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This work analyses the influence of the composition of the system on the availability of metal
cations as nutritive or toxic species. The main question that tries to clarify is whether the
availability measured in single ligand systems with the Diffusive Gradients in Thin Film (DGT)
devices can be used to predict the contribution of each complex in the mixtures. A new
interaction mechanism by which partially labile complexes become more inert in presence of a
labile complex is reported. Although all natural systems are large mixtures, mixture effects
have not received until recently great interest.
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Mixture of ligands influence on metal accumulation in Diffusive
Gradients in Thin films (DGT)
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Rey-Castro®, Joan Cecilia®, Josep Galceran?, Jaume Puy®

aDepartament de Quimica. "Departament de Matematica. Universitat de Lleida, and
AGROTECNIO, Rovira Roure 191, 25198 Lleida, Catalonia, Spain; “Department of

Physics, University of Tolima, Colombia

* Corresponding author, email address: jpuy@quimica.udl.cat, Phone 34 973 702529,

Fax 34 973 702924

Abstract

Natural waters contain mixtures of ligands, which collectively affect the availability of
trace metals. The individual contribution of each complex to the overall metal flux
received by a sensor can be described in terms of its lability degree. The question arises
as to whether the mixture entails specific non-additive effects, i.e. to what extent is it
possible to predict the collective behaviour of the mixture from the values of the lability
degrees of each single ligand system (SLS). For this reason, a series of experiments
with DGT (Diffusion Gradients in Thin films) devices were carried out to measure
nickel accumulations from synthetic media comprising either Nitrilotriacetic acid
(NTA), Ethylenediamine (EN) or mixtures of both ligands. The results were compared
with numerical simulations.

It is shown that NiEN and NiNTA can become more labile and inert (respectively) in
the mixture than in the corresponding SLS. This unprecedented behaviour arises when

one of the ligands (NTA, forming strong and partially labile complexes) is present at
non-excess conditions (c,, >>c,, ¢, >>C,, ). As variations in the lability degrees of

NiNTA and NIiEN arising in the mixture tend to cancel out, the summation of partial
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fluxes calculated from lability degrees obtained in SLS vyields a reasonable estimate of
the DGT performance in the mixture. Experimental accumulations in the mixture are
just slightly below the predicted values, with errors lower than 11 % within a range of

NTA concentrations equivalent to 20% - 100% of the total Ni concentration.

Keywords: DGT, lability degree, diffusion coefficients, mixture effects

1. Introduction
Natural waters contain mixtures of metal cations and ligands whose interactions largely

determine the availability of the former to biota and plants'®. The metal uptake flux, i.
e., the supplied flux to the surface of interest is, in general, the most meaningful
measurement to assess availability. As ligand concentrations are usually orders of
magnitude more abundant than those of trace metals, the availability of metals is,
typically, determined by the ability of complexes to dissociate in the pertinent time and
spatial scales. The lability degree was introduced as a way to quantify the contribution
of an individual complex to the overall metal flux"® It is the fraction of the current
contribution of the complex to the metal flux with respect to the maximum contribution
that would arise if dissociation was so fast as to instantaneously reach equilibrium at
any relevant spatial position. In single ligand systems (SLS), the lability degree can
straightforwardly be measured as a kind of normalized flux, avoiding the use of
numerical fitting procedures'®. However, the lability degree has the drawback that it is
not an intrinsic property of the complex, but it is also dependent on the sensor
characteristics and the composition of the system™*2. Previous works on voltammetric

sensors under steady state conditions have shown **°

that the addition of labile ligands
to the system tends to increase the lability degree of the more inert complexes, whereas

the addition of inert ligands tends to decrease the lability degree of labile complexes.
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Buffle and co-workers'®*’

reported that the metal fux can be orders of magnitude
diferent from what expected when the flux in the mixture is computed with the lability
degrees of single ligand systems. We refer to “mixture effect” to indicate a change in
the flux contribution of one metal-ligand complex due to the presence of other ligands
also complexing the same metal when the SLS and the mixture share identical
concentrations of free metal, ligand and complex. In a mixture of several complexes,
there might be a relevant difference in the total flux with respect to the expected value
obtained by direct addition of fluxes measured in the equivalent set of SLS’s. The
mixture effect is called synergistic when the real flux in the mixture is greater than the
expected value obtained from the ensemble of individual SLS’s, while it is antagonistic
in the opposite case.

In DGT*®®, complex penetration into the resin disc has a large impact on the reaction

layer thickness and the lability degree of complexes®*#

rendering them more labile than
in voltammetric measurements. Besides, the influence of the ligand concentration on the
lability degree of a complex in DGT has proved to be almost negligible in conditions of
excess of ligand, since most of the complex dissociation takes place in the resin domain,
where the net rate of dissociation cannot be influenced by a variable amount of ligand
due to the absence of free metal 2. Consequently, the error in using lability degrees
measured in SLS to assess the accumulation in complex mixtures has been quantified as
being less than 10% in systems with a couple of complexes and it is further reduced to
4% when a doble resin disc is used in the DGT device %.

However, all this previous work has been done under excess of ligand conditions which
could not be valid in some practical situations. A system with Ni, NTA and EN at pH 8

and salt background 50 mol m™ is used in this work as a case study. The theoretical

framework and experimental details are reported in Sections 1 and 2, respectively.
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Separate experiments for the corresponding single ligand systems are run to determine
the corresponding lability degrees in Sections 3.1 and 3.2. Section 3.3 is devoted to the
behaviour of the mixture. It is concluded that the metal accumulation in the mixture
system can be reasonably predicted from the lability degree values measured in the

corresponding SLS’s at the same free ligand concentration.

2.  The lability degree
2.1  Single ligand systems (SLS)

Let us consider the SLS where the metal M binds to the ligand L to form the complex

ML

L EEN
M+L —_ ML (1)
where k, and kq are the association and dissociation rate constants, respectively.
Under steady-state conditions, the flux of the metal bound to the resin disc, J, results

from the contributions of free M in solution and complex ML,

‘J = ‘]free + ‘]Iab§ (2)
where, for DGT,

*

C
=Dy (3)

is the contribution to the flux of the free M in solution,

J

free

*

C
‘]Iab = DML = (4)

9

is the maximum contribution of the complex, arising when dissociation is fast enough to

reach equilibrium with the metal in all the diffusive gel domain. & stands for the lability

degree ’, D; and ¢, label the diffusion coefficient and the bulk concentration of species

i, respectively, and 8¢ includes the thicknesses of the diffusive gel, the filter membrane
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and the diffusive boundary layer (DBL), where a common diffusion coefficient for each

species is assumed.

10,24

For single ligand systems, &is easily measured as a normalized flux ,once J. . has

free
been subtracted. For instance, when J.. is negligible, the lability degree can be

computed as,

J n,, /At
R 5)
labile D [CML]
ML 5g

where ny is the number of moles of M accumulated in the resin in a deployment time t

and A is the effective area of the gel-solution interface.

2.2 Lability degree in a mixture of ligands
Let us consider a metal M that can be bound to several ligands L, °L..."L according to

the parallel scheme of reactions,

i Kai < pgi .
M+'L—="=M'L i=1,2,...,h (6)

d,i

where subscript i indicates that the parameters correspond to the complexation with ‘L.

When the resin acts as a perfect sink for the metal, the flux of metal accumulated by the

h
i 10,23 1 _
resin becomes'>** J =J,, +;JMiL,Iab§MiL (7)
i=

where &, labels the lability degree of each complex in the mixture defined as

r

é:MiL El_cyi (8)

CM‘L

C,,, Stands for the complex concentration at the resin/diffusive gel interface and J,,

is given by Eqn. (4). Given the definition, £, is hardly measurable since only the total

MiL

accumulation of M coming from the whole ensemble of metal complexes is measured in
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DGT. However, the estimation of & ; in the single ligand system and a suitable

correction to account for the mixture effect, if necessary, can open the way to study
mixtures from measurements in simple systems. Additionally, this procedure could also

serve to identify synergistic or antagonistic effects in the mixture.

3. Experimental
3.1 Test solutions

Solutions of Ni, with either the strong chelating ligand nitrilotriacetic Acid (NTA,
Fluka, analytical grade) or ethylenediamine (EN) (Fluka), were used as single ligand
systems or in a mixture.

A 10 mol-m™ solution of Ni was prepared as stock solution from the corresponding
metal nitrate salt (Ni(NO3),-6H,0, Sigma Aldrich). Sodium nitrate, NaNO3 (Sigma-
Aldrich, puriss p.a.), was used as background electrolyte to fix the ionic strength (I) at
50 mol m?. Buffered solutions were obtained with 1 mol m™® HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) at pH 8, adjusted by dropwise addition
of 10° mol-m™ NaOH or HNO; (Fluka). HEPES complexation of Ni ions is assumed to
be negligible .

Three separately experiments were conducted at the conditions specified in Table 1.
These experimental conditions were selected in order to have a negligible free metal
concentration to better identify the lability change of complexes, while none of the
contributions of the complexes was negligible. Additionally, concentrations in the SLS
were chosen to have similar bulk free metal and free ligand concentrations to those of
the mixture (especially for the Ni+NTA system) as explained in Section 3.3.2 (see the

S| for the speciation calculation of these solutions according to Visual MINTEQ?").

3.2 DGT deployments

http://www.publish.csiro.au/en
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DGT devices (piston type, 2 cm diameter window), acrylamide cross-linked with and
agarose derived gel discs (diffusive disc, 0.8 mm thick, and Chelex resin disc, 0.4 mm
thick) and cellulose nitrate membrane filters (0.45 um pore size, 0.125 mm thick) were
used.

In order to obtain additional information on the spatial distribution of the accumulated
Ni, DGT devices with two resin discs (front, F, close to the diffusive gel and back, B, at
the bottom of the sensor) were used. The accumulated Ni in each resin disc was
separately determined from their acid-eluted solutions via analysis with inductively

coupled plasma mass spectrometry (ICP-MS, 7700 Series, Agilent).

2.3 Parameters

The values of the diffusion coefficients at 25 °C used in calculations are 6.08x10° cm?s’
! for Ni, as reported by Shiva et al. 8, 4.75x10° cm?™ for NiNTA and NTA, which
correspond to 0.78 times the value of the free metal ions *°, and 6.08x10° cm?s™ for the
NIiEN complexes and EN ligand. A common value with Dy; was chosen for the latter
species, since accumulations of different metals in a solution with EN do not show

dependence on the stoichiometric metal-to-ligand ratio of the complex species formed

(See table S1-9). The effective area used is A = 3.14x10”* m? and §¢ = 1.1x10° m.

4. Results and discussion
4.1  Lability degree of the NiNTA complex in the SLS

4.1.1 Ni+NTA system
Experimental values of the total accumulation in the resin as well as the percentage

accumulated in the back resin (calculated from the number of moles eluted from back

and front resins) at different deployment times (see Table 2) were obtained for a system

http://www.publish.csiro.au/en
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with Ni and NTA at the concentrations indicated in Table 1. At these conditions, the

main reactions in this system are:

Ni+NTA —= s NiNTA 9)

d,NiINTA

H+NTA —=2o HNTA (10)

d,HNTA

Additionally, Ni can be accumulated in the resin domain. Assuming that protonation
reactions are fast enough to consider that equilibrium is instantaneously reached at any
spatial position and assuming that the diffusion of protons is so fast that there is a
homogeneous proton concentration profile, the mathematical formulation of the system

Ni+NTA can be reduced to a system where Ni reacts with only one formal species that

can be called effective ligand NTA® *° as:

eff
KaNiNTA

Ni+NTA® = NiNTA (11)
kg,fl(liNTA
With:
i
CNTA = Cnra +ChnTA (12)
Where:
eff _ ka,NiNTA (13)
NINTA =7,
o 1+ KiinraCh
kg,frfuiNTA = kd,NiNTA (14)
keff
f NINTA
KlsliNTA = szfl— (1 5)
d,NiINTA

See the supporting information (SI) for details of this formulation. In this way, the
Ni+NTA system can be analysed in the framework of the simple scheme represented by

Eqgn. (2).

http://www.publish.csiro.au/en
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The high percentage of Ni accumulated in the back resin disc (Table 2) indicates that
NiNTA is not fully labile in DGT %, According to the speciation distribution
predicted by Visual MINTEQ for the conditions summarized in Table 1, the free Ni

concentration is negligible (see Table SI-2). The lability degree of the NiNTA complex
in the SLS (labelled as &7, ) was, therefore, calculated using Eqn. (5) and reported in

Table 2.

The knowledge of the dependence of &j.;. on the composition of the system

facilitates the assessment of &(,i.. at the desired concentrations of the mixture. To this

knowledge is devoted the next Section 3.1.1.

4.1.2 Dependence of the lability degree of NINTA on NTA concentration
Values for the effective kinetic constants of the system Ni+NTA, defined in Egns. (13)

and (14), were estimated using numerical simulation to fit the experimental data
reported in Table 2a. Retrieved values are reported in Table 3, while details of the
fitting procedure can be found in the SI. With these constants, we can assess, by
simulation, the variation of the lability degree of the NiNTA in the SLS with NTA
concentration. This dependence is depicted in Figure 1, where the calculated labilities
are plotted as a function of the total (Figure 1a) or the effective ligand (Figure 1b)

concentrations.
In conditions of a relative excess of ligand, where C;yra > Cry; (Cr; stands for the total

concentration of species i), the lability degree tends to a constant value and becomes
independent of the NTA concentration. This behaviour was previously predicted for
DGT measurements » and it indicates that almost all metal accumulation comes from
dissociation of the complex in the resin domain where the shift of reaction (1) towards

association is negligible due to the absence of free metal.

http://www.publish.csiro.au/en
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On the other hand, in the non-excess regime (C;NTA <C;,Ni), the value of &,

decreases as C;NTA decreases. To understand this behaviour we point out that, when

ligand excess conditions are not valid, the ligand concentration profile along the DGT
device is not flat. Instead, the local NTA concentration increases as we move from the
bulk solution to the resin/diffusive gel interface, as Figure 2b shows for the bulk
concentrations reported in Table 1. The slope of the normalized NTA concentration
profile indicates that there is a net flux of NTA from the resin towards the diffusive gel
to maintain steady-state conditions and to compensate for the release of NTA from the
dissociation of the complex in the resin domain.

The increased ligand concentration (Figure 2b) that both, the free metal (Figure 2c¢) and
the complex (Figure 2a) encounter in their diffusion towards the resin disc, leads to a

shift of the complexation process towards association. As the bulk concentration of
ligand becomes progressively lower ( C;NTA < C;Ni), the concentration profile of the

ligand within the diffusion domain grows steeper and, accordingly, the lability degree of
the complex decreases (as shown in Figure 1a).

Finally, Figure 1b shows that &, values for different C;Ni and C;,NTA virtually

collapse to a common curve when these data are plotted in front of cf,, which

indicates the importance of controlling the bulk concentration of the free ligand to have

a desired value of the lability degree. Abscissae values corresponding to C;Ni = C;NTA

are indicated in Figure 1b as vertical dotted lines. Notice that there is a wide range of
=1

free ligand concentrations around this equimolar composition where &=, remains

approximately constant and equal to the value in the ligand-excess regime. This range

includes the concentrations of Ni and NTA reported in Table 1. The lower bound value

http://www.publish.csiro.au/en
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of this range can be approximately estimated as follows. Notice that, for any Ni to NTA

ratio, the steady-state profile of Cryr, is flat (except for a step discontinuity at the

resin/diffusive gel interface of electrostatic origin, as explained below), since there is no

net consumption of NTA anywhere in the system. Therefore, it can be shown that, in

steady-state, Crara (X) = Cyinra (X)+Cira (X) ®Cryps  throughout the gel  disc.

Consequently, the decrease in Cy;, due to dissociation at the resin-gel interface

implies an equivalent increase in Cra at this point

*

(CS;A(X:é')—c;efA :CNiNTA—CNiNTA(Xzér), a condition that can also be rewritten as
C:liNTA —CNiNTA(X=5r)= ﬂﬁTAC;iNTA according to (Egn. 8)). This increase will impact on
ET,ﬁTA whenever there is enough free Ni to be complexed with this extra NTA
concentration in the diffusion domain, i. e., when «fﬂTﬁTAC;iNTA is of the order of the free
metal concentration, SEETNlTAC;iNTA ~ ¢, . For a strong complex and a total ligand/metal

. * * ey h=1 * * .
ratio lower than 1, Cyiyra = Crna, the condition &yinraCuinta ® Cyi Can be approximately

. h=l * * * .
rewritten as §NiNTACT,NTA ~Crni —CrnTas Il €,

. 1 .
CrnTa zmcmi . (16)

Using Einra 0.6 from Figure 1, this expression yields Cyyra *0.625C; ; indicating
that for C;yra > 0.625¢; ; the lability degree of NiNTA is close to the value in ligand
excess conditions. This means that, given a C;,Ni, we have a range of C;,NTA values

below C;Ni where the variation of &l . is negligible and, so the experimental

http://www.publish.csiro.au/en
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measurement of &4t becomes less restricted to match exactly the conditions in the

mixture. Figure 1b indicates that this range spans more than one order of magnitude in

terms of Cyrs. Around this limit, i. e, for Crypa~0.625C,;, &'l is strongly

dependent on the CETA and the experimental measurement would require the accurate

preparation of a system with the prescribed free metal, free ligand and complex
concentrations.

As anticipated above, the ligand and complex concentration profiles show a step
discontinuity at the resin layer/diffusive gel interface (Figures 2a and 2b). This is due to

electrostatic effects>>’

, Which -in this case- tend to exclude negatively charged mobile
species from the Chelex resin phase. In order to quantitatively account for this effect in
the numerical simulations, the Boltzmann factor corresponding to this pH and salt
background was experimentally determined by adding a small amount of Rb into the
solution and measuring the ratio of Rb concentrations between resin and diffusive gels.
Rb, as well as Na, are assumed to have a negligible intrinsic chemical binding with the
resin sites, so that concentrations in the resin domain over the bulk concentration
correspond to electrostatic accumulations *. At pH 8 and ionic strength 500 mol-m™, a
cRb(x=5”)

partitioning (or Boltzmann) factor Il = -
r
cRb(x=5 )

=2 was obtained, so that

cNTA(x:6'_)

— =TI :%. Discontinuities for all the other charged species are also
CNTA(X:5r ) 2

ci(x=5”)

observed, with the ratio of concentrations being =11}, .

4.2  Lability degree of the NiEN complexes in the SLS

http://www.publish.csiro.au/en
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There are complexes of Ni and EN with stoichiometric metal-to-ligand ratios from 1:1

to 1:3. Thus, the following set of reactions has to be considered

Ni + EN k NiEN (17)
NiEN +EN k—iju Ni(EN), (18)
Ni(EN), +EN % Ni(EN), (19)
H + EN " HEN (20)
H+HEN —22s HEN 21)

d,HoEN

Additionally, Ni reacts with the resin sites. Association and dissociation kinetic
constants were estimated using numerical simulation to fit the experimental Ni
accumulation data presented in Table 2b. In the fitting, it was assumed that protonation
is a fast process (so that it instantaneously reaches equilibrium), and that all species

Ni(EN), are in equilibrium between them for i >1 . The almost negligible

accumulation of Ni in the back resin disc reported in Table 2b indicates that the system

Ni+EN behaves as a labile system. Accordingly, the accumulation is almost
independent of the particular value of the kinetic constant k., above a threshold

value, and, thus, the lowest value approaching the accumulation within a 2%
discrepancy was selected. Additionally, the stability constants (as reported in Visual
MINTEQ) were used (see Table 3). Details of the fitting procedure as well as values of
the Kkinetic and stability constants are reported in the supporting information.

The specific lability degree of each Ni(EN), complex species can be theoretically

established based on its particular dissociation at the resin/gel interface, according to
Eqg. (8), once the association and dissociation kinetic constants have been fitted.

However, since the experimental setup for this ligand uses excess of ligand conditions,

http://www.publish.csiro.au/en
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assuming that protonation is a fast process (so that it instantaneously reaches

equilibrium), and assuming that Ni(EN), are in equilibrium between them for i >1, the

global system can also be reduced to a simpler equivalent system: *

kae,t;f\liEN
Ni+EN“" = NIiEN*" (22)
kg,fl(llEN
with:
f
Cen = Cen +Cren + Ch,EN (23)
f
CRiEN = ChiEN * Cnieny, T CniEn), (24)
aNiEN = 2
1+ KpenCh + Kuen Ky enCh
dNiEN = K oo (26)
1+ Ni(EN), CEN
2
1+ KpenCh + Kien K enCh
kef‘f
eff a,NIiEN
KNiEN = eft (27)
d,NiEN

Considering this simple equivalent formulation (see details of this formulation the Sl),

the experimental lability degree of the NiEN®" complex in SLS can be calculated using

Egn. (5). For a solution with composition detailed in column 2 of Table 1, the

h=1

measurement of & now denoted &~ ..,

is also reported in Table 2b. Moreover, the

effective kinetic and stability constants calculated according to Egns. (25-27) from fitted
rate constants reported in the Sl are presented in Table 3.

According to the results of the preceding Section 3.1.1, the determination of NiEN®"
lability degree in the SLS (in principle, at the concentrations of free Ni, free EN and

NiEN®™ in the mixture) is expected to be almost independent of the accurate

http://www.publish.csiro.au/en
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reproduction in the SLS of the mixture concentrations for experiments reported in Table

1.

4.3 Ni+NTA+EN system

In this section, a mixed system with Ni, NTA and EN is studied focussing on whether
the lability degree of each complex (in a SLS with the same free metal and the
corresponding complex and ligand concentrations) can be used to predict the
accumulation in the mixture according to Eqn. (7). This procedure could be a very
simple way to predict the accumulation in a mixture of ligands and at the same time will
evidence the arising of synergistic or antagonistic mixture effects, since the value
predicted with Eqn. (7) using the SLS values of the lability degree (ie.: &, :‘5&73
corresponds to the pure additive value without interaction effects due to the mixture.

As starting point, the effect of the mixture composition on the actual lability degree of
each complex shall be analysed. The physicochemical parameters (kinetic and stability
constants, diffusion coefficients and geometrical characteristics of the DGT devices)
retrieved in the above sections to fit the accumulations and back percentages in SLS of

Ni+NTA and Ni+EN will be used to predict the accumulations in the mixture by

numerical simulation.

4.3.1 Lability degree of metal complexes in the mixture
Figure 3 shows the simulated dependence of the lability degree of NiNTA and NiEN®"

on the concentration of NTA (continuous lines) in a mixture where NTA is not in excess
with respect to the metal (C;Ni:2.5><10'2 mol-m?). The lability degrees of the

corresponding SLS’s having the same free Ni, effective complex and effective ligand

concentrations are also depicted in Figure 3 as markers. Although hardly noticeable, the
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lability degrees of the most labile complex, NiEN®", (red triangle markers and lines) are

slightly higher in the mixture than in the SLS values, while &y a< &imra (0lue lines

and diamond markers), i. e., dissociation of NiNTA is inhibited by the presence of EN
in the system. This behaviour, where the mutual influence tends to increase the
difference in the labilities of both complexes in the mixture (divergent mutual influence)
Is opposite to that previously identified for the mixture effect in excess of ligand
conditions %, where labile complexes become more inert and inert complexes become

more labile in the mixtures (convergent mutual influence).

The concentration profiles of the effective species in both SLS and mixed systems (see
Figure 2) may help to understand how the mixing of ligands influence the lability
degrees of the corresponding complexes. For the Ni+EN®™ system there is an excess of
ligand and, thus, the concentration profile of EN®" is approximately flat (homogeneous)
in the resin and in the diffusive gel domains for both SLS and mixture (Figure 2b). In
turn, the free Ni concentration profiles are depicted in Figure 2c. In the mixture, the
value of free Ni concentration is constrained by the simultaneous presence of both
complexes, resulting in an intermediate concentration profile between the individual
profiles of Ni in each SLS. Since the normalized concentration of free Ni in the mixture
is lower than in the single Ni+EN®" system, the NiEN®™ complex will necessarily tend
to dissociate in the mixture to increase the free metal profile towards the corresponding
one of the SLS. On the other hand, as the free Ni concentration is higher in the mixture
than in the single Ni+NTA system, Ni will tend to associate with the free NTA ligand

in the mixture. So, the concentration of NiEN®" (x) decreases and the concentration of

NINTA(X) increases in the mixture with respect to the corresponding values in the SLS,

as seen in Figure 2a. Consequently, NiEN®" will be more labile (&, o > &2 .0 ) and

NiEN®
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NIiNTA will be more inert (&£, <&t ) in the mixture than in the respective single

NINTA
ligand systems. In other words, NiEN®" acts as a source of Ni, which is complexed to
the increasing NTA concentration found when moving from the bulk solution to the
resin domain.

The unexpected behaviour of this mixture with respect to a mixture of the same ligands
in excess of ligand conditions is due to the particularly small normalized free metal
concentrations in the partially labile Ni+NTA SLS system. In excess of ligand
conditions, this concentration profile will be above that of the normalized free Ni in the
system Ni+EN, so that the same arguments used above will lead to the more labile
complex, NiEN, becoming less labile in the mixture and the opposite behaviour for
NINTA. The especially low free metal profile in the Ni+NTA SLS system in the present
case is just a consequence of the increasing normalized NTA profile when going from

the bulk solution to the resin domain due to the dissociation of NiNTA in the resin. This

increase of the ligand is relevant when c,, >>c,, and it is the responsible for the

especially small metal profile when c,, >>c,,, since the metal travelling from the
solution towards the resin becomes increasingly complexed to the increased NTA

profile until the local concentration ¢,, (X) drops to almost zero when c,_(x)> c,, (X)

and Kc, >>1.

The lability degree values (calculated with the numerical simulation program for the
mixed system at the used experimental conditions) are listed in Table 4. These values
are consistent with the back accumulations reported in Table 2. Certainly, Ni
accumulation on the back resin disc can be seen as essentially coming from the NINTA

dissociation, since this complex is considerably less labile than NiEN. Whereas in the
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Ni+NTA SLS, around 3.3x10"® mol of Ni are accumulated in the back resin at 24 hours,
in the mixed system, only 2.6x10® mol of Ni are accumulated in the back resin. This
implies that NiNTA is more inert in the mixed system than in the SLS, which supports

the computed lability values reported in Table 4.

4.3.2 Metal accumulation
As mentioned above, both mixture and SLS experiments were made at the same

conditions of pH, ionic strength and bulk free ligand concentration (see Table 1 and
speciation compositions computed with Visual MINTEQ in Tables SI-1 and SI-2).
These conditions were chosen to meet three criteria: a) constant values of pH and ionic
strength ensure that kinetic constants are the same in SLS and mixture®! (so, rate
constants fitted in the SLS can be used to predict accumulations in the mixture system);
b) any possible difference in the lability degree between SLS and mixture should only
be ascribed to specific mixture effects, and not to the effect of the bulk ligand
concentration (as discussed in Section 4.1.2 and Figure 1); and c) at least one of the
ligands in its free form (in this case, NTA) is present at a concentration comparable to
that of the metal (non-excess conditions).

The predicted accumulations in the mixture (at conditions listed in Table 1) are reported

in Table 4. As seen from a comparison with results listed in Table 2c, the relative error

‘nNi,exp - r-]Ni,sim . . . . . .
—— | of the numerical simulation in the Ni accumulation amounts to 10.1
IF]Ni,exp

% (8h), 16.3% (16h) and 7.0% (24h), which comprises possible experimental errors of
the accumulations measured in both the SLS and mixture systems, as well as any

uncertainty in the kinetic constants derived from the fitting to the SLS data.
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As one of the main objectives of this work, these numerical simulation results were used

to check the accuracy of the metal accumulations in the mixture predicted from values

of &' instead of & . This procedure could be surprising since the above section has

highlighted the differences between &"" and & . Notice, however, that the variations

of the individual lability degrees in the mixture (with respect to the SLS) are mutually

opposite and tend to compensate each other when the total metal accumulation is

considered. The advantage of &" is that this parameter is much more practical from an

experimental point of view than & or even the use of the individual Kinetic rate

constants.

In the case of a mixed system made up with Ni, NTA and EN, Eqgn. (7) turns into:

n ~ o Do gy Bl s 28)
where the amount of free metal was assumed negligible, and effective species were
used.

The results listed in Table 4 indicate that Eqn. (28) overestimates Ni accumulation with
respect to the numerical simulation in: 11.5 % (8h), 10.7% (16h) and 10.4% (24h).

These are, then, the percentage deviations due to non-additive effects in the mixture

when the concentrations are those indicated in Table 1. The overestimation of the

accumulation by Eqgn. (28) agrees with the higher decrease in &\ ;. With respect to

‘-4 compared to the almost negligible increase in Syiene + 85 seen in Figure 3.

It seems interesting to develop further the testing of Eqn. (28) to NTA:Ni concentration
ratios other than that in Table 1 by using numerical simulation. The resulting theoretical

accumulations are plotted in Figure 4, which shows that Eqn. (28) leads to values close
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to (but below) simulation, with discrepancies at 24 hours lower than 11%, indicating
moderate antagonistic effects of the mixture. These differences disappear at very low or
high NTA concentrations, as expected, since the mixture tends to a SLS. These results
support the fact that Eqn. (28) yields reasonable estimations of the metal accumulation
in the mixture using the SLS values of the corresponding lability degrees, because, even
though the actual values of the latter in the mixture deviate significantly from SLS, their

variations tend to cancel out.

Although all natural systems are complex mixtures, mixture effects have not received
until recently great interest. This work has focussed on the influence of the mixture
composition on the metal availability measured with the DGT. In non-excess ligand
conditions, complexes tend to become inert but they become even more inert in
presence of a labile ligand. Thus, NiNTA complex has shown to be more inert after the
addition of the labile EN ligand, i.e., association of NiNTA is noticeably promoted by
the presence of EN. This behaviour is the opposite of that found when both ligands are
in excess. However, the effect of this influence on the total flux is limited for the
Ni+NTA+en system. This work opens the way to analyse more complex systems and

allows a deeper comprehension of what DGT is measuring.
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5. Figures
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Figure 1. Lability degree, calculated with numerical simulation, of the complex

NIiNTA (&=, ) in a single ligand system as a function of C;NTA (panel a) or Cﬁ,ffT:\

(panel b). Markers: C;’Ni =5x10% mol m> (red squares) and C;,Ni =9.2x103 mol m3
(blue diamonds). Other parameters: kam =4.19 x 103 (s1), Dni= 6.09 x 1019 m? 571,
Dyt = Dyira = 475 x 1019 m? 571, 57=4x10* m, s2=1.1x10-3 m, Crp =28 mol m3, t=10h

and T1=2. High rate constants for the reaction between Ni and the resin sites have
been used to obtain perfect-sink conditions. Vertical dotted lines stand for abscissae

values corresponding to Cr yi = Cryra.
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Figure 3 Lability degree of the complexes (§) as a function of C; . for a solution

with C;’Ni =2.3x102 mol m-3, C;EN =1 mol m-3.Markers: triangles stand for the lability
of NIiEN® and diamonds for that of NiNTA in a SLS. Continuous lines denote the
labilities of complexes in the mixed system. Vertical dashed line stand for C;\ra= 10

mol m-3. Other parameters are gathered in Table 3. The rest, as in Figure 1.
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350 1
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Figure 4. Accumulation of Ni in the mixed ligand system as a function of total NTA
concentration. Markers: Squares stand for the accumulation of Ni calculated from
numerical simulation at 8h (orange), 16h (green) and 24h (blue). Cross:
experimental values measured at conditions specified in Table 1 for the
corresponding times. Continuous lines refer to accumulations derived using Eqn. 28.
Error bars refer to standard deviations. At t=8h and 16h error bars are so small that
overlap with the markers. Other parameters as in Figure 1.
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6. Tables

Table 1. Experimental conditions in the single ligand experiments and in the

mixture (nominal values).

Environmental Chemistry

Single ligand system

Parameters (mol m™) Mixed Iig?nd_ssystem
Ni+NTA | Ni+EN (mol m™)
Crni 9.8x10° | 2.5x107? 2.5x10
Cr nra 10 - 1072
CjIk',EN - 1
HEPES 1 1 1
| 50 50 50
pH 8.01+0.01 | 8.00 +0.01 8.02 + 0.02
T (°C) 25 25 25

Page 26 of 52

Table 2. Total accumulations of Ni (Ny;), percentages of Ni accumulated in the back

resin disc (%back) and lability degree measured in the single ligand systems.
Conditions: pH=8.0 and lonic strength= 51 mol m-3. Panels: a) data corresponding
to the single ligand system NiNTA. b) data corresponding to the single ligand
system NiEN. c) data corresponding to the mixture. Concentrations are in each case
those reported in Table 1.

a)
SLS NiNTA system
t(h) | %back | Ny (nmol) | &0t
8 | 39.7x47 23+3
16 | 40.8+0.7 40%1 0.60
24 | 46.9%4.2 632
b)
SLS NIiEN system
t(h) | %back | Ny (nmol) | &7
8 | 49+18 | 117:04
16 | 7.34.9 244+4 0.99
24 | 3.9:03 36249
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Mixture system
Ni, NTA and EN
t(h) | %back | Ny (nmol)
8 13.3+1.4 72+0.5
16 15.4+1.9 138+2
24 11.6+1.8 224+14

26/30

Table 3. Effective kinetic and stability constants used in the simulation of the
reactions with Ni, NTA and EN. Stability constants values have been left fixed to the

values provided by Visual Minteq.

eff eff Keff
Reaction aNiL KaniL N
(mmol*s™y | (s%) | (m"mol”)
k:.t;f\liNTA
Ni+NTA — NIiNTA® 1.9x10° | 3.32x10° | 5.72x10°
kgrlillNTA
k:,flfliEn
Ni+EN® — NIiEN°®" 8.41x10° 3.54 2.37x10°
k&?{liEn

Table 4. Prediction of the Ni accumulations for different times in the mixture
described in Table 1. Labilities in the mixed system (&) of species NiNTA and

NiEN®" as computed with numerical simulation.

Ny (mol) Ny (mol)
Time/h Numerical Using Eqgn. SNiINTA S NiENeT
simulation (28)
8 7.9x10° 8.8x10°
16 1.6x107 1.7x10” 0.38 0.99
24 2.4x107 2.65x10°"
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1. Experimental systems
Experiments at nominal elemental concentrations reported in Table 1 of the main text

Environmental Chemistry
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for Ni, NTA and EN in separate or mixed systems were done at pH 8 and salt

background 50 mol-m™. Current concentrations in the bulk solution were determined

with ICP-MS measurements. Values are reported in Table SI-1

Table SI-1. Ni concentrations measured in the bulk solution of the single ligand
experiments and in the mixture with ICP-MS.

Single ligand systems . .
Parameters (mol m) Mixed ligand system
: : (mol m™®)
Ni + NTA Ni + EN
Crni 9.2x10° 2.4x107 2.3x107
Cr nTa 102 - 102
Cren - 1 1
HEPES 1 1 1
I 50 50 50
pH 8.01+0.01 8.00£0.01 8.02 £ 0.02
T (°C) 25 25 25

Once these concentrations are used as input values in Visual MINTEQ, speciation

results reported in Tables SI-2 and SI-3 are obtained.

Table SI-2. Percentage of the species formed in single and mixed ligand system under
experimental conditions specified in Table SI-1.

% of total concentration

Component Sing)l/(:tlgg]and Single Iigfand system Mixed ligand Species name
NINTA NiEN system
0.016 0.041 0.022 Ni?*
6.893 3.881 NiEN
Ni%* 84.454 48.634 Ni(EN),
8.607 5.069 Ni(EN)3
99.84 - 42.344 NiNTA
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0.051 - - Ni(NTA),*
0.09 - 0.038 NiOHNTA*
EN - 0.8 0.818 EN
NTA* 0.106 - 0.033 NTA*

Table SI-3. Speciation in SLS and in the mixture under the experimental conditions
specified in Table SI-1, using the speciation program Visual MINTEQ.

SLS NiNTA [ SLSNIiEN | Mixture
(mol m?®) | (molm?) | (molm?)

CO.” 5.94x10° | 5.96x10° | 5.96x10
EN - 8.00x10° | 8.18x107
HEN - 8.37x10™" | 8.56x10™"
H* 1.22x10° | 1.22x10° | 1.22x10®
H,EN - 1.07x10™" | 1.09x10™

H,CO;" (aq) 1.28x102 | 1.28x107 | 1.28x107

H,NTA 3.88x10° - 1.18x10°
H;NTA (aq) 3.15x10"° - 9.54x10™"
H,NTA" 3.88x10% - 1.18x102%
HCO* 7.00x10? | 7.00x107 | 7.00x10*
HEPES 7.71x10% 7.71x107" | 7.71x10*

H-HEPES (aq) | 2.29x10™" | 2.29x10™ | 2.29x10™"

HNTAZ 7.95x10™ - 2.42x10*
Na* 4.95x10" | 4.95x10™ | 4.95x10™
NaCO* 2.48x10° | 2.48x10° | 2.48x10°

NaHCO; (aq) | 1.16x10% | 1.15x10?% | 1.15x107

NaNO; (aq) 4.60x10" | 4.59%x10" | 4.60x10*

NaNTAZ 1.14x10° - 3.45x10°®

NaOH (aq) 5.08x10° | 5.08x10° | 5.08x10°

Ni(NTA)," 4.82x10° - 1.58x10°®

Ni(OH), (aq) | 6.65x10™° | 4.41x10° | 2.33x10°

Ni(OH)5 8.24x10"° | 5.47x10™" | 2.89x10™"
NIiEN - 1.65x10° | 8.93x10™
Ni(EN), - 2.03x107% | 1.12x107
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Ni(EN); - 2.07x10% | 1.17x107
Ni*? 1.47x10° | 9.78x10° | 5.16x10°
NiCO; (aq) 6.59x10° | 4.37x107 | 2.30x10”
NiHCO®** 5.75x10° | 3.82x107 | 2.01x10”
NiNO* 8.29x10° | 5.50x107 | 2.90x10”
NiNTA 9.17x10° - 9.74x10°
NiOH* 1.03x10® | 6.82x10° | 3.60x10°®
NiOHNTA* 8.30x10° - 8.84x10°
NO; 4.95x10"" | 4.96x10"" | 4.96x10"
NTA* 1.09x10° - 3.32x10°
OH’ 1.22x10% | 1.23x10° | 1.23x103
NTA 8.17x10™ - 2.49x10™
EN° - 9.52x10™" | 9.73x10™"

Total concentrations were chosen to reach, in equilibrium, a negligible free metal
concentration and to ensure that the accumulation is only due to the complex
contribution. The effects of the mixture on the lability degree are then expected to be
more noticeable. Moreover, pH 8 was selected since it leads to a free Ni concentration
in the mixed system smaller than 1% of the total Ni concentration (See Table SI-1). A
free Ni concentration corresponding to 3.9 % of the total is, for instance, predicted at pH
7.

The lability degree of a given complex species changes in the presence of a mixture of
ligands®. The change is more evident for partially labile complexes which can vary on
both directions (increasing or decreasing lability)%. We have, then, included a partially
labile complex in the mixture. Indeed, at ionic strength 50 mol m™, the complex NiNTA
shows a partially labile behaviour® and the complex NiEN has a labile behaviour” .
Concentrations of the different solutions have been selected to keep common bulk
concentrations of free metal, complex and free ligand in the mixture and in the

corresponding SLS. We aim at using &' values as surrogates of & in the mixture and
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assessing the accuracy of this estimation of the metal accumulation in the mixtures. As
seen in Table SI-3, due to the experimental random errors, total concentrations used in
the SLS do not lead to common bulk concentrations of free metal, complex and ligand
than in the mixture. For instance, the NTA®" concentration in the SLS is close to three
times the concentrations that it has in the mixture. An important part of this difference
comes from the small change between the nominal concentrations indicated in Table 1
of the main text and those in the bulk solution measured by ICP-MS (Table SI-1) as can
be confirmed with the speciation prediction of VMINTEQ.

According to the values in Table SI-3, neglecting the ionic pairs, the desired values of
total Ni and total NTA in the SLS are 9.745x10" and 9.989x10° mol-m™, respectively

instead of those found in Table SI-1. These small differences do not modify &%

NiNTA?

since the condition C;NTA > 0.6250;Ni (indicated in Section 3.1.1 of the main text as a

rough estimation of the minimum C;NTA that ensures that the lability degree of the

NiNTA is that of the excess of ligand conditions) is fulfilled by both the actual SLS
concentrations reported in Table SI-1 and those reported in this paragraph.

For the NiEN system, the differences between the free EN® concentration in the SLS
and in the mixture increase. However, no effects are expected from this change, since
EN" is in excess of ligand conditions where the lability degree has been shown to be

almost independent of the ligand concentration.

1.1 DGT deployment procedure

DGT pistons and cap mouldings were cleaned overnight where the following sequence
was always assumed:they were soaked in 2% phosphate-free, surface-active detergent
called DECON-90 supplied by Decon Laboratories Limited, Sussex, UK. Afterwards,
they remained in Milli-Q water at least one day. At that point,hey were washed with

Milli-Q water until bubbles disappeared. > Then, they were cleaned using four 1 h 10%
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nitric acid (Analytical Reagent Grade, Fisher Chemical) soaks. Finally, they were rinsed
with Milli-Q water until the pH is around 5.

Prior to the serial-time deployments, the assembled DGT samples were immersed for at
least 18 hours in a pre-conditioning solution with the same pH and ionic strength as the
test solution.

A 5 L polyethylene container, pre-cleaned by using three 24 h 10% HNO; soaks, was
thermostated at 25 + 0.1 °C controlled by a thermostatic bath where the test solution
container was introduced and was stirred at 240 rpm using an overhead stirrer. To
provide a well-stirred solution (to ensure that the diffusive boundary layer ,DBL,
thickness is negligible compared with the total thickness summation of the filter and
diffusive gel thickness %), the solution was stirred continuously. Prior to deploying the
DGT samplers in 2 L of test solution, the solution was stirring for at least 24 hours to
equilibrate and the pH was adjusted to the desired value by adding diluted HNO3 or
NaOH as explained above. pH was measured during the deployment of the DGT
sensors using a pH meter Orion 920+ (Thermo electron Corporation). Three sets of
triplicate DGT sensors were deployed in the solutions and retrieved after 8, 16 and 24
hours. 1 mL aliquots of the test solution were taken at regular intervals of time to
control the total amount of metal. After deployment, the DGT samples were retrieved
and then rinsed with Milli-Q water, the fitted cap was removed, and the resin layers
were carefully placed into 1.5 mL micro-centrifuge PVC tubes. Metals were eluted from
retrieved membranes by immersing them in 1 mL of 20% HNO3 for at least 24 hours to
allow an efficient metal extraction from the resin.

Samples were diluted 50-fold and deployment solutions and metal accumulations were
analyzed by inductively coupled plasma mass spectrometry (ICP-MS, 7700 Series,

Agilent).
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The mass of the metal accumulated in the resin was calculated as,

n=c,(V, +V,)/ f, (SL1)
where n is the amount of metal accumulated in the resin, c. is the concentration from
ICP-MS measurements of the eluted resin gel (mol m™), Ve is the eluent volume, Vg is

the resin gel volume and f; is the elution factor, in this case 1°.

1.2 DGT accumulations
Accumulation results are shown in Figure SI-1 and SI-2 for SLS and Figure SI-3 for the

mixture.

Table SI-4. Total experimental accumulation of Ni and back percentage for different
deployment times for SLS and mixed ligand system.

SLS NiNTA SLS NiEN Mixed ligand system

Time (h) | nt (nmol) | %oback | nt (nmol) | Y%oback nr (nmol) %back
8 23 40 117 5 72 13
16 40 41 244 7 138 15
24 63 47 362 4 224 12

The accumulated mass of Ni in devices with two resin layers, labelled front (F) and
back (B), was converted to concentration by using Egn. (S1.1) and values of diffusion
coefficients reported in the main text. Values are expressed as ratios of amount of metal
(nmol) over bulk concentration to refer the measurement to a fixed metal concentration

avoiding dilution effects.
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Figure SI-1. Time-series of DGT normalized accumulation (nmol/c”) in a SLS NiNTA
in the front (red bullet) and in the back (blue diamond) at 25 °C. Experimental
conditions as mentioned in Table SI-1. Error bars refer to standard deviations.
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Figure SI-2. Time-series of DGT normalized accumulation (nmol/c*) in a SLS NiEN in
the front (red bullet) and in the back (blue diamond) at 25 °C. Experimental
conditions as mentioned in Table SI-1. Error bars refer to standard deviations.
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Figure SI-3. Time evolution of the total accumulation of Ni in DGT devices with two
resin discs. Markers correspond to experimental accumulations of Ni in SLS NiNTA
(blue circle), SLS NiEN (red square) and in the mixed ligand system (black triangle).
Dashed line corresponds to Ni accumulation assuming perfect-sink conditions for SLS
NiEN. Dotted line corresponds to Ni accumulation assuming perfect-sink conditions
for SLS NiNTA. Continuous line corresponds to the Ni accumulation using the values
obtained from Eq. 28 in the main text. Experimental conditions as mentioned in Table
SI-1 for each experiment. Error bars refer to standard deviations.

Table SI-5 . Normalized accumulation of Ni (accumulated moles over the bulk
concentration) in DGT devices with two resin gels after 8, 16 and 24 h deployment
normalized by bulk solutions in single ligand systems. Experimental conditions are
reported in Table SI-1.

Time (h) | sensor | ng”"™ /¢ty (ML) | ng¥™ /cqy (ML)

8 F 1.53+0.28 4,84 +0.14

B 1.05+0.01 0.25+0.10

% Back 39.77+4.77 490+ 1.76

16 F 2.56 £ 0.03 9.74+0.18

B 1.81 +£0.03 0.78 +0.55

% Back 40.79 £ 0.70 7.31+4.95

24 F 3.65+0.17 14.86 £ 0.61

B 3.57+0.63 0.61 +0.03

% Back 46.97 + 4.23 3.91+0.30

http://www.publish.csiro.au/en

Page 40 of 52



Page 41 of 52

Environmental Chemistry

10/21

2. General Mathematical Formulation
For the range of concentrations used in this work, the relevant complexation reactions

of Ni with NTA are:

Ni+ NTA —=8ms  NiNTA (S1.2)

d,NINTA

H+NTA —22 - HNTA (SL3)

'd,HNTA

and the relevant complexation reactions of Ni with EN are:

Ni+EN —=2— NiEN (SL4)
NiEN + EN k“& Ni(EN), (SL5)
d,Ni(EN)
Ni(EN), +EN —2E1 s NjEN), (SL6)
d,Ni(EN)3
H+EN —=s HEN (SL7)
H+HEN —2s HEN (SL8)

d,HoEN

Additionally, the reaction of Ni with the Chelex beads in the resin domain has also to be

considered:

Ni+Rk::\:f:NiR (SL9)
Full mathematical formulation for the SLS or the mixture has been done by writing the
pertaining reaction-diffusion equations. Boundary conditions include bulk
concentrations at the diffusive gel/bulk solution interface and flux null at the bottom of
the resin domain corresponding to x=0. Continuity of the flux of each species has been
considered at the resin diffusive gel interface. Numerical solution of the resulting
system can be achieved with the simulation tool especially written to analyse mixture
systems and described in the SI of *>**. Finite Element Method is used for the solution

of the spatial dependence, while Finite Differences are used for the temporal

dependence.
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In order to include in the simulation the effect of the buffer to keep pH constant,
reaction-diffusion equations for a buffer (HA) have also been considered. Thus
additional species, HA, A and H have been introduced at concentrations high enough to
keep pH constant and equal to the desired value (bulk concentrations of HA, A and H

are 81.7, 18.3and 10™ mol m, respectively).

3. Fitting the experimental accumulations
For the simulations, it was assumed that the diffusion coefficients of ligands, protonated

ligands and complexes are equal. The value of the diffusion coefficient of Ni was taken
from 2. For species involved in the buffer reaction (H, A, HA), the value for the
diffusion coefficient was assumed very high, in comparison with the values for other
species, to have an homogeneous pH value. Values for these coefficients are presented

in Table SI-6.

Table SI-6. Diffusion coefficients of species used in simulations

Species D (m?s™?)
Ni 6.08 x101°
NTA, NiNTA, HNTA 4.75x107%°

EN, NiEN, Ni(EN),, Ni(EN)s, HEN, H,EN | 6.08x10™

H, A, HA 1.00 x10®

Migration effects were considered using the partition model explained in *°. The
Boltzmann factor was measured experimentally as explained in the main manuscript.
For 1=0.051 mol L™, a value of 11=2.0 was used in simulations.

Stability constants for reactions (SI.2) - (S1.8) were obtained from Visual MINTEQ 3.1.
Assuming that the formation/dissociation of NIEN is the rate limiting step in the

stepwise complexation, the Kinetic rate constants for the formation/dissociation of
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Ni(EN), and Ni(EN); were selected high enough to neglect their influence in the results,

but keeping the ratio K, nien), / Kanien), €qual to the equilibrium constant K e, -

Additionally, all the protonation reactions are assumed to be fast enough to reach

equilibrium instantaneously, so that the acid base equilibrium relationships apply.

and k

d,NiNTA

Appropriate values for the kinetic constants (k ) were selected to fit the

Ni accumulations for the single NiINTA system presented in Table SI-8. Experimental
and calculated accumulations for the fitted values of the kinetic constants are reported in
Table SI-8a.

The system NIiEN is almost fully labile. Accordingly, the accumulation is almost

independent of the particular kinetic constant k; ;- and the lowest value approaching

the accumulation within a 2% discrepancy was selected. Additionally, the stability
constant reported in Visual MINTEQ was used. Experimental and calculated

accumulations for the fitted values of the kinetic constants are reported in Table SI-8b.

The kinetic and the stability constants for the reaction of Ni with the resin sites
appearing in Eqgn. (SI1.9) were assumed high enough to simulate perfect sink conditions.
The set of parameters used in the complexation reactions NiNTA, NiEN and NiR are

gathered in Table SI-7.

Table SI-7. Kinetic and stability constants for reactions used in simulations for
systems with Ni, NTA and EN.

. Kq d K
Reaction (m°mol™s™) (s (m* mol™)
. K, i .
Ni + NTA k NINTA 1.90x10° | 3.32x10° | 5.72x10°
d,NiNTA
k
H+ NTA — HNTA 7.29x10° 1.00 7.29x10°
kd,HNTA
H k NIiEN -
Ni+EN = NIiEN 1.00x10° 46.9 2.13x10*
d,NiEN
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NiEN + EN %ZZ—\ Ni(EN), 1.53x10° 1.00 1.53x10°
Ni(EN), +EN k—izu Ni(EN), 12.7 1.00 12.74
H + EN —E'—‘ HEN 1.05x107 100 | 1.05x107
H + HEN —'224 H,EN 128x10° | 1.00 | 1.28x10*
H+A kd:i HA 4.47x10° 1.00 4.47x10°
Ni+R —L& NiR 10% 1.00 10"

Table SI-8. Total accumulation of Ni and back percentage for different deployment
times for panel a) SLS NiNTA and panel b) SLS NiEN obtained experimentally and by
simulation.

a)
SLS NiNTA
Time (h) | N7 exp (NMoOl) | Y0back ey | N7, carc (NMoOI) | Y0back, calc
8 23 40 21 30
16 40 41 42 30
24 63 47 62 30
b)
SLS NiEN
Time (h) | N7 exp (NMoOI) | Y6bacK ey | N7, carc (NMoOI) | Y0back, calc
8 117 5 119 0
16 244 7 238 0
24 362 4 357 0

4. Formulation of the NiNTA and NiEN systems in terms of only
one complex species.
A general scheme of the volume reactions in the systems NiINTA and NIiEN is:
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M+L =2= ML +Le=2= ML,+L=2= ML,+L
d,1 d,2 d3

+
H

Ky 11 ™ Ko
HL

+
H

Kz TV Ky o

H,L (SL.10)
where M stands for Ni while L stands for either NTA or EN. kaj and kgy; label the
association and dissociation rate constants, respectively.
Egn. (S1.10) indicates that the metal can form different complex species of different
M:L stoichiometric ratios which is the case of the reaction of Ni with EN, while L is

also involved in acid-base equilibria, which applies to both NTA and EN.

We assume that i) the formation/dissociation of ML is the rate limiting step in the
stepwise complexation of the metal M with the ligand L so that ML, and ML3 can be
instantaneously related to ML through the equilibrium relationships and ii) all the
protonation reactions are fast enough to reach equilibrium instantaneously so that the

acid base equilibrium relationships apply:

Ch, L

Ky =t 14 (SL11)
Cy CH(H) L

Under these conditions, defining the bound metal, ¢y, , as:

Cy, = Cum *Cwi, *Cw, (SI.12)
and cﬁﬁ as an effective concentration of ligand corresponding to all the ligand species

without metal bound,

eff
Co' =C_ +Cpy +Cpy +Cpyy +Cpyy (SI.13)
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a closed system of differential reaction-diffusion equations for ¢, c,, and c{" can be

written as®®:

2 k k
P Dy 2+ Gy, ——loyel” (SL14)
X Kcf KoKy (CE )
1+ + 5
B
Kycr"
8CMh B Dy + D|\/|L2 B 62CMb kd,l ka,l off (SIIS)
= - = 7 0w, T Ol
Kcf KyKs (CL ) K,cff KyKg (CL )
1+ 5 1+ 5
B B
and
eff 2 .eff k k
p T i O, eyl (SL16)
ff b
X K,cef Ksz(CE )
1+ + 5
B
where D; stands for the diffusion coefficient of species i,
B=1+ KH,ch + KH,lKH,ZCIi + KH,lKH,ZKH,BCsI + KH,1KH,2KH,3KH,4C|i (SII7)
k. .
K, =—= (SI.18)
kd,i

and K,,; stand for the association acid constants as indicated in Eqn. (S1.11).

Equations (S1.12) to (S1.16) are formally identical to a system with one ligand with
concentration ¢, that is not involved in any protonation and formation of multiple

equilibria with the metal, whenever the system is in excess of ligand conditions and a

buffer or a fast enough diffusion of the protons ensures a homogenous concentration
profile for c,. Indeed, only under these conditions the effective association and
dissociation constants of this metal to ligand effective reaction are constant and given
by:

ket =%1 112(SL.19)

a
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2
Kcf KKg (Cle_ﬁ )
+ 82

eff _
ky' =

1+
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(S1.20)

The effective stability constant of the metal complexation with this formal ligand ¢ is:

eff 2
K114 chfﬁ N K2K3(CL )
1 B2

eff
_ka —

K eff —
kS B

The effective diffusion coefficients of the effective species are given by:

K eff K eff K Ceff
a DML + DML2 2;_ + DML3 2;_ SBL
ML — B e
1+ KZCLﬁ + chl_ff Ksciﬁ
B B B
and
Dfﬁ =D,

4.1 The case of NINTA

Equations (S1.19)-(S1.22) for the NINTA SLS become:

kef‘f _ ka,NiNTA
aNINTA =2
1+ KintaCh

eff _
kd,NiNTA - kd,NiNTA

eff
Keﬁ _ ka,NiNTA _ KNiNTA
NiNTA = T off =
Kininta 1+ KpnraClh

eff
Cnta = Cnta T ChinTa

and

eff
DNTA - DNTA

(SL.21)

(SL.22)

(S1.23)

(S1.24)

(S1.25)
(S1.26)

(S1.27)

(S1.28)

The use of these effective parameters allows to rewrite the processes described in Eqns.

(S1.2)-(S1.3) as only one process:
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(S1.29)

being k:f\ra a real constant because H/OH diffuse faster than the rest of ions

diffusivity and we use a buffer to keep pH constant.

4.2 The case of NIEN

For the effective complexation process

keMien
Ni+EN® — NIiEN°®"

eff
kg NiEN

Equations (S1.19)-(S1.22) become:

Keff ka,NiEN
aNiEN —
B
Keff Kanien
dNiEN =

K.. Ceff
1+ Ni(EN), “EN
B

2

B=1+K g0y + KHENKHZENCH

keff
Keff __ "a,NiEN
NiEN — keff
d,NiEN

with:

eff
Cen = Cen T Chen +Ch en

eff
Cnien = Cnien T Cnieny, T CniEN),

(S1.30)

(SL31)

(SL32)

(SL.33)

(SL.34)

(S1.35)
(S1.36)

Egns. (S1.31)-(S1.34) indicate that k;f,ﬂiEN and kgf,[“EN are only constant parameters,

independent on the spatial position, whenever the concentration profile of ¢ is

homogenous in addition to that of c,. The use of the buffer and the high diffusion

coefficient of H ensures the homogeneity of c,,. Excess of ligand conditions support a
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homogeneous profile of c¢& . Thus, Equations (SI.31)-(SI.34) can be applied to the

NIiEN system allowing to rewrite the full system as a set of equations formally
equivalent to a system with only one reaction, Eqn. (S1.30).
These effective species allow us to more easily understand the mixing effect, analyzing

the concentration profiles, as shown in the main manuscript.

5. Dependence of the lability degree on the ligand
concentration in a single ligand system

The dependence of the lability degree on the ligand concentration is especially
important for weak complexes, which tend to be labile in excess of ligand conditions
and can become almost inert in non-excess of ligand conditions. Lability of strong
complexes shows a more moderate dependence on the ligand concentration, since they
tend to be already inert or partially labile even in excess of ligand conditions. Figure Sl-
4a shows the dependence of the lability degree with the ligand concentration, for
different values of the complex stability constant. Figure SI-4b shows how the relative
contribution of the complex to the overall metal accumulation decays with decreasing
ligand concentration, while the total metal accumulation rises due to the decreasing ratio
of complex and free metal concentrations in bulk solution. The accumulation reaches a
maximum value when there is no metal complexed in bulk solution and all the metal is

transported to the resin as free metal.
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Figure SI-4. Lability degree of the complex (§) and total accumulation of metal (N, )

as functions of C;_ in a single ligand system. Results obtained using numerical

simulation for different values of stability constant. Parameters used: ¢, = 10 mol
m3, p,=6.09 x 1019 m? s1, p =4.26 x 101 m? 5’1, D,, = 4.26 x 1019 m? s°'1, §'=4x10*
m, §°=1.1x103 m, Crp =28 mol m3, x =10* m3 mol! s°1, t=10h. Perfect-sink conditions

between M and the resin sites have been used.

6. Dependence of the metal accumulation on the stoichiometry
of MEN complex

Table SI-9. Percentage of the species formed in the system MEN and moles of metal
normalised with bulk concentration accumulated by DGT in a system with EN
concentration of 0.01 mol L1 and 10-° mol L1 Co, Cu, Cd and Zn and 2.5 x 10-> mol L+,
[=6.2 mol m-3 at pH 9.

Accumulated

Component | % of total concentration | Species name nmol/c”
(mL)
2 7.805 Ni(EN),
Ni 92.189 Ni(EN), 15.34
3.189 CdEN
cd* 92.45 Cd(EN), 15.83
4.347 Cd(EN);
45.29 Co(EN),
Co* 53.492 Co(EN), 10.50
1.213 CoEN
0.424 ZnEN
Zn*? 34.669 Zn(EN), 16.94
64.897 Zn(EN),
Cu*? 100 Cu(EN), 15.83
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