental data 

and the diffusion coefficient of the ligand (DL) (SRHA or SRFA).  

6.2.1.3 Lability degree ( ξ ) 

From the ratio between clabile ( Eq (6.1)) and the total Hg concentration in solution ( cT,Hg  ) a 

lability degree ( ξ ) of the system can be calculated as:  

 labile

T,Hg

c

c
 =   (6.2) 

The experimental measurement of the lability degree of the system as done in Eq (6.2) 

provides an estimation of the extent at which the Hg-SRHA complexes contribute to the 

accumulation in the DGT devices. The complexes that achieve complete dissociation at the 

interface between the resin-gel layer are fully labile ξ =1. Whereas the complexes that do not 

contribute at all are called inert and ξ =0. The complexes with a behaviour between these two 

cases are partially labile and (0<ξ <1). 

 In the section “Determination of kd from ξ for Hg-SRHA or Hg-SRFA complexes” the 

procedure to recover an effective dissociation rate constant for the pool of Hg complexes 

from the value obtained for ξ will be explained. 

6.2.1.4 Complementary information about lability of Hg-DOM complexes (%back 

measured) 

The experimental measurement of the back accumulation from the DGT device with a stack 

of 2 resins provides complementary information of the lability of Hg-SRHA or Hg-SRFA 

complexes, more specifically informs whether the complexes are partially labile or not.  

When complexes are partially labile, they are kinetically limited and do not achieve complete 

dissociation in the front resin disc. Therefore, the complex will diffuse to the back resin layer, 

which dissociation will give rise to some Hg accumulation.  

Conversely, fully labile complexes achieve complete dissociation at the interface of the resin-

diffusive gel, thus they only contribute to the accumulation in the front resin disc. Whereas, 

inert complexes do not dissociate at all, and accordingly they should not contribute to the 

accumulation in the front resin disc nor in the back resin disc 18. 

6.2.1.5 Hg speciation according to the NICA-Donnan model  

Speciation software can also be used to estimate the equilibrium concentrations of the Hg 

species present in solution. These calculations rely on the database of thermodynamic 

magnitudes for the working temperature as well as on the consideration of all the reactions 
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taking place in the solution. In particular, VMINTEQ uses, by default, a database derived 

from MINTEQA2 but values from NIST, based on the data gathered on 19 can also be used if 

necessary. 

We are interested in the speciation derived from the presence of SRFA and SRHA. 

VMINTEQ includes for the speciation with natural organic matter the model NICA-Donnan 

13 with a set of constants derived for generic fulvic or humic acids 14.The binding properties 

of the SRFA or SRHA are described with distributions of sites with different affinities that 

take into account the heterogeneity of these macromolecular ligands and use a Donnan model 

to describe the electrostatic interaction of the binding.  

As proton titration of these ligands show a double wave, a bimodal NICA is used in this 

model, one distribution to describe the so-called carboxylic distribution and another one to 

describe the phenolic distribution. Notice that the binding affinities of these distributions not 

only take into account carboxylic and phenolic groups which are dominant, but other type of 

groups are implicitly included in the phenolic and carboxylic distributions (e.g thiols in the 

phenolic distribution). In addition to the Hg bound to these distributions, there is also some 

Hg ions territorially bound by electrostatic attraction close to the ligands within the so-called 

Donnan volume.  

To visualize the distribution of sites behind the NICA isotherm and the site occupation at 

different ratios of Hg-DOM, the conditional affinity spectrum (CAS) associated to the NICA-

Donnan model has been applied 20-22  

Since the solutions contain high concentrations of background salts, to perform the speciation 

calculations with VMINTEQ and to visualize the distribution of sites behind the NICA 

isotherm with CAS, it has been included the presence of competing metal cations coming 

from the impurities of the background salt. 

 

6.2.2 Experimental section 

6.2.2.1 Measurement of Hg in solution  

The measurement of the concentration of Hg in solution has been done by Cold Vapor 

Absorption Fluorescence Spectrometry (CV-AFS), which uses on-line reduction of ionic 

Hg2+ species in solution via SnCl2, gold-trap amalgamation, pyrolysis and AFS detection via 

Ar and N2 gas flow. Solution samples (10 mL) were periodically retrieved from the 

experimental media throughout the DGT deployment times and acidified to 1%HCl 
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(suprapur) and stored at 4 °C in 15mL clean container. This step was mandatory since it was 

not possible to analyse each sample after each sampling time .The solution samples are 

divided in 2 aliquots. In the first aliquot, only the reducible Hg fraction is analysed via direct 

reduction with SnCl2 in CV-AFS. The concentration of these species is called cred, Hg.  

In the second aliquot, a 0.5% BrCl solution is added for 12h, so all the Hg species will be 

oxidized to Hg+2 before reduction with SnCl2 in CV-AFS. From this procedure, total Hg 

concentration in solution (cT, Hg)  is measured. The difference between the total and the 

reducible concentration is called the non-reducible Hg concentration (cnr,Hg). 

Notice that the fraction of reducible Hg measured also depends on sample storage, which in 

our case involved acidification to 1% Hg to prevent loss of Hg onto walls. This acidification 

step might influence the measurement of the reducible Hg fraction. In this sense, our results 

could overestimate the direct analysis of the reducible fraction (i.e. without 1% HCl 

acidification step) 

6.2.3 Measurement of Hg in the resin disc of DGT devices 

The Hg bound in the resin layer is analysed by using an Advanced Mercury Analyzer (AMA-

254). The instrument combusts the sample to produce gaseous Hg which is amalgamized in a 

gold trap and measured by Atomic Absorption Spectrometer (AAS). After removing from 

DGT, the resin gel was thoroughly washed (3 times) with MQ water to remove excess salt 

that would interfere with the analysis by AMA-254. Before introduction in the instrument, 

the resin was weighted on a microbalance. 

 

6.2.4 Humic and fulvic acid composition and preparation 

Suwannee River Humic Acid (SRHA) and Suwannee River Fulvic Acid (SRFA) have been 

bought from the International Humic Substances Society (IHSS).  The quantity of carbon in 

SRHA and SRFA is about 50% its mass. Nevertheless it is considered that not all the 

functional groups are reactive to Hg, thus, DOM=1.65 DOC a ratio assessed in the 

publication of Sjostedt et al 23 

The solution of humic acid and fulvic acid were prepared by dissolving 80 mg of humic acid 

in 80 mL of MilliQ (MQ) water and 100 mg of fulvic acid in 100 mL of MQ water 

respectively. These solutions, covered with aluminium foil, were stirred for 24h. After that, 

NaOH was added in these solutions until reaching pH=8, then, the solution was filtered by 

using a syringe filter of 0.22 µm. Assuming that the resulting stock solutions had 1g/L of 
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fulvic acid and humic acid, we calculated the volumes needed to be added to the solutions of 

2.6L to achieve the concentrations in solution from Table 6.1 and Table 6.2  for experiment 

SRHA and SRFA respectively. 

6.2.4.1 DGT manufacturing  

12 DGT devices divided in 4 configurations have been prepared to perform a set of 

experiments. 3 devices are equipped with a resin disc of 0.5 mm thickness and different 

diffusive gel thickness 0.25 mm (1R1G), 0.5 mm (1R2G) and 0.75 mm (1R3G) respectively 

and 1 device was equipped with a diffusive gel thickness of 0.25 mm and two resin discs of 

0.5 mm (2R1G). For this last configuration, the front and back resin disc are analysed 

separately. A PVDF filter of 0.125 mm thickness and 0.45 µm pore size is added on top of 

each diffusive gel layer.  

The composition of the diffusive and resin gels were made of 1.5% of agarose. For a 

hydrogels made of a 2% of agarose has been reported a pore size of few hundreds of nm 17, 24. 

Moreover, the resin discs contain a 10% of 3-mercaptopropyl functionalized silica (3-MFS) 

resins, which is commercially available from Sigma-Aldrich. This type of resin layer has 

been proven to bind efficiently with Hg due to presence of thiol binding groups (RSH charge 

= 1.18 µmol g-1 of raw 3-MFS) 6, 25.  

6.2.4.2 Experimental conditions 

The experiments are grouped in 2 sets related to the system composition: SRHA solution 

(Experiment SRHA), SRFA solution (Experiment SRFA). 

In experiments SRHA and SRFA, the goal is to make a series of SRHA or SRFA solutions 

with a constant cT,Hg concentration of 0.2 ppb and with the concentrations of NaNO3 and 

NaHCO3 reported in Table 6.1 and Table 6.2  respectively. In the case of SRFA, a solution 

with Hg at cT,Hg=0.2 ppb was poured in the container in order to saturate the walls and avoid 

Hg adsorption to the walls during the experiment. This solution was removed after 24h. Once 

this procedure was done, the experimental solution for the experiment with SRFA was 

prepared with very similar experimental conditions detailed in Table 6.2  . 

For the case of experiment with SRHA, a stock solution of 1g/L SRHA was diluted to make 

the concentration levels of SRHA mentioned in Table 6.1 according to the procedure 

described in “Humic and fulvic acid composition and preparation”. For the case of 

experiment with SRFA, the same procedure was followed and the cSRFA in solution 2, 3 and 4 
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are proportional, regarding the global charge, to the humic acid concentration in solution 2, 3 

and 4 respectively. 

Before deploying the DGT devices (4 configurations with 3 replicates) 4 days of equilibration 

time were used in order to ensure the equilibration of Hg-DOM complexes 10. Before and 

during the deployment of DGT devices, the solutions were stirred with magnetic stirrers at 

300rpm. The pH≈8 was measured by using a visual indicator at the beginning and at the end 

of the experiment. 

Table 6.1 Total concentration of reagents in DGT experiments SRHA with Hg. All 
                  ≈      V       

Solution 1 2 3 4 

cNaNO3 (M) 0.5 

cNaHCO3 (M) 3.2x10-3 

cT,Hg (ppb) 0.2 

cSRHA (mg/L) 0 0.68 5.43 23 

Deployment time 
(h) 

116 

 

Table 6.2 Total concentration of reagents in the experiments SRFA with Hg. All solutions 
had a pH≈8 and V=2.6 L. 

Solution 1 2 3 4 

cNaNO3 (M) 0.5 

cNaHCO3 (M) 3.2x10-3 

cT,Hg (ppb) 0.2 

cSRFA (mg/L) 0 0.5 4 17 

Deployment time 
(h) 

114.6 

 

6.2.5 Determination of kd from ξ for Hg-SRHA or Hg-SRFA complexes 

Considering the SRHA as a pool of ligands for the Hg ions, we would like to characterise the 

fraction of sites of this pool occupied with Hg ions by an “effective” dissociation rate 

constant (kd). To this aim, a lability degree of the system can be determined from the 
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accumulation of Hg in the resin as indicated in Eq (6.2). Assuming that the lability degree can 

be related with the physicochemical parameters of the complex as in the case of only one 

complex in excess of ligand conditions 26,  

g g g r
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(1 ')
' coth tanh
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m m
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 (6.3) 

In Eq (6.3), K’ is the conditional stability constant which labels the ratio of bound versus free 

metal,  g is the thickness of the diffusive layer plus the thickness of the DBL,  r is the 

thickness of the resin layer, ε is the ratio between the diffusion coefficient of the free metal 

ion and the complex, ML
ML

d

D

k
 =  and ML

d (1 ')

D
m

k K
=

+
.The parameter λML is the distance 

that the complex has travelled by diffusion along the resin layer until full dissociation, 

whereas m is related to the thickness of the reaction layer in the gel layer, i. e., the layer 

where there is no equilibrium between the complex and the free metal ion. 

To recover a value for kd, Eq (6.3) needs a value for the conditional stability constant of the 

Hg-SRHA complexes. In order to estimate a value for the stability constant for the pool of Hg 

bound to the SRHA, speciation data from VMINTEQ have been used to calculate the 

concentration of Hg bound to carboxylic and phenolic sites, as well as the free Hg 

concentration. From this data, K’= (cHg,phenolic + cHg,carboxilic)/cHg,free is defined for the global 

pool of Hg complexes with the organic matter.  

The diffusion coefficient for the complexes is expected to be close to the diffusion coefficient 

of the ligand due to the size of the ligand. Accordingly, we will assume hat ligand and 

complex share a common diffusion coefficient, an assumption that is already made when 

calculating the value for clabile in Eq (6.1). Values DSRHA=2.30x10-10 m2 s-1 and DHg=8.44x10-

10 m2 s-1 have been used. The value for DHg is related to the diffusion coefficient of free Hg in 

agarose gels reported in 6, 25. 

Following the procedure to determine the conditional stability constant outlined above, and 

the mentioned values for the rest of parameters, the subroutine Findroot from Mathematica 

has been applied to determine kd 
27. The subroutine needs as input parameters ξ, K’, ε= 

DHgSRHA/ DHg, δ
g and δr and an educated guess value for kd=1x10-3 s-1. With this information 

the subroutine uses the Newton-Raphson method to find a new value for kd which applied to 

Eq (6.3) gives a value for ξ closer to the experimental measurement. This process is repeated 
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until the solution of the value for kd satisfies the experimental value for ξ within a certain 

tolerance.  

Notice that the use of Eq (6.3) in order to determine the effective dissociation rate constant 

(kd ) requires (0<ξ <1 ). If the system is labile, i. e., ξ =1 the accumulation is only dependent 

on the transport by diffusion without any dependence on kd. In the opposite case (ξ =0), the 

pool of Hg complexes would not contribute at all to the accumulation and therefore, a 

determination of kd from the experimental data would not be representative of the physical 

process. 

Finally, the determination of the physical parameters (K’ and kd ) from our experimental data 

together with the diffusion coefficient gathered from literature are going to be useful for a 

numerical simulation of the reaction-diffusion processes of the system of Hg-SRHA or Hg-

SRFA in the DGT devices. The simulations are going to be done with the numerical tool 

presented in the chapter 2 of the thesis.  
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6.3 Results and discussion 

6.3.1 Time evolution of cT,Hg and cred,Hg  

Hg is a heavy metal that is known to be highly reactive and presents several chemical 

attributes that discern it from the rest of heavy metal elements (e.g Pb, Cd, Zn, Ni). For 

example, in its neutral state belongs to the gas phase, which some materials have shown to 

present some permeability when contained in a closed compartment (e.g Polyethylene (PE))28 

for glass containers no permeability has been observed. Hg has a great affinity for plastic 

material which leads to endure adsorption reactions with wall containers 28. For the reasons 

stated above and since the flux of Hg in the DGT devices at the resin-gel interface is related 

to the total Hg concentration in solution, it is of high importance to track the evolution of 

cT,Hg and cred,Hg with time because it is expected that a significant fraction of Hg will bind to 

the container walls during the time-course of the experiment at the pH of our working 

conditions. 
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Figure 6.1 Evolution of cred,Hg (Panel A), cT,Hg (Panel B) within the deployment time of the DGT devices. The time 
reference belongs to the deployment of DGT devices . Panel C shows the fraction of reducible Hg vs DOC in 
solution when the experiment was finished. Solution 1 (blue dots) is composed by the reagents shown in Table 
6.2  where no SRFA was present, but has a source of residual DOC of 4.6 mg/L, solution 2 (red dots) is composed 
by cSRFA = 0.66 mg/L (DOC=0.4 mg/L), solution 3 (green dots) is composed by cSRFA =1.98 mg/L (DOC=1.2 mg/L), 
and solution 4 (purple dots) is composed by cSRFA =14.2 mg/L (DOC=8.6mg/L). The concentration of the other 
reagents added in each solution is described in Table 6.2 . 

    

    

    

    

    

                                   

  
  

  
  
  

  
 

          

    

      

      

      

      

      

               

  
  

  
  
  

  
 
 

        

    

      

      

      

      

               

  
  

  
  

  
 
 

       

                                                         

 

 

 



Chapter 6. Hg availability to DGT devices in the presence of dissolved organic matter: an 

experimental and numerical approach  

___________________________________________________________________________  

230 

 

 

Figure 6.2 Evolution of cred,Hg (Panel A), cT,Hg (Panel B) within the deployment time of the DGT devices. The time 
reference belongs to the deployment of DGT devices. Panel C shows the fraction of reducible Hg vs DOC in 
solution. In Solution 1 (blue diamonds) no SRHA was added, however, a significant concentration of DOC is 
observed (3.6mg/L). In solution 2 (red diamonds) was added cSRHA = 1.49 mg/L (DOC=0.9 mg/L). In solution 3 
(green diamonds) was added cSRHA = 3.96 mg/L (DOC=2.4 mg/L ) and solution 4 (purple diamonds) was added 
cSRHA = 15.3 mg/L (DOC=9.3 mg/L ). 

First of all, it is worth noting that even though we have worked at very low cT,Hg in 

experiments B and C, these concentrations are still a few orders of magnitude higher than 

those in natural waters 1, 28-29. 
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In Figure 6.1, Panel B, at the beginning of the deployment the measured cT,Hg  is quite close to 

the expected value added in every solution (see Table 6.2 ). After DGT devices are deployed 

cT,Hg increases and after that, it reaches equilibrium. This phenomenon seems to be related 

with the increase of cred,Hg in every solution (see Figure 6.1 Panel A). Thus, the source of Hg 

contamination may come from residual Hg adsorbed in the walls (from walls saturation step) 

that is desorbed to the solution.  

In Figure 6.1, Panel C , it can be seen that the fraction of reducible Hg stays constant when 

cSRFA increases in solution. In our working hypotheses, we assume that 1) all Hg is bound to 

SRFA according to VMINTEQ calculations and 2) increasing the concentration of SRFA in 

solution while keeping Hg concentration constant should increase the fraction of Hg that is 

bound to stronger sites. Hence, it could be expected a decrease of the fraction of reducible Hg 

when cSRFA increases in solution. However, this is not what we observe suggesting that the 

increase of the stability is not high enough to be relevant for a decrease of the reducible 

concentration  

 

In Figure 6.2, we can observe that cT,Hg  measured is higher for every solution than the value 

reported at Table 6.1. Nevertheless, in this case, the increase of cT,Hg is correlated to the 

increase of cSRHA in solution, thus SRHA may have had traces of Hg that contaminated the 

solutions (remember that we are working at ng/L level). After deploying the DGT devices 

there is a disequilibrium period where cred,Hg increases, after that it reaches an equilibrium 

value that is maintained until the end of the experiment. A second difference is obtained in 

relation with the ratio of reducible Hg vs DOC (see Figure 6.2, panel C) where it is observed 

that an increase of SRHA in solution produces a lower ratio cred,Hg/cT,Hg . A very similar trend 

is observed, when comparing the fraction of reducible Hg vs time for 3 concentrations of 

SRNOM ( cSRNOM =1mg/L, cSRNOM = 4 mg/L and cSRNOM=16 mg/L) vs time obtained in a 

publication by 10 . In contrast, no correlation is observed between the fraction of cred,Hg/cT,Hg 

and cSRFA.. 

Since molar ratios, rather than mass ratios, between Hg and DOM (and its functional groups) 

are better variables to discuss Hg affinity towards DOM, from now on in this manuscript we 

will use the units (mol /m3) for credHg and cT,Hg.  
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6.3.2 NICA-Donnan speciation results 

The set of input values regarding DOC (mg/L), cT,Hg (M), cNaNO3 (M) and the concentration of 

impurities in the salt background are reported in section 6.6.1 of the supporting information 

for the case of SRFA and SRHA. In order to simplify the Hg speciation calculations, residual 

DOM has not been considered (neither in the case of SRFA nor in the case of SRHA) as input 

value of DOC in VMINTEQ reported at section 6.6.1 of the supporting information.  

Given the above information on the input parameters, the outcome of VMINTEQ for the Hg 

speciation in presence of SRFA is reported below : 

Table 6.3 Hg distribution among the species in solution in experiment with SRFA. Where 
%Hg+2 is percentage of  free Hg in solution, %HgD+2 is the percentage of Hg in the 
Donnan volume, %Hg carboxylic labels the percentage of Hg bound to the carboxylic 
sites and % Hg phenolic labels the percentage of Hg bound to phenolic sites. 

Experiment SRFA Solution 2 Solution 3 Solution 4 

 NICA-Donnan 

% Hg +2 3.23E-19 9.14E-21 1.91E-24 

% Hg D+2 5.84E-23 4.96E-24 7.45E-27 

% Hg carboxylic  0.06 0.05 0.03 

% Hg phenolic 99.94 99.95 99.97 

 

According to Table 6.3, the results of the speciation in the SRFA solutions by using NICA-

Donnan show that all the Hg is bound to organic matter. 

In the experiment with SRFA, for the NICA-Donnan model we notice that almost all the Hg 

is bound to the phenolic sites. Moreover, the percentage of Hg bound to phenolic sites 

increases very slightly from solution 2 to solution 4 because Hg/SRFA in solution decreases. 

The free Hg (% Hg +2), inorganic Hg species, Hg bound to carboxylic sites (% Hg carboxylic) 

or Hg territorially bound (% Hg D +2) are negligible. Notice that the carboxylic and phenolic 

distributions represent a pool of binding sites that are related to different functional groups. 

Therefore, this result indicates that if Hg is bound to thiol groups, these groups are 

represented in the phenolic pool.  

In presence of SRHA, the outcome of VMINTEQ allows to build Table 6.4 
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Table 6.4 Hg distribution among the species in solution in experiment SRHA. The 
meaning of the labels is defined in the caption of Table 6.3. 

Experiment SRHA Solution 2 Solution 3 Solution 4 

 NICA-Donnan 

% Hg +2 7.47E-14 1.50E-15 1.02E-17 

% Hg D+2 9.31E-18 8.97E-19 2.31E-20 

% Hg carboxylic  7.00 5.89 4.31 

% Hg phenolic 92.99 94.11 95.69 

 
The Hg speciation predicted by VMINTEQ in presence of SRHA also points to almost all the 

Hg being bound to the phenolic pool of sites and a little fraction in all cases, less than 10%, is 

bound to carboxylic sites.  The fraction of Hg bound to phenolic sites increases from solution 

2 to solution 4 because the Hg/SRHA ratio in solution decreases. The fraction of Hg bound to 

inorganic species or to the Donnan volume is negligible. 

6.3.3 Relationship between reducible, total and labile Hg  

6.3.3.1 Labile Hg concentrations measured with DGT  

The moles of Hg accumulated in the DGT devices deployed in the solution 2-4 from 

experiment SRHA and SRFA (reported in SI section 2 Table S6.1 and Table S6.2 

respectively) have been used to determine the labile Hg concentrations (clabile) in the solutions 

according to Eq.(6.1). The results clabile for experiments SRFA are gathered in Table 6.5. 
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Table 6.5 Values of clabile (mol m-3), cT,Hg(mol m-3), cred,Hg (mol m-3) and DOC (mg/L )for 
experiment SRFA for solutions 2,3,4. The value of the diffusion coefficient for fulvic acid 
to calculate clabile (mol m-3) is DSRFA=2.5x10-10 m2 s-1 respectively. The values for DOC 
mg/L presented in this table are the difference between the value measured in each 
solution with the value measured in solution 1. 

 Experiment SRFA  

Units: mol 
m-3 

clabile 

1R1G 

clabile 

1R2G 

clabile 

1R3G 

cT,Hg  cred,Hg DOC  
(mg/L) 

Solution 2 
3.00(±0.7) 
x10-6 

2.6 (±0.3) 
x10-6 

2.57(±0.0
4)x10-6 

2.2(±0.3) 
x10-6 

7(±2)x10-7 0.4 

Solution 3 
3.6(±0.1)x
10-6 

3.5(±0.2)x
10-6 

3.4(±0.1)x
10-6 

3.0(±0.4)x
10-6 

9(±3) x10-7 0.5(±0.5) 

 

Solution 4 
4.61(±0.08
) x10-6 

3.1(±0.2)x
10-6 

2.7(±0.2)x
10-6 

2.5(±0.3)x
10-6 

8(±3) x10-7 9.7(±0.9) 

 

In experiment SRFA (Table 6.5), the comparison of the values of clabile (mol m-3) with cT,Hg 

(mol m-3) indicate that all the Hg species in the solution are labile given the lower values of 

cT,Hg  versus clabile for all the concentrations of SRFA considered (solutions 2, 3, and 4). The 

fact clabile is around a 10-20% higher than cT,Hg for every solution and DGT configuration 

suggests that SRFA diffuses faster in our experiment than the value for DSRFA used from 17 in 

agarose gels. Notice also that the labile concentration does not increase when we compare the 

values of DGT devices with increasing thickness of the diffusive gel. This result reinforces 

the interpretation that all the species are labile, because even at the thinner thickness of gel 

layer (1R1G device) the labile concentration coincides with the total and no additional 

increase is possible.  

Obviously, the labile concentrations measured rely on the diffusion coefficient used in 

Eq.(6.1) for the Hg species, and we would like to highlight that the value of the diffusion 

coefficient has been gathered from a publication that uses a fully independent measurement 

with a different technique 17. Other values of diffusion coefficients have been tested in the 

section 6.6.2 (Tables S6.9-S6.11) of the supporting information.  

The results clabile > cT,Hg suggest that the diffusion coefficient chosen is too low and a better 

estimation according to the present results while imposing clabile   cT,Hg is DSRFA=2.8x10-10.   
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Conversely, values for the reducible Hg concentration are clearly smaller than both the total 

Hg and the labile concentrations indicating that only part of the Hg in the SRFA solution is 

reducible.  

The data obtained does not support a clear relationship between the reducible Hg and the 

strength of the binding since the fraction of reducible Hg stays constant as the cSRFA in 

solution increases (See Panel C in Figure 6.1). This trend is perhaps unexpected looking at 

the strength of binding because, when cSRFA increases, the concentration of strong sites also 

increases but the reducible fraction stays constant. In addition to the strength of binding other 

effects play a role. While the lability of a the Hg complexes depend on their reactivity with 

the functional groups of the resin (strength of binding and kinetics of dissociation of the 

complex), the reducibility of the same complexes depend on the reactivity of Hg(II) with the 

reducing agent (Sn(II)), which is a different reaction. 

In summary, the current results suggest that the complexes Hg-SRFA reach full-dissociation 

at the resin-gel interface. 

The results for clabile for experiment SRHA are gathered in Table 6.6 . 

Table 6.6 Values of clabile (mol m-3), cT,Hg (mol m-3), cred,Hg  (mol m-3) and DOC  mg/L for 
experiment SRHA for solutions 1,2,3,4. The values of the diffusion coefficients for humic 
acid to calculate clabile (mol m-3) is DSRHA=2.3x10-10 m2 s-1. The values for DOC mg/L 
presented in this table are the difference between the value measured in each solution 
with the value measured in solution 1. 

(mol m-3) Experiment SRHA 

Units: mol 
m-3 

clabile 
1R1G 

clabile 
1R2G 

clabile 
1R3G 

cT,Hg  cred,Hg DOC 
(mg/L) 

Solution 2 
1.8(±0.1)x
10-6 

1.96(±0.3
)x10-6 

1.95(±0.4
)x10-6 

1.68(±0.3
) x10-6 

7.12 x10-7 0.9(±0.2) 

Solution 3 
1.43(±0.2)
x10-6 

1.66(±0.5
)x10-6 

1.73(±0.7
) x10-6 

2.5(±0.4) 
x10-6 

6.76 x10-7 2.3(±0.3) 

Solution 4 
1.44(±0.1) 
x10-6 

1.63(±0.1
)x10-6 

1.74(±0.2
) x10-6 

2.8(±0.3) 
x10-6 

6.14 x10-7 9.3(±0.1) 

 

In experiment SRHA ( Table 6.6 ), the comparison of cT,Hg , cred,Hg and clabile indicates clear 

differences between these concentrations. Since cT,Hg >clabile > cred,Hg, a fraction of the total 



Chapter 6. Hg availability to DGT devices in the presence of dissolved organic matter: an 

experimental and numerical approach  

___________________________________________________________________________  

236 

 

Hg-SRHA is non-labile in the DGT devices while all the reducible Hg might be labile which 

also encompass a fraction of the non-reducible Hg. 

Increasing the SRHA concentration (moving row-wise in Table 6.6 ), the labile fraction 

decreases (although clabile in solutions 3 and 4 are almost the same, the total Hg concentration 

increases as SRHA increases which decreases the lability degree of solution 4 as reported in 

Table 6.7). Indeed, an increase of cSRHA implies an increase of strong sites in solution which 

decreases the dissociation rate constant in agreement with Eigen ideas. Moreover, 

considering Panel C in Figure 6.2, the fraction of reducible Hg also decreases as Hg binds to 

stronger SRHA sites. 

The reducible Hg and the labile Hg are thus related to the stability of the binding, for the 

concentrations used in the experiment SRHA. Reducible Hg is also lower than labile Hg. 

For solution 2 (experiment SRHA), clabile is greater than cT,Hg for all the types of DGT devices 

which in principle points to experimental inaccuracies or inaccurate values as input 

parameters. However, the DOC measurements for each solution ( See Figure 6.2 Panel C), 

indicate that there was a residual DOM in solution 1, where no humic acid was added. Thus, 

if we consider that not all the Hg is bound to SRHA and that the residual DOM diffuses with 

a diffusion coefficient similar to that of SRFA( which is supposed to be greater than SRHA). 

It is reasonable that clabile appears overestimated due to the use of a too small diffusion 

coefficient. 

It is also interesting to notice that for solutions 3 and 4 (in Table 6.6 moving column-wise), 

the labile concentration tends to increase as the thickness of the diffusive gel increases, in 

agreement to the increase of the time available for the dissociation of complexes. However, 

the comparison between clabile and cT,Hg suggests that full lability of the SRHA complexes is 

not reached even in the 1R3G DGT devices, with the exception of solution 3, where the 

uncertainties in the measurement suggest that there are no significant differences between 

clabile from 1R3G devices and cT,Hg. Thus, full dissociation would have been reached. 

 

6.3.4 Estimation of a dissociation rate constant for the Hg-SRHA complexes 

In the subsection “Labile Hg concentrations measured with DGT” we have observed that 

clabile=cT,Hg (therefore, ξ=1 ) (when DSRFA=2.8x10-10 m2 s-1) for the experiment SRFA for each 

DGT device. This behaviour also occurred, when cSRFA was increased (see SI section 6.6.2, 

Table S6.9 row-wise). Therefore, as stated in section “Determination of kd from ξ for Hg-
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SRHA or Hg-SRFA complexes” accumulation data cannot be used to estimate a dissociation 

reaction rate constant of Hg-SRFA complexes, because the accumulation is not dependent on 

dissociation but it is only limited by diffusion. 

Conversely this is not the case for experiment SRHA, where a decrease of the Hg/SRHA ratio 

from solution 2 to solution 4 leads to a decrease in the labile concentration (see Table 6.6 

row-wise)..  

From the division of clabile with cT,Hg , it is possible to determine in which extent the pool of 

Hg-SRHA complexes is going to contribute to the accumulation ( ξ ) and a kd can be 

determined from ξ (see Table 6.7).  

The procedure employed to determine the values for kd for solution 3 and 4 is described 

above in subsection “Determination of kd from ξ for Hg-SRHA or Hg-SRFA complexes”. 

The values obtained for kd from 1R1G DGT device are 2.3x10-3 s-1 for solution 3 and 1.5x10-3 

s-1 for solution 4. These kd-values can be used to predict the ξ-values for the other 

configurations of DGT devices in the same solutions 3 and 4. All this set of predictions are 

gathered in Table 6.7 which also contain the experimental ξ-values resulting from Eq (6.3). 

Table 6.7 Experimental and predicted ξ-values for experiment SRHA solution 3 and 
solution 4. The following parameter values have been used to predict ξ   Δ           -

5    Δ 1=3.75x10-4    Δ 2=6.25x10-4    Δ 3=8.75x10-4 m, DHg=8.44x10-10 m2 s-1 , 
DSRHA=2.3x10-10 m2 s-1, kd,solution 3=2.3x10-3 s-1 , kd,solution 4=1.7x10-3 s-1, K’Hg,solution 3=2x1016 , 
K’Hg,solution 4=2.4x1018. 

Experiment 
SRHA 

 DGT 
configuration 

2R1G 1R2G 1R3G 

Solution 3 ξ 
(experimental) 

0.56 0.66 0.69 

ξ (predicted) 0.56 0.64 0.70 

Solution 4 ξ 
(experimental) 

0.49 0.57 0.60 

ξ (predicted) 0.50 0.57 0.60 

 

As seen in Table 6.7, the predicted ξ-values are in very good agreement with the 

experimental ones. This indicates that the results for kd from solutions 3 and 4 have been 

well-predicted applying the ligand excess model. This procedure has not been applied for 
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solution 2 because we have obtained a clabile>cT,Hg, from which it is deduced that all Hg in 

solution is labile and the transport is controlled by diffusion. 

Notice that the agreement found in Table 6.7 indicates that the kd-values hold for all the DGT 

configurations.  

 

6.3.5 Lability assessment with the measurement of %back 

As an additional result, the mass of Hg in the back resin disc from a DGT device with a stack 

of two resin discs informs about the lability of the Hg-SRFA or Hg-SRHA complexes in the 

DGT device. As can be seen in Table 6.8, the percentage of mass of Hg accumulated in the 

back resin disc (%back) are very low indicating that the Hg complexes behave as almost fully 

labile in the DGT devices with 2 resin discs for experiment SRHA and SRFA.  

Table 6.8 Percentage between the back accumulation in the resin layer and the total 
accumulation, for experiments SRHA and SRFA. 

Experiment 

 

%back 

 

SRHA SRFA 

(Solution 2) 0.5 5.0 

(Solution 3) 0.4 1.1 

(Solution 4) 1.4 0.92 

 

For the case of SRFA , this result is in very good agreement with a labile Hg concentration 

being equal tot the total concentration (i.e ξ =1) for each DGT device. Moreover, by using a 

model of a single pool described in section “Determination of kd from ξ for Hg-SRHA or Hg-

SRFA complexes” we have been able to assess a %back by performing a set of simulations 

with a set of different diffusion coefficients reported in literature ( results available in SI 

section 6.6.2 Table S6.15) . The comparison with our experimental %back suggest that a 

diffusion coefficient higher than DSRFA=2.8x10-10 m2 s-1 is not in agreement with our 

experimental measurements.  

For the case of SRHA, the partially labile character of the Hg complexes with SRHA shown 

in the previous section for 1R1G, 1R2G and 1R3G DGT devices is not incompatible with the 

results observed with the 2R1G DGT related to the %back because Hg-SRHA complexes 
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diffuse at a very slow rate and the thickness of the resin is 0.1 mm thicker than the standard 

DGT resin. Both circumstances coupled together seem to lead to a negligible presence of Hg 

in the back resin, as measured with AMA-254 

To further analyse the congruence between the experimental results  of %back and ξ for the 

SRHA solutions, a simulation of the concentration profiles for 2R1G DGT devices for 

solution 3 and 4 have been done by using a rigorous numerical code that solves the transport 

equations with the boundary conditions of the DGT device (see chapter 2 of this thesis).  

To perform these simulations the values obtained for kd and the conditional stability constants 

obtained from the speciation predicted by VM for solution 3 and 4 have been applied.  

 

Figure 6.3 Normalized concentration profile of Hg+2 (Blue dots), Hg-SRHA complex (Gray dots), 
SRHA(Orange dots) in a 2R1G DGT device. Panel A is the simulation that represents the experimental data of 
solution 3 and Panel B is the simulation that represents the experimental data of solution 4. The following 
parameters has been used DHg+2=8.44x10-10 m2 s-1 ,DSRHA=DHg-SRHA=2.3x10-10 m2 s-1, kd ( Hg-SRHA sol 
3)=1.5x10-3 s-1, KHg-SRHA=1.70x1023 m3 mol-1 . For the simulation of solution 4, has been used the same 
diffusion coefficients as in the simulation of solution 3. kd( Hg-SRHA, sol4)=1.5x10-3 s-1, KHg-SRHA, 

sol4=9.98x1022 m3 mol-1 . 

In Figure 6.3 , the free metal and the complex are in equilibrium in the diffusive gel layer as 

noticed by the convergence of the respective normalized concentration profiles. At the 

interface of the resin-gel layer, the free metal profile drops to 0. The complex concentration 

at the interface resin/diffusive gel has a value close to 
r

r ML
ML *

ML

c
q

c
= =0.40 (Panel A) and close to 

r
r ML
ML *

ML

c
q

c
= =0.46 (Panel B), in well agreement with the value of ξ (

r
rML
ML*

ML

1 1
c

q
c

 = − = − ) 

reported at Table 6.7.  

In Figure 6.3 ,the SRHA complex has achieved almost complete dissociation at the front resin 

and achieves complete dissociation at the beginning of the back resin (For Panel A). As a 
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result, a %back=9 is obtained a value that is not in agreement with the experimental one 

(%back=0.4).  

 For Panel B the complex does not achieve complete dissociation at the back resin and its 

%back=12 is not in agreement with the experimental %back=1.5.  

Both results of the %back obtained by simulation are not in agreement with the observed 

experimental %back but the differences could be considered as acceptable given the rough 

approximation that has been done and the experimental uncertainties of the DBL.  

6.3.6 Relationship between labile and intrinsically bound Hg 

The NICA-Donnan isotherm has been widely applied to describe the binding of trace-metals 

such as Pb, Cu or Cd to fulvic or humic matter 30-32. For the binding of Hg, the generic NICA 

parameters have not been obtained from the fitting of experimental binding data but deduced 

from convenient extrapolations. It is then interesting to use these set of parameters to model 

the Hg binding to humic or fulvic substances and analyse whether the results make sense with 

the experimental data.  

The results from Table 6.5 show that in presence of SRFA all the Hg complexes behave as 

labile. According to the speciation by VMINTEQ, the phenolic complexes are the only 

relevant Hg species. Thus, the phenolic species, independently of the affinity of the site are 

labile and dissociate fast enough in the DGT device to reach full dissociation along the gel 

disc. In contrast, only a fraction of the Hg is reducible indicating that part of the phenolic Hg 

complexes are non-reducible. 

In presence of SRHA, only a fraction of the Hg is labile and a tendency to decrease the 

lability as the Hg binds to the strongest SRHA sites is observed (See Table 6.7). Accordingly, 

it could be interesting to depict the distribution of affinities of the occupied sites and to point 

out the affinity at which the lability is lost. 

The distribution of affinities underlying the NICA isotherm can be displayed with the 

conditional affinity spectrum (CAS) 21. It depicts the distribution of affinities for the binding 

of a given cation at a fixed concentration of the rest of competing cations, among which we 

have always the proton. The reference 22 includes an excel file ready to plot the CAS 

distributions for HA and FA. We have used this excel file to visualize the density of sites of 

each affinity seen by the Hg ions in the SRHA ligand at pH 8 and the corresponding density 

of occupied sites for the Hg concentrations in experiment SRHA. 

For solution 3 of experiment SRHA, the CAS is depicted in the figure below 
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Figure 6.4 Conditional Affinity spectrum (CAS) (red line) of Hg in presence of competing cations coming from 
the impurities of the background salt (NaNO3). The dashed green line shows the carboxylic distribution and 
the dashed purple line shows the phenolic distribution in presence of competing ions. In blue line is depicted 
the affinity spectrum in absence of competing ions.  

 

Figure 6.4 depicts the distribution of sites seen by the Hg ions in the SRHA. In blue is given 

the distribution in absence of competing ions (including the protons), which can be 

considered as the distribution in a solution at so high pH that there are no protons in the 

system. Continuous red line corresponds to the CAS in the solution at pH 8. When pH 8 is 

considered, some sites of the SRHA are occupied by protons so that the apparent affinity of 

the SRHA sites for Hg .  shifts towards smaller affinities indicating that the effective affinity 

of the sites for Hg has decreased since part of the binding energy has to be spent in extracting 

the protons.  

In Figure 6.4, the CAS corresponding to pH 8 is also split in the carboxylic distribution (in 

green discontinuous line) and the phenolic distribution in purple discontinuous line. 

We are particularly interested in the distributions of occupied sites for solutions 3 and 4 for 

which we know that only a fraction of the occupied sites is labile.  
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Figure 6.5 For the experiment of SRHA, panel A corresponds to the solution 3 and Panel B to solution 4 .The 
solid green line shows the global distribution of occupied sites. The phenolic and carboxylic distribution are 
represented by a dashed purple line and a dashed green line respectively. The shaded blue area represents the 
labile fraction.  

Figure 6.5 reports the distribution of occupied sites for solutions 3 and 4 (see light green lines 

in Panel A and Panel B respectively). The density of occupied sites can be defined as: 

( )
'

Hg,D'

'

Hg,D

log
1

occ

k c
p p k

k c
=

+
 (6.4) 

Where  ’ is the affinity for a specific site, p(logk’) is the density of sites with affinity log k’ , 

and cHg,D  is the Hg concentration in the Donnan phase. In Figure 6.5 Panel A, the red line 

stands for the density of sites. In the range of logk’ 24, the green line approaches the red one 

indicating that almost all the sites of this range of affinities are fully occupied. The dashed 

purple line depicts the density of phenolic occupied sites which for each affinity is higher 

than the density of carboxylic occupied sites denoted by a dashed green line. The ratio of the 

areas below these dashed curves is the ratio between Hg bound to phenolic and Hg bound to 

carboxylic sites as reported by the VMINTEQ speciation output. From Panel A to Panel B in 

Figure 6.5, the ratio cT,Hg /cSRHA decreases, therefore the area below the thin green line has to 

decrease. When the ratio cT,Hg /cSRHA is lower (See Figure 6.5, Panel B) there is a shift to a 

higher range of affinities (compare in Figure 6.5 Panel A with Panel B) due to the increase of 

the concentration of strong sites that are preferred for occupation.  

In Figure 6.5 Panel A, the shaded blue area corresponds to the concentration of bound Hg 

equal to clabile. The affinity at which the lability is lost is located at log k’Hg =24.5 in a DGT 

device 1R3G. In other words, Hg bound in the blue shaded area is labile while Hg bound at 

the right of this shaded area is inert in the DGT device 1R3G. 
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For DGT devices with 1R2G and 1R1G, the affinity at which the lability is lost decreases to 

log k’Hg =24.3 and log k’Hg =23.9, respectively, in agreement to a decrease of lability when 

the thickness of the diffusive gel of the DGT device decreases. 

For solution 4, a similar discussion applies. Hg bound to sites with affinity smaller than log 

k’Hg =26.1 are labile while for greater affinities, the lability is lost.  

From solution 3 to solution 4 there is an increase of lability for sites with greater affinity. 

This increase is directly related to an increase of SRHA from solution 3 to solution 4 the 

indicating an increase on the concentration of the ligand sites. This increase in concentration 

makes sites with a given affinity more labile in agreement with the behaviour of the 

dependence of the lability on the ligand concentration in the range without ligand excess, as 

correspond to sites of a particular local affinity.  

In the range without ligand excess, there is a back diffusion of the ligand from the resin to the 

solution in the DGT device which decreases the lability of the complexes. The back-diffusion 

process becomes negligible in excess of ligand since the ligand arising from the dissociation 

in the resin domain is negligible with respect to the free ligand in solution due to cT,L
*>>cT,M

*. 

Although the commented results are obtained with the NICA-Donnan speciation model, we 

need to recall that the small concentrations involved in these calculation suggest to be 

cautious in purely quantitative interpretations.  
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6.4 Conclusions 

A decrease of the reducible Hg concentration (cred,Hg) in solution is found when the DOM/Hg 

ratio is increased. A similar result holds for the labile concentration which suggests a certain 

correlation between reducible and labile. 

In the case of Hg-SRFA, clabile ≈ cT,Hg indicating that the Hg-SRFA complexes in solution 

were fully labile. For this case, the reducible Hg concentration is not a good predictor of the 

lability properties of the complex, as only a 30% of Hg-SRFA in the sample is found to be 

reducible in all the DOM/Hg ratio studied 

Speciation calculated by VMINTEQ with the NICA-Donnan model suggests that for the 

concentrations of Hg and humic acids used in this work, almost all the Hg in solution is 

complexed to the humic substances. This speciation agree well with the reported high affinity 

of Hg for humic and fulvic substances. Nevertheless, the fitted affinity parameters are based 

on trends and not on actual Hg-binding data. Thus, there is a need to fit a new set of NICA-

Donnan binding parameters based on experimental binding data of Hg to humic substances. 

Based on the current binding parameters, the conditional affinity spectrum (CAS) allows to 

visualize the range of affinities where the Hg bound to SRHA is labile as well as the range of 

affinities at which the lability is lost for a given concentration of SRHA.  
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6.6 Supporting information for: Hg availability to DGT devices 

in the presence of dissolved organic matter: an experimental 

and numerical approach  

6.6.1 Total concentrations of species for speciation calculation with Visual Minteq 

(VM) 

In the main text, the NICA-Donnan model  has been used for modelling Hg binding to 
organic matter. The list of input values for the total concentrations in the bulk solution 
used for the VM are the following: 

Table S 6.1Total concentrations of Hg and DOC used in the speciation calculations for 
experiment SRHA . 

Species VM 
(concentration) 

Solution 2 Solution 3  Solution 4 

cT,Hg (M) 1.68x10-9 2.50x10-9 2.8x10-9 

DOC (mg/L) 0.9 2.5 9.2 

Table S 6.2 Total concentrations of Hg and DOC used in the speciation calculations for 
experiment SRFA. 

Species VM 
(concentration) 

Solution 2 Solution 3 Solution 4 

cT,Hg (M) 2.25x10-9 2.97x10-9 2.52x10-9 

DOC (mg/L) 0.4 1.48 8.9 

The ratio of active DOM is considered to be 1.65 times the value of DOC measured in 

solution in Table S 6.1 and Table S 6.2. 
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In Table S 6.3   are reported the total concentrations of the impurities of the background 
salt (NaNO3 0.5M). 

Table S 6.3 Total concentrations of heavy metals coming from the impurities from the 
background salt  and the concentration of background salt introduced as an input value. 
for each solution . 

Species VM 
(concentration) 

Concentration of 
impurities from 
back ground salt 

H+ (M) 1.32x10-3 

Na+ (M) 0.5 

NO3- (M) 0.5 

Al+3 (M) 7.85 x10-8 

Ca+2 (M) 1.05 x10-7 

Co+2 (M) 7.13 x10-9 

Mg+2 (M) 1.72 x10-8 

Ni+2 (M) 7.15 x10-9 

Pb+2 (M) 2.03x10-9 

CO3-2 (M) 1.32 x10-3 
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6.6.2 Agreement between measured %back and predicted %back computed by 

rigorous simulation using fitted parameters  from experimental data and 

diffusion coefficients of SRHA and SRFA in literature 

In the main text the results obtained for clabile (mol m-3) ξ and kd  (s
-1) are based on a value of a 

diffusion coefficient for SRHA and SRFA measured in the medium ( agarose gel ) and pH of 

our experiment. We consider this a legitimate choice because it is representative of the 

characteristics of our system.  

Nevertheless, diffusion coefficients for SRHA and SRFA have been reported in the literature 

in the ranges 2.0 x10-10- 6.5 x10-10 and 1.9x10-10 -5.0x10-10 m2 s-1, respectively. 

Therefore, this section is dedicated to assess the change of ξ = clabile/cT,Hg (i.e the contribution 

of the complexes to the accumulation) for the Hg complexes with SRHA and SRFA when 

other different diffusion coefficients reported in the literature for these complexes are 

considered 1-2.  En each case a value of the dissociation rate constant ( kd (s
-1) ) can be 

recovered, which will be used to compute the %back in experiments A and B by using a 

rigorous numerical simulation code. Calculated values of %back will be compared with our 

experimental %back to give us an idea about the significance of using this choice of the 

diffusion coefficient in our experiments. A non-negligible predicted %back suggests that the 

diffusion coefficient selected does not reproduce our experimental data. 

The accumulations in our experiments SRHA and SRFA in solutions 2-4 are reported in the 

Table S 6.4 and Table S 6.5 from which clabile and ξ for a set of diffusion coefficients: 
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Table S 6.4 Values of accumulation of Hg in the DGT devices 1R1G, 2R1G, 1R2G and 
1R3G for experiment SRHA for solutions 2,3,4.  

nHg Experiment SRHA 

Units: moles  1R1G 2R1G 1R2G 1R3G 

Solution 2 
1.22(±0.09) 
x10-10 

1.06(±0.05)x
10-10 

8.4 
(±0.5)x10-11 

6(±1) x10-11 

Solution 3 9(±1)x10-11 9(±2) x10-11 7(±1)x10-11 5(±2)x10-11 

Solution 4 
9.5(±0.9)x10-

11 
9.2(±0.8) 
x10-11 

7.0(±0.2)x10- 5.5(±0.5)x10-

11 

Table S 6.5 Values of accumulation of Hg in the DGT devices 1R1G, 2R1G, 1R2G and 
1R3G for experiment SRFA for solutions 2,3,4.  

nHg Experiment SRFA 

Units: moles  1R1G 2R1G 1R2G 1R3G 

Solution 2 
1.7(±0.5)x10-

10 
1.5(±0.3) 
x10-10 

1.0(±0.2) 
x10-10 

7.90 (±0.1) 
x10-11 

Solution 3 
2.08(±0.07) 
x10-10 

1.58(±0.06) 
x10-10 

1.4(±0.1) 
x10-10 

1.04 
(±0.7)x10-10 

Solution 4 
2.7(±0.1) 
x10-10 

1.7(±0.2) 
x10-10 

1.26(±0.08)x
10-10 

8.4(±0.4) 
x10-11 

From  Table S 6.4 and Table S 6.5, clabile is calculated for each DGT device and for each 

value of diffusion coefficient listed in the following Tables . Then ξ can be computed by 

dividing each value of clabile in a by cT,Hg reported in Table S 6.1 and Table S 6.2 for 

experiment SRHA and SRFA respectively. Thus, the values for are reported in the following 

tables: 
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Table S 6.6 Experimental  ξ-values in experiment SRHA for Solutions 2, 3 and 4 using 
DSRHA=2.5x10-10 m2 s-1. Parameters: δDBL=8.05x10-5    Δ 1=3.75x10-4    Δ 2=6.25x10-4 
   Δ 3=8.75x10-4 m, DHg=8.44x10-10 m2 s-1. Deployment time=116.0h 

DSRHA=2.5x10-10 
(m2 s-1) 

Experiment SRHA 

 ξ1R1G ξ2R1G  ξ1R2G ξ1R3G 

Solution 2 1.2 1.0 1.3 1.3 

Solution 3 0.53 0.52 0.61 0.63 

Solution 4 0.46 0.45 0.52 0.56 

 

Table S 6.7 Experimental ξ-values in experiment SRHA for Solutions 2, 3 and 4 using 
DSRHA=4.95x10-10 m2 s-1. Parameters as in Table S 6.6. 

DSRHA=4.95x10-10 

(m2 s-1)  
Experiment SRHA 

 ξ1R1G ξ2R1G  ξ1R2G ξ1R3G 

Solution 2 0.60 0.52 0.63 0.63 

Solution 3 0.27 0.26 0.31 0.32 

Solution 4 0.23 0.23 0.26 0.28 

 

Table S 6.8 Experimental  ξ-values in experiment SRHA for Solutions 2, 3 and 4 using 
DSRHA=6.05x10-10 m2 s-1. Parameters as in Table S 6.6. 

DSRHA=6.05x10-10 

(m2 s-1) 1 
Experiment SRHA 

 ξ1R1G ξ2R1G  ξ1R2G ξ1R3G 

Solution 2 0.49 0.43 0.52 0.52 

Solution 3 0.22 0.21 0.25 0.26 

Solution 4 0.19 0.18 0.22 0.23 

Table S 6.9 Experimental  ξ-values in experiment B for Solutions 2, 3 and 4 using 
DSRFA=2.8x10-10 m2 s-1 , Deployment time=114.6h. Rest of parameters as in Table S 6.6 
       Δ           -4 m.  
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DSRFA=2.8x10-10 
(m2 s-1)2 

Experiment SRFA 

 ξ1R1G ξ2R1G  ξ1R2G ξ1R3G 

Solution 2 1.18 1.07 1.02 1.02 

Solution 3 1.07 0.81 1.06 1.01 

Solution 4 1.64 1.07 1.11 0.97 

 

Table S 6.10 Experimental  ξ-values in experiment SRFA for Solutions 2, 3 and 4 using 
DSRFA=3.7x10-10 m2 s-1. Parameters as in Table S 6.6        Δ           -4 m.  

DSRFA=3.7x10-10 
(m2 s-1)2 

Experiment SRFA 

 ξ1R1G ξ2R1G  ξ1R2G ξ1R3G 

Solution 2 0.89 0.80 0.77 0.77 

Solution 3 0.81 0.61 0.80 0.77 

Solution 4 1.24 0.81 0.84 0.74 

 

Table S 6.11 Experimental  ξ-values in experiment SRFA for Solutions 2, 3 and 4 using 
DSRFA=5.0x10-10 m2 s-1. Rest of parameters as in Table S 6.6        Δ           -4 m 

DSRFA=5.0x10-10 
(m2 s-1) 1 

Experiment SRFA 

 ξ1R1G ξ2R1G  ξ1R2G ξ1R3G 

Solution 2 0.66 0.59 0.57 0.57 

Solution 3 0.60 0.45 0.53 0.57 

Solution 4 0.92 0.60 0.62 0.55 

 

Values of ξ for experiment A coming out from the use of different diffusion coefficients of 

SRHA reported in the literature are gathered in Table S 6.6 to Table S 6.8. As can be 

observed, an increase of the diffusion coefficient leads to less labile complexes (i.e 

decreasing values of ξ). This is the expected trend because increasing the diffusion 

coefficient, the flux of metal in the resin layer increases and accordingly, to obtain a fixed 
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experimental value of the accumulation the complex has to become more inert. The same 

trend is observed for experiment B. 

A column-wise comparison within Table S 6.6 to Table S 6.8  also indicates an increase of 

the lability as the length of the diffusion domain increases in experiment SRHA. This trend 

does not occur for experiment SRFA ( Table S 6.9 - Table S 6.11 ) suggesting that the Hg 

complex with SRFA is already labile in the DGT with shortest diffusion domain.  

From the experimental value of ξ determined for each solution and using the diffusion 

coefficients considered from Table S 6.6 to Table S 6.8 for experiment SRHA and Table S 

6.9 - Table S 6.11  for experiment SRFA, plus the conditional constants obtained with 

VMINTEQ for these complexes,  kd (s
-1)-values can be obtained with the use of Eq (6.3) of 

the main text. Because kd (s
-1)  is an intrinsic parameter that only depends on the ability of the 

complex to dissociate and in the main text it has been proven for SRHA that the value for kd 

(s-1)  is able to reproduce the experimental lability degree for other DGT configurations. The 

results for  the kd (s
-1) values obtained in the following tables are only related to the DGT 

device configuration 2R1G. 
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Table S 6.12 Results of kd (s-1) for experiment A for solutions 2,3 and 4 for the list of 
different diffusion coefficients of SRHA reported in literature (shown in column 1). 

kd (s-1)  

DSRHA  

(m2 s-1) 

 

Solution 2 Solution 3 Solution 4 

 2.3x10-10 - 2.3 x10-3 1.5x10-3 

2.5x10-10 - 1.9x10-3 1.3x10-3 

4.96x10-10 6x10-3 9.2x10-4 7.2x10-4 

6.05x10-10 3.7x10-3 8.2x10-4 5.6x10-4 

  

Table S 6.13 Results of kd (s-1) for experiment B for solutions 2,3 and 4 for different 
diffusion coefficients of SRFA reported in literature. 

kd (s-1)  

DSRFA  

(m2 s-1) 

 

Solution 2 Solution 3 Solution 4 

2.5x10-10 - - - 

2.8x10-10 - - - 

3.7x10-10 6.9 x10-3 4.1 x10-3 6.0x10-3 

5.0x10-10 2.2x10-3 1.74x10-3 4.1x10-3 

 

In Table S 6.12 and Table S 6.13, the general trend (row-wise) for SRHA or SRFA is to 

obtain a lower kd as the diffusion coefficient for SRFA or SRHA used as input value 

increases since an increase of the flux needs to be compensated with a decrease of 

dissociation for a given accumulation (i.e a lower kd is obtained). 

When Table S 6.12 and Table S 6.13 are observed column-wise (i.e adding more 

concentration of SRHA or SRFA to the sample respectively) different trends are observed. 

For the case of SRHA (Table S 6.12), the pool of complexes (Hg-SRHA) becomes more inert 

as the cSRHA increases. This behaviour agrees with Hg ions being attached to increasingly 

strongest sites available as the concentration of SRHA increases. According to the Eigen 



SI Chapter 6. Hg availability to DGT devices in the presence of dissolved organic matter: an 

experimental and numerical approach  

___________________________________________________________________________  

258 

 

model, a common association reaction rate constant applies for the Hg binding to all the sites 

so that as the affinity of the site increases, the dissociation rate constant should decreases and 

accordingly, the complex becomes less labile. 

In contrast, for the case of SRFA, the pool of complexes does not become more inert as cSRFA 

increases. Instead, it seems to become more labile, a trend that that can hardly be understood  

.  
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Table S 6.14 %back computed by rigorous numerical simulation by using the following 
parameters simulating experiment A. For solution 4 KHg-humic =1.70x1020, cHgSRHA=1.2x10-

6 mol m-3, cSRHA = 0.057 mol m-3 , cHg+2 =2.37x10-25 mol m-3. For solution 3 KHg-humic 
=2.4x1018, cHgSRHA=2.13x10-6 mol m-3, cSRHA = 0.014 mol m-3 , cHg+2 =5.92x10-23 mol m-3. 
For solution 2,  KHg-humic =1.10x1018 , cHgSRHA=1.27x10-6 mol m-3, cSRHA = 0.00577 mol m-3 , 
cHg+2 =1.99x10-22 mol m-3 . Other parameters: δg=3.9x10-4 m, δr=1x10-4m, δDBL =8.04x10-

5   Δ      -2 s, time=10 h 

Predicted %back 

DSRHA  

(m2 s-1) 

 

Solution 2 Solution 3 Solution 4 

 2.3x10-10 - 9% 12% 

2.5x10-10 - 12% 14% 

4.96x10-10 8% 20% 21% 

6.05x10-10 11% 21% 22% 

 

Table S 6.15%back computed by rigorous numerical simulation by using the following 
parameters simulating experiment B. For each solution DSRFA is specified in column 1 
and kd is specified in Table S 6.13 for the corresponding DSRFA. The association reaction 
constant in each solution is calculated from ka=Kxkd . For solution 4 KHg-SRFA =6.26x1026, , 
cHgSRFA=1.2x10-6 mol m-3, cSRFA = 0.083 mol m-3 , cHg+2 =4.79x10-32 mol m-3 For solution 3  
KHg-SRFA =1.46x1025, cHgSRFA=2.51x10-6 mol m-3, cSRFA = 0.054 mol m-3 , cHg+2 =3.66x10-29 
mol m-3. For solution 2  KHg-SRFA =7.92x1022, cHgSRFA=2.24x10-6 mol m-3, cSRFA = 0.039 mol 
m-3 , cHg+2 =7.24x10-27 mol m-3 . Other parameters: δg=3.9x10-4 m, δr=1x10-4m, δDBL 
=8.04x10-5   Δ      -2 s, time=10 h 

Predicted %back 

DSRFA  

(m2 s-1) 

 

Solution 
2 

Solution 3 Solution 4 

 2.5x10-10 - - - 

2.8x10-10 - - - 

3.7x10-10 5.5% 13% 1% 

5.00x10-10 15.5% 17% 11% 
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6.6.3  Testing caps, pistons, diffusive gels and filters as possible sources  of DOM 

In the experiments SRHA and SRFA from the main text, in solution 1 no DOM was added. 

Nevertheless the measurement from the TOC analyzer has shown that there is a non-

negligible quantity of DOM in those samples ( approximately DOM≈4 mg/L). 

The main hypotheses is that the residual DOM comes from one or more parts of the DGT 

devices. Therefore a side experiment has been made to check if there is any leaching of DOM 

from the DGT devices. 

The experimental procedure consists on preparing a set of solutions with a background 

electrolyte NaNO3 with ionic strength (I=0.01M) containing the different parts of the DGT 

devices. The first solution contains the caps and pistons. The second solution contains the 

agarose gels. The third solution contains the filters.  

The glass bottles have been cleaned with Milli-Q water for 3 times, then left with HCl 5% v/v 

24 h and finally burned to 300 °C during 3 hours. Then, the bottles are weighted before and 

after adding MQ water to know the mass of the solution which is 1.4 L for the blank and 1.2 

for the solution with caps and pistons. 

Once the first solution is prepared, it is introduced into an incubator with an agitation 

frequency close to 90 rpm  covered with a plastic bag and aluminium foil at a temperature of 

20°C . A second glass bottle that contains a blank solution which is also covered by a plastic 

back and with aluminium foil is introduced to the incubator.  

The bottles have left a total of 7 days inside the incubator. 3 replicate samples of 24 mL have 

been taken in day 1, 2, 3, 4 and 7.  

After these 7 days, the second and third solution have been introduced to the incubator under 

the same conditions than the previous samples. 3 replicate samples of 20 mL have been taken 

in the days 2,3,4 and 7. 

The samples have been stored in brown glass bottles covered with aluminium foil that have 

also been previously cleaned with the same procedure as the glass containers. These 

containers have been stored in the freezer until the day of analysis. NPOC determinations 

have been performed by “serveis cientifico-tècnics de la UdL”. 
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Table S 6.16 Average DOC measured in a blank bottle ( column 1) and in a solution 
containing caps and pistons ( column 2). 

Days DOC (mg/L) blank DOC (mg/L)  solution tith 
caps and pistons 

1 0.30±0.06 0.21±0.06 

2 0.28±0.02 0.36±0.06 

3 0.33±0.01 0.31±0.02 

4 2.58±0.07 0.89±0.08 

7 4.1±0.1 4.73±0.03 

 

In Table S 6.16 , from day 1 to day 3 the DOC in solution is rather low is clearly related to 

the concentration in MQ water. From the 3 onwards there is a source of contamination of 

DOC. An hypothesis is that the plastic tips, have polluted the solution of the blank bottle and 

the bottle with pistons and caps. Nevertheless, the important conclusion is that the pistons and 

caps are not a source of DOC in solution, as they show the same DOC as a blank bottle. 

Table S 6.17 Average DOC measured in a blank bottle ( column 1), in a solution 
containing filters ( column 2), in a solution containing agarose gels (column 3). 

Days DOC (mg/L) blank DOC (mg/L)  filters DOC (mg/L)  
agarose gels 

2 0.18±0.02 0.71±0.04 0.75±0.07 

3 0.34±0.03 1.76±0.04 1.33±0.04 

4 0.77±0.03 2.10±0.09 1.33±0.09 

7 1.14±0.06 4.9±0.2 1.6±0.1 

 

In Table S 6.17we can see that from day 2 to day 7 the DOC in column 2 and 3 is 

significantly higher that in column 1 which is related to the blank bottle. Therefore it can be 

considered that the agarose gels and PVDF filters are a source of DOC in the solution.  
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7.1 Introduction 

Bioavailability of a toxic or nutrient element (e.g trace-metals) is characterized by a set of 

(bio)chemical steps that control the biouptake process such as internalization, diffusion of 

labile complexes or chemical kinetics 1. The description of the trace-metal bioavailability to an 

organism can be approached by using a set of analytical techniques and models 2. Equilibrium 

models such as FIAM (Free Ion activity model ) or BLM (Biotic Ligand Model) have been 

used to predict the toxicity of a trace-metal when internalization is the limiting step to the 

uptake flux in the environment of analysis 3. When these conditions apply, the biouptake flux 

is proportional to the free metal ion concentration and analytical techniques such as AGNES 

( Absence of Gradients and Nernstian Equilibrium Stripping) or DMT (Donnan Membrane 

techniques) are useful to measure the free metal ion concentration in equilibrium with other 

metals species in the media (e.g inorganic, organic complexes, colloids )4-5. Nevertheless, 

depending on the biota or the conditions of the media, the metal uptake is controlled by a 

diffusion process towards the membrane receptors, and then the magnitude of the diffusive flux 

is characterized by the thickness of the diffusion layer and the diffusion coefficient of the metal 

species6-7.  

Dynamic analytical techniques try to mimic the metal uptake by the cell membrane, typically 

under diffusion limiting conditions, where the thickness of the diffusion layer of the analytical 

technique determines the temporal scale of the diffusion process. When only the free metal ion 

is internalized, the contribution to the total flux of other metal species such as complexes 

depends on the rate of dissociation along the diffusion through the diffusion layer. The 

comparison of results between techniques that yield concentrations, such as AGNES, and 

dynamic techniques that  provide metal fluxes, such as DGT or LASV (Linear scan Anodic 

stripping voltammetry), can represent a difficult task when it comes to recalculate the fluxes in 

terms of effective concentrations.  

In this chapter of the thesis, we have combined the use of DGT along with other techniques 

such as AGNES, LASV ( the experimental procedure and theory applied are explained in detail 

in Rosales et.al 2021) and ICP-MS to obtain complementary information to characterize the 

chemical availability of Zn in the stream Riera d’Osor localized in Girona. This chapter is 

focused on the application of DGT in the Osor stream and it will go through: a description of 

the sampling methodology, an analysis of the speciation using Visual Minteq (VM) together 

the experimental measurements, the interpretation of the effective DGT concentration in terms 
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of the concentration of the real species in the system (the free metal ion and a pool of inorganic 

complexes), the development of a methodology to calculate the lability degree of the pool of 

inorganic complexes and finally, the determination of an effective dissociation rate constant of 

this pool of complexes. The lability of inorganic zinc complexes in DGT devices of different 

configurations in a framework that considers the DGT resin disc as a perfect-sink surface it is 

going to be discussed in detail. Finally, the measurement of  a spectrum of effective 

concentrations from dynamic techniques (DGT with different configuration and LASV) 

completed with the total and free metal concentration (AGNES and ICP-MS) can be applied to 

assess Zn bioavailability in diffusion controlled conditions.  
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7.2 Material and Methods 

7.2.1 Sampling 

Osor stream is a river located in Girona (Catalonia, Spain) whose surface waters have been 

contaminated by former mining activities of F-Ba-Pb-Zn ore 8. Our sampling strategy  has 

been mainly designed to apply the DGT technique and produce and analysis in terms of the 

speciation of Zn concentration in water. To do so, in Figure 7.1 it can be seen that we 

deployed  at the coordinates 41° 57′ 14” N, 2° 35′ 58″ E a set of parallelepiped  structures 

with the purpose of holding the DGT devices parallel to the river flow. 

 

Figure 7.1 Parallelepiped structure holding DGT devices parallel to the river flow to sample Osor stream. 

During 10th and 11th March 2020 we made in situ measurements of a set of physical 

parameters with an Orion Star A329 pH/ISE/Conductivity/RDO/DO Meter and we collected 

samples and prepared them in situ by filtering 9.98 mL of stream water though a 0.45 µM 

syringe filter and mixing it with 20 µL of HNO3 70%. These samples were analysed for total 

Zn using an inductively coupled plasma mass spectrometer (ICP-MS, 7700x, Agilent 
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Technologies, Inc.). AGNES and LASV experiments were conducted on the last grab sample 

from 11th March 2020 (last row in Table 7.2 ).  Majority anions and cations were measured 

with IC (ion chromatography), alkalinity of this last grab sample was analysed in the Scientific 

and Technical Services of the Catalan Institute for Water Research (ICRA) and Dissolved 

Organic Carbon (DOC) was analysed at “serveis científico tècnics” of the Universitat de 

Lleida. 

7.2.2 Speciation modelling with VM 

 

The speciation of Zinc can be understood from a semi-quantitative point of view by using VM, 

a software that calculates equilibrium concentrations from a set of total concentration for a 

given Temperature (T) and ionic strength (calculated from the concentration of anions and 

cations). To perform the speciation calculation, we gathered the experimental data obtained 

from the results of the analysis described in the previous subsection. 

These experimental data were used as an input for VM together with pH=8.584, the 

concentration of majority ions, DOC, T=12.3°C, alkalinity and the total metal concentration of 

Zn, Fe, Pb and Mn.  
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Table 7.1 Input concentrations used for the speciation program VM fixing pH=8.584, 
T=12.3 °C, DOC=2.03 mg C/L, Alkalinity=75.5 mg CaCO3 L-1 in a closed system  

 Concentration 
of Species in 
(mol L-1) 

Source 

Na+ 6.25x10-4 IC 

K+ 3.07x10-5 IC 

Mg+2 2.03x10-4 IC 

Ca+2 4.32x10-4 IC 

Li+ 8.64x10-7 IC 

NO2- 2.17x10-7 IC  

NO3- 1.29x10-6 IC 

Cl- 3.42x10-4 IC 

SO42- 1.55x10-4 IC 

F- 1.47x10-5 IC 

CO32- 7.32x10-4 from 
Alkalinity 

cT,Zn 6.33 x10-7 ICP-MS 

cT,Pb 4.64 x10-9 ICP-MS 

cT,Mn 3.13 x10-7 ICP-MS 

cT,Fe 1.46 x10-7 ICP-MS 

 
 

 NICA-Donnan is the model that is used for calculating the concentration of Zn complexes 

bound to the organic matter. It is a non-ideal and competitive isotherm that considers that 

organic matter is composed of 2 distribution of sites: carboxylic and phenolic. When only one 

cation is present in the system, each distribution is given by a Sips distribution.. The free energy 

of the bound Zn-carboxilic or Zn-fenolic can be split in a chemical and an electrostatic 

contribution 9. The main reason to use this model is that uses a data set of experimental 

measurements of H+ and metal titrations to fulvic and humic acids were used to derive the 

parameters of NICA-Donnan isotherm 10 . 



 Chapter 7. Zn DGT lability spectrum in natural waters  

___________________________________________________________________________  

 

269 

 

Finally, we have considered a closed system (i.e the partial pressure of CO2 is not fixed) and 

the total concentration of carbonates introduced as an input comes from the alkalinity measured 

in the Osor stream sample. 

 

7.2.3 DGT  

DGT devices contain a resin disc to immobilize the metal cations on top of which a diffusive 

disc defines a diffusion domain. The diffusive gel is a polyacrylamide cross-linked disc made 

of a commercial agarose derivative often designated as APA. The resin layer contains a powder 

(Chelex 100) incorporated into a gel matrix (APA gel). Other details on the preparation and 

handling of DGT devices can be found elsewhere 11.  

Three DGT configurations of the DGT devices have been used in this work: i) one resin disc 

and one diffusive gel disc (code 1R1G); ii) two resin discs and one gel disc (2R1G) and iii) one 

resin disc and two gel discs (1R2G). Twelve DGTs containing 1R1G, seven DGT containing 

2R1G and seven DGT containing 1R2G were deployed. Deployment times for different 

configurations were: 5 h 47 min (1R1G), 19 h 57 min (1R1G), 28 h 37 min (1R1G), 166 h 22 

min (1R1G), 28 h (2R1G), 166 h 7 min (2R1G), 28 h 25 min (1R2G) and 165 h 52 min (1R2G). 

The longest time corresponded to a set of devices left until March  16th 2020.  

DGT blanks (prepared as 1R1G, but not deployed) were transported from our laboratory to the 

field (and back) in a sealed plastic bag alongside DGT devices used for deployment. This blank 

accumulation is subtracted from the accumulated moles in DGT devices deployed in Osor 

stream.  

The clamps used as support structure for DGT deployment were washed the day before 

deployment with ultra-purified water and nitric acid.  

From the slope (s) of the linear regression of the plot accumulated moles vs. time (e.g. see 

Figure 7.), cDGT is calculated as:  

DGT g

Zn

s g
c

D At


=   (7.1) 

Where 
g

ZnD is the diffusion coefficient of Zn across the gel disc (4.20 × 10−10 m2 s−1, reported 

by DGT Research), A is the exposed area (3.14 mm2) and Δg is the aggregate thickness of the 

diffusive gel(s)  
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plus filter plus an estimated diffusive boundary layer (DBL) of 0.3 mm (Levy et al., 2012; 

Warnken et al., 2007). The thicknesses of an individual diffusive gel, resin and filter are δg = 

0.629 mm, δr = 0.4 mm and δf = 0.150 mm, respectively.  
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7.3 Theory  

7.3.1 The lability degree  

The lability degree ξ is defined 12 as the fraction of the current contribution of the complexes 

to the flux with respect to the maximum possible contribution if all complexes were fully labile:  

inert

labile inert

J J

J J


−


−
 (7.2) 

  

 

where J is the flux in the sampling measurement (where ξ is to be determined). Jinert indicates 

the flux that would be obtained if the complexes were fully inert (i.e. if the flux was only 

sustained by the free metal concentration, with no dissociation from the complex). Jlabile 

indicates the flux that would be obtained if the complexes were fully labile (i.e. no kinetic 

limitation to reach equilibrium between the Zn species in solution at any place and time).  

7.3.2 DGT model with penetration: expression for the lability degree 

In excess of ligand conditions, with neutral complexes (i.e. there are no electrostatic effects 

because most Zn complexes are uncharged, see Table 7.2 ),  can be written in terms of 

physicochemical parameters as: 

r

ML ML

1 '
1

(1 ')
' coth tanh

K

g g g K
K

m m




 


 

+
= −

    + 
+ +   

   

 (7.3) 

where g stands here for the whole diffusion domain (except the resin), i.e. including diffusive 

gel, filter and DBL. Other parameters are: 

  

 (7.4) 

 

and 

 

 (7.5) 
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7.3.3 DGT model without complex penetration in the resin layer: expression for the 

lability degree 

Although during the deployment time of a DGT device metal complexes can penetrate inside 

the resin layer, shifting the complexation reaction towards dissociation, a model without 

complex penetration would better mimic the surface reaction of the membrane receptors of an 

organism with the free metal ion.  Then, if we make the same assumptions as the previous 

subsection and set δr=0, the expression for the lability degree to a sensor that exhibits an 

impenetrable consuming surface becomes: 

(1 ')
1

' coth

K

g g
K

m m


+

= −
  

+  
 

 (7.6) 

As lability increases, the reaction layer, i.e., the layer where net dissociation takes place, 

decreases. For very labile complexes, their reaction layer (m) becomes at least 1/3 times smaller 

than the thickness of the diffusive gel (m<Δg/3). Therefore, the lability degree can be expressed 

as:  

d

Zn

1 '
1

(1 ')
'

K

k K
K g

D



 
 

+ = −
 +

+   
 

 (7.7) 

7.3.4  cDGT interpreted in terms of real species and lability degrees    

As shown elsewhere 13-16, the operationally defined DGT concentration, cDGT, can be expressed 

in terms of the contribution of the free metal plus those of the different complexes which are 

weighted by their normalized diffusion coefficients (εj) and their lability degrees (ξj ). If there 

are h parallel complexes with the ligands jL ,  

+2

DGT

1

[Zn ] [Zn L]
h

j

j j

j

c  
=

= +    (7.8) 

   

where the normalized diffusion coefficients are  

M L

M

i

i

D

D
 =   (7.9) 

In Eq. (7.3) one assumes that the ratio of diffusion coefficients is the same in water (i.e. in the 

DBL) as in the gel phase or the filter. 
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7.3.5 Determination of the dissociation rate constant (kd) from DGT with different 

configurations. 

The dissociation rates of complexes have a huge impact on the DGT metal flux at the resin-

gel interface. Such importance comes, in part, from the characteristics of the polymeric 

matrix of the resin layer that allow the penetration of complexes inside the resin layer. As 

shown in  Eq.(7.8) the effective DGT concentration can be described in terms of the 

equilibrium concentration of the real species of the system, their diffusivities and lability 

degree. The lability degree of each zinc complex also depends on the thickness of the gel and 

the resin layer, as shown in Eq (7.3). Therefore, the cDGT of devices with different 

configurations can be related to a system of equations. For example, in a case of a system 

composed of a metal that can react with two pools of ligands, an organic pool and an 

inorganic pool, the system of equations is : 

Inorg Org

Inorg Org

Inorg Org

1R1G +2 1R1G 1R1G

DGT Inorg ZnL Inorg Org ZnL Org

1R2G +2 1R2G 1R2G

DGT Inorg ZnL Inorg Org ZnL Org

2R1G +2 2R1G 2R1G

DGT Inorg ZnL Inorg Org ZnL

[Zn ] [ZnL ] [ZnL ]

[Zn ] [ZnL ] [ZnL ]

[Zn ] [ZnL ] [

c

c

c

   

   

   

= + +

= + +

= + + OrgZnL ]








  (7.10) 

 In the case that the concentration for the organic pool of complexes is negligible, the system 

of equations reduces to: 

Inorg

Inorg

Inorg

1R1G +2 1R1G

DGT Inorg ZnL Inorg

1R2G +2 1R2G

DGT Inorg ZnL Inorg

2R1G +2 2R1G

DGT Inorg ZnL Inorg

[Zn ] [ZnL ]

[Zn ] [ZnL ]

[Zn ] [ZnL ]

c

c

c

 

 

 

= +



= + 


= + 

  (7.11) 

 

Now, to solve the latter system of equations, a 4th equation relating the parameter lability degree 

with the thickness of the resin gel layer or resin layer, such as Eq (7.3), is necessary. 

In our case, the system of equations have the following unknowns: lability degrees (ξ1R1G, ξ1R2G, 

ξ2R1G) and εInorg. Nevertheless, as stated above, the lability degrees depend on the geometric 

characteristics of the DGT device, from them using the ligand excess formula (Eq (7.3)) a 

single value for the dissociation rate constant can be retrieved. Therefore, our system only has 

2 unknowns (εInorg and kd), then from the system of equations displayed in Eq (7.11), only two 

equations are needed for example: 
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Inorg

Inorg

1R1G +2 1R1G

DGT Inorg ZnL Inorg

1R2G +2 1R2G

DGT Inorg ZnL Inorg

[Zn ] [ZnL ]

[Zn ] [ZnL ]

c

c

 

 

= + 


= + 

  (7.12) 

To solve Eq (7.12) a non-linear system of equations, we have selected a function called 

FindRoot from Wolfram Mathematica that uses a Newton-Raphson algorithm  or a variant of 

the secant method in the case that two values are given as an input 17.  
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7.4 Results 

7.4.1  Zinc species distribution in sampled water from Osor stream 

The concentration of the majority ions measured by IC and the total concentrations measured 

by ICP-MS for Zn , Mn, Pb and Fe in Osor stream during the sampling campaign from 10th and 

11th of March are displayed in Table 7.1. These concentrations have been used as an input value 

for VM to perform the calculation of the equilibrium concentrations in Osor stream. 

Table 7.2 Predicted Zn speciation in Osor river water according to VM with input as 
defined in TableTauInputVM1 . The resulting charge imbalance was 14.7 %. 

 Predicted concentration of Zn 
species in Osor stream (nmol 
L-1) 

% Zn 
species 

Zn+2 192 32.6 

ZnCO3 (aq) 78.6 13.3 

ZnHCO3+ 2.55 0.4 

Zn(OH)2 (aq) 287 48.7 

ZnOH+ 22.5 3.8 

ZnOrg 8.21 1.1 

cT,Zn 633 100 

 The tiny fraction corresponding to a 1.1% that encompasses of Zn intrinsically bound to 

carboxylic or fenolic sites and the Zn territorially bound to the Donnan volume results derives 

from low equilibrium constants that describe the binding of Zinc with fulvic acid. 

Apart from the results of the speciation program, we have measured the concentration of free 

zinc with AGNES yielding to [Zn +2]=111 nM ( The procedure followed  is explained in detail 

at [Rosales et.al]). This result is also in quite agreement with  [Zn +2]=192 nM obtained from 

the equilibrium calculation done by VM. From now on, we are going to rely on the 

experimental result obtained by AGNES ([Zn +2]=111 nM) to perform the calculations 

explained in the following sections. 

7.4.2 Labile concentrations and lability degrees with DGT of different configurations  
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The accumulations in DGT devices increase linearly with time which indicates that mass 

transport is controlled by diffusion and steady state has been reached in the system.  

 

Figure 7.2 Zn accumulation against time in Osor stream for 1R1G devices (red squares) and 1R2G DGT (blue 
circles).  

Hence, we applied first Fick law to compute cDGT by using Eq (7.1) which led to 4.76(±0.23) × 

10−7 mol L−1 (1R1G), 5.17(±0.03) × 10−7 mol L−1 (1R2G) and 5.68 (±0.06) × 10−7 mol L−1 

(2R1G). In comparison with 1R1G device, when the thickness of the gel layer is increased 

(DGT 1R2G) the diffusion gradient decreases and, therefore, within the same deployment time, 

the accumulation is smaller. Conversely, an increase of the resin layer (DGT 2R1G) leads to a 

greater accumulation, because partially labile complexes have more time and volume to 

dissociate inside the resin layer. Moreover, this type of DGT devices provides us information 

on the ability of the complexes to achieve full dissociation at the resin-gel interface. For fully 

labile complexes the accumulation in the back resin is going to be negligible, because they will 

have achieved complete dissociation at the resin-gel interface. In contrast, for inert complexes, 

the kinetic dissociation rate constant is low enough so that their contribution to the total flux is 

negligible along the resin layer. But, when the equilibrium constant is large, the concentration 

of free metal is very low, and its contribution to the accumulation is negligible in comparison 

with the contribution of the complex, the %back will be close to 0 for fully labile complexes 

 

  

  

  

  

  

            

 
  
  
 
 
  
  

        

        

        



 Chapter 7. Zn DGT lability spectrum in natural waters  

___________________________________________________________________________  

 

277 

 

and close to 0.5 for inert complexes. Nevertheless, in some cases it may happen that the 

contribution of the free metal is not negligible, then the %back  is close to 0 for fully labile and 

inert complexes. Therefore, the result from our 2R1G DGT device elucidates that the 

complexes in our system are partially labile because the back ratio is around 0.29. 

Once cDGT values for each DGT configuration are obtained from the experimental 

accumulations, we would like to obtain the contribution of each complex by determining the 

corresponding lability degree. Due to the limited number of cDGT values and the almost 

negligible presence of Zn complexes with the fulvic matter, as suggested by the VM prediction, 

we will restrict ourselves to a model that considers that the Zn speciation is composed by the 

the free Zn concentration and a pool of inorganic complexes for which we aim to compute 

effective values for the lability degree and dissociation rate constant. Considering the 

prediction of the equilibrium concentrations obtained by VM, we calculated a concentration 

for the inorganic pool of complexes by subtracting to the total metal concentration obtained by 

ICP-MS, the free metal concentration obtained by AGNES (
InorgZnL T,Zn Zn,freec c c= − ). 

In order to apply the methodology presented at section “Determination of the dissociation 

rate constant (kd) from DGT with different configurations.” , we need to provide an initial 

guess of (i.e kd=1x10-3 s-1and ε=1) the value for the unknowns in our system (kd, ε).Since 

inorganic Zn complexes have similar size than the free hydrated metal cation, we will 

consider ε=1 for the inorganic pool as an educated guess in Eq (7.11). By using this 

assumption, from Eq (7.8) we can calculate an experimental lability degree for the species 

ZnLinorg for each DGT device configuration by  assuming that ε=1. From these results, we set 

an educated guess in  Eq (7.11) for ξ1R1G and ξ1R2G to calculate the dissociation rate constant 

applying the aforementioned methodology. The outcome of the system of equations gave an 

average value for kd of 2.68 × 10−3 s-1 DGT 1R1G and 1R2G and the lability degrees ( ξ DGT ) 

were 0.76 (1R1G), 0.84 (1R2G), and 0.94 (2R1G). Notice that these results are constrained 

by the assumption that ε=1, which is quite fair regarding that the inorganic complexes have a 

similar molecular size compared to the hydrated free metal ion. Furthermore, the 

experimental results of the back accumulation are in agreement with  ξ DGT being smaller than 

1 for the pool of inorganic complexes. 

 Now, we would like to compare the ability to dissociate of this inorganic pool of complexes 

between DGT sensors with different configurations by using as a parameter for the comparison 
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a characteristic length. We will define this characteristic length (Δgc (m)) as the thickness that 

would have the diffusive gel of a DGT device, in which there was no penetration of complexes 

in the resin layer but the accumulation coincides with that of the DGT device to which this 

effective length refers to. According to this definition, we can use Eq (7.7) to derive the 

characteristic length of each DGT device as:  

Zn

d

1 '
'

1 (1 ')

c DK
g K

k K

 +
 = − 

− + 
 (7.13) 

Now, substituting the lability degree obtained for each DGT configuration into the last 

equation, we obtain 3.2 (1R1G), 5.2 (1R2G) and 16.6 (2R1G) mm. The last value obtained 

may be overestimated because the lability degree of the system is close to 1.  

Moreover, we can use the result of the dissociation rate constant and apply it to a model without 

penetration (Eq (7.6) ) to calculate a new lability degree for 1R1G and 1R2G DGT devices. 

This lability degree would be a better description of the contribution of complex to the 

biouptake, when the free metal ion reacts with the membrane receptors in diffusion limited 

conditions. The results of these lability degrees are 0.50 (1R1G) and 0.62 (1R2G) and applying 

Eq (7.13) we obtain the corresponding characteristic length 1.1 mm (1R1G) and 1.70 mm 

(1R2G). 
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Figure 7.3 Graphical representation of the behaviour of the lability degree against the characteristic length of 
the DGT device. Blue solid circle and square represent the lability degree of DGT devices of 1R1G and 1R2G 
without considering penetration. Blue empty circle, square and triangle represent the lability degree of 
1R1G,1R2G and 2R1G considering penetration. 

 

Figure 7.3 shows the behaviour of the lability degree against the characteristic length of each 

DGT device which is in agreement with the statement that the longer the diffusion path of the 

analyte more time it has to reach complete dissociation 2. Although it certainly seems that there 

is a positive correlation between the thickness of the diffusive layer and a higher lability of a 

complex, it needs to be pointed out that complexes only endure net dissociation when they are 

not in equilibrium, therefore the aforementioned statement may be a naive physical explanation 

of the phenomena that is occurring.  

It is also worth to comment that although the lability degrees shown in Figure 7.3 are not in 

agreement with the Eigen mechanism which assesses that Zn(OH)2 is fully labile, these results 

are supported by the experimental result of the back ratio=0.29 obtained by 2R1G DGT 

devices. In Price et al., 2021, they obtained a cDGT for Zinc in pH=8.3 that was a 64% of the 

dissolved zinc concentration indicating that there are partially labile complexes, a case that 

cannot be explained by Eigen theory . Further work, is needed to fully understand the 

complexation mechanism of OH- with [Zn(H2O)6 ]+2 that leads to a disagreement between 

experimental results and Eigen theory. 
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7.4.3  Chemical available concentrations as a proxy for Bioavailability 

The available metal concentration for dynamic sensors as DGT or LASV depends on the 

metal flux arriving at the resin-gel interface or at the electrode surface. The contribution of 

metal complexes to the total metal flux depends on the characteristic length of the sensor 

which defines the diffusive time-scale of the dynamic technique. Dynamic sensors can 

achieve a maximum dynamic concentration when  all the complexes that contribute to the 

total metal flux are fully labile (ξ=1). In the particular case that we are considering only one 

pool of complexes which share a common diffusion coefficient with the hydrated metal 

cation (ε=1), Eq (7.8), is equivalent to the maximum dynamic concentration which at the 

same time is equal to the total concentration of the system. 

 

Figure 7.4 Span of Zn concentrations measured by different analytical techniques. For the case of 
r 0

DGT(1R1G)c =

and 
r 0

DGT(1R2G)c =
 they are calculated by using a model without penetration in the resin layer. 

 In Figure 7.4, we compare the set of available concentrations that would be measured by 

different dynamic sensors in our sample of the Osor stream. Notice that values ranging from 

the free Zn concentration to the total Zn concentration present in the Osor stream can be 

available depending on the sensor used for the measurement. All the measurements are 

correct even though they differ in the available concentration indicating that the lability of a 

system is not an intrinsic property of the system but a property that also depends on the 

sensor used in the measurement.  The results of Figure 7.4 are relevant to illustrate the 
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effective concentration that an organism would uptake depending on the thickness of the 

diffusive layer, when diffusion limiting conditions apply. In these conditions, although DGT 

technique reproduces the physical phenomena, in principle, it may not be best tool to assess 

the available concentration for macroorganisms such bivalves or plants. For the case of 

plants, even though we could assume that the diffusive thickness is the same as in a DGT 

1R1G, their membrane receptors  only react with free metal ion and the complex does not 

penetrate inside the membrane where an hypothetic shift to the dissociation reaction process 

would increase the total metal flux inside the organism. Therefore, even in this suitable 

scenario, the contribution of complexes to the total metal flux in a DGT device would be 

higher than in plants 7. 

To solve this problem, we can recalculate ξDGT,1R1G, ξDGT,1R2G by using Eq. (7.6) and using the 

value kd =2.68x10-3 s-1 and K’=4.70 which have been obtained based in our experimental 

measurements. Once we have recalculated the lability degree considering a model without 

penetration, the calculation of 
r 0

DGT(1R1G)c =
  and 

r 0

DGT(1R2G)c =
 is straightforward by using Eq.(7.8). 

Notice, that 
r 0

DGT(2R1G)c =
 would give the exact same value as a 

r 0

DGT(1R1G)c =
, so it is not worth to 

include it in  Figure 7.4. Now, to give a quantitative idea of the impact of the resin on the 

effective concentration, cDGT(1R1G) and cDGT(1R2G) represent 80% and 87 % of the total 

concentration while 
r 0

DGT(1R1G)c =
 and 

r 0

DGT(1R2G)c =
 represent a 59% and  70% of the total 

concentration. Therefore, 
r 0

DGT(1R1G)c =
and 

r 0

DGT(1R2G)c =
 offer a more realistic approach to the 

effective concentration relevant to an organism such as a plant, in the case of diffusion 

limiting conditions and  with the same diffusive length as these devices. 

 Periphyton have been found to uptake under diffusion limited conditions with a maximum 

diffusion layer of 1 mm and a minimum diffusion layer of 0.1 mm 18. For the case of a diffusion 

layer of 1mm, the effective concentration that the organism would uptake is very similar to a 

cDGT(1R1G),Δr=0 (352 nM). But for the case of a diffusion layer of 0.1 mm, the effective 

concentration would be in the range of cLASV (155 nM) and  a cDGT(1R1G),Δr=0 (352 nM). 

For microorganisms, such as Prorocentrum minimum (6.3 µm radius) or many species of 

phytoplankton, whose diffusive layer is related to their own size, thus much smaller than DGT 

devices, the prediction of the uptake can be ranged from LASV (155 nmol L−1)  to the free 

concentration(111 nmol L−1 ).  
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8 Conclusions 

 

Dynamic analytical techniques provide a way to assess the chemical availability of trace-

metals. In limited diffusion conditions, this is a reliable approach to better understand the 

bioavailability of trace-metals by biota. 

In this thesis, a theoretical framework to model availability by DGT devices has been set up. 

Numerical simulation has been used to solve the resulting systems of equations with the final 

aim of assessing the processes influencing DGT accumulations in laboratory experiments 

with well defined compositions. These simulation tools have then been used to simulate the 

processes in natural waters.  

Concomitantly, we have developed new strategies to determine physicochemical parameters 

of natural waters relevant to understand chemical availability. Special attention is devoted to 

determine dissociation rate constants of complexes and diffusion coefficients of chemical 

species.  

Altogether, the simulation tools and the knowledge of the physicochemical parameters allow 

us to make an important step further in predicting nutritive or toxic properties of natural 

waters. The main results follow: 

 

• We have set up new procedures to determine diffusion coefficients of free metal ion and 

complexes from experimental measurements in the diffusion cell device. The relevance of a 

DBL at both sites of the gel can be assessed with a reference metal ion whose diffusion 

coefficient is known. 

• We have shown that a simple steady-state equation that considers an independent diffusion of 

the species holds to model the steady state diffusion of metal species coupled by chemical 

reactions from a donor solution to an acceptor one separated by a gel which defines a 

diffusion layer.  

• Experimental measurements at different ligand concentrations allow us to determine the 

diffusion coefficients through the diffusive gel of free metals and complexes relevant in the 

speciation of the donor solution. The diffusion coefficient of NiNTA ( 3.78x10-10 m2 s-1 ) and 

NiNTA2 (1.38x10-10 m2 s-1 ) in a gel of polyacrylamide at T=25°C has been obtained with this 

procedure. 

• When concentrations at the donor and acceptor cell cannot be considered time independent 

during an experiment in a diffusive cell, i.e, when finite volume effects are non-negligible, 

new expressions describing the accumulation in the acceptor cell are reported based on an 

instantaneous steady-state approximation. These expressions set up a theoretical framework 
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that is helpful to determine the diffusion coefficient from linear regression of appropriate 

magnitudes. This approach can be very useful to measure the diffusion coefficients of trace-

metals that are scarce in nature (especially at some pH ranges).  

• The application of the lability degree in excess of ligand, perfect sink and steady-state 

conditions has been used to determine the kinetic dissociation constant of NiNTA complex.  

• The flux at the interface of the resin-gel layer for the chemical system of Ni +NTA which 

endures the following sequential complexation reaction 

( )
a,2a

d d,2
2

Ni+NTA NiNTA+NTA Ni NTA
kk

k k

⎯⎯→ ⎯⎯→⎯⎯ ⎯⎯  can be defined as the flux of a single 

formal complex. This definition holds because the rate limiting step in the dissociation 

reaction of the species Ni(NTA)2 to Ni+2 corresponds to the dissociation of NiNTA to Ni+2.  

• The diffusion coefficient and the dissociation rate constant of the formal species “bound Ni” 

depends on the diffusion coefficient of both, NiNTA and Ni(NTA)2 as well as on the 

conditional stability of the complexation reaction ( )
a,2

d,2
2

NiNTA+NTA Ni NTA
k

k

⎯⎯→⎯⎯  

• The diffusion-reaction equations of a simple system 
a

d

M+L ML
k

k

⎯⎯→⎯⎯  have been solved 

considering the boundary conditions of the DGT devices with a heterogeneous distribution of 

the resin beads in the resin disc. DGT devices with one or two resin discs have been 

considered and the solution has been obtained from numerical simulation or with analytical 

expressions assuming perfect sink and excess of ligand conditions. 

• An expression that relates the dissociation rate constant of a metal complex with the %back of 

metal accumulation in a DGT device with a stack of two homogeneous or heterogeneous resin 

discs has been derived.  

• Physicochemical inequalities to assess whether the flux of free metal arriving to the DGT 

device is negligible in comparison to the flux of complex as well as to assess the relevance of 

the settling of the resin beads in the back accumulation are reported. Simplified procedures to 

determine the dissociation rate constant  of a complex from the measurement of the %back 

are reported for each results of the inequalities above mentioned. In this framework, it has 

been obtained the effective value of the dissociation rate constant of a pool of inorganic 

complexes in a Osor stream. The dissociation rate constant thus obtained agree with the value 

that can be obtained from the measurement of the lability degree of this pool of complexes. 

• The diffusion of complexes in the resin domain increases the accumulation in comparison 

with the accumulation expected when the resin domain was a hard and impenetrable disc. 

Accordingly, DGT fluxes can overestimate the flux received by biota in a given natural water. 

This assertion is supported by: i) the fact that biota ( e.g bacteria, plants) that assimilates 

trace-metals by diffusion usually have a smaller thickness of the diffusion layer where 

complexes behave more inert than in DGT devices.  ii) Penetration of complexes in the cell 

membranes is, in general, not allowed since only free metals have carriers to help them to be 

transported through the membrane. The fact that the resin layer is permeable to complexes 

along all the volume of the resin and the lack of free metal concentration in the resin domain 

shifts the complex towards the dissociation reaction. Whereas, in the case of biota, the free 

metal is adsorbed by the membrane proteins and the complexes cannot go through the cell 

membrane. Thus, the reaction layer is highly reduced and consequently the lability of the 

complexes decreases. 
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• A better estimation of the availability by biota can be obtained using δr=0 in the expression 

that models the availability in DGT devices.  

• A decrease of the reducible Hg concentration (cred,Hg) in solution is found when the DOM/Hg 

ratio is increased. A similar result holds for the labile concentration which suggests a certain 

correlation between reducible and labile. 

• In the case of Hg-SRFA, clabile ≈ cT,Hg indicating that the Hg-SRFA complexes in solution were 

almost fully labile. For this case, the reducible Hg concentration is not a good predictor of the 

lability properties of the complex, as only a 30% of Hg-SRFA in the sample is found to be 

reducible in all the DOM/Hg ratio studied. 

• Speciation calculated by VMinteq with the NICA-Donnan model suggests that for the 

concentrations of Hg and humic acids used in this work, almost all the Hg in solution is 

complexed to the humic substances. This speciation agree well with the reported high affinity 

of Hg for humic and fulvic substances. Nevertheless, the fitted affinity parameters are based 

on trends and not on actual Hg-binding data. Thus, there is a need to fit a new set of NICA-

Donnan binding parameters based on experimental binding data of Hg to humic substances. 

• Based on the current binding parameters, the conditional affinity spectrum (CAS) allows to 

visualize the range of affinities where the Hg bound to SRHA is labile as well as the range of 

affinities at which the lability is lost for a given concentration of SRHA. 

• The water from Osor stream right after the location of the former mine shows a total zinc 

concentration (cT,Zn) and cDGT significantly higher than the water in the Osor stream sampled 

several km up the position of the mine. 

• A set of different DGT devices with different configurations have unravelled the presence of 

partially labile inorganic zinc complexes in the Osor stream. The lability degree of this pool 

of inorganic complexes is close to a 70% when DGT devices with 1 resin layer and 1 

diffusive gel are considered and close to a 80% when DGT devices with 1 resin layer and 2 

diffusive gels are considered.  

• A %back=29% recorded in 2R1G DGT devices also supports the presence of partially labile 

Zn inorganic complexes in the Osor stream. From this data, the dissociation rate constant of 

the pool of inorganic complexes has been determined. 

• The theoretical framework that relates the DGT concentration (cDGT) with the concentration of 

the real species ( 
* *

DGT M ML

1

h

i i

i

c c c 
=

= +  ) has been successfully applied to determine 

dissociation rate constant of a pool of inorganic zinc complexes and its effective diffusion 

coefficient from its application in Osor stream. The results showed that the pool of inorganic 

zinc complexes diffuse at the same rate than free metal ion and a dissociation rate constant 

kd=1.2x10-3 s-1 has been estimated.  

• The concept of effective concentration signature is introduced to quantitatively assess the 

concentration of zinc that biota would feel depending on uptake conditions and diffusion layer 

thickness. 

• The concept of the characteristic thickness is introduced to label the thickness of a diffusion 

domain that a certain biota would need in order to feel a concentration equal to cDGT . For all 

the configurations of DGT devices, the characteristic thickness is greater than the diffusive 
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gel layer of the DGT device considered. Moreover, the characteristic thickness is greater as 

the thickness of the diffusive gel layer of the DGT device considered is increased.  
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