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Highlights
o Depletive SCP quantitatively oxidises accumulated M° from the Hg electrode volume
e SSCP can unambiguously distinguish between various metal complex reactivity features
e Thermodynamic and kinetic descriptors are derived from SSCP waves

e SSCP facilitates characterisation of reactivity of nanoparticulate metal complexes

Abstract

The features of stripping chronopotentiometry at scanned deposition potential (SSCP) are reviewed and
placed in context with voltammetric and other dynamic speciation techniques. The advantages of SSCP for
speciation analysis of nanoparticulate metal complexes are highlighted. Analogous to other electrochemical
techniques, the SSCP wave is rich in information: the measurements from the foot to the plateau of the
wave access the relevant parts of the stability distribution and the rate constant distributions. The complete
depletion regime of SSCP offers particular advantages due to its ability to unambiguously distinguish
between various factors that can confound interpretation of data from other electroanalytical methods,
including electrochemical irreversibility, kinetically controlled currents, reduced diffusion coefficient of the
metal complex species as compared to the free metal ion, and chemical heterogeneity in the intrinsic

binding affinity.
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1. Introduction

Various electrochemical techniques are powerful tools for dynamic metal ion speciation analysis. They
generally are inherently rich in information content, e.g. a voltammetric current vs potential curve or a
chronopotentiometric potential time dependence scans the relevant part(s) of the stability distribution of the
different complex species and the corresponding parts of the complex formation/dissociation rate constant
distributions. Accordingly, electrochemical methods enable both the thermodynamic and kinetic descriptors
of metal ion complexes to be determined [1-6]. Due to their low detection limits (bulk metal ion
concentrations down to the order of nanomolar), electrochemical techniques which include a
preconcentration step, e.g. various modes of stripping voltammetry (SV) and stripping chronopotentiometry
(SCP), find wide application in metal speciation analysis of aquatic environmental systems [1-16]. Still, the
interpretation of single stripping signals can be rather involved. Notably, when the accumulated metal is not
completely removed from the electrode during the stripping step, the signal is prone to interference by
secondary factors such as induced metal adsorption on the electrode surface [17-24], or saturation of ligand
at the electrode surface during the stripping (re-oxidation) step [24-27]. Depletive stripping
chronopotentiometry (SCP) overcomes these limitations [20,24,27]. In particular, depletive SCP at scanned
deposition potential (SSCP) is established as a particularly powerful comprehensive approach for metal
speciation analysis [28-30]. An SSCP curve is constructed by plotting the depletive SCP analytical signal
(i.e. the reoxidation transition time, 7) as a function of the deposition potential, E4 (also often denoted as the
accumulation potential). Analogous to conventional voltammograms, SSCP waves access the relevant parts

of the stability distribution and the rate constant distributions. This situation is a major advantage over other
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non-equilibrium speciation techniques which are typically configured for limiting steady-state flux
conditions, e.g. diffusive gradients in thin film (DGT) [31,32], and the kinetic modes of the Donnan
membrane technique (DMT) [33,34] and permeation liquid membranes (PLM) [35-37]. Whilst
manipulation of the flux conditions at the reactive interface is in principle possible with DGT, DMT and
PLM, e.g. by changing the affinity of the accumulating phase for the target species [38], this is less readily
achieved and is not routine practice cf. the inherent nature of electrochemical methods in this regard.
Speciation techniques each have their own effective timescale, governed by the pertaining characteristic
diffusion length, which determines the range of metal complex species that are detectable [39]. The
effective timescale of non-equilibrium speciation techniques can be varied by changing the electrode size
(electrochemical methods [40-42]), changing the hydrodynamic conditions by manipulating the flow in the
bulk medium (electrochemical methods, DGT, DMT, PLM) or by varying the thickness of a diffusive gel
layer at the reactive interface (DGT [43-47]).

Herein we review the available theory for determination of the thermodynamic and kinetic descriptors of
metal complex systems from SSCP curves. The robustness of the interpretation framework is illustrated by
experimental data on metal complexes with molecular and nanoparticulate complexants. Mechanisms of

association of a free hydrated metal ion, Mz (M in short), with molecular ligands, L, are often well

understood (e.g. Eigen [48-50]), and theoretical frameworks for determination of quantitative metal binding
parameters for ML systems from electrochemical data are well established, e.g. stability constants can be
determined from the shift in voltammetric half-wave potential in the presence of complexing agents.
Kinetic features such as rate constants for association/dissociation and so-called labilities of metal complex
species can be characterized by invoking the reaction layer concept [51-54]. The available theory includes
accounting for the effects of the diffusion coefficient of ML relative to that of the free M [55-60], ligand
protonation [61-64], complex stoichiometry [65,66], and mixtures of ligands [67-71].

The physicochemical reactivity of nanoparticles (NPs) is of great current interest in many scientific and
societal domains. In environmental context, the interaction of trace metals with natural and engineered NPs
generally affects the speciation and the ensuing bioavailabilities of both the metal ions and the NPs [72-77].
The various types of NPs encompass hard (impermeable) NPs such as silica and metal oxides, core-shell
NPs comprising an impermeable core surrounded by a soft shell, and soft (permeable) NPs such as natural
organic matter. The particle body often contains charged sites and/or functional groups that can associate
with metal ions via electrostatic and/or covalent chemical binding. Electrochemical techniques offer
powerful tools for characterising such interactions. Nevertheless, quantitative interpretation of the
experimental data generally requires accounting for a number of features of the M-NP system [77-82],
including (i) the (much) lower diffusion coefficient of the M-NP species as compared to that of the free
metal ion, (ii) the local nature of the complexation on/within the particle surface/body, and thus (iii) the
necessary coupling of local particulate processes of association/dissociation and diffusion to/from the

particle body with the more macroscopic fluxes in case of the presence of a sensor/medium interface, and
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(iv) the possible exclusion effects of NP body volume from the reaction layer at such a macroscopic
interface. We note that these considerations apply to implementation of any dynamic speciation technique.
Still, electrochemical tools are advantageous because they are inherently not restricted to limiting flux
conditions (see above). Furthermore, characterisation of M-NP systems by techniques such as DGT which
employ a diffusive gel layer at the sensor/medium interface is confounded by the extent to which
nanoparticulate species penetrate the interfacial region and the timescale thereof [83-89].

2. Basic electrochemical features of SSCP (metal-only case)
The recording of a single SCP measurement involves two steps, namely a deposition step during which

metal ions in the aqueous solution, Mz (M for short), are reduced at a constant potential and accumulate in

the form of M? in the electrode, followed by a stripping (quantification) step in which the accumulated M°
is reoxidised by a constant oxidising current, Is. The analytical signal, z, is the time taken for reoxidation
which is readily obtained from the area under the peak in the dt/dE vs E plot, where dt/dE is the inverse of
the time derivative of the recorded potential [90]. During the reoxidation step, M° diffuses from the bulk of
the electrode to the electrode/solution interface. If the change in electrode potential is faster than the

timescale required for diffusion of the M? in the electrode volume to maintain the mean concentration M? in

the bulk of the electrode c,, approximately equal to the concentration of M° at the electrode surface CSAO

(as dictated by the imposed constant current), then the accumulated M® may not be completely removed

from the electrode during the reoxidation step. In contrast, when the oxidising current is sufficiently low,

there is sufficient time for c,, ~ Cf,,o to be maintained over almost the entire reoxidation period (except for

the initial and very final stages) [27]. As a consequence, the accumulated M? is quantitatively oxidised from
the electrode. This so-called complete depletion regime has a number of particularly attractive features. For
example, the product Iz is constant and quantification of M° accumulated in the electrode during the
deposition step corresponds to straightforward application of Faraday’s law, i.e.:

lz=c  nFV [C] (1)

where Vg is the accumulating electrode volume, and other symbols have their usual meaning. Notably the
capacitive charging current is effectively eliminated from the signal since it corresponds to the area under
the baseline of the dt/dE vs E plot [90]. Furthermore, even if secondary effects impact on the shape of the
dt/dE vs E curve, so long as there are no interfering faradaic processes and no noticeable changes in the
capacitive current in the transition region, z will correctly quantify the M° accumulated during the
deposition step. Finally, since cfﬂo ~ C,» throughout practically the entire stripping step, the need to
formulate the flux or concentration gradient of M° in the electrode volume is circumvented. This effective
getting around part of the Nernstian extension of the reoxidation process also leads to greater peak

resolution in multi-metal systems compared to non-depletive voltammetric modes. This feature is due to the

self-optimising nature of the effective potential scan rate in the depletive mode. That is, during the

reoxidation step the potential is controlled by the surface concentration ratio ¢, /c&o (where ¢l is the
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concentration of metal ion at the medium side of the electrode/medium interface); it is only once c&o (=

C,o ) reaches essentially zero, and can no longer carry the imposed current, that the potential will change

rapidly until becoming controlled by the oxidation of a less electropositive metal. Nevertheless, the
potential-time characteristic of a single SCP curve is quite complicated and relating the stripping peak
potential, E,, and peak half-width, wy,, to metal speciation in the sample solution is not straightforward
[24,27]. Complete SSCP waves, i.e. curves constructed from depletive SCP rvalues recorded as a function
of Eg, overcome difficulties associated with interpretation of E, and w,,, values for individual SCP curves.
The only information taken from each individual SCP curve is the peak area, i.e. 7, which is quantitatively
linked to the amount of metal accumulated in the electrode during the deposition step (Eq. (1)). The

rigorous equation that fully describes the SSCP wave in the complete depletion range is given by [91]:

r= 'dli[l —exp(—t, /7,)] [s] ©)

S

where |: is the limiting value of the deposition current, t, is the deposition time, and 7, is the potential-

dependent characteristic time constant of the deposition process [91]:
. :Vel /o, +1/r)™
d
AD,cy /c),

[s] (3)

where Vg is the electrode volume and A, its surface area. I:: is attained when the concentration of metal ion
at the electrode surface, CEA , is zero, i.e. at sufficiently negative overpotentials:

I: =nFA, DMc::I A/6,+1/r) [A] 4)

where D, is the diffusion coefficient of the free metal ion, c; is the free metal ion concentration in the
bulk aqueous solution, &,, is the thickness of the aqueous diffusion layer, and ) is the radius of the

assumed spherical electrode. The limiting value of the transition time, 7*, is attained in the plateau of the

SSCP wave (Eq << E°; coy /c&o — 0) and corresponds simply to the charge balance for complete depletion
[91]:
=10t [s] (5)

Use of Eg. (5) implies that the concentration of oxygen and other potential oxidants in solution is
sufficiently low so that the rate of oxidation of M° is governed solely by I,. For in-situ measurements, the
use of thin film mercury electrodes enables depletive conditions to be achieved at relatively high I, thereby
avoiding the need for deoxygenation of the sample [92]. We note that in multi-metal solutions the
phenomenon of electroless reoxidation in the ongoing stripping step, i.e. oxidation of a given metal by the
incoming flux of less electropositive metal ions, may occur but it is unlikely to be relevant under typical

environmental conditions [93].
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Considering the case of a reversible electron transfer reaction with a Nernstian relationship between the

surface concentrations of M and M°, during application of the deposition potential, Eq:
E, =E°+(RT /nF)In(cy, /c),) V] (6)
which can be written in terms of the surface concentration ratio:

w1 ce =exp[nF(E, —E°)/RT] (7

The SSCP curve lies at considerably more negative potentials than a conventional dc-voltammogram. This
feature is a consequence of the magnitude of the equilibrium potential, E;*, that holds at the end of the
deposition step, immediately prior to application of I, i.e.:

E& =E°+(RT /nF)In(c,, /¢, , (0)) V] (8)
where EMO (0) is c,, atthe end of the deposition step, the magnitude of which is governed by Eq. For given

experimental conditions (e.g. tg, c; ), SSCP curves recorded with a microelectrode lie at more negative

positions on the E4 axis as compared to those measured with a macroelectrode [27]. This feature is due to

the greater c,,, in the microelectrode volume (cf. Eq. (8)).

In the case of electrochemically irreversible systems, Eq. (2) also holds, albeit that the expressions for I;
and z, are more involved [94]. Indeed, SSCP enables irreversibility to be overcome to some extent, and
this effect is even greater at a microelectrode. The feature is due to the aforementioned more negative
location of the SSCP curves on the potential axis: for more negative E4 values the relative influence of
irreversibility on limitation of the deposition current decreases, in line with conventional concepts. That is,
irreversibility is lost mostly near the onset of the wave. The dependence of reversibility on c,, , and thus on

the deposition time and electrode volume, allows this phenomenon to be unambiguously distinguished from

other effects that may affect the shape of the SSCP wave, as elaborated in the following sections.

The above treatment considers M7, to be the electroactive form of M. We note that the reduction step,
M +ze- — M°, involves dehydration of the metal ion [95]. Accordingly, hydrolysed forms of M will

also contribute to the accumulation rate of M°: the rate of removal of water from the inner-sphere hydration
layer typically increases as the degree of hydrolysis increases [50]. We highlight that the theoretical
framework is generally applicable to any redox active species that can be accumulated and recovered from
an electrode surface. In most cases to date, the accumulation step involves reduction of a metal ion to form
an amalgam with a mercury electrode, followed by an oxidative stripping step. The approach has also been
demonstrated for metal speciation measurements at a solid bismuth electrode [96], and reductive stripping

can be envisaged when an oxidised form of the analyte is adsorptively accumulated [97,98].

3. Metal ion complexes with molecular ligands, ML
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SSCP waves enable straightforward interpretation of a wide variety of ML systems. For example, the shift
in half-wave (deposition) potential as well as the effect of a reduced diffusion coefficient for ML compared
to M can be treated in a manner analogous to the DeFord-Hume expression for voltammetric waves [99-
102]. In the following sections we detail the capabilities of SSCP for determining metal binding parameters
for molecular and nanoparticulate complexants. Due to the aforementioned features of the complete
depletion regime, SSCP waves overcome limitations associated with analogous curves constructed on the
basis of SV measurements [30].

We first discuss the simplest case of fully labile metal complexes ML with molecular ligands. In describing
the chemodynamic behaviour of metal complexes, it is necessary to define the features at two levels

[103,104]. Firstly, at the level of a volume complexation reaction, distinction is made between dynamic and

inert systems. A system is denoted as dynamic if there is frequent interchange between free Mgg in the bulk

medium and the complex ML on the timescale of interest, t, i.e.:

kaCL,tt >>1 and K;t>>1 9

where k, and ky are respectively the association and dissociation rate constants of the molecular

complexation/dissociation reaction (see section 4 for extension to nanoparticulate complexants), and c:t is

the total concentration of the reactive form of the molecular ligand in the bulk solution, e.g. the fully
deprotonated form [61]. At the other extreme, a system is denoted as inert if there is no significant re-

equilibration in response to change in species concentrations in the medium, i.e.

kaCL,tt<<1 and kt<<1 (10)

Then, at the level of an ongoing process at a reactive surface, dynamic systems are further classified in
terms of their lability. The concept of lability describes the interplay between diffusive mass transport and
association/dissociation kinetics of metal complexes in the context of an ongoing process at a macroscopic
interface, e.g. in the present context of an electrodic process, reduction of the free metal ion at the electrode
surface and reoxidation of the accumulated metal to metal ions in the medium. By definition, a fully labile

complex is able to maintain equilibrium with the free metal ion at all applicable scales in space and time.

3.1 Labile metal complexes with Dy =~ Dy
Consider first the simplest case of a labile 1:1 metal complex, ML, for which the diffusion coefficient of the

complex, Dy, is equal to that of the free metal ion, Dy, and the electron transfer reaction is reversible. In
such case I: is the same as for the equivalent metal-only case, and z, now reflects the rate at which Cpp i

attained in the presence of L. At the medium side of the electrode/medium interface,

) t=01+K,)

-1
mLCL , Where KM

is the stability constant for ML, CE is the concentration

cy /ey =@+K .

of L at the electrode surface (~ ¢

Lt under the typical conditions of excess L over M), and K,, =K c?

ML™L *

Thus we can write:
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1

Coy 1 = (L Ky )My, /%) (11)
and
E,=E°—(RT /nF)In+Ky, )+ (RT /nF)In(cy,, / cy,) [VI] (12)

The full SSCP wave is described by the expression derived for the metal-only case, Eq. (2), albeit with the
contributing terms modified according to Egs. (11) and (12). The ability of Eq. (2) to describe the SSCP
wave for a simple, labile complex system is illustrated in Fig. 1 for the case of Cd(Il) complexes with
pyridine-2,6-dicarboxylic acid (PDCA).
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Fig. 1. SSCP curves for Cd(ll) only (black symbols and curves) and Cd(ll) in the presence of pyridine-2,6-
dicarboxylic acid (PDCA; blue symbols and curves). Experimental data are shown as points and calculated
values correspond to the dashed curves. Measurements were made at a hanging mercury drop electrode at
pH 5 in 100 mol m® KNOs, with a total Cd(ll) concentration of 2x10* mol m® and total PDCA
concentration of 10 mol m™, 66% of which is present as L* at pH 5 [105]. Other parameters: I = 2 nA, t
=300, Deg = Degepea = 7 X 107° m? s [106], A = 5.2 x 107 m?, Vg = 3.5 x 10™ m®, log Kegepca= 10*7
m? mol™ [105]. Figure is adapted from ref. [99].

Equation (2), with the pertaining expressions for I: and 7, has been shown to correctly describe the SSCP

wave in a range of metal complex systems, including those involving electrochemical irreversibility
[94,107], kinetic currents [108-110], induced metal adsorption [99,111], and chemical heterogeneity
[29,112,113]. In the case of chemically heterogeneous ML, the stronger complexes of ML are being
dissociated towards the plateau of the wave (see section 4.3. below). In the foot of the SSCP wave, when

the deposition time is sufficiently long for c,, to attain its equilibrium value at the applied Eg, the

analytical signal represents the free metal ion concentration in the bulk solution.
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3.2 Labile complexes with Dy, < Dy
When the diffusion coefficient of the metal complex species is significantly lower than that of the free
metal ion, then the analytical signal for labile ML will be smaller than that for the equivalent metal-only
case. This factor is accounted for in the expression for the deposition current by replacing Dy with the

average diffusion coefficient of the metal in the presence of a complexant, D

* *
DMc,v| +D,. C

D= ML ML [m?s™] (13)

*

CM,t

The corresponding diffusion layer thickness, 5, reflects the hydrodynamic conditions, e.g. for effectively
laminar flow, §=4,, / (D,, / D)Y* [114]. The deposition step in SCP is the same as that for SV, and thus

the magnitude of 5 has the same sensitivity to D and the hydrodynamic conditions, as discussed in the

literature [57,115-117]. The characteristic time constant, z,, becomes [99]:

Va5 +1/n)?

A, Dcy /e,

[s] (14)

Ty

It follows from Eq. (14) that a decrease in D will increase =, and shift the position of the SSCP wave to

d
more positive potentials on the Eq4 axis. This feature is in line with conventional voltammetric behaviour of

metal complexes [1,55,57].

3.3 Kinetic current regime

When metal complex species are not fully labile on the timescale of interest, the dissociation rate of ML
partly determines the contribution of the complex to the interfacial metal ion flux. In this regard the
approximative Koutecky-Koryta (KK) scheme [51-54,118,119] has been shown to have great utility for
describing the lability of molecular complexes in a wide range of circumstances [63,70,109]. The KK
approximation divides the concentration profiles of free and complexed M in the diffusion layer into a
labile and nonlabile region, separated by the boundary of the so-called reaction layer (Fig. 2). The thickness
of the reaction layer, 4, i.e. the distance that the nonlabile region extends from the reactive surface into the

surrounding medium, derives from the mobility of free M in the bulk aqueous solution, Dy, and its mean

*

free lifetime, 1/k.c_,,

together with the mobility of the complex, Dy, and the mean free lifetime of the

complex species ML, 1/kq [35,39]:

ket k|
A= 2ty 4 [m] (15)
L

Dw  Du

For molecular complexants, k, = kyK*, where k,, is the inner-sphere dehydration rate constant of the
hydrated metal ion and K* is the stability constant of the outer-sphere association between the hydrated
metal ion and L which is estimated on the basis of ion pair electrostatics [120]; ky = ka/Kye. Within the

basic KK scheme, the contribution from ML to the interfacial metal ion flux is purely kinetic, just like in
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the treatment by Heyrovsky/Kita for the case of K;,IL >>1 [51]. We note that the original formulation of

the reaction layer considered only dissociation of very strong complexes ML with (D, / DM)K;AL >>1,1in
which case Eq. (15) reduces to the familiar expression for the dissociation reaction layer g =

(kc"

.CLi/ Dy )"¥2 [51-53]. Throughout the text herein, our use of the term “reaction layer” refers to the more

general definition given by Eq. (15).

A
I
: Koutecky-Koryta ! bulk solution
C approximation I .
: CumL
|
: I
1
E\ :
L G :
1
: Cu
1
I
I
1
I
I
1
5

X

Fig. 2. Schematic concentration profiles, according to the Koutecky-Koryta (KK) approximation,
established at the electrode/medium interface (at which M** is reduced) in a solution containing free metal
ions, M, and complexes with a molecular ligand, ML, as a function of distance, x, from the electrode

surface (at x = 0). Arbitrary thicknesses are shown for the reaction layer, 4, and the mean diffusion layer for
M and ML, & . The concentrations of M and ML at the reaction layer boundary are denoted by ¢t and ¢,

respectively. The KK approximation specifies that equilibrium is maintained between M and ML from the

bulk solution until x = A. Figure is adapted from ref. [108].

The so-called lability parameter is defined as the ratio between the kinetic and diffusive fluxes [35,39]. The

kinetic flux, Jun, represents the maximum rate at which ML dissociates to release free M:
Jiin = de:/n_’1 [mol m?s™] (16)

*

The limiting purely diffusive flux, J ., represents the maximum rate at which the complex species of M

arrive at the outer boundary of the steady-state diffusion layer:

Dc”

* Mt

Jo o =— 0 mol m? s 17
@S +1r)t [ ] (17

The lability parameter, £, is given by:
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L=y 1 Iy (18)

It follows that for a labile complex, &£ >> 1.
In the Kinetic case, the expression for the SSCP wave, Eq. (2), still holds, albeit that the pertaining

expressions for I: and z, are modified to include the lability parameter as detailed previously [108]. In the

kinetic case, I: and 7* are smaller, and 7, is larger as compared to the fully labile case. Notably the shape

of the SSCP wave for the kinetically controlled case is the same as that for free metal ion only, and the
stability constant can still be obtained from the shift in half-wave deposition potential, Eq 1, by including a
term that accounts for the positive shift in the wave position due to the reduced lability (lower z*) as
detailed in previous work [108,121]. The ability of Eq. (2) to describe the SSCP wave in the kinetic current
regime is illustrated in Fig. 3 for the well-known case of Cd(ll) complexes with nitrilotriacetic acid (NTA)
[108,122-124]. The data in Fig. 3 were recorded with a conventional hanging mercury electrode; the lability
is lower at a microelectrode [108] due to enhanced diffusion, cf. Eq. (18) [40,41].
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Fig. 3. Comparison of experimental and calculated SSCP waves for Cd(ll) complexes with nitrilotriacetic

acid (NTA) at pH 8. Experimental data (points) were measured with a hanging mercury drop electrode (ty

180 s) for 2 x 10™ mol m™ Cd(l1) (m) and in the presence of NTA at a total concentration of 10° mol m?

(@) and 0.1 mol m™ (A). At pH 8, ca. 10% of the total NTA is present as L* [125], thus calculated curves
correspond to the kinetic case for free L* concentrations of 10 mol m™ (blue dashed line) and 10 mol m?
(red dashed line), using the parameters Kcgnra = 1082 m® mol™ [126], Deg = Dear = 7 x 1070 m? s [106], Aq
=52x 107 m? Ve =35x 10" m®, §=6 x 10° m, kw(Cd) = 3 x 10° s™ [50]. The reaction layer thickness
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was computed taking into account the protonated forms of the ligand [61]. Data are normalised with respect

to 7~ for the labile case. Figure is calculated from data published in ref. [108].

It is evident from the preceding discussion that any description of the lability of metal species must be
coupled with specification of the effective timescale. In the case of electrochemical stripping techniques,
the operational timescale derives from the applicable spatial scale, e.g. the aqueous diffusion layer thickness
at a conventional electrode or the radius of a microelectrode, and the pertaining (average) diffusion
coefficient of the metal species. The operational timescale can be varied by manipulation of the
hydrodynamic conditions, e.g. rate of stirring of the solution or rotation of the electrode, and by changing
the size of the electrode [114,127]. For Dy ~ Dy, typical accessible timescales are of the order of 10 s ata
conventional hanging mercury drop electrode and of the order of ms at a microelectrode. In comparison,
DGT with a typical diffusive gel layer thickness of ca. 1 mm has an operational timescale of order 10°s.

4. Metal complexes with nanoparticulate complexants, M-NP

4.1. Reactivity features of M-NP complexes in bulk dispersion

In recent years, the special metal ion complexation features of nanoparticulate ligands have been delineated,
and the underlying physicochemical theory has been developed to include the chemodynamic
characteristics of nanoparticulate metal complexes [78-82]. A leading feature of nanoparticulate
complexants is the spatial confinement of the metal ion binding sites to the particle surface (in the case of
hard, impermeable particles) or to the particle volume (in the case of soft, permeable particles, and in part
for core-shell nanoparticles). Thus, the metal ions have to diffuse from the surrounding medium to the
individual particles before complexation can occur. Furthermore, the complexation must be interpreted in
terms of the local conditions prevailing within the particle body, e.g. reactive site density, charge density,
ionic strength, pH. It is thus fundamental to distinguish between smeared-out concentrations, i.e.
conventional concentrations for chemical species averaged over the entire volume of the dispersion, vs. the
local intraparticulate species concentrations. Herein we discriminate between local, intraparticulate

concentrations of a given species i, denoted by c;, and corresponding smeared-out concentrations, denoted

by c; ; bulk free ion concentrations are denoted by ci*.

The elaborated Eigen scheme for metal complexation by NPs is shown in Fig. 4. Any one of the given steps
may be rate-limiting for the overall association or dissociation reaction. Expressions are available for the
pertaining association and dissociation rate constants shown in Fig. 4, for all types of NPs (hard, core-shell,

soft) [78-82]. For convenience, we briefly summarise below the expressions for an aqueous highly charged

spherical soft NP with particle radius, r,, larger than the intraparticulate Debye length, «,*, i.e. x,r, > 1

[128,129]. The reader is referred to previous work for the detailed derivations of the expressions and the
pertaining modifications for other types of NPs [78-82,130-133].



376
377

378

379

380

381

382

383
384
385

386

387

388

389

390

391
392
393
394

395

396

397

398
399

400

401
402

403

404

405
406

page 13 of 33
In the association step, the limiting rate of diffusive supply of M** towards a spherical NP, per reactive site

S, can be generally written as [80,81]:

R,, =47N4r,D, f

: cnC . /N [mol m?s?] (19)

ela
with corresponding rate constant:

Kyp = 47N EDy, Foy / Ng [m® mol™ 5% (20)
where ¢ s, Is the total smeared-out concentration of the reactive form of S per unit volume of dispersion

(e.g. deprotonated form), N is the number of S per particle; and ?el,a is the electrostatic coefficient for
conductive diffusion towards the NP. The limiting rate of inner-sphere complexation, for the situation in
which the Boltzmann distribution of charged species between the bulk medium and the NP body is at
equilibrium, is given by [80,81]:

RS =k, V OSYBNAVC’,\;,(_:SI [mol m?s™] (21)

with corresponding rate constant:

kis =k, V= N, [m® mol™ s (22)
where ki, is the rate of inner-sphere dehydration of the metal ion, V* is the outer-sphere volume per site S,
and ?B is the Boltzmann equilibrium factor for the partitioning of the free metal ion M** between medium

and particle body.

In the dissociation step, the limiting rate of diffusion of released M** from the spherical NP into the medium

is generally given by [81]:

_ 3DM fel,d -

4 —"Cw [mol m®s™] (23)
I fg

where ?e,yd is the coefficient for conductive diffusion from the NP into the bulk medium (i.e. beyond the

outer border of the diffusion layer as shown in Fig. 5) and EM is the smeared-out concentration of
intraparticulate free metal ion. The corresponding diffusion-controlled rate constant for the release of M,
Kap, 1S given by:

Kyp =3Dy ?el,d 1+ KinCs,) / rpZ?B [s"] (24)

int
where K; is the conventional intrinsic stability constant of the inner-sphere complex, expressed in terms of

the intraparticulate concentrations of the free metal ion, c,,, inner-sphere complexes, c,,, and total

concentration of the reactive form of the binding sites, Csy s i.e. [77,134]:

Kint =Cws /I:CM (s _CMS):I [m® mol™] (25)

The limiting rate of dissociation of inner-sphere complexes, MS, is given by [81]:
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R = k—ﬁ‘_cMS [mol m?s™] (26)
Kint f B
where ks is given by Eq. 22 and c,, is the intraparticulate concentration of MS. The rate constant for

inner-sphere dissociation, k, follows as [81]:

ke = kit /Ky £ o =k, V=N, 1Ky [s°] (27)
The overall release of M from the particle body involves consecutively dissociation of inner-sphere MS
followed by diffusion of the ensuing M** from the particle into the surrounding medium (Figs. 4 and 5).

Accordingly, the rate-limiting step can be governed by either k§ or kqp. In the present context of highly

charged soft NPs, we consider particles with a substantial water content, in which case diffusion into the
particle body is usually fast in comparison to extraparticulate diffusion in the aqueous medium [127].

+
diffusion and outer-sphere association chemical bond formation
A |
[ \ [ \
+ — —
k S Kk ¥
ap (1+2) a
_— >
«—
—_— —_ is
kd,p kd -
() @ (©)) 4)
+ o N
Maq V\/v-)l\/l;;<_ > ;;4_' M;SQS —— MS
Dum fast +

Fig. 4. Steps involved in the associative and dissociative interaction of an aqueous charged metal ion, M%; ,

(z is the charge number) with a spherical soft nanoparticle containing charged or uncharged reactive sites
(S) and charged indifferent sites (-). The +’s denote the counterions accumulated in the extraparticulate part
of the (nominally negative) particle electric field, and the k’s represent the pertaining rate constants. The

associative steps are (1) diffusion of Mz from the bulk solution to the surface of the nanoparticle, (2)
incorporation within the particle body as a free hydrated ion, (3) outer-sphere association of M+ with S, to
form M, S, and (4) formation of a covalent chemical bond, MS, which generally follows upon the release

of water from the inner hydration layer by Mz . Figure is reproduced from ref. [135].

4.2. Lability of M-NP complexes at a reactive interface
Conventional criteria for lability implicitly assume that the dimensions of the complexing ligand are on the

molecular scale with dimensions always smaller than the thickness of the reaction layer [51-54,118,119]. In
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the case of dispersed nanoparticulate metal complexes, the notion of lability involves the frequency of

exchange of M between M in the bulk medium and MS within the particle body. In the context of an

ongoing process at a reactive macroscopic interface, formulation of the lability parameter for M-NP species
inherently requires connecting the chemodynamic features of M-NP entities at the local level
(intraparticulate association/dissociation kinetics and diffusion to/from the particle body) with macroscopic
fluxes at reactive interfaces [77,82,135-138]. In this regard we highlight that the notion of a conventional
reaction layer only has meaning in the presence of a finite amount of complexing sites, S (see Section 3.1.3,
Eq. 15). Accordingly, the use of reaction layer concepts to describe the chemodynamic features of M-NP

entities requires distinction between (i) a conventional intraparticulate reaction layer, with thickness A, , at
the particle side of the NP/medium interface, and (ii) an operational reaction layer, with thickness 1, that is
in effect at some macroscopic reactive interface, e.g. an electrode surface (Fig. 5) [77,82,135-138]. The

magnitude of 1 derives from the time-averaged presence of the NP body volume and the corresponding

time-averaged concentration of S with the operational reaction layer, Eg . Analogous to the expression for

the molecular case (Eg. 15), we can write [137,138]:

_ 12
ka,p Cs i k_d
Dy D

1= [m] (28)

p

where kg is the composite dissociative rate constant, (1/k;, +1/kF)™ [35], and ks, is the only associative
rate constant involved because the relevant timescale is the one for M to enter the volume of the NP body
[137,138]. We note that there are fundamental differences between the intraparticulate binding sites, S, and

molecular ligands in solution, L, e.g. entropical factors. The relative magnitudes of r, and 4 have

implications for the lability of M-NP species at a reactive interface as discussed below.
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bulk dispersion

I:)M-NP
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operational reaction layer, A mean diffusion layer, &
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Fig. 5. Schematic view of the processes governing the flux of M, in an aqueous dispersion of

nanoparticulate complexes of M, toward an electrode at which free M7 is reduced to M°. The
concentration profile of the free Mz in the medium, c:,l , Is sketched by the solid red line, and the profile of
the average concentration of MS complexes within each spatial zone, c,,. , is indicated by the dashed red

line with Eiﬂs denoting the average concentration within the operational reaction layer. For clarity, the size
of the NP is exaggerated and arbitrary thicknesses are shown for the intraparticulate reaction layer, A, the

operational reaction layer at a macroscopic interface, 4, and the mean solution diffusion layer for M and

MS, 5. Figure is adapted from Fig. 9 in ref. [77].

Analogous to the rationale described in Section 3.1.3 for molecular ligands, the lability parameter for

*

nanoparticulate MS corresponds to the ratio between the kinetic and diffusive fluxes, Lyp = ka /Jdif .In

the M-NP case, and where intraparticulate diffusion of free M is faster than that in the bulk medium, the

rate of release of M from the NP body into the bulk medium is governed by the rate of chemical

dissociation of MS. The kinetic flux, J,;, , is thus given by [135]:
=1 = R R
Jin =kSC A [mol m?s™] (29)

where Eiﬂs is the average concentration of MS within the operational reaction layer zone, 4, at the reactive

*

interface (Fig. 5). The limiting purely diffusive flux, J .., corresponds to the average rate at which all
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forms of M diffuse towards the reactive surface; in the M-NP system this includes the free M7 in the bulk

dispersion and all the intraparticulate forms of M. Thus we can write [135]:
I3 =D(Cy +Cps +Cpy +) [ @/ S+11 1) [mol m?s™] (30)
where the intraparticulate forms of M are necessarily expressed as smeared-out concentrations (denoted by

the overbar).

It is evident from Fig. 5 that the size of the NP body, ry, relative to the thickness of the operational reaction
layer, A, will play a role in determining the apparent lability of the M-NP system. That is, under certain

conditions, geometrically-controlled exclusion of NP body volume from A gives rise to a corresponding
lowering in the average concentration of sites inside the reaction layer which affects the properties of the
reaction layer itself, Eqg. (28), and the overall lability of M-NP systems at the reactive interface, Eq. (29)
[135-138]. A general theoretical framework has been developed which delineates the multifactorial
rocesses that control the magnitude of M-NP lability parameter at a given reactive interface, i.e. particle
size, electrostatic features, density of metal binding sites, dehydration kinetics of the complexing metal ion,
and the intrinsic stability of the MS complex [82,137,138]. It was gratifying to find that old voltammetric
lability data on Cd(1l) complexes with latex nanoparticles [139,140] appeared to be in excellent agreement

with those predicted on the basis of the computed Lye, accounting for the reduced NP body volume in 4

[77].

The information presented in the preceding sections identifies SSCP as a powerful tool for application to
M-NP systems, i.e. factors associated with the lability features can be unambiguously identified and
accounted for in the interpretation. In the fully labile case, the reaction layer is immaterial, and thus the M-

NP system can be treated as per the Dy < Dy case discussed in Section 3.1.2. In the Kinetic current regime,
i.e. Lyp < 1, the expressions for I: and z, are derived by invoking the KK approximation (Section 3.1.3),
i.e. assuming a spatially discontinuous transition from labile to non-labile behaviour, as illustrated

schematically by the concentration profiles in Fig. 5. The sought expressions follow from those derived

previously for the molecular case under the limiting context of the KK approximation, i.e.

(Dyp ! Dy)K;,, >>1 [108,109]:
. FADC” 1+Ka c
Id _ n_ CM ( pp S,t) [A] (31)
@/s+1r)* (1+1/L,)
and
VA/S+1/1)" @+1/ L)
Tq = [s] (32)

ADcyy /e (L+ K, Cs,)
where Lyp inherently accounts for geometric exclusion of the NP body from 4 via Eq. (29), and Kapp is

the apparent stability constant of the metal-particle associates [77]:
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Kapp =Cmp /| S (€51 —Cwip) | [m® mol™] (33)
where cy, is the smeared-out total concentration of all forms of M associated with the nanoparticulate
complexant. The overbar notation signifies that Kapp represents a weighted average of the stabilities over

all associated forms of M with the nanoparticulate complexant. Kapp appears in Egs. (31) and (32) because

the expressions are concerned with coupling the local processes (involving all forms of M associated with
the NP) with macroscopic ones. The intrinsic stability of the inner-sphere complexes MS is evidently a
contributing factor determining the lability of the M-NP system under the given timescale. The magnitude
of Kin, EQ. (25), is taken into account via the inner-sphere complex concentration terms in Egs. (29) and

(30). We highlight that the dependence of 4 and Lye on I, is rather involved, and the reader is referred to
our previous work for details [138]. Geometric exclusion of NP body volume from a macroscopic reaction
layer is a general feature of M-NP systems. The window in which the phenomenon is significant for the
analytical measurement depends on the interplay between the various features of the M-NP system (ry,
charge density, Ki) and the target metal ion (k), together with the timescale of the speciation technique (&

. 1,) [82,135-138].

4.3. Chemically heterogeneous nanoparticulate metal complexes
In the case of chemically heterogeneous complexants, the equilibrium relation between M and the various

reactive sites is given by a distributed intrinsic affinity. A characteristic feature of such systems is that the

effective intrinsic stability constant, Kint, varies with the degree of occupation of the binding sites, Oy -

The overbar notation signifies that Kin represents a weighted average of all types of inner-sphere
complexes at a given 6,, . Chemically heterogeneous complexants are typified by humic substances, which
are natural heterogeneous soft charged NPs [1,130,141]. SSCP is a powerful tool for studying such systems
because the effective M:S ratio at the electrode interface spans a range of values on going from the foot to
the plateau of the wave, i.e. a range of Kin and ks values can be probed for a single bulk solution

composition [29,112]. The shape of the SSCP wave reflects the chemical heterogeneity in the metal

complexation, i.e. the distribution of Kin values. On going from the foot to the plateau of the wave, Oy at

the electrode surface decreases and thus the locally effective Kint increases according to the applicable
affinity distribution. Thus the complexation energy is greater at the electrode surface compared with the
bulk dispersion, and this difference progressively increases as E; becomes more negative. Consequently,
similar to effects observed by conventional voltammetry [2,142-144], in the presence of chemically
heterogeneous metal complexes the SSCP wave is spread out along the Eq4 axis. The extent to which the
SSCP wave is flattened as compared to the homogeneous case is a measure of the degree of heterogeneity,

T; of the metal complex system.
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Theory has been developed to describe SSCP waves for heterogeneous metal complexes [112]. Taking the
Freundlich isotherm as an arbitrary but popular starting point [2], the relationship between the free M and
the complexes with all of the site types, S;, is given by:
D .Cus =B(cy)” [mol m™?] (34)
where B is a binding affinity parameter and 7/  represents the heterogeneity; 0 < /"< 1; "= 1 in
homogeneous case. For labile heterogeneous metal complex systems, the 1+ K" term in Eq. 12 is replaced
by 1+ Bc,‘\,f‘l’ [112]. Accordingly, the shift in potential along the SSCP wave in the presence of a
heterogeneous complexant relative to the metal-only case is given by:
AE, = (RT /nF)In(1+ Bc" )= (RT /nF)In(D/ Dy,)? V] (35)
where c,?,, is the concentration of free metal ion at the electrode surface (which simply follows from that in

the bulk solution and the fractional position along the SSCP wave, as detailed previously [112]), p =1 for a

microelectrode and between % and % for a conventional macroscopic electrode [114].

The measured and computed SSCP waves for an example chemically heterogeneous system, namely Cu(ll)
and Cd(Il) complexes with nanoparticulate humic acid (HA), are shown in Fig. 6. Both curves correspond
to labile conditions, i.e. the measured z* corresponds to that predicted for the labile case, with accounting
for the reduced diffusion coefficient of the metal complex species (section 3.2). The SSCP wave for CUHA
is spread along the E4 axis to a greater extent than the wave for CdHA, which reflects the greater
heterogenity of Cu(ll) complexation with HA. The CuHA data correspond to a /7~ of ca. 0.2, whilst the
CdHA data are described by a 7" of ca. 0.7 (Fig. 6), in line with the body of literature data on the

heterogeneity of metal-humic complexation [1]. We have shown that the 7/ value obtained from the shape of

an SSCP wave is in good agreement with that obtained from independent measurements of Kin as a

function of 6,, over a range of bulk solution compositions [145-147]: this finding provides strong support

for the interpretation framework. Furthermore, the aforementioned features of SSCP mean that chemical
heterogeneity can be unambiguously identified and discriminated from other factors that can influence the
shape of the wave, e.g. irreversibility. Specifically, for a labile and chemically heterogeneous complex
system, the shape of the SSCP wave will be the same at a conventional electrode and at a microelectrode,

and will be independent of deposition time [29].

In the Kinetic current regime, the applicable expressions for I: and r, follow from those given above for
the nanoparticulate case, Egs. (30) and (31). However, rigorous description of the SSCP wave is rather

involved because K K, D, and the kinetic parameters are functions of distance within the diffusion

app !
layer, and changes in these parameters are coupled [112]. Preliminary explorations, based on the KK
approximation, resulted in a reasonable description of the SSCP waves in the kinetic regime for moderate

degrees of heterogeneity [112]. The greater the degree of heterogeneity, the greater the difference between
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the effective chemical affinity in the bulk solution and within the reaction layer, and the more readily
lability is lost toward the plateau of the SSCP wave [2,112].
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Fig. 6. SSCP waves for labile Cu(ll) and Cd(Il) complexes with humic acid. Experimental data (points) are

shown together with the computed waves (curves) for the 7 values indicated on the figure. Data are

normalised with respect to the pertaining z*. The experimental data correspond to EM,b / ES,’( ~ (.03 and

were measured in Ca(NO5;), electrolyte at pH 6 and ionic strength of 100 mol m™ for CuHA and 10 mol m™
for CdHA. Figure is adapted from published data [145].

5. Conclusions and outlook

SSCP in the complete depletion regime is a powerful electrochemical tool that provides comprehensive
information on the thermodynamic and kinetic features of metal ion complexes with molecular and
nanoparticulate complexants. In common with voltammetric scans, SSCP waves inherently probe a portion
of the stability constant distribution and the associated complex formation/dissociation rate constant
distribution. This characteristic is a major advantage over other non-equilibrium techniques which are
typically configured to measure only under limiting steady-state flux conditions. Another notable feature of
the complete depletion regime of SSCP is that it provides a quantitative measure of the metal accumulated
in the electrode during the deposition step, which is a major advantage over non-depletive stripping
voltammetric methods. Features of SSCP that render the technique particularly advantageous for metal
speciation analysis in environmental and biological matrices include its insensitivity to induced metal
adsorption, and ability to unambiguously discriminate between various factors that can influence the shape

of the waves, e.g. electrochemical irreversibility vs. heterogeneity in the intrinsic chemical affinity.
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Future work will investigate the utility of SSCP for identifying whether volume exclusion of the NP body
from the operational reaction layer is in effect. As detailed herein, the available theoretical framework can
account for this phenomenon in deriving metal speciation parameters from the experimental data. In the
case of chemically heterogeneous complexants, the extent to which any such exclusion phenomena are
manifest may vary along the SSCP wave depending on the interplay between the many contributing factors
[82,137,138]. It is envisaged that strategic manipulation of measurement conditions and solution parameters
will yield insights into volume exclusion of NP complexants from the operational reaction layer. For metal-
humic systems, the demonstrated agreement between the degree of heterogeneity obtained from the shape
of a single SSCP wave and that obtained from the slope of a double logarithmic Rim vs. 6, plot [145-147]
confirms that any such effects do not impact on the observed chemical heterogeneity of the complexant
under the solution and electrodic conditions studied to date. Rigorous description of kinetically controlled
SSCP waves for chemically heterogeneous nanoparticulate metal complexes will require use of numerical
methods to account for the coupled distance-dependent variation of the contributing thermodynamic and

kinetic parameters.

Symbols and abbreviations

Latin
Aq electrode surface area (m?)
c total concentration of the reactive form of a molecular ligand L in bulk solution (mol m™)

Cy concentration of free metal ion in the bulk aqueous solution (mol m™)

Cm intraparticulate concentration of free metal ion (mol m™)
Cu:.  concentration of all metal species in the bulk aqueous solution (mol m™)

Co mean concentration of reduced M in the electrode volume (mol m™)

Coo concentration of reduced M at the electrode surface (mol m)

-2 . . o . .

Cs average concentration of nanoparticulate reactive sites in the operational reaction layer zone at a
macroscopic interface (mol m)

Csy total intraparticulate concentration of reactive sites (mol m™)

Cs,  smeared-out total concentration of reactive sites (mol m’)

Cm smeared-out concentration of intraparticulate free metal ion

Cus intraparticulate concentration of inner-sphere complexes (mol m™)

Cus  Smeared-out concentration of inner-sphere complexes with nanoparticulate reactive sites (mol m™)

Cws average concentration of inner-sphere complexes with nanoparticulate reactive sites in the

operational reaction layer zone at a macroscopic interface (mol m?)
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weighted average diffusion coefficient of free M and its complexed forms in aqueous solution (m?
sh
diffusion coefficient of free M in aqueous solution (m?s™)
diffusion coefficient of ML in aqueous solution (m?s™)
diffusion coefficient of an NP in aqueous solution (m*s™)
deposition potential (V)
diffusive gradients in thin film

Donnan membrane technique

half-wave deposition potential (V)

equibrium potential at the end of the deposition step (V)
stripping peak potential (V)

Boltzmann equilibrium partitioning factor

electrostatic coefficient for conductive diffusion towards the NP

electrostatic coefficient for conductive diffusion away from the NP

limiting value of the deposition current (A)

stripping current (A)

diffusion controlled flux from bulk medium to macroscopic surface (mol m?s™)

kinetically controlled flux for dissociation of inner-sphere metal complexes within the reaction
layer (mol m?s™)

mean apparent stability constant of M-NP association (m* mol™)

intrinsic stability contant of the inner-sphere complex MS (m* mol™)

mean intrinsic stability contant of all inner-sphere complexes MS (m® mol™)

stability constant of an outer-sphere reactant pair (m* mol™)

Koutecky-Koryta

association rate constant (m*® mol™ s™)

rate constant for diffusive supply of free M to an NP (m® mol™ s™)

rate constant for inner-sphere complex formation from the precursor outer-sphere complex in an NP
(m* mol™ s™)

dissociation rate constant (s™)

rate constant for diffusion of Mz away from an NP (sh

rate constant for inner-sphere complex dissociation in an NP (s™)

inner-sphere dehydration rate constant of hydrated metal ions (s™)

molecular ligand

lability parameter
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661  Lyp lability parameter for nanoparticulate MS
662 M free hydrated metal ion, M

663 MS inner-sphere complex between M and S
664 NP nanoparticle

665 NTA nitrilotriacetic acid

666  PDCA pyridine-2,6-dicarboxylic acid

667 PLM permeation liquid membrane

668 R., rate of diffusive supply of Mz towards an NP (mol m*s™)

669 R® rate of inner-sphere complex formation in an NP (mol m=s™)

670 Ry, rate of diffusive efflux of MZ: away from an NP (mol m*®s™)

671 R’  rate of inner-sphere complex dissociation in an NP (mol m*s™)

672 1, electrode radius (m)
673 1, nanoparticle radius (m)
674 S reactive site on/within an NP

675 SCP  stripping chronopotentiometry

676  SSCP scanned deposition potential stripping chronopotentiometry

677 4 deposition time (s)

678  wy,  width of an individual stripping peak at half the peak height (V)
679 Vg electrode volume (m°)

680

681  Greek

682 I’ heterogeneity parameter

683  Ou diffusion layer thickness for the free metal ion (m)

684 O mean diffusion layer thickness for the metal complex system (m)
685 O ratio of concentrations of inner-sphere complexes and reactive sites
686 Kk Debye screening length in bulk aqueous solution (m)

687 ;! intraparticulate Debye screening length (m)

688 A reaction layer thickness (m)
689 A thickness of the operational reaction layer at the macroscopic interface in the presence of
690 nanoparticulate metal complexes (m)

691 A,  thickness of the intraparticulate reaction layer for a soft nanoparticle (m)

692 u dissociation reaction layer thickness (m)
693 SCP transition (reoxidation) time (s)
694 * limiting value of the SCP transition (reoxidation) time (s)

695 7, characteristic time constant of the deposition process (s)
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