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Abstract

DGT (Diffusion Gradients in Thin films) was designed to sample trace metals in situ at their
natural concentrations. The set-up and the experimental deployment conditions were
established to allow interpretation of a linear accumulation of metal with time using a simple
expression based on a steady-state flux under perfect sink conditions. However, the extension
of DGT to a wide range of analytes and its use in varied conditions has shown that, in some
situations, these conditions are not fulfilled, so that accumulations with time are non-linear.
Previously, when such curvature was observed, concentrations in solution could not be reliably
calculated. Here we present fundamentally derived equations which reproduce the time
accumulation for three situations: i) kinetic limitations in the binding to the resin, ii) saturation
or equilibrium effects or iii) non-negligible competitive effects. We show how the
accumulations can be quantified in terms of the required kinetic and thermodynamic
constants, and provide practical guidance for their use to obtain reliable estimates of solution
concentrations. Solutions containing Mg or Mn, where all three situations can prevail, are used

as examples. Calculated concentrations show reasonable agreement with the experimentally
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known values and with the results of a numerical model of the system, significantly improving
the estimations based on perfect sink conditions. Such an approach opens up the possibility of
using DGT more widely in challenging systems and allows DGT data to be interpreted more

fully.

Introduction

Diffusive Gradients in Thin films (DGT) was first developed for a time-averaged measurement
of trace metals [1-5] and this is still the main application of the technique, although it has been
extended to other analytes, such as oxyanions [6-8] and other inorganic and organic [9]
components, as well as dissolved metal species released from nanoparticles [10-12]. Currently,
there is an intensive research activity aimed at finding, testing and validating new binding
layers to increase the range of target DGT analytes [6, 13-15]. Concomitantly, new applications
have emerged. For instance, DGT has been rapidly established as a chemical imaging tool for
solutes in sediments and soils [13]. Laser ablation ICP-MS of the DGT binding gel allows analyte
fluxes and concentrations to be mapped at high spatial resolution. When the DGT device
contains more than one type of binding layer or is coupled to planar luminescent sensors,
simultaneous information on solute distribution and dynamics of several analytes can be
obtained. This unprecedented information has furthered understanding of biogeochemical

processes [16-19].

For many of these applications, DGT measurements are interpreted assuming perfect sink and
steady-state conditions. However, there have been several reports that indicate that, even in
aquatic systems, these conditions do not always apply. The possibility of competition from
other ions in solution was recognised early in the development of DGT [20] and practical

examples have emerged, including bicarbonate competing with the measurement of
2
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phosphate using a ferrihydrite binding layer [21]. Some competition effects are observed as
the effective capacity of the binding layer is approached, as for Fe competing with the
measurement of Mn [22] and Ca competing with the measurement of Sr [23]. For ions at high
concentrations, such as the major cations Ca and Mg, the straightforward capacity issue
becomes a problem [24] especially when the ionic strength reduces noticeably the affinity of
the binding to the Chelex. There have been examples of linear accumulations with time, but
with less than theoretical slopes [25] and of the accumulation rate declining with time [26-28].
Although observations have sometimes been rationalised in general terms and there has been
some attempt to quantify specific examples [20], there has been no systematic, quantitative
treatment of how they arise. It is the aim of the present paper to examine quantitatively the
consequences of non-ideal conditions in aquatic systems. We discuss the patterns of DGT
accumulations that can arise, provide a check of the accuracy of the simple DGT expression
and suggest new simplified, approximate expressions to determine the solution concentration
when the simple expression is unsuitable. We focus on systems where the determinand does
not react with other dissolved species (e.g. a metal in a solution without ligand). Section 2 is
devoted to discussing the different regimes during the time evolution of the accumulation.
Particular attention is paid to systems where perfect sink conditions are not reached and the
accumulation is subject to kinetic limitations. Section 3 considers non-linear accumulations
when the approach to equilibrium between the free and resin-bound metal cannot be
neglected (i. e. due to capacity or saturation effects). Accumulation of Mg illustrates this
behaviour. Section 4 deals with non-linear accumulations due to competition effects, as
exemplified by the mixed system Mn/Mg. A numerical simulation code (see Supporting
Information of [29]) to illustrate the processes that take place in the DGT device is used. This
code is also used to check the accuracy of the analytical approximate expressions reported and

the agreement of all these results with the experimental ones.
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1. Regimes in the evolving metal accumulation
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Figure 1. Metal accumulation as a function of time in a DGT device. Different regimes,
separated by vertical dashed lines at somewhat arbitrary positions, can be recognized as

indicated in the figure. Parameters of the simulation: ka,R =1 m’mol’s™, kd,R =10"s", D,,

=4.94x10"" m’s!, 8" =4x10" m, 8% =1.1x10° m, Crg =28mol m™, ¢y =10 mol m*. Insert:

detail at short deployment times.

Four different regimes [30-32] can be recognized in the time-series accumulation (plots of

measured or simulated mass versus time, as in Fig.1.):

1.1 Transient regime

At short times, there is a transient regime (see inset in Fig.1) where the flux, which is
proportional to the slope of the accumulation curve, increases while the first metal ions reach
the resin layer and react with the resin sites. The upward bending curve, as indicated in Fig. 1,

is characteristic of these conditions, providing a diagnostic tool for recognizing this behaviour.

For standard DGT devices, ¢ in waters is of the order of 10 min [30].
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1.2  Steady-state regime

A second regime corresponds to a linear accumulation of the metal as time increases. In this
case, the flux is constant, indicating that the system is in quasi steady-state conditions. Two
cases can be recognized. The first one, usually called the perfect sink regime, is fulfilled by
most of the metals when Chelex is used as a binding layer. In this case, the association rate
constant between the metal ion and the resin is so high that the binding is limited by the metal
transport to the resin. Accordingly, the metal concentration at the resin-diffusive gel interface
during this steady state regime drops to close to zero, the penetration of free metal ions in the

resin domain is negligible and the DGT standard expression holds [3, 4]:

n=—MM 4; (1)
where D, is the diffusion coefficient of the metal, n stands for the accumulated moles, 6;4
for the metal concentration in the bulk solution, A for the effective area of the DGT device, t
for the deployment time and 0* is the thickness of the diffusion domain (also labeled Ag or

g in previous works, [33]. The applicability of this equation has been checked for a wide range

of deployment times, conditions and metals [2] and the penetration has also been checked by

using DGT devices with a stack of two resin discs [34].

However, a steady state can also be attained when the kinetics of the metal association to the
resin limits the accumulation while still far from equilibrium. Let us label this steady-state

regime as "kinetically limited".

Practical indications of this regime are a (constant) slope of the accumulation vs time plot that
is smaller than the one corresponding to limiting diffusion conditions, together with a non-
negligible penetration of the metal in the resin domain, which can be verified using a DGT with

multiple resin discs.
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For metals, this case is not very common because, as predicted by the Eigen mechanism [35], a
metal with slow binding to the resin will also have a small stability constant, so that
equilibrium effects, also labelled as capacity effects [33], appear at short times, steady state no

longer applies and the accumulation bends downwards, as indicated in the next regime.

With standard assumptions (steady state, excess of resin sites, negligible dissociation of bound
metal, common diffusion coefficient of metal in the diffusive gel, filter and diffusive boundary
layer), an analytical approximation for the metal accumulation in the resin in the kinetically

limited case without capacity limitation can be written [36] as:

*
DM CM

n=

S5 At (2)
o% + A, coth| —
& (AMJ

where 6" stands for the thickness of the resin domain,

DM

A = IR 3)

and k;,R is the product of ka’R (the association rate constant) times the concentration of free

T

resin sites, ¢, . The term Ay Coth(—] is a measure of the effective distance of penetration

of M, corresponding to the distance necessary for the metal concentration to drop to zero in
the resin domain by linear extrapolation of the metal profile at the resin/diffusive gel

interface. Accordingly, Eqn. (2) resembles Eqn. (1) when the region of transport by diffusion

T

o
O¢ is replaced with 0* + Ay COth(Z] and the slope of the accumulation plot can be used

to obtain ka’R, which can also be found from the percentage of mass accumulated in the back

resin disc [32, 36].

ACS Paragon Plus Environment

Page 6 of 21



Page 7 of 21

©CoO~NOUTA,WNPE

Analytical Chemistry

Accumulation of Mg in DGT devices with a stack of two resin discs deployed in 100 mol m™
NaNO; solution at pH 7.5 serves as an experimental example of accumulation under kinetic
limiting conditions. Indeed, as can be seen in Fig. 2, the accumulation in a solution of 0.09 mol
m> Mg is almost linear for times smaller than 10 h, with a slope smaller than that of the
perfect sink case (dotted line). For longer deployment times, the accumulation bends

downwards, indicating that equilibrium effects are non-negligible and steady-state conditions

are lost.
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Figure 2. Time evolution of the total accumulation of Mg in DGT devices with two resin discs.
Markers correspond to experimental accumulations at salt background concentrations of 100

mol'm™ at pH 7.5. Dashed line corresponds to results obtained with Eqn.(2) when ka’R
=1.7x10" m’ mol" s and kd’R =10" s Dotted line corresponds to Mg accumulation obtained
with Eqn. (1). Other parameters: Dy, =4.94x10"" m’s”, 6" =810 m, 6% =1.1x107 m, Crr

=28mol m~ and C;A =0.09 mol m>.

The use of Egn. (2) to calculate ka’R requires the determination of the slope at short times

before downward bending starts. Using the first data point, we obtained ka’R =1.7x10" m* mol

s which introduced in Eqn. (2) yields the dashed line in Fig. 2.

1.3 Decreasing flux regime
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At longer times, the accumulation bends downwards, indicating that it approaches the
equilibrium value and the flux decreases as time increases. The accumulation is lower than
expected from perfect sink conditions and one can say that the accumulation is
thermodynamically limited. Manifestation of these effects on DGT measurements has been
reported in previous development studies [6, 15, 21, 27], and this regime, which will be
discussed in the next Section, has also been termed "saturable" [37] or “mixed” [31]. A special
case of the decreasing flux regime arises for deployments in soils and sediments. Due to the
extension of the diffusion profile into the soil or sediment domain, the steady state regime

cannot be reached and instead, a decreasing flux regime is registered.

1.4 Equilibrium/saturation regime

Finally, at sufficiently long times, the accumulation reaches a plateau, indicating negligible net
metal binding (Fig. 1). Accordingly, there are no metal concentration gradients, i.e.: the free
metal concentrations in the resin domain and bulk solution are in equilibrium (both
concentrations are equal or related by a Boltzmann factor when the charge of the resin sites is
not sufficiently screened by the background salt) and the bound metal is in equilibrium with
the free metal concentration. We will refer to this situation as the equilibrium situation, but it
could also be referred to as the situation where the “effective capacity” of the DGT device has
been reached as done in [38]. The amount accumulated when equilibrium is achieved
(equilibrium accumulation or the “effective capacity”) increases as metal concentration
increases until it reaches a maximum that we associate with saturation: all the resin sites (the

total capacity) are occupied.

2. Saturation and equilibrium effects
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Now, we consider in more detail the situations described in Sections 1.3 and 1.4, where steady

state no longer applies and the accumulation curve bends downwards as seen in Fig. 1.

Assuming that all the resin sites show a fixed affinity for the metal, the net binding rate can be

written as
OC\r
ot = ka,RcMcR - kd,RcMR 4)

where ¢, and ¢ are the local concentrations of free M and free resin sites at the spatial
position considered and £, is the kinetic dissociation rate constant. The first term on the

right hand side of Eqn. (4) (4)stands for the association rate, while the second one quantifies

the dissociation.

A decrease of the net binding arises from both the increase of the rate of dissociation (due to
the increase of ¢,;; ) and the decrease of the association rate (due to the decrease of ¢ ) as

Egn. (4) indicates. Dissociation is non-negligible when equilibrium (or “effective capacity”)
between bound and bulk free metal is approached. The decrease of the association term is
non-negligible when equilibrium is closely approached or when competitive effects are

relevant as will be discussed in the next Section.

Fig. 3 shows a clear case where thermodynamic limitations due to equilibrium have been
observed. It corresponds to Mg binding to DGT devices with a stack of two resin discs that
were deployed in a 500 mol m™> NaNOj; solution at pH 7.5. (Details of the experimental setup

can be found in [39]).
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Figure 3. Evolution of Mg accumulation at salt background concentration (NaNO3z)= 500 mol
m”. Markers: experimental accumulations (both discs) in DGT devices with a stack of two resin
discs at pH=7.5. Continuous line stands for numerical simulation, dashed lines for results
obtained with Eqn. (5) and dotted line for results obtained with Eqn. (1), i.e. corresponding to

perfect sink conditions. ka,R =7.0x107° m’ mol s, KMR =0.7 m’> mol”, HMg =].1, C;:,[ =0.093

mol m™. Other parameters as in Fig. (2).

The reduction in the rate of metal accumulation (see markers in Fig. 3) is so noticeable with
respect to the perfect sink accumulation (dotted line in Fig. 3) that a quasi-flat trend appears at
long times, indicating that equilibrium conditions have been reached. Fig. 3 also shows, in
continuous line, the accumulation calculated with numerical simulation after fitting the
equilibrium and kinetic association constants to the experimentally obtained total
accumulation and to the percentage in the back binding layer [39]. With these parameters,
the simulation tool has also been used to plot the concentration profiles corresponding to

different times (Fig. 4).

10
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Figure 4. Normalized Mg concentration profiles at time 10, 20, 30 and 40 h for the conditions
of Fig. 3. Vertical dashed lines indicate the frontiers of each resin gel disc.

The approach to equilibrium is confirmed by the increase of the average free metal
concentration in the resin domain as time increases as seen in Fig. 4. When the concentration
of unbound metal in the resin approaches the bulk solution concentration, at t>40h (See Fig.
4), there is almost no net accumulation (the rate of association is close to that of dissociation)

as seen at the rightmost part of Fig. 3.

In attempting to quantify the approach to equilibrium between the bound and free metal, one
can assume, as an approximation, that the concentration profile of the free metal is

homogeneous in the resin domain and linear in the diffusive disc (as Fig. 4 approximately

shows). As demonstrated in the SI, the accumulation for KyzCrr U 1 can be approximated as:

A5y TK ey (1-¢7)

¢ :Aé‘r r t)= 5
nT( ) CMR( ) 1+HKMR0;4 (l_eiht) ( )
where
b= (b~ -1 ©

D, '
= _(H;&% " ka"‘j N
H = \/Fz +2Fkyy + 4k kon +kix ®
11
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c{vm(t) labels the homogeneous bound metal concentration in the resin domain, as assumed in

this approximation, and IT is the Boltzmann factor corresponding to the partitioning of the
metal at the resin-diffusive gel interface due to any electrostatic effects of the resin charges

not screened by the background salt.

At long times, the exponential terms disappear and Eqn. (5) tends to n; (z —)oo): Ad' ey

cq _CTRHKMRCM . . . Prel. s .
where Qg =— —— —~ is the concentration of bound metal in equilibrium with the free
1+11K,

metal concentration in the resin domain (equal to Hc;d). The accuracy of Egn. (5) can be

assessed by comparing the accumulations calculated with Eqn. (5) and those obtained with
rigorous numerical simulation with the same set of parameters. Some figures with this
comparison are reported in Section 1 of the SI. The similar accumulations demonstrate good

accuracy in the range of the stability constants studied.

Eqgn. (5) applies to standard DGT devices. For a DGT with a stack of resin discs, one just needs

to indicate the corresponding resin thickness (double thickness, & =8x10™*m, for a stack of
two resin discs). A good agreement between Eqn. (5), plotted with dashed line, with numerical
simulation results and experimental accumulations can be seen in Fig. 3 using the Mg binding
parameters estimated in [39] and reported in the caption of Fig. 3. Experimental values of the
Boltzmann factor I1 were obtained by adding a small amount of Rb in the system which
allows measuring I1 as the ratio of the Rb concentration in the resin domain with respect to
the Rb bulk concentration in solution, as explained elsewhere [39]. If the Mg binding

parameters, diffusion coefficients and the characteristic lengths of the DGT device are known,
Eqgn. (5) can be used to determine c;,[g from the experimental Mg-binding data depicted in Fig.

3. The bulk Mg concentration thus determined is reported in Table (1) which indicates a very

good agreement with the true experimental value and a substantial improvement with respect

12
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to the value determined by using Egn. (1) which retrieved values with increasing errors for
longer accumulation times. The practical application of Eqn. (5) to unknown samples requires,
then, the knowledge of the binding parameters of Mg at the pH and ionic strength of the
system. This information can be found in an appropriate database or can be obtained from a
dedicated experiment measuring the Mg accumulation in a system of known Mg concentration

under the experimental conditions of interest and then fitting the accumulation results to Eqgn.

(5).

Table 1. Estimation of C;A using the perfect sink approximation (Eqn. (1)) or using Eqn. (5),

when they are applied to the Mg binding data at different deployment times using the
parameters reported in Fig. 3.

o " C;Ag used in C;Ag calculated (mol m™)
t . .
E}rfolsiggl)lauonfrom Eqn. (§) [from Eqn. (1)
4 0.063
8 0.052
16 0.035
0.5 .093 .092
24 0.030
48 0.021
64 0.015

3. Competition effects

Competition effects arise when the amount of one metal bound to the resin depends, for a
fixed bulk metal concentration of the analyte, on the concentration of other cations present in
the system [21, 25]. In ref. [25], Tankéré-Muller and co-workers reported the influence of Mg
on the accumulation of Mn. This study is here extended by considering different Mg
concentrations at ionic strength, 155 mol m>, and pH 5.5 as used in [25]. Fig. 5 reports the

results, while the experimental details are given in Section 6 of the SI. According to previous
13
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reporting [25], Mn accumulation follows the trend of perfect sink conditions when the ionic
strength in the system is 10 mol m™. However, Mn accumulation at 24 h deployment is only
half of the perfect sink expectation (dashed line in Fig. 5) when the ionic strength has
increased from 10 to 155 mol m™ by adding only NaCl into the system (compare dashed line
with red square markers in Fig. 5). The decrease and the bending of the Mn accumulation
reflects the decrease of the stability constant of the Mn binding to the Chelex due to the
screening of the electric charge by the salt background. According to the Chelex 100
Instruction manual from Bio-Rad [40], the transition metal that binds most weakly is Mn,

making it most prone to such an effect.

However, by keeping the ionic strength fixed, and replacing part of the NaCl by increasing
concentrations of MgCl,, further reductions of the Mn accumulation arise. These decreases
evidence the competing effects between Mg and Mn and they can be understood recalling

that the binding of Mg reduces ¢; , and, thus, the Mn association rate (first term in Eqn. (4)) is

reduced. Accordingly, both the slope of the Mn accumulation at short times and the plateau
reached by the Mn accumulation decrease as the Mg concentration increases. Both effects are

evident in Fig. 5.

A quantitative analysis was undertaken with the simulation tool used in section 3. Details of
the mathematical formulation, boundary conditions and numerical resolution can be found in
section 3 of the SI. The fitting of the simulations to the experimental values (markers in Fig. 5)
provided the kinetic constants of the Mn and Mg binding. Details of this process, kinetic

parameters and calculated accumulation plots are described in the SI, section 5.

14
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Figure 5. Mn accumulation in a standard DGT device from a solution with ¢, = 3.64*10” mol

m” in the presence of different concentrations of Mg where the ionic strength was maintained at
155 mol m™ using appropriate concentrations of NaCl for each solution: Dashed line
corresponds to perfect sink approximation. Markers correspond to experimental values for:

only Mn (squares), ¢y, =5.5 mol m” (triangles), Cy =27.7 mol m” (circles) and Cyg =60.8 mol
m” (diamonds). Continuous lines are calculated with Egn. (9) for: only Mn (label 1), ¢y, =5.5

mol m™ (label 2), Cyg =27.7 mol m” (label 3) and Cy =60.8 mol m” (label 4). Other parameters

used: ka,MnR =4.0x10" m® mol” 57, Kyr = 2.35 m’ mol”, k&MgR =1.9%10° m’ mol™ 57, Kyer

=0.13 m’ mol”, Dy, =5.39x10"" m’ s and Dy, =4.94 x10"" m’ 5.

Alternatively, some approximate analytical solutions can be written based on Eqn. (5) once it is
extended to consider competition effects. As derived in section 2 of the SI, the accumulation of
Mn in the present conditions can be approximately described by

nT,Mn (t) = Aé" CTR * I_II<MchIg:/[n (1 - eikd'Mnt/z ) (9)

1+ Mgk Mg

The agreement of Eqn. (9) with the rigorous numerical simulation for a common set of
parameters in the range of those reported for the Mn and Mg binding can be seen in Section
2.2 of the SI. The accuracy of Eqn. (9) is quite good when using the set of parameters obtained
for Mn accumulations of Fig. 5 from the rigorous numerical simulation (see section 5 of the SlI).
This suggests that the kinetic parameters of the Mn binding and the stability constant of Mg

15
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can also be determined with Egn. (9), thus avoiding the use of the numerical simulation. In
order to reduce the number of unknowns to be fitted simultaneously, the kinetic parameters
of Mn can be determined from the Mn accumulation in absence of Mg, while the stability
constant of Mg is then obtained from the accumulations with the presence of Mg in the
system. The results are reported in Table (2), while Fig. 5 depicts in continuous line the
corresponding calculated accumulations. The agreement with experimental data is quite
reasonable and similar to that of the numerical simulation reported in the SI. It could, then, be
concluded that for this system, the simple Eqgn. (9) is able to give a good agreement with the
experimental data with kinetic and thermodynamic values in the order of those obtained by

using more sophisticated numerical methods.

Table 2. Kinetic parameters of Mn and stability constant of Mg derived using Eqn (9) to fit the
accumulation data at ionic strength 155 mol m™ and pH 5.5 reported in Fig. 5. Parameters used
are those reported in the caption of Fig. 5.

ka,R kd,R Kyr

(m3 mol ™ s'l) (s'l) (m3 mol")
Mn 748 x 107 3.1x10°  |241
Mg - - 0.07

The reported values are conditioned to temperature, ionic strength and pH, which is why the
value of Kug in Table (2) diverges from that in the caption of Fig. 3. Actually, pH has an
important influence on the Kygr as can be seen by comparing the value reported in Table (2) of
[39] (ca. 1.7 m® mol™ for =100 mol m?®, pH =7.5) with the value here reported in Fig. 5 (0.13 m?
mol™ for 1=155 mol m?, pH =5.5). The decrease of one order of magnitude of Kwgr from pH 7.5

to pH 5.5 can also be considered a competing effect of H' on the Mg binding.

The main reduction of the accumulation of Mn is due to the / raising from 10 to 155 mol m?,
which lowers the binding constant and so, the effective capacity of Chelex for Mn. Competition

effects (Mg—Mn) additionally reduce the Mn accumulation.

16
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The application of Eqn. (9) to determine c,, requires the knowledge of c;Ag, Kygr » Kypor »

k

wns 11 as well as the geometrical parameters of the DGT device. These parameters have to
be determined in dedicated experiments at the pH, temperature and ionic strength of the
sample. In the present case, it has been quite simple, since Mn and Mg parameters could be

determined in separate experiments with only one metal in the system. Once these
parameters are known, the concentration can be calculated from the accumulation. Applying
this process to the accumulations shown in Fig 5, one obtains the c;,, -values reported in Table
(3), which indicates a reasonable agreement with the experimental values, significantly
improving the estimations based on perfect sink conditions. The highest error arises for the
highest Mg concentration since the accumulation is, then, the lowest thereby increasing the

relative error of Egn. (9).

Table 3. Calculation of c;,ln using the perfect sink approximation (Eqn. (1)) or the competition

approximation, Eqn. (9), in the Mg/Mn competing system with parameters and Mn experimental
accumulations reported in Fig. 5 at 24 h.

Experimental bulk| | leulated L
concentrations (mol m™) €y calculated (mol m™)
From Eqn.
* c: From Eqn. (1)(;§$peg?io£19)
Cvn Me Perf. Sink
(Perf. Sink) explicitly included)
5.3 9.02x10™ 2.49x10°
3.64x10° 5 5.22x10™ 3.87x10°
53 3.68x10™ 5.27x10°

Trends shown in this section can appear for the competition between Mg or Ca and other
divalent trace metal cations. However, since Mn shows the smallest binding affinity to Chelex
among divalent cations, competition effects with other divalent cations involving deviations
from perfect sink will require Mg or Ca concentrations above the values typical of freshwaters.
No competition effects are expected between trace metals themselves given their low

concentrations and the large amount of Chelex used per disc.
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When other less selective binding agents are used, competition effects are expected to be
more noticeable. This applies to those used for both cations (e.g. a general cation exchange

resin or a metal oxide) and anions (e.g. metal oxides).

4. Conclusions

Even though DGT was designed to obtain linear accumulations with time, for long deployments
the uptake may be curved downwards for some cations due to equilibrium or competition
effects. While linear accumulations indicate the plausibility of steady-state conditions, bending
unequivocally indicates a decrease in the rate of metal binding. These various situations have
been analysed in this work, which provides a set of approximate analytical expressions to
reproduce the DGT accumulations as well as to calculate the bulk concentration when there
are: kinetic limitations in the binding to the resin, Eqn. (2); saturation/equilibrium phenomena,
Egn. (5); or competition effects, Eqn. (9). The binding of Mg or Mn have been used to
exemplify the use of these expressions. For the studied conditions, accumulations of Mg or Mn
in single metal systems have provided examples of equilibrium effects. In a mixed system, the
binding of Mg reduces the accumulation rate of Mn. Concentrations obtained with the simple
approximate expressions reported in this work significantly improve the estimations based on

perfect sink conditions.
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