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• Independent information is easily ob-
tained with DGT devices with different
thicknesses.

• Lability increases as the diffusive gel or
the resin thickness increase.

• Simple expressions quantify the influ-
ence 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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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 tomeasure the availability of Ni in these solutions. Accumu-
lations indicate that the availability of Ni depends on both the thickness of the resin and the thickness of the dif-
fusive gel. In both cases, the lability degree increases as the thickness increases. As the formation of successive
complexes (such asNi(NTA)2) proceeds, the availability of themetal decreases, which is quantitatively explained
by reducing the formulation to a casewith 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 labil-
ity degree in the different DGT configurations. These results indicate that a set of different DGT devices can char-
acterize 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.

© 2021 Elsevier B.V. All rights reserved.
1. 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 elec-
trodes, Absence of Gradients and Nersntian Equilibrium Stripping
(AGNES) or the Donnan Membrane Technique (DMT) (Bakker and
Pretsch, 2007; Companys et al., 2018; Lao et al., 2018; Parat and
Pinheiro, 2015; Temminghoff et al., 2000). Alternatively, other tech-
niques provide a quantification of a labile fraction, which includes the
contribution of the free ion plus an extra contribution of some
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complexes. For example, the Gel Integrated Microelectrodes (GIME)
were designed (Noel et al., 2003) 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 alsomeasure a labile fraction de-
pendent on the electrode size (Cindric et al., 2020; Mikkelsen et al.,
2006). 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
(Gramlich et al., 2012; Parthasarathy et al., 2003; Vera et al., 2018).

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
(van Leeuwen et al., 2005). These measurements can mimic the uptake
of some nutrients or contaminants by living organisms, when the up-
take process is selective for the free metal ion and evolves under
diffusion-controlled conditions (Worms et al., 2006). Thus, chemical
availabilitiesmeasured in a set of sensors can predictmetal bioavailabil-
ity to microorganisms and algae in natural media and they can be con-
sistently 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 (Canovas et al., 2020; Davison
and Zhang, 1994; Galceran and Puy, 2015;Menegario et al., 2017). It ac-
cumulatesmetals 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 (Levy
et al., 2012b). The flux ofmetal bound is calculated from themetal accu-
mulated during the whole deployment time, which is typically of the
order of days and it constitutes a time weighted average concentration
(Altier et al., 2016; Huang et al., 2016). 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 spe-
cies which depends on its mobility and lability. Lability refers to the ca-
pability of complexes to dissociate and reach local equilibriumalong the
diffusion domain (Galceran et al., 2001; Puy and Galceran, 2017). 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 concentra-
tion of free metal drives partially labile complexes to dissociate
(Mongin et al., 2011; Uribe et al., 2011). 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 thick-
ness of the diffusive and resin gels in DGT opens the way to obtain com-
plementary 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 (Levy et al., 2012a; van Leeuwen et al., 2005). 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 (Warnken et al., 2008) 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
(Baeyens et al., 2018; Gao et al., 2019; Levy et al., 2012a; Warnken
et al., 2008). 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 pa-
rameters, when a convenient relationship is known. The resulting set of
equations allow, then, to solve for the unknowns. An analytical expres-
sion, derived for a complex under ligand excess conditions is available
(Uribe et al., 2011). 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)
2

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: nwith n> 1 arise. Despite such complexes being common
for most ligands, they have seldom been considered in the DGT litera-
ture. Since Ni and NTA form a complex of stoichiometry Ni(NTA)2 at
some concentration ratios, this situation is also considered in this
paper, evidencingwhy tracemetals become less available when succes-
sive complexes are formed.

2. Chemical availability ofmetal cations in presence of ligands using
DGT: the lability degree

The lability degree, ξ, of a set of complexes of an elementM has been
defined (Galceran et al., 2001; Puy and Galceran, 2017; Salvador et al.,
2006b) as:

ξ ≡
J− Jfree

Jlabile− Jfree
ð1Þ

where J stands for the flux of metal accumulated in the resin disc, and
Jfree and Jlabile are defined below. Jfree 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

Jfree ¼ DM
c⁎M
δg

ð2Þ

where cM
∗ is the bulk concentration of free metal in solution, DM is the

metal diffusion coefficient, δg is the integrated thickness of the diffusive
gel, filter and diffusive boundary layer (DBL), and common diffusion co-
efficients 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:

Jlabile ¼ ∑
n

i¼1
DMLi

c⁎MLi

δg
þ Jfree ð3Þ

where cMLi
∗ stands for the bulk concentration of the complex MLi gener-

ated by one M ion and i ligands (L) and DMLi is its corresponding diffu-
sion 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. Expression (3) can be extended to sys-
tems with different ligands by adding an extra summation for all the li-
gands present.

According to Eqs. (1)–(3), the lability degree of a system stands for
the fraction that relates the actual contribution of complexes to the
metal flux, J-Jfree, with the maximum contribution, Jlabile-Jfree, reached
if all the complexes were labile (Galceran and Puy, 2015; Puy and
Galceran, 2017).

The global lability degree of a set of complexes of an element in a
system is experimentally accessible with Eq. (1) when the bulk concen-
trations and the diffusion coefficients are known. The particular lability
degree of a given complex, ξMLi, 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 (Uribe
et al., 2013; Zhao et al., 2020) as

ξMLi ≡1−
cr

þ
MLi
c⁎MLi

ð4Þ

where cMLi
r+ stands for the complex concentration at the diffusive gel side

of the resin-diffusive gel interface (x=δr, see Fig. SI-1 in the Supporting
Information). Obviously, 0 ≤ ξMLi ≤ 1.



Table 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%
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When only one complex is present, ξML (we omit the subscript i=1,
since it is no longer necessary) is given by Eq. (1), and when Jfree≪J,

ξML ¼
J

Jlabile
¼ nM=At

DML
ML
c
δg

� � ð5Þ

where nM stands for the accumulation (moles) of metal M, A is the area
of the DGT device and t the deployment time (Puy et al., 2014). Eq. (5)
allows themeasurement of the lability degree ofML complex in systems
where only one relevant complex in solution is present.

Alternatively, in excess of ligand conditions, ξML can be written in
terms of physicochemical parameters (Puy et al., 2014) as:

ξ ¼ 1−
1þ εK 0� �

εK 0 þ δ

m coth δg
m

� �
þ δgΠzML 1þ εK 0ð Þ

λML

DR
ML

DML
tanh δr

λML

� � ð6Þ

where ε ¼ DML
DM

is the normalized diffusion coefficient. In Eq. (6), zML

stands for the charge of the ML complex,

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DML

kd 1þ εK 0� �
s

ð7Þ

λML ¼
ffiffiffiffiffiffiffiffiffi
DR
ML

kd

s
ð8Þ

ΠzML ¼ cr
−

ML

crþML
¼ exp

zMLFΨ
RT

� �
ð9Þ

R and F label the gas and the Faraday constants, respectively, T labels the
temperature and Ψ stands for the electrostatic potential difference be-
tween 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 magni-
tudes in diffusion domains other than the resin disc. Thus,DML

R 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), K ¼ ka
kd
stands for the stability constant, K 0 ¼ kac⁎L

kd
¼

k0a
kd
¼ c⁎ML

c⁎M
and ka and kd are the association and dissociation rate constants.

The Boltzmann factorΠ stands for the electrostatic partitioning of a
monovalent positively charged species at the resin/diffusive gel inter-
face, 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 (Pommier et al., 2021; Puy et al., 2014).

Eq. (6) indicates that the lability degree depends on the ligand con-
centration as well as on the geometrical parameters of the DGT device,
increasingwhen δg or δr increase. The lability degree decreases as the li-
gand concentration increases, since this increase shifts the equilibrium
of complexation towards association. However, in DGT devices most
of themetal bound to the resin comes from the complex dissociation in-
side the resin domain where, under perfect sink conditions, the free
metal concentration is negligible (Puy et al., 2016; Puy et al., 2012),
but where the complexes that are not fully labile can have a relevant
concentration. Since the shift of the equilibriumas the ligand concentra-
tion increases cannot take place in absence of metal, the lability degree
in DGT devices becomes almost independent of the ligand concentra-
tion in ligand excess conditions.

In a system that contains a mixture of ligands, ξML differs from the
corresponding value in a single ligand system sharing in common the
complex and free ligand concentrations, ξML

h=1. However, the use of ξML
h=1

measured in single ligand systems provides reasonably approximate
values when predicting metal accumulation in mixtures (Altier et al.,
3

2018; Uribe et al., 2013) due to opposite mutual effects that tend to
cancel.

3. Materials and methods

3.1. 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 diffu-
sive 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 (1R2G) 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, theywere rinsed in a preconditioning solu-
tion at the same ionic strength (100 mmol L−1) of the solutions for at
least 24 h.

Deployments: 2 L of solutions corresponding to the experimental
conditions of either column 1 (Exp A) or column 2 (Exp B) of Table 1
were left to equilibrate in a 5 L 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 1). Deployment time lasted for 20 h 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 deploy-
ment in order to measure total Ni concentration with ICP-MS (7700
Series, Agilent).

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 (Altier, 2018).

3.2. 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) 0.30 mmol L−1, HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), high purity
gradeAmresco, at pH8.4, adjustedbydropwise additionof 103mmol 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 = 24.9 °C. In experiment 4
(Table 2), glycine was used instead of HEPES due to its buffer capacity
in a different pH range (Mohan, 2003).

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

https://www.dgtresearch.com


Table 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 2 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 –
cNaNO3

(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) 11,700 10,380 10,320 11,460 11,700 10,380 10,320 11,460
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2 cm2 circular hole. See experimental details in the SI. Concentrations of
the solutions are gathered in Table 2. The acceptor cell contains the
buffer and background electrolyte at the same concentrations as the
corresponding donor solution in the experiment. In all experiments, so-
dium nitrate (Fluka, puriss. p.a.) was used as background electrolyte to
reach an ionic strength I = 100 mmol L−1.

3.3. Determination of diffusion coefficients

Diffusion coefficients were determined from the measurement of
the slope of the plot of themass of Ni in the acceptor solution of the dif-
fusion cell against time (Scally et al., 2006; Shiva et al., 2015). 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. Assuming: i) that the concen-
trations of M and ML in the acceptor are at any time negligible with re-
spect to those in the donor solution, ii) a common diffusion coefficient
for each species inwater and gel solutions and iii) steady-state diffusion,
then the mass of metal in the acceptor solution, nM, can be written as:

nM ¼
∑
n

i
DMLi c

⁎
MLi

δg þ δDBL
At ð10Þ

where δDBL stands for the total DBL thickness at both sites of the diffu-
sive gel, so that in this previous formula δg stands just for the gel
thickness.

For n = 2, at least two experiments are required to determine DML

and DML2. Total concentrations of the performed experiments are de-
tailed in Table 2. Concentrations of cML

∗ and cML2
∗ were calculated using

the speciation software VMinteq (Gustafsson, 2016). The parameter
δDBL was determined from an experiment with only free metal, also in-
cluded in Table 2, using DNi=5.77 × 10−10 m2 s−1 as reported by DGT
Research. The mass of Ni in the acceptor solution, nM, was determined
by analysing samples with ICP-MS from both diffusion cell compart-
ments, see Table 2. Exp 4 (see Table 3) was used to verify the Ni diffu-
sion coefficient in a stack of two diffusive gels. See SI for more details.

3.4. 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 1), 62% of NiNTA and 38% of Ni(NTA)2, the global lability
Table 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 2.

Experiment Diffusion coefficient in the gel
phase (in m2 s−1)

R2

Exp 2 DNiNTA=5.06 × 10−10 0.9996
Exp 3 DNi(NTA)2=2.25 × 10−10 0.9976
Exp 4 (using 2 diffusion gels) DNi=4.60 × 10−10 0.9989

4

degree of Ni complexes in the different DGT devices is assessed with
Eq. (1) (theoretically estimating Jlabile with Eq. (3) and Jfree -which be-
comes negligible- with Eq. (2)). When only one Ni complex is present
(Exp A in Table 1, 99% of Ni as NiNTA), the lability degree is computed
with the particular Eq. (5). In both cases, speciation is estimated with
VMinteq and the diffusion coefficients are determined as described in
Section 3.3. The thickness of the diffusion domain is particular for each
DGT configuration. The thickness of an individual diffusive gel, resin and
filter are 0.629 mm, δr = 0.4 mm and δf = 0.150 mm, respectively. Due
to the vigorous stirring, the DBL thickness in DGT experiments is
neglected.

3.5. Determination of kinetic constants

In Exp A (Table 1), NiNTA is the only relevant Ni species. In order to
evaluate whether Eq. (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. (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. (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 kd,i label, respectively, the associ-
ation and dissociation rate constants of the process MLi−1 + L ⇌ MLi.

In general, in a set of successive complexes, the dissociation ofML into
M and L is usually the rate limiting step (Morel and Hering, 1993; Puy
et al., 2004). 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 bothNiNTA andNi(NTA)2 to satisfy equilibrium. Ac-
cordingly, a dissociation rate constant forML2 higher than 100-fold that of
MLwas used after checking that a further increase did not modify the ac-
cumulation, securing that the rate limiting step is the ML dissociation
process.

3.6. Numerical simulation of concentration profiles and accumulations

A further step in the quantitative understanding of the system be-
haviour has been gained by using a rigorous numerical code, that solves
the system of diffusion-reaction equations taking into account the spe-
cific DGT initial and boundary conditions, to obtain theoretical expected
values of the lability degree (see details in Section 1 of this SI or
Section 2 in the SI of reference (Jimenez-Piedrahita et al., 2015)).
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Speciation calculations with VMinteq for total Ni and NTA concentra-
tions of each case indicate that Ni, NiNTA, Ni(NTA)2, NTA and HNTA
are the relevant species, while the rest of species have negligible con-
centrations (see Section 4 of the SI). Accordingly, only these relevant
Table 4
Experimental and predicted lability degrees obtained for conditions of Exp A and B from Table
calculations as in Fig. 2.

Geometrical configuration cT,NTA = 5.5 × 10−2 mmol L−1 (Exp

1R1G 2R1G 1R2

nNi (μmol) 0.26 0.28 0.24
Standard deviation (nNi (μmol)) 0.04 0.05 –
Experimental ξ 0.46 0.55 0.72
Standard deviation (experimental ξ) 0.08 0.09 –
Predicted ξ (simulation) 0.44 0.53 0.63
Predicted ξ (analytical Eq. (6)) 0.45 0.55 0.60
Predicted ξ (analytical Eqs. (6), (11)–(15)) – – –

5

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 equilibriumNTA+H⇌HNTA is in-
cluded in the simulation considering equilibrium between these
1, for each type of DGT device. Parameters used for the rigorous simulations and analytical

A) cT,NTA = 1.15 mmol L−1 (Exp B)

G 1R1G3F 1R1G 2R1G 1R2G 1R1G3F

0.16 0.18 0.23 0.13 0.15
0.02 0.03 0.05 – 0.05
0.49 0.35 0.46 0.56 0.49
0.06 0.06 0.09 – 0.15
0.55 0.38 0.48 0.57 0.49
0.57 – – – –
– 0.39 0.50 0.59 0.51



J. Sans-Duñó, J. Cecilia, J. Galceran et al. Science of the Total Environment 779 (2021) 146277
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 interface. In the simulation code, this physical
phenomenon ismodelled using the Donnan partitionmodel which con-
siders the electrical potential as a step function located at the resin-gel
interface (See Section 1 of the SI). Accordingly, a Boltzmann factor (Π)
as defined in Eq. (9) is considered for the electrostatic partitioning of
the charged species. The Boltzmann factor for each species was evalu-
ated from the experimental determination of the rubidium Boltzmann
factor. Rubidium chloridewas 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 electro-
static binding. Accordingly, the Boltzmann factor for Rb can be com-
puted dividing the bulk Rb concentration by the concentration of
rubidium in the resin disc as Eq. (9) indicates (Altier et al., 2016;
Yezek and van Leeuwen, 2005). For any other species with charge zi,
the factor (Π)zi applies.

4. Results and discussion

4.1. Characterization of the solutions described in Table 1

Thefirst experiment detailed in Table 2 (Exp1) aims to calculate δDBL

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 25 °C. Once δDBL is
known, Eq. (10) allows the determination of DNiNTA and DNi(NTA)2 from
the rest of experiments. Diffusion coefficients of NiNTA and Ni(NTA)2
measured with the diffusion cell are reported in Table 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 2 also al-
lows 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 DNi = 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 diffu-
sive gel interface, obtained by adding Rb into the systemwasΠ=1.13,
which is a small value, indicating an important screening of the resin
charges by the salt background. However, species with electrical charge
zi will have Boltzmann factorsΠzi. Since Ni(NTA)2 and NTA have a high
electrical charge (−4 and − 3, respectively) the resulting Boltzmann
factors for these species 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 1, since
they share a common ionic strength and pH.

The dissociation rate constant of NiNTA, fitted with the numerical
simulation from the experimental lability degree in Exp A (Table 1), is
kd,1 = 1.43 × 10−3 s−1.

4.2. Dependence of the accumulation and lability degree on the geometrical
parameters of the DGT device

Fig. 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 Fig. 1 cor-
respond to values computed with Eq. (6) for a complex whose diffusion
coefficient, stability and rate dissociation constant coincide with the
above values determined for NiNTA. As shown in Fig. 1a, an increase
of δg decreases the accumulation, since the diffusion domain becomes
6

thicker, the source of complexmoves away and the flux decreases. Con-
versely, an increase of δr increases the accumulation, since the com-
plexes NiNTA and Ni(NTA)2 inside the resin have more time and
volume for dissociation.

Fig. 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 δr or δg increases ξ. However, the influence of δr is
more pronounced at low thicknesses, but it plateaus beyond a certain
resin thickness, while a sufficiently large increase of δg is able to bring
the complex to full lability. Indeed, an increase in δr increases the disso-
ciation volume of the complexes that have penetrated into the resin,
while the complex concentration profile has not reached full dissocia-
tion in the resin domain yet. When full dissociation is reached, a further
increase of δr has no effect neither on the lability degree nor on the ac-
cumulation. Thus, the lability degree is not an intrinsic property of a
complex, since it also depends on the geometrical characteristics of
the sensor, among other factors, as Eq. (6) indicates.

Experimental ξ-values measured with DGT devices of different geo-
metrical characteristics for the Ni complexes in the solutions described
in Table 1 are reported in Table 4. These values corroborate the increase
of ξ as either δr or δg increase. Table 4 also gathers the theoretical predic-
tion of ξ–values obtained with numerical simulations as indicated in
Section 3.6. Notice the agreement between experimental measure-
ments and numerical simulation predictions, indicating that, despite
its simplicity, the model contains an essentially correct description of
the main physicochemical phenomena in DGT devices.

We aim at checking whether Eq. (6) is useful in the prediction of the
lability degree for different thicknesses of the diffusive or resin gels.
Eq. (6) can only be directly applied to the system with cT,NTA =
5.5 × 10−2 mmol L−1, since in this solution, NiNTA is the only one rele-
vant Ni complex and the simple scheme M + L ⇌ ML linked to Eq. (6)
applies. The predicted ξ-values for all the DGT configurations used in
ExpA are close to the experimentalmeasurements and to the numerical
simulation values.

Eq. (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. Fig. 2 de-
picts the simulated concentration profiles in DGT devices of the Ni com-
plexes of the solution described in column 1 of Table 1 (Exp A). The
discontinuities of electrically charged species at x = δr are due to the
Donnan partitioning, so that the size of the discontinuity depends on
(Π)zi where zi labels the electrical charge of the species. However, be-
sides the discontinuity, Fig. 2 shows that cL(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. (6). How-
ever, 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 trans-
formed into HNTA to diffuse back to the bulk solution.

Furthermore, in Fig. 2, Ni andNiNTA are in equilibriumalongmost of
the diffusive gel (for instance for x>0.47mmin Fig. 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 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.

Fig. 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 under-
stand the dependence of the lability degree on these geometrical
characteristics. Indeed, according to Eq. (5), ξNiNTA is just the dis-
tance from the normalized NiNTA profile at x = δr up to 1. The effect

https://www.dgtresearch.com/diffusion-coefficients
https://www.dgtresearch.com/diffusion-coefficients
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Fig. 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 cNi

c⁎Ni
, dashed line represents cNTA

c⁎NTA
, solid line represents cNiNTA

c⁎NiNTA
and dotted-dashed line cHNTA

c⁎HNTA
. Total concentrations used for this simulation are in columns 2 to 4 of Table 4.

Diffusion coefficients, DNi=5.77 × 10−10, DNiNTA=4.75 × 10−10, DNi(NTA)2=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, kd, Ni(NTA)2=0.148 s−1, kd,HNTA = 1 × 102 s−1, ka,1 = 4.68 × 105 L mmol−1 s−1, ka, Ni(NTA)2=
9.635 L mmol−1 s−1, ka,HNTA = 4.46 × 108 L mmol−1 s−1 and Π = 1.13.
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of δg can be assessed by comparing Fig. 2A with Fig. 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 approxi-
mately flat inside the resin and linear in the diffusive gel domain,
with slope ξ/δg as seen in the figure. For a given δr, an increase of δg

implies a decrease of the slope of the NiNTA in the diffusive gel. Ac-
cordingly, the flux of NiNTA entering into the resin domain will de-
crease, and to keep steady state, the amount of NiNTA dissociated
in the resin domain must also decrease by decreasing the concentra-
tion of NiNTA in the resin domain. Likewise, an increase of δr in-
creases 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 Fig. 2A with Fig. 2C).

The prediction of the lability degree in Exp B goes parallel to the dis-
cussion of the influence of the NTA concentration on the lability degree
and it is reported in the next section.

4.3. 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 de-
gree of a complex decreases, since the dissociation equilibrium is shifted
towards association. However, the availability of a metal in DGT devices
under ligand excess conditions is mainly due to the complex dissocia-
tion in the resin domain (Puy et al., 2012). 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 equi-
libria 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 determina-
tion (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.
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Fig. 3. Impact of the total NTA concentration on the lability degree of Ni (referred to left ordi
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solution. Total Ni concentration and all the parameters as in Fig. 2.
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When the free ligand concentration is below that of the freemetal, a de-
crease of the ligand concentration also decreases the lability degree
against the expected general trend commented above (Altier et al.,
2018).

However, other changes associated to an increase of the ligand con-
centration can concomitantly take place. Indeed, as seen in Table 2 and
in Fig. 3, when the total NTA concentration increases (Exp B), the bulk
speciation indicates a very relevant increase of Ni(NTA)2.

Table 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= 1.14mmol L−1)
with those of Exp A (cT,NTA = 5.50 × 10−2 mmol L−1) for a fixed config-
uration of the DGT devices. Theoretical expectations for ξ obtained with
numerical simulations (described in Section 3.6) are also gathered in
Table 4. Notice that the value kd,1 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 3.5. 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. The remarkable
agreement between experimental and theoretical predictions lends
support to the robustness of the developed model.

A simple analytical relationship between the lability degree and the
physicochemical parameters in a system like the onewith NiNTA andNi
(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 dissocia-
tion of ML into M and L is usually the rate limiting step (Morel and
Hering, 1993; Puy et al., 2004). Accordingly, it is reasonable to as-
sume that ML2, ML3, and successive complexes are in equilibrium
withML, but not withM if they are partially labile. These equilibrium
relationships allow to reformulate the reaction-diffusion set of
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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). Labelling as MLeff the effective (formal) com-
plex, the reformulation of a system that only contains ML and ML2 is
reached by defining

c⁎ML,eff ¼ c⁎ML þ c⁎ML2 ð11Þ

DML,eff ¼
DML þ K 0

2DML2

1þ K 0
2

ð12Þ

k0a,eff ¼ k0a,1 ð13Þ

kd,eff ¼ kd,1
1

1þ K 0
2

ð14Þ

K 0
eff ¼ K 0

1 1þ K 0
2

� � ð15Þ

Πeff ¼
cr

−

ML,eff

crþML,eff

¼ ΠzML þ K 0
2Π

zML2

1þ K 0
2

ð16Þ

where Ki ¼ ka,i
kd,i

stands for the stability constant of the process MLi−1 +

L ⇌ MLi, ka,i and kd,i are the association and dissociation rate constants

and K 0
i ¼ ka,ic⁎L

kd,i
¼ c⁎MLi

c⁎MLi−1

.

Eqs. (12), (14) and (15) have to be understood as “local” expres-
sions, in the sense that the computation of the effective diffusion coeffi-
cient, 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=δr). For x>δr, cL(x) = cL

∗, while for x< δr, cL(x) = cL
R = ΠzLcL

∗.
Thus, Ki′ takes different values in the diffusive gel or in the resin gel
and accordingly, Keff′ given in (15) becomes

K 0
eff ¼

K0
1
R 1þ K0

2
R

� �
¼ ΠzLK0

1 1þΠzLK0
2

� �
x<δr

K0
1 1þ K0

2

� �
x>δr

8<
: ð17Þ

According to Eq. (14), in a system with ML and ML2, an increase of
the ligand concentration not only shifts the equilibrium towards com-
plexation, but also modifies the effective dissociation rate constant. In-
deed, as Eq. (14) indicates, the effective dissociation rate constant
decreases as the ligand concentration increases whenever

K 0
2 ¼ K2c⁎L ¼

c⁎ML2
c⁎ML

>1 ð18Þ

indicating that when cML2
∗ > cML

∗ , i.e., whenML2 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 par-
ticular trait of MLn complexes that contrasts with the almost negligible
influence of the ligand concentration on the lability when onlyML com-
plexes arise (Puy et al., 2012).

The dissociation rate constant of the formal complex defined in
Eq. (14) can be calculated in the diffusive gel domain from K2′ and
kd,1. For Exp B in (Table 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 notfitted from the exper-
imental results, but derived from Eq. (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 (6) and the effective parameters given by Eqs. (11)–
(15). The resulting ξ-values, reported in the last row of Table 4 and as
9

orange line in Fig. 3, indicate that the analytical expression (6) is consis-
tent with experimental and simulated values (see red and bluemarkers
in Fig. 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 1+ K2cNTA3−

as Eq. (14) indicates. Taking into account the speciation of the system, as
given by VMinteq, K2cNTA3− keeps being smaller than 1, so that there is
only a mild decrease in kd,eff. Actually, speciation of NTA is mainly dom-
inated by HNTA at the pH of the experiment. Accordingly, only a mild
decrease of the lability degree is observed in Table 4 when the NTA con-
centration increases and Ni(NTA)2 starts to be relevant as also seen in
Fig. 3.

Additional insight on the effect of the total NTA concentration on the
lability degree of the Ni complexes can be obtained looking at the con-
centration profiles. The concentration profile of Ni(NTA)2 is now in-
cluded in Fig. 4, given the non-negligible concentration of this
complex. Unlike the concentration profiles depicted in Fig. 2, the NTA
concentration profile in Fig. 4 is almost flat indicating fulfilment of ex-
cess of ligand conditions, as expected from the increase of the total
NTA by a factor of 50. Discontinuities of the concentration profiles at
x=δr are in agreement with the electrostatic partitioning and, for each
type of DGT device, the NiNTA concentration at x=δr

+
is in Fig. 4 higher

than in Fig. 2, consistent with the lower lability degree in the conditions
of Fig. 4.

Amain difference between the concentration profiles in Figs. 2 and 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(Salvador et al., 2006a; Salvador et al.,
2006b; Zhang et al., 2011; Zhang and Buffle, 2009). The diverging of
both normalized profiles defines the reaction layer, where net dissocia-
tion takes place. Moreover, the normalized NiNTA concentration profile
converges with that of Ni(NTA)2 in all the diffusive gel domain, indicat-
ing 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), 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 (Uribe et al., 2013))
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 la-
bility degree of successive complexes in equilibrium with ML can be
measured, since all these complexes have a common lability degree
which coincides with that of the system.

In Fig. 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 diffu-
sive 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 li-
gands due to the high number of possible bonds in the coordination
sphere and almost all of these ligands are involved in acid-base equilib-
ria. Thus, the effects commented above are of a broad applicability to
most of the trace metal complexes. As general conclusion, the model
here developed suggests that lability decreases as the ligand-to-metal
ratio increases, i.e., as the ligand-to-metal stoichiometry (n) of the dom-
inant species increases.

5. Conclusions

Speciation in natural systems is challenging since many measure-
ments involve the contribution of multiple species through several
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Fig. 4.Normalized concentration profiles ci/ci⁎ for cT,NTA=1.136mmol L−1 and cT,Ni=3.5 × 10−2mmol L−1 . Dashed linewith twopoints represents cNi
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. Rest of parameters as in Fig. 2.
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physicochemical parameters. Accordingly, a set of independent mea-
surements and a suitable theoretical framework is required to solve
the speciation unless more selective analytical techniques were devel-
oped. Based on using a set of DGT devices with different resin or
diffusive gel thicknesses, this work paves theway to optimize the corre-
lation 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 de-
pendence in excess of ligand condition as usually met in trace metal
analysis. Defining effective concentrations and parameters, this expres-
sion can be extended to systems with sequential complexation. In this
case, an increase of the ligand concentration tends to decrease the labil-
ity 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, themain com-
plex present in the solution moves from ML to MLn. Only the fitting of
the dissociation rate constant of ML is required for the interpretation
of the lability of the MLn system with any DGT configuration.
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