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Abstract.

The electric charge at a reactive interface influences the diffusion rate of ionic species towards the interface
as well as their local concentration profiles. For metal ions (M) and their complexes (ML) formed with ligands
(L), the interfacial electric field at a metal-consuming interface will lead to coupling between reaction layer
and electric Debye layer, interfacial polarization of species concentrations and, thereby, so-far unexplored
changes in ML contribution (lability) to sustain or not metal accumulation fluxes. A formalism and
computational approach -based on coupled steady-state Nernst-Planck equations corrected for interfacial
electrostatics and chemical kinetics- are here elaborated to obtain relevant metal surface flux and spatial
distributions of M, L and ML. ML lability is subsequently derived and evaluated for practical settings of ML
chemodynamics and macrosurface electrostatics under metal sink boundary condition. The extent to which
the interfacial electric field affects lability of metal complexes depends on the charges of the reactive species
and macrosurface. For example, repulsive M/ML-macrosurface interactions lead to significant loss of lability.
Mass transfer features of ligands, even when present in large excess in bulk solution, are also found to impact
on lability, even for moderately charged reactive surfaces. Predictions are in qualitative agreement with the

available experimental data.

Keywords: Colloid electrostatics, metal, ion reactive transfer, lability, reaction layer, Koutecky-Koryta,
electric double layer, metal bioaccumulation, theory, bioavailability.



1. Introduction.

In aqueous environmental media, metals (and other elements) typically exist in several different
physicochemical forms, i.e. chemical species. The various chemical species differ in their chemical reactivity
which influences their fate, transport, impact on biota (e.g. toxicity) and/or bioaccumulation. For example,
free metal ions, M(H,0),™, are generally bioavailable for organisms, whereas the bioavailability of metals in
complexed forms, hereafter termed as ML with L a metal binding ligand, typically depends on the extent to
which free M can be released from ML over the timescale of the biouptake process [1]. The distribution (or
speciation) of chemical species present in a medium of given physicochemical composition is determined by
both the thermodynamic and kinetic properties of the system. Relevant parameters include stability
constants for ligand protonation, Ky, and metal complexation, Ku, rate constants for metal complex
association, ks, and dissociation, kg, as well as the diffusion coefficients for the free metal ion, Dy, the free
ligand, D\, and the metal complex, Du.. Concepts have been developed for describing the dynamics of
chemical speciation in aqueous media [1]. Under typical practical conditions met for trace metals, the
concentration of complexing ligand L is sufficiently higher than that of the metal ion such that the association
reaction between M and L is quasi-monomolecular. In such case, the concentration of free L in the bulk

medium, cf , is effectively constant and can be subsumed in the association rate constant, k., by writing
k. =k, . Afirst consideration is whether the system is sufficiently dynamic for bulk equilibrium between M

and ML to be maintained within a given timescale, t. At the level of the volume reaction in bulk solution,
discrimination is made between dynamic and inert complexes on the basis of the characteristic lifetimes of

the free M (given by 1/k,) and ML (1/k,) relative to t. That is, ML is dynamic, and there is then frequent

interchange between M and ML, if [1]:
kit>>1and kit>>1 (1)
and ML is inert if:
kit<<1and kt<<1 (2)
In the context of surface reactivity, i.e. an ongoing interfacial process which consumes free M (or another
physicochemical form) at a given surface, additional criteria are involved to assess the kinetic features of the
system. Taking the example of an organism that accumulates free M, the biouptake process will perturb local
equilibria involving M and, in turn, induce a chain of reactions shown schematically in Figure 1. The local
concentration of free M on the medium side of the organism/medium interface is decreased, thereby
provoking dissociation of the complexed forms ML. If free M is the only reactive (i.e. uptaken) species as
considered in the example, the extent to which complexed forms of M contribute to the interfacial biouptake
of M depends on the interplay between the rate of M bioaccumulation, the dissociation rate of ML, and the
(coupled) rates of diffusion of M and ML. Two limiting cases can then be identified. At one extreme, if the
rate of interfacial biouptake is much slower than the rate at which free M can diffuse towards the interface,
then the local concentration of free M remains practically constant, the local equilibrium between M and ML
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is effectively not perturbed, and the rate of the interfacial process will be proportional to the equilibrium
concentration of free M in the bulk agueous medium. At the other extreme, if the interfacial process is faster
than the diffusive supply flux of free M, then a concentration gradient of free M will be established at the
interface. In such a situation, ML will dissociate to the full extent possible to buffer the local free M
concentration, thereby also generating a concentration gradient in ML at the interface.

Consideration of all the involved timescales is therefore fundamental for a proper interpretation of the
dynamics of ongoing interfacial processes. For example, in the domain of metal bioavailability to organisms,
the widely used biotic ligand model (BLM) and free ion activity model (FIAM) assume a priori that the
equilibrium concentration of free M in the bulk solution is the only relevant parameter irrespective of
timescales of all possibly contributing processes [2]. However, such assumptions correspond to a limiting
scenario of the overall dynamic speciation/biouptake framework. Compliance with the underlying kinetic
criteria is thus a fundamental prerequisite for valid application of equilibrium-based models. As a support of
such a requirement, there are many practical examples illustrating the failure of BLM and FIAM to interpret
metal biouptake data on e.g. freshwater algae [3,4] or plants [5,6]. Whereas the example above is given for
metal bioaccumulating interfaces, other surface reactivity processes where coupling between diffusion and
chemical kinetics must be considered include e.g. surface adsorption of aqueous analytes or gas molecules
[7], redox reactions at metallic surfaces [8], infection of biological cells by viruses [9], and particle-assisted
delivery of drugs [10].

The concept of lability is invoked to describe the extent to which ML can maintain equilibrium with free
M in the context of an ongoing interfacial process that consumes free M [1]. The two extremes of “labile”

and “inert” complexes are readily identified by comparing the limiting kinetic flux controlled by finite ML

dissociation rates to the limiting diffusive flux [11]. Specifically, a lability parameter, L, is defined as the ratio

of the kinetic flux originating from dissociation of ML, Jin, and the (coupled) diffusive flux of M and ML

towards the interface, Jgi:

L= Sy, /s (3)
When £ >> 1, ML is fully labile and there is coupled diffusion and frequent interconversion of M and ML

during their transport through the diffusion layer to the reactive surface (e.g. an organism or an electrode).
That is, even when the reactive surface acts as a perfect sink for free M (i.e. the concentration of free M at

the medium side of the interface, ¢, , approaches zero), ML maintains equilibrium with free M over all spatial
and timescales. In such case the maximal Jgis is given by:
Jae= Dcy (1/S5+1/ a) [mol m2s7] (4)

where c;m is the total metal concentration (mol m3) in the bulk solution (including free and complexed metal

*

W Is the mean diffusion coefficient of free M and ML (m? s™), & is the mean diffusion

forms), D= > D¢’ /¢

i=M,ML
layer thickness (m) arising from the coupled diffusion of M and ML, and a is the radius of the consuming
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interface (in spherical case). At a macroscopic surface, planar diffusion prevails and hydrodynamic conditions

govern S [12]. At micro- and nano-scale surfaces, radial diffusion dominates and a then corresponds to the
diffusion layer thickness [1]. Eq. (4) thus defines the flux of free M species at the surface of a metal-
accumulating (bio)particle in the case where the metal complex ML is fully labile. Accordingly, the expression
of this flux involves only the diffusion coefficients of M and ML weighted by the bulk concentrations of M
and ML, and the thickness of the diffusion layer operational at the (bio)particle/medium interface corrected

or not by hydrodynamics depending on whether planar or spherical diffusion prevails. The reader is referred

to [1] (and references therein) for further details on the derivation of Eq. (4). At the other extreme, when X

<< 1, ML is nonlabile and its contribution to the flux of M corresponds to the kinetically controlled limit, Jn.
The Koutecky-Koryta approximation provides a useful means to compute the magnitude of Jxn [13-15]. In
brief, the diffusion layer is divided into a labile and a nonlabile region, and within the nonlabile region (the
so-called reaction layer) the contribution of ML to the flux of M is purely kinetic. The thickness of the reaction
layer is generally determined by the mobility of free M, Dy, and its mean free lifetime (1/ k¢’ ) together with

the mobility of the complex (Dw) and its mean free lifetime (1/k, ). In the here-considered case of molecular

ligands, the reaction layer thickness, hereafter denoted as ,_, is generally given by [1,16]:

-1/2

1, =(kc /D,) [m] (5)

The expression for Ji, follows as:
Jain = kyCp 14, [mol m?s? (6)
We highlight that as soon as a concentration gradient is established at an interface, i.e. ¢, <c; , the potential

for ML species to dissociate and contribute to the flux of free M must be considered. That is, even if the
overall process appears to be controlled by the concentration of free M in the bulk solution, underlying
buffering of the free M concentration by the dissociation of ML can be crucial [17-20].

Figure 1. Schematic representation of the
transport, chemical kinetic and electrostatic
L Diffusion (D,) contributions to the overall flux of metal ions (M)
LZL at an electrically charged interface (e.g. organism
or electrode) that consumes free M. The valences
- of species M, ML and L are denoted as zu, zw. and
M z,, respectively, and the diffusion layer thickness
is set to g, the curvature radius of the consuming
interface. The work aims at addressing the effects
of electrostatics on the lability of ML complex
and, therewith, the way the interplay between
reaction layer, electric double layer and diffusion
M |_ZML layer affects the overall transfer of M to the
_ reactive surface. The electrostatic factors S-,mm
Bulk and  feji-umme  refer  to  the Boltzmann
medium accumulation/depletion and conductive
acceleration/retardation of diffusion for L, M and

ML species, respectively. See text for details.
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In aqueous environmental media, most abiotic and biotic surfaces carry a net charge, the sign and
magnitude of which depend on the functional groups present, their (de)protonation constants, as well as the
prevailing pH and ionic strength of the agueous medium. The presence of charged sites gives rise to an
electric field around and within the material. The magnitude and nature of such electric fields can be
experimentally determined by electrokinetics and surface conductivity measurements [21,22] that we shall
not detail here. In the case of ideal hard surfaces which are impermeable to ions and fluid flow, Smoluchowski
theory can be used to estimate zeta potentials from electrophoretic and surface conductivity data [22-25].
The approach has been successfully applied to describe the influence of ion sorption on the electrokinetic
features of impermeable thin fluoropolymer films [26] and clay minerals [27]. In the case of soft interfaces
(i.e. permeable to ions and/or fluid flow), theory is available to account for the 3D distributions of their
structural charges as well as their permeability to ions and/or flow [28,29] (and references therein). Such
concepts have elucidated the electrostatic, hydrodynamic and structural features of a range of planar and
spherical systems including nanometer thick polyelectrolyte films and polymer brushes [29-32] and microbes
like bacteria and viruses [33-37].

An interfacial electric field invokes attraction or repulsion of ions, which will modify the local
concentration profiles of charged species in the surrounding medium. This effect of the electric field comes
on top of the chemical reactivity considerations elaborated above. The interplay between the electric field
and chemical processes will determine the overall reactivity profile of the system. For example, in the case
of metal ion association with charged soft nanoparticulate complexants, discrimination between electrostatic
and intrinsic chemical reactivity is fundamental for a proper description of the thermodynamic and kinetic
features of the metal complexes [38,39]. Also, in the case of biota, the electrostatic features of bacteria
evaluated from electrophoresis measurements and application of soft surface electrokinetic concepts have
been shown to play a role in determining homo-aggregation, adhesion, and biofilm formation [40] as well as
interactions with metal ions [34,41] and nanoparticles [42]. Furthermore, in the case of SARS-CoV-2 variants,
the electric field of the virions seems to play an important role in determining their environmental reactivity
(e.g. sorption on airborne particulate matter) and biological reactivity (transfer rate to ACE2 receptors of
alveolar tissues, as well as their strength of association with ACE2 receptors and antibodies) [43-45]. In most
environmentally and biologically relevant cases, the magnitude (and sign) of the net charge depends on the
pH, ionic strength and electrolyte composition of the surrounding medium. Large differences in the nature
and magnitude of interfacial electric fields are thus expected along salinity gradients, e.g. from freshwaters
with few millimolar electrolyte concentration to marine systems comprising of the order of 1 molar
electrolyte.

Given the above elements, we focus here on how the presence of an electric field at a reactive
surface/medium interface influences the lability of metal complex species in the context of an ongoing metal
(bio)accumulating process (Figure 1). Despite the evident fundamental importance of electric fields on

chemical reactivity in interfacial zones, there is thus far no rigorous theory available to describe such systems.
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Quantitative description of the involved processes requires coupling of length and time scales that has not
been realized yet, i.e. electric double layer versus reaction layer versus diffusion layer thicknesses, and their
interrelated spatial and time dependencies. The conceptual framework elaborated here connects the effects
of electrostatic fields at environmentally and biologically relevant surfaces with the chemical interactions
between M, ML and L species and with the resulting contribution of ML to the supply flux of free M towards
the M-consuming interfaces. The formalism includes explicitly the governing ligand L-(bio)surface, metal M-
(bio)surface, complex ML-(bio)surface electrostatic interactions while those between M and L in the
surrounding medium are subsumed in the pertaining ML formation/dissociation kinetic and stability
constants. The analysis is performed under perfect sink conditions thereby providing an estimate of the
maximal ML contribution to the M supply flux as a function of the relevant electrostatic descriptors of the

reactive surface.

2. Theory.

2.1. Formulation of the problem, concentration profiles of metal species, and lability of metal complexes.
Setting the stage. In the following, we consider the reactive transfer of metal ions M# with valence z,,

from a bulk medium containing a metal-complexing ligand L, to a charge metal-consuming interface of

spherical geometry with radius of curvature a (Figure 1). Typical values of a are here of the order of 1 to 10

pm, in line with usual dimensions of microorganisms or microelectrodes. In the bulk medium far from the

interface, the equilibrium between M, ML complex and L, with valence z is maintained so that their

i=M,LML 7

bulk concentrations denoted as c-

L, Satisfy v/ cyc. =K,, . The overall scheme of M transfer involves the

diffusion of M, L and ML, with diffusion coefficients D and the interconversion kinetics between M and

=M LML 7
ML with association and dissociation kinetic constants k, and k,, respectively, connected to K, via
Ka. =k, /k,. Expression of k, for the here-considered molecular ligands L follows Eigen-Fuoss theory
[1,46,47] and involves the electrostatic contribution stemming from Coulombic interactions between M and
L. For the sake of convenience, we introduce the dimensionless ML stability constant K,, defined by
K, =K,.c and the diffusion coefficients ratio £ =D,, /D,, . In line with conditions prevailing in natural media
where metals are present in trace concentrations, the medium contains here an indifferent background
electrolyte of bulk concentration c¢* in large excess over M, i.e. ¢* >> c; . Following previous reports [48-50],

the M-consuming particle of radius a is positioned in a Kuwabara unit cell with radius r, such that the particle

volume/solution ratio, ¢, in that cell equates with the one prevailing in the entire medium, i.e. (/ﬁ:(a/r )3.

We further consider steady-state transport of M which is rapidly achieved for accumulating spherical
nano/microparticles, i.e. the transient regime required for building the interfacial M/ML diffusion layer is

ignored [48-50]. In addition, the practical situation of diluted particle dispersions is treated, i.e. g<<1 or

r. >>a . Under such conditions, there is no overlap between diffusion/reaction layers of neighboring particles,
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the electric field at the particle/medium interface is at equilibrium, and the associated electric double layer
is fully relaxed [48,49]. The use of a (Kuwabara) cell model for practical situations where ¢<<1 is generally
required because such a model helps to formulate the kinetics of metal depletion from bulk solution. Such a
depletion process can indeed occur in the course of metal (bio)accumulation by the (bio)particles dispersed
in the medium depending on a number of factors, e.g. concentrations of (bio)particles (i.e. ¢) and metal
species, and magnitudes of the thermodynamic and kinetic descriptors of metal complexation and
(bio)accumulation. The benefits of such a Kuwabara cell model in this context have been illustrated in
previous reports [48,49]. Even though bulk metal depletion is not considered in the current study where the
focus is given on the electrostatic determinants of metal (bioavai)lability, we formulate the problem below
with use of a Kuwabara cell model because of its genericity. Some of the theoretical expressions derived in
this work as a function of ¢ (or r ) will be further used in a forthcoming manuscript for a quantitative
interpretation of the bioluminescence response of metal-detecting whole cell bacterial sensors [41] under
metal depletive conditions. Considering a z:z symmetrical background electrolyte, the Debye layer thickness
is defined by « =(222F2c°° /RTe. €, )71/2, with F the Faraday, R the gas constant, T the absolute temperature
and ¢, the dielectric permittivity of the medium.

Metal species concentration profiles, electrostatics. Adopting radial coordinate r with the origin r=0
at the center of the M-consuming spherical (bio)particle, the spatial distributions of the M, L and ML

concentrations, denoted as c_, . (r), are then governed by the coupled steady-state Nernst-Planck
equations corrected for electrostatic and chemical kinetic terms, i.e.
DMVfcM(r)+kchL(r)—kacML(r)cL(r)+zfleDM{CM(r)ny(r)+[( r)/dr)(dey ( /dr)]}
D V26 (1) =iy (1), ()€ (1) +272 2Dy ey (1) V2y (r) +[ (dy (r)/dr)(dey, (r)/dr) ]} =0 (7)
DV () + Kyt (1) =k (r)ec(r)+ 22D, {e (1) V2y(r) + [ (dy(r) /) (de, (1 /df)]} 0 (d

where fosr*zd(rzdf/dr)/dr is the Laplacian operator in spherical geometry with fa dummy function of

0 (a)

the radial position r, and y(r) is the dimensionless interfacial electrostatic potential at position r defined by
y(r)=zFy(r)/RT with w(r) the corresponding potential. In Eq. (7), the first term corresponds to the

diffusion of M, ML or L (Eq. (7a), (7b) and (7c), respectively), the second and third terms refer to the rates of
apparition and consumption of M, ML and L as a result of the formation and dissociation of the ML complex,
and the last term between brackets originates from the effect of the interfacial electrostatic field on the
spatial distributions of M, ML or L concentration from the (bio)particle surface to the electroneutral bulk
medium. As argued in the Introduction, media of practical interest are defined by an excess of L over M so

that the spatial concentration profile cL(r) is not significantly impacted by the M complexation process.

Accordingly, dropping the k,,-dependent terms in Eq. (7c) and solving for the resulting equation leads to

c.(r)=c'f.(r), which is nothing else than the equilibrium L concentration profile, ¢ (r), involving the
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classical Boltzmann factor defined by £ (r)=e "%, Substituting this expression of ¢ (r) in Egs. (7a)-(7b),

we then obtain

v (7)+ 222, (Y (P)F) ¥ ()Y (F) R (232~ 00 (PP + 0y (F)y (F)]} =0 (o)

& (F) -0, (r){“;’(w %A (F)—z'leLQ(F)}+z'1zMLa),'WL (F)y (F)+
&Ky £

(8)

% A(F)Y(F)=0 (b)

where we have introduced the dimensionless space scale 7=r/a-1, the change in variables

o (F)=r 6 (r) (m) with ¢_

2 ww (r)=¢(r)/ ¢ (dimensionless), and the radial function Y(r)(m) defined by

linear combination of w_,,, (r) according to Y(r)=a, +¢K,, @, . The symbols 'and " correspond to the first

and second derivative with respect to 7, respectively, and this nomenclature applies in the developments

below. The radial function Q(F) in Eg. (8) depends on particle electrostatics according to
Q(r)=y'(r)+(1+7) "y (). Eq. (8) further involves the key Damkdhler number &, =D'k.c/a* that can be
seen as a dimensionless ML formation rate constant that compares the diffusional timescale D;'a* with the
reaction timescale 1/k.c . Equivalently, k., compares a with the reaction layer thickness u, defined by Eq.
(5) in the absence of electrostatic effects. The fluxes of M and ML at any position r in the vicinity of the

microparticle, denoted as J_,, (r), include diffusion and conduction contributions according to

o

Jewpa (r)=D,(dc,(r) /dr+ 27z (r)dy(r) / dr) = 4 (a)i' (7)—@(7)[(1+7)71 —zzy (7)}) (9)

a(1+7)

where /2., =Dc’ /a are the maximal M and ML diffusion fluxes. The solution of Eq. (8) defines the searched
concentration profiles c_,,, (r) after formulation of the required boundaries for w_,,, and Y . A first set of

boundaries applies at the particle surface and specifies (i) the sink condition considered for M (i.e.

¢y (r=a)=0), and (ii) the non-accumulation of ML complex at the reactive surface, i.e. J,, (r=a)=0.Interms
of r, m, and Y, these conditions translate into

{y(?: 0)=eK, @, (T=0) (a) (10)

@y (T =0)=a, (F=0)(1-z'2,y (F=0)) (b)

The second set of boundaries associated to Eq. (8) holds in the bulk medium (r=r.) and imposes bulk

concentration values for c_y,, , i.e.
Y(F:FC)/I’C :(l—i-SKML) (a) (11)
wML(F:Fc /r.=1 (b)

with 7 =r. /a—1. Egs. (8)-(11) are valid irrespectively of the expression y(r) chosen for the electrostatic

potential profile at the particle/medium interface. As the particle radius a is of the order of the micron or
larger, it well exceeds the Debye layer thickness under practical salinity conditions (i.e. x*~0.3-10 nm for

1 mM<c” <1 M).Inturn, the spatial distribution of the potential is determined by the non-linearized Poisson-



Boltzmann (PB) equation written here in planar symmetry (xa>>1). For the radial domain of interest

a<r<r_, the exact solution of the planar PB equation reads [51]

1+e " tanh(y, /4) ’

12
1—e " Itanh(y, /4) (12)

y(r)=In

where y, :y(r:a) is the scaled particle surface potential. For a poorly to moderately charged particle, i.e.

y.|<<4, Eqg. (12) reduces to the well-known Debye-Hiickel result

y(r)=y,e™ (13)

Lability parameter. The formulation of the lability parameter &£ according to Eq. (3) requires knowledge
of the expression of the diffusion flux Jq4ir and the kinetic flux Jun. The derivation of the expression of Jgn is
made possible by invoking the Koutecky-Koryta (KK) approximation and the reaction layer concept which to
date has been formulated without accounting for electrostatic effects. Under such conditions, a far-reaching
equivalence between lability outcomes derived from the KK approximation and from the exact solution of
the relevant M and ML chemical kinetics-diffusion equations was demonstrated by van Leeuwen et al. [52].
These authors also extended the KK approximation to the partially labile regime by computing J«n on the
basis of the concentration of ML within the reaction layer, rather than that in the bulk solution. This concept
was further elaborated by Galceran et al. [53] who showed that the degree of ML complex lability, hereafter

denoted as & with 0<£<1, could be evaluated from the deviation of the ML surface concentration from
bulk concentration value. It is stressed that an elaborated evaluation of ML lability via the lability index & is
required to get information on the nuances of lability beyond the extremes of labile versus inert metal
complexes as captured by the lability parameter £ defined by Eq. (3). Accordingly, the situation
cw (r=a)=c;, holds for inert ML complexes with & =0, and this limit basically corresponds to that assumed
a priori in BLM and FIAM. In the other extreme of fully labile complexes (£=1), M-ML equilibrium is
maintained everywhere at all times within the diffusion layer, including at the particle surface, and the
resulting equality ¢, (r=a)=0 then defines labile ML under the here-adopted sink condition for M.

Extending this idea by Galceran et al. [53] to the situation where electrostatics effects are operational, the

expression for the lability index & becomes
E=1-¢, (r:a)/(C:ALﬁML(r:a)) (14)
where j,, (r=a)=e "/ is the ML equilibrium Boltzmann factor at the particle surface, and ¢, (r=a) in Eq.

(14) is inferred from the solution of Egs. (8)-(12) obtained as briefly outlined below.

Numerical analysis. For given descriptors of interfacial electrostatics (y, and 1/« ) and prescribed values
of particle radius and concentration (a, ¢ or r), of M-ML interconversion kinetic constants (k,,), ML
stability constant (K, ) and M/ML diffusion transport coefficients (D,,, D,, or &), the M and ML
concentration profiles c_,,. (r) were obtained by solving numerically Egs. (8)-(12) via the collocation
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procedure implemented in COLSYS package [48,49,54]. The lability index & was then evaluated from Eq. (14)

and a FORTAN program written for that purpose is available upon request. Correctness of the obtained
numerical results was systematically addressed from their comparison to the explicit analytical solutions we

derived for Eqg. (8) in some limiting kinetic and electrostatic scenarios we detail below.

2.2. Analytical expressions of ML lability index for limiting kinetic and electrostatic cases.
2.2.1. Case where ML is inert.

This situation is reached when criteria defined by Eq. (2) are satisfied. ML complexes then do not
contribute in any way to the transfer of M from the bulk medium to the reactive interface, even in the
presence of a large excess of ML in the medium. Eqg. (7b) becomes immaterial and the situation is identical
to the one where the free metal ion concentration is the total metal concentration, i.e. the ‘free metal only’

scenario. The dimensionless M concentration profile ¢, (r)=c,(r)/ ¢, under M-sink condition then reads as
[48,49]
EM (r):ﬂM (r)lil_Fr,rc /Fa',/c:' (15)

where the radial function F is defined by the integral equation F, :jg-zm(g)dg (m™) with g, (r)=e 2wz

the Boltzmann factor pertaining to M at position r and ¢ is a dummy integration variable. Eq. (15) is the
solution of Eq. (7a) devoid of the associative and dissociative kinetic terms, with the solution being valid for

any form of y(r). Using Eqg. (9) in the absence of ML, we obtain for the M accumulation flux at the particle
surface

Ju(r=a)=fanDucu /a (16)
where f, , = 1/(0Fa,,c ) is a dimensionless scalar that quantifies the impact of the interfacial electrostatic field

on M diffusion process [55], with f,, values greater (lower) than unity representing a conductive
accelerating (retarding, respectively) effect depending on the sign of the product z,xy,. For a potential
distribution y(r) given by the Debye-Huckel formulation of the PB equation (Eq. (13)), f,,, simplifies into

fam =1=27"2,y, / (xa) (17)

Accordingly, the effect of the electric double layer field on the dynamics of M diffusion to a charged reactive

microparticle (with xa>>1) remains basically insignificant ( f,,, ~ 1) simply because the corresponding

diffusion layer of thickness a then extends well above the Debye layer region.

2.2.2. Case where particle electrostatics is completely screened.

Under complete electrostatic screening conditions, the potential distribution verifies y(r)—>0, which

applies to either uncharged particles (y, —0) or particles whose surface charge is significantly screened by
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background electrolyte ions (1/x — 0). Following the methodology in [53], solving Egs. (8)-(11) in the limit

y(r)—0 leads to the following exact expressions for the M and ML concentration profiles c_,,,, (r)=¢(r)/¢

a SI?ML [eﬁa(l—r/a) _(1 _ a)e—ﬁa(l—r/a):| +[0( _,_f_,a (2 _ a’)](l— #3r /a)

cu(r)=1 — — 18
G(r) r agKML+[a+ha(2—a)}(1—¢m) 18
3 . a [0‘+’_7a (2_a)j|(1_¢1/3r/a)_|:eﬁa(1—r/u) _(1_a)e—ﬁa(1—r/a)] (19)
CML(r)_ r agI?ML+[a+i_Ja(2—a)J(l—¢1/3)

where o =1-e™*") and h, (dimensionless) is related to the Damkéhler number i, =D;'k,c/a> by

h, =K, \1+1/(ek,, ) (20)
Application of Eq. (9) then provides the M transport flux at r=a for y(r) -0

Juw(r=a)=Dycup/a (21)

where p (dimensionless) quantifies the contribution of ML dissociation at the particle surface to the flux
according to p=1+¢&k,, &, with the lability parameter ¢ defined by combining Eq. (14) in the limit
B = Bu (r=a)—>1 with Eq. (19) taken at r=a, i.e.

(1-¢)(1+ hcoth[ b, (¢ 1) ])-1

R ) )

For dilute suspensions of reactive particles (¢ <<1), Eq. (22) reduces to

=R, I(J&, + ek 142K, ) (23)
which consistently reproduces the result given by Galceran et al. [53] for the semiininfinite diffusion case.
Eq. (23) allows a refinement of the dynamic criteria established by Egs. (1)-(6) to discriminate inert from
dynamic ML complexes, and differentiate for the latter the kinetics-diffusion conditions in line with a labile
or non-labile ML system [50]. Namely, for &, >0 (i.e. £=0 and p=1), the flux J,(r=a) (Eq. (21)) reduces
to J,(r=a)=D,¢,/a: this is essentially the ‘free metal only case’ examined in §2.2.1 with account for
electrostatics and where ML behaves as if it is inert. The other extreme &x, >>1 refers to dynamic ML
complexes, and two limiting behaviors can be distinguished depending on the nature of the ML contributing
flux. In detail, for &, >>(K,, )(1+¢K,, ), we have & —1 and the M surface flux reduces to Jut defined by Eq.

(4) (with a << ): this is the fully labile ML case. For &, <<(&kK,, )(1+¢K,, ), which implies &k, >>1 to satisfy

the examined limit &, >>1, & and J,,(r=a) reduces to & — k2 /(K,, )and J,(r=a)—D,c, /a+J,, with J,

given by Eq. (6): this is the nonlabile ML scenario where M accumulation is dictated by both diffusion of free

M and kinetics of ML dissociation.

2.2.3. Case xu, >>1within the Debye-Hiickel electrostatic limit.

In the absence of specific interactions between ions from the background electrolyte and ligand L, the

intuitive relationship z,, =z, +2z between charges carried by ML and L is expected. However, when such
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interactions are operative (cf. e.g. [30]), ion-pairing will alter the pristine charge carried by L and it is the
resulting effective (or net) charge that drives the conduction-diffusion of ion-paired ligands through the
electric double layer at the particle/medium interface. Accordingly, depending on the electrolyte
composition and chemical nature of L, situations may arise where both L and ML are effectively uncharged

(i.e. B(r)—>1 and z,, =0 in Eq. (8b)) whereas z,>0. The developments in this section apply to such a
situation where Eq. (8) then reduces to

V2[ G (r)+ K G (r) |+ 272, {EM (r)V2y(r)+ [(dy(r)/dr)(dEM (r)/dr)]} =0 (a)

) (24)
da,, (r)/dr —y[a)ML (r)-a, (r)} =0 (b)

where we introduced y =k, /(azgl?ML) (m2). After some algebra, the solution cM(r) of Eq. (24a) can be written
in the general form

u(r)/ Bu(r)=(c, +c,F,, )~ &Ky, (EML (r) +j([ﬂM )] —1)(0|EML (4)/d§)d§} (25)

a

where ¢, (dimensionless) and c, (m) are constants, and the integral function F,, was defined in §2.2.1.
Outside the electric double layer, i.e. for x(r—a)>>1, we have y(r)—0 and f,(r)—1 so that the integral

in Eq. (25) becomes 0. This integral term can therefore deviate from a value of 0 only within the double layer
domain, and the magnitude of this deviation depends on the applicable ML concentration gradient therein.
Within the conventional Koutecky-Koryta approximation without electrostatics included, ML depletion in the
reaction layer of thickness ., is insignificant. Accordingly, under the condition &, >>1 which reflects weak
overlap between the reaction layer and the electric double layer, the integral in Eq. (25) can be safely
neglected, and we then infer

Oy, (r):rﬂM (r)(c1 +C2Fa,r)_gl?MLﬂM (r)wML (r) (26)
Substituting Eq. (26) into Eq. (24b), and retaining the Debye-Hiickel form of f,(r),i.e. £,(r)~1-z,y(r)/z

with y(r) given by Eq. (13), we then show after some lengthy algebra that «,, (r)=rc, (r) is defined by a

non-homogeneous Bessel differential equation whose solution is

CuL ()_(, ) =a,r ), (=X, )+ o, (—i")_(, ) +zrt %{Y/1 (—ik)?, )‘!/\(g)]/1 (—ik)Yg )dg -J, (—ik)_(, ):.;A(g)Y/1 (—ik)_(g )dg}

(27)
, Where a, (m) are constants, (cursive) i denotes the imaginary number (/> =-1), index k verifies k=2 for

y,>0 and k=1 for y,<0, and the radial function A(r) (m) in Eqg. (27) is further defined by

A(r)=rB,(r)(c,+cF,,). J, and Y, are the unmodified Bessel functions of the first and second type with

2%a,r
order A (dimensionless) that compares the respective thickness of the reaction layer and Debye layer
according to

A=2(xu, )'11/1+(5I?ML )-1 (28)

The space variable X, (dimensionless) in Eq. (27) also involves the xu, term and depends on r via

X, =2(xu,) " |z 2|y, e (29)
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The set of constants c,, and «,, are determined from proper application of the boundaries defined by Egs.
(10) and (11) for the here-examined z,, =0 case (cf. details in Supplementary Material, SM). Obviously, the
M concentration profile ¢, (r)=a,(r)/r directly follows from combination of Egs. (26)-(27). The Bessel
differential equation with solution provided by Eq. (27) displays an irregular singularity for X, — oo, which is
achieved for xu, <<1, and a regular singularity for X, =0, or equivalently y, =0. The former singularity
corresponds to a reaction layer that recedes deep inside the electrical Debye layer, and this scenario is not
covered by Eq. (26) as then the integral term in Eq. (25) would deviate significantly from 0. The latter
singularity actually corresponds to the situation treated in §2.2.2. Using the Taylor developments
J,(=*x,) > [2°T(1+2)] " (=X, ) and Y,(-X,) > -2'2"T(2)(-*X,) " valid for X —0 where T is the
Gamma function, we verified indeed that Egs. (26)-(27) considered in the limit y, — 0 reduce to the M and

ML concentration profiles given by Egs. (18)-(19). Finally, applying Eq. (14) with use of Eq. (27), we obtain for
the lability index &

§=Re(1—a‘1{aljﬂ (—ikZ(K/JO )z 2|y, )+0¢2Y}~ (—ikz(iquo ) 2z, )}) (30)

where Bg =, (r=a), the defining expressions of «,, together with those for ¢ , are given in SM, and the

notation ‘Re(...)’ means ‘real part of (...)". Using Eq. (9), it can be shown that the M flux at the surface of the

reactive microparticle is given by J, (r :a) =D,c.c, /a*, which leads for positively charged particles to

at| I - fe_
1+eK,,

yla (1 —F 1)

a,r.'2

_ T
1+UM£KML 772,K,|Y,

(1+ gI?ML )feI,MDMCITII Re

— (31)
a 1+U, &Ky 272K,

Ju(r=a)=

where the terms U, (dimensionless), £ (m) and /; (dimensionless) depend on the particle electrostatic
descriptors 1/« and y,, and on the dimensionless kinetic constant i, according to Eqgs. (S8)-(S9) and Egs.
(516)-(S20) in SM, respectively. The procedure to adapt Eq. (31) to the case y, <0 is detailed in the SM. In

the limit where ML is inert (i.e. the case retrieved for K,, —0), Eq. (31) correctly reduces to Eq. (16).

3. Results and discussion.
In the following sections, the dependence of the lability index & on particle electrostatics, M-ML

chemical kinetics and transport, is detailed for uncharged (§3.1) and charged (§3.2) complexes ML and ligands

L. For the latter case, we differentiate situations where the charge neutralization of L by M (z, >0) is
insignificant (i.e. z,, =z, §3.2.1) or not ( z,, =z, +2,,, §3.2.2). In line with arguments in §2.2.3, we recall that

the achievement of these different ML/L charge configurations is connected to the nature of L and to the

extent of pairing of L and/or ML with ions from the background electrolyte.
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3.1. Uncharged metal complexes and ligands ( z,, =z, =0).

For given values of the Debye layer thickness 1/« and particle radius a (with xa >>1), Figure 2 reports
variations of & (Egs. (8), (10)-(12), (14)) over a large range of &, =D;'k,ca*, thereby covering all possible
scenarios depending on the nature of M (and associated k, value) and on the respective extensions of the
reaction and diffusion layers with thicknesses u, (Eqg. (5)) and a, respectively. Results are plotted in semi-log
representation as a function of xu, which reflects the magnitude of the overlap between these two
interfacial layers. Figure 2A evidences a sigmoidal decrease of £ from & —»1 to & — 0 at fixed particle surface
potential y, with increasing xu, from xu, — 0 to xu, — o . These asymptotic limits correspond to the fully
labile and nonlabile ML cases, respectively, and they are achieved irrespectively of y, . The uncharged particle
case (dotted line) is correctly reproduced by the analytical expression of & defined by Eq. (23). At fixed «u, ,
ML lability index increases upon making the surface potential y, more negative, i.e. more attractive for the

metal ion. Conversely, taking the case of an uncharged particle as a reference, ML loses lability with a particle

surface that becomes more positively charged. The amplitude of the observed modulations in ¢ at fixed &z,
is more significant for y, >0, which makes the dependence of & on y, asymmetric, especially at values of
xu, close to unity. Accordingly, the nonlabile ML limit & — 0 is reached at lower values of xu, for sufficiently
large ya(> O) as compared to the case y, <0. Figure 2A thus shows that repulsive (attractive) interactions

between M and reactive particle lead to a decrease (increase, respectively) of ML lability or, equivalently, to
an increased contribution of ML dissociation kinetics (diffusion, respectively) to the M accumulation flux at

the particle surface. Figures 2B-2C highlight how the sigmoidal dependence of & on xu, for y, =-2,0and 2
is impacted by K,, and £=D,, /D,, . Anincrease in K,, or ¢ for any of the tested y, implies a decrease in ¢
at fixed xu,, which is in agreement with inspection of Eq. (23) valid for y, =0. Qualitatively, this finding is
explained by a corresponding significant decrease of the ratio J,, /J,, (Eq. (3)) as a result of either decreasing
Js, (Eq. (6)) due to decrease in k, (Figure 2B), or increasing J,. (Eq. (4)) due to increase of D,, (Figure 2C).

In turn, M transfer from bulk solution to the particle becomes increasingly limited by ML dissociation kinetics.

For the sake of completeness, Figures 2B-2C display the expected variation of & on xu, for uncharged
particles and fully nonlabile ML complex, i.e. §—>E;/2/(EI?ML) (cf. §2.2.2) : numerically evaluated ¢

consistently converges to this analytical limit at sufficiently large xu, where nonlability of ML is significant.
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Figure 2. Dependence of ML lability index & on y, (indicated) (A), and on I?ML (B)and ¢=D,, /D,, (C)for y,=-2,0

and 2 (indicated), as a function of xz, . In (B): K, =10 (a), 10% (b), 10%(c). In (C): £=0.1 (a), 1 (b). Dotted lines in
(A) and (B)-(C) refer to the uncharged particle case (Eqg. (23)) and to the kinetic limit & — k2 /(gI?ML), respectively.
Panels (D), (E) and (F) report (and extend) results of (A), (B) and (C) in the form & /&, where & is the ML lability
index at y, =0. Dotted lines in (D)-(F) are predictions using the linearized Debye-Hiickel (denoted as ‘D-H’)

expression of y(r) (Eq. (13)). (A)-(F): solid lines refer to results from numerical solving of Egs. (8), (10)-(12)/(13),

(14). Unless otherwise specified, adopted model parameters are: 1/x=10nm, a=1pm, r. /a=50, ¢ =1, I?ML =

10% z,,=2, z,, =2, =0.

To quantify the relative changes in & mediated by particle electrostatics as compared to the situation

where the particle is uncharged, Figures 2D, 2E and 2F display and extend the results of Figures 2A, 2B and

2C, respectively, in the form &/& where £ is the ML lability index for y, - 0. Figure 2D confirms the

asymmetry in the dependence of £ on y, atgiven xu_ , and it further illustrates the correctness of the Debye-

Hiickel form of y(r) (Eq. (13)) in reproducing the results obtained with the non-linearized expression of y(r)

(Eg. (12)), even for

Ya

counterintuitive given the range of

Y

>1 (this conclusion also holds for Figures 2E-2F). This finding may seem

that legitimates the use of Eq. (13). It is explained by the decreasing

contribution of the particle electrostatic field to the interfacial M (and therewith ML) concentration profiles

upon increasing xu, , i.e. extending the reaction layer further away from the Debye layer. In addition, at

sufficiently low (high) xz, , £/&, becomes necessarily independent of y, as then ML complex becomes fully

labile (nonlabile) with the associated limits &/& —1 (&£/&, — 0, respectively). Figures 2E-2F further

evidence that for a given setting of M-particle attraction (repulsion) and «u, , there is a relative gain (loss,

respectively) in ML lability with increasing K,, or ¢ as compared to the corresponding case where the

particle is uncharged. As confirmed by the analysis of the corresponding M/ML concentration profiles (Figure
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S1in SM), these relative variations of the lability captured by the ratio £/ & originate from the higher (lower)
ML concentration in the close vicinity of the particle surface (as compared to the uncharged particle case)
upon promoting M-particle repulsion (attraction, respectively). This electrostatics-induced buffering
(depletion, respectively) of ML at the particle/medium interface (and the associated decrease (increase) in
lability) is enhanced for increasing values of K,, or & in comparison to the corresponding situations where
y, =0 (Figure S1).

Figure 3A details how the double layer thickness 1/« impactson & for y, =-2,0and 2, all other relevant
parameters of the system being fixed. At fixed y, and given «xu , the lability index & decreases with
increasing 1/« . Qualitatively, this dependence is explained by the xu, scaling adopted in abscissa, which
generates a shift of the curves & versus xu, to the left with increasing x™* at given . Unlike the trivial case
y, =0, the dependence of ML lability index on xu, for y, #0 does not simply reduce to the above scaling,
which is highlighted in Figure 3B where the data of Figure 3A are reported after normalization of & by & .
As expected, £/, is independent of x* for y, =0 (with resulting &£/£&, =1) while increasing values of x™*

generate a relative gain (loss) in ML lability for scenario where M-particle attraction (repulsion, respectively)
prevails. Said otherwise, as the ionic strength of the medium decreases, the surface charge experienced by
M is effectively greater due to the decreased electrostatic screening by the background electrolyte. The

maximal gain/loss in lability is shifted to lower sz, with increasing x* as a result of the scaling invoked

above. In other words, the effect associated with an increase of «* at given # 0 is qualitatively similar to

Y

that caused by increasing |ya| at given x* (Figure 2D). This correspondence highlights the dynamic nature of
the lability parameter and the way in which the interfacial electric field dy(r)/dr|,:a affects M/ML
concentration polarization (see Eq. (7)). For illustration, we have indeed dy(r)/dr|r:a ~—xy, in the Debye-

Hiickel approximation so that &£/ ¢ is expected to actually depend on «y,, in accordance with numerical

results. In contrast, equilibrium BLM and FIAM frameworks, when properly corrected for particle

electrostatics, solely involve the Boltzmann enhancement (and thereby y, ) of the M/ML concentration at the

particle surface, thus ignoring the impacts of the interfacial electric field on M and ML surface concentrations.

Finally, we report in Figure 3C the variations of &/¢& versus y, at xu, =1, 10 and 10% with or without
assuming Debye-Hiickel expression for y(r) (Eq. (13)) and with including comparison to predictions from Eq.
(30). Beyond the features already discussed in the preceding figures (i.e. an asymmetric dependence of &/¢,
on y, that is more or less pronounced depending on xu, and the correctness in applying Eq. (13) to

approximate the results derived with Eq.(12), Figure 3C shows that Eq. (30) properly reproduces &/¢&, at

sufficiently small and large xu, , which is fully consistent with the conditions validating the application of

Ya

Eq. (30). In detail, Eq. (30) actually corresponds to the equation of the tangent to the curve &£/& vs. y, at
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y, — 0. Similar conclusions are obtained in Figure 3D where & /¢ is plotted as a function of y, for xu, =10

and different values of x*.
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Figure 3. (A) Dependence of £ on y, (indicated) and x as a function of xu, . 1/x=1nm(a), 10 nm (b), 30 nm(c).
(B) Asiin (A) for £/ &, . Dotted lines in (A) and (B) refer to the kinetic limit & — k> /(gI?ML)and to predictions with

linearized Debye-Hickel (D-H) expression of y(r) (Eg. (13)), respectively. (C) &/ <&, versus y, for different xu,
(indicated) and 1/ x =10 nm. (D) /&, versus y, for 1/x=1nm (a), 10 nm (b), 30 nm(c) and &, =10. Black and

colored dotted lines in (C) and (D) refer to predictions within D-H framework and with using Eq. (30), respectively.
(A)-(D): colored solid lines are results from numerical solving of Egs. (8), (10)-(12)/(13), (14). Unless otherwise

specified, model parametersare: 1/x=10nm, a=1pum, r. /a=50, ¢ =1, I?ML =10% z,=2, z,, =2, =0.

Finally, we emphasize in Figure 4 the connections between lability index & (Eqg. (14)) and associated M/ML
concentrations profiles under selected xu, and y, conditions. Results for ¢_,,, (r)=c(r)/c are reported as
a function of the scaled space variable (r—a)/ u, (Figures 4A-4C) and (r—a)/a (Figures S2A-S2C in SM).
Starting with the case y, =0 (Figure 4B), increasing xu, at fixed «* comes to increase the thickness of the
reaction layer, that is extending the interfacial region where the equilibrium relationship ¢, (r)/c,(r)= Ky.Co
(or, equivalently, EML(r)/EM (r):l) does not apply (Figure S2B). As a result, ML depletion at the particle
surface is reduced with increasing xu, , and ML lability index & decreases (Figure 4B), in line with the
conclusions from Figure 2. In the fully labile limit & — 1 reached for xu, <<1, equilibrium between M and ML
is maintained all along their diffusion to the particle surface. The equality ¢, (r)/c,(r)=1 then holds

everywhere at the particle/medium interface and, in turn, sink conditions at the particle surface hold for

both M and ML species (Ei=M,ML(r=a)=0)' These features are qualitatively maintained when particle
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electrostatics comes into the picture (Figures 4A,4C). On a quantitative level, attractive M-particle
interactions (Figure 4A) increases M surface flux and accumulation at r=a (Eq. (9), cf. §3.2.2), thereby
forcing ML to dissociate to satisfy the electrostatics-induced demand in M. As a result, ML depletion at the
particle surface is enhanced, and & increases as compared to the case of an uncharged particle. Obviously,
this effect is most pronounced at intermediate xu, where ML is neither fully labile nor fully nonlabile.
Conversely, any electrostatic repulsion between M and particle surface, combined with the sink condition
imposed for the M species at r=a (Figure 4C), results in a maximum reached by EM(r) for intermediate &y,
where there is significant overlap between reaction and electric double layers. In turn, the electric double

layer field contributes to reduce ML depletion at the particle/medium interface in comparison to the

situation y, =0, and ML lability is therefore diminished. These properties are further illustrated by Figure S3

in SM where ¢c_,,,, (r) profiles are plotted for xu, =107 1 and 10 and a detailed sequence of y, values.
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Figure 4. Spatial distributions of the concentration profiles ¢,(r)=c,,(r)/c, (dotted lines) and €, (r)=¢,. (r)/cu
(solid lines) for y, =-2 (A), 0 (B) and 2 (C) plotted as a function of the scaled space variable (r—a)/uo for xu, =10
(blue), 1 (red) and 107 (black). Dotted and solid black curves for ©,,(r) and €, (r), respectively, are confounded for
i, =107 (this is the fully labile limit, & — 1). Adopted model parametersare 1/x=10nm, a=1um, r. /a=50, & =
1, I?ML =10% z,,=2, z,, =z =0.The Debye layer region of thickness x* is indicated in panel (A) for the three &, -
conditions examined.

3.2. Charged metal ligands.

3.2.1. Case of insignificant neutralization of ligand charge by metal ion (z,, =z ).

We analyse here how electrostatic interactions between particle surface, ML, M and L species affect ML
lability index &. Figure 5A reports & as a function of xu, for values of zML(:zL) differing with respect to
both magnitude and sign (while maintaining z,, =2). The case of negatively charged particle (y, =-2) is
considered, and corresponding M and ML concentration profiles are given in Figures 5B-5C at xu, =1 for
illustration. Figure 5A evidences that attractive interactions between ML and the particle (i.e. for z,, (=z )>0
) increase ML lability at fixed &z, , and this gain in lability thus adds to that generated by M-particle attraction
(cf. Figure 2A). In turn, the fully labile limit £ —1 is reached over an increasing range of xx, values with

increasingly positive z,, . Asaresult, the curves & vs. xu, become increasingly shifted to the rightas z,, (> 0)
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becomes more positive. Comparison with the results obtained for z,, =0 supports the finding that ML lability
is significantly enhanced when ML carries a positive charge. As detailed below for the case zML(: zL) <0, this
significant gain in ML lability at given xu, is also favored by an increase in the equilibrium concentration of L
(z.>0) at the particle surface. For the reasons detailed in §3.1, & decreases with xu, at given z, >0
following a sigmoid-like dependence. With increasingly positive z,, , the accumulation of charged ML species

at the particle surface becomes significant. It remains however less than that dictated by the equilibrium

Boltzmann factor ﬂML(rza) >>1 because of ML dissociation-supported consumption of M at the particle
surface. The increase in ¢, at r=a due to attractive electrostatics is clearly observed in the ML
concentration profiles (Figure 5B), and it is associated with a local maximum reached by ¢, in the direct
vicinity of the particle surface (Figure 5C). For sufficiently labile ML, EML(r:a) does not follow the zu.-

sequence expected from simple thermodynamic considerations (i.e. from the expected variation of

B (r=a) with changing zw.) due to fast ML dissociation kinetics.

The scenario where repulsive interactions between ML/L and the particle (i.e. zML(: zL) <0) take place is
marked by a lower ML lability index & at given xu, as compared to the corresponding z,, >0 case (Figure
5A). At sufficiently large xu, where the Debye layer is immaterial at the scale of the reaction layer, ML is
significantly nonlabile, ¢ becomes independent of particle electrostatics and of z,(=z) : & then
approaches the kinetic regime defined by §—>/?;/2/(5I?ML) (§2.2.2). More interestingly, we observe at
sufficiently small xuz, and for zML(= zL)<0 a non-monotonous dependence of £ on xu, (Figure 5A). Namely,
taking the example z,, (=z)=-2, ¢& first decreases with increasing &y, , in line with an extension of the
nonlabile region from the particle surface, then & increases at larger xu, to reach a local maximum, before
approaching the kinetic limit invoked above for xu, >>1. For z,, (=2 )=-3, the initial decrease in & with
increasing xu, even vanishes and a well-defined maximum is only observed in the overall & vs. xu, pattern.
In contrast, for zML(:zL):—l this (local) maximum is by far lesser pronounced and it leads only to a
modulation of the rate of decrease of & with increasing xu, . In addition, the foot of the aforementioned
maxima is clearly shifted to lower xu, as zML(:zL) becomes more negative. These findings are explained by
the significant exclusion of L species from the electric Debye layer when zML(:zL) becomes negative, and by
the ensuing dependence of the (equilibrium, §2.1) ligand concentration cfe)(r):c[ﬂL(r) on the position r
from the particle surface to the bulk electrolyte, with £ (r) the L Boltzmann factor at r. For sufficiently large
values of |zML(: zL)| (e.8. z, (=2 )=-3in Figure 5A) and large 1/« (i.e. low xu, ), the ligand concentration
that is effectively operational in the reaction layer (denoted hereafter as c ;) is necessarily close to 0 due to
electrostatic exclusion of L from the electric double layer. Consequently, the corrected Damkohler number
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K, = K,Cer / €, also approaches 0, which corresponds to complete nonlability of ML and a resulting £ —0.
When reducing 1/« (or increasing ), ¢ . hecessarily increases (due to less repulsion and thus less

electrostatic exclusion of L) and, therewith, i

a

-« and the lability index & . At sufficiently large xu, where the
reaction layer extends significantly away from the Debye layer, we have ¢ —¢ and &, —k,, and &
decreases with xu, according to the conventional kinetic regime specified above for y, =0 (nonlabile ML
case). In turn, these elements explain the origin of the (local) maximum observed for the dependence of &
on xu, . Obviously, the significance of the position-dependent ligand concentration in determining & is tied

to the magnitude of |zML(: z,)

, Which in turn defines the height and position of the maximum in & when
varying xu, . Figure 5B illustrates that not only L but also ML is expelled from the reactive interface, in
agreement with repulsive ML-particle electrostatics for z, (=z)<0. The resulting ML depletion at the
particle/medium interface generates therein a reduction in ¢, , albeit to lesser extent due to favorable M-

particle attraction (Figure 5C). For the sake of completeness, we report in SM (Figure S4) the equivalent of

Figure 5 for the case of positively charged particles (y, = 2). Qualitatively, the results basically mirror those
discussed above for negative y,, and maxima in EM(r) close to the particle surface are very well identified

for negatively charged ML (and L). Under the conditions prevailing in Figure S4, the transport of negatively
charged ML to the particle surface and the ML surface concentration enhancement are facilitated by
electrostatics, which in turn increases the M flux at the particle surface (see further discussion in §3.2.2). In
other words, lability is promoted by negative ML charge that bypasses the repulsive M-particle interaction

which, if solely operative, would lead to decreasing ML lability index (cf. Figure 2A).
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Figure 5. Dependence of & on z,, =z (indicated) as a function of xu, (A). Corresponding ,, (r) (B) and ¢,(r) (C)

profiles for xu, =1. Adopted model parametersare 1/x=10nm, y, =-2, a=1um, r. /a=50, ¢ =1, I?ML =107, z, =
2. The dotted lines in (A)-(C) specify the situation for uncharged particles (y, = 0).

3.2.2. Case of significant neutralization of ligand charges by metal ions ( z,, =z +z,,).

This situation corresponds to the intricate case where M, ML and L species are charged and the net charge

of the ML complex is mediated by the only pairing of L with M. Figure 6A reports the ML lability index & as a
function of y, for different settings of z =2z, —z,, (with z,=2) at ki, =1. Associated spatial distributions of
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M and ML concentration profiles are provided in Figures 6B-6E for y, =-2 and y, =2. Under the conditions
adopted in Figure 6, the uncharged particle case corresponds to & ~0.5. This value of the ML lability index
defines a common intersection point at y, =0 for all £ vs. y, curves generated for different z =z, -z, as,

then, the impact of electrostatics on & at this point becomes irrelevant, regardless of z For z =1,...,4,

i=M,LLML *
species L and ML (and M) are all positively charged. In turn, & increases from 0.5 to unity with increasingly
negative y, due to attractive electrostatics. Qualitatively, the situation combines some of the features

discussed in Figure 2A (uncharged ML and L) and Figure 5A (equally charged ML and L) with here distinct

contributions of z and z,, to the gain in ML lability. In agreement with Figure 5A, the more positive is z
the steeper becomes the increase in & with decreasing y, (< 0). When y, is made increasingly positive, &
progressively decreases, and for a given positive y,, & decreases with increasingly positive z . These latter
trends are due to enhanced repulsive particle electrostatics which mirror those discussed for y,< 0.

The tested negative charges of L (blue curves in Figure 6A) with z =-1,...,-4 encompass the peculiar
situation where the sign of ML charge changes, with z,, =1, ...,-2. Despite this reversal of the ML charge, the
ML lability index & decreases (increases) continuously at fixed y, <0 (y,> 0) while making z more negative.

This implies that the electrostatic effects connected to the L charge and to the dependence of its interfacial
concentration on position predominantly determine the change in ML lability along the lines we detailed in

§3.2.1. Closer inspection of Figure 6A reveals that & decreases with increasing y, from negative to positive
values at fixed z, =-1 (i.e. z,, =1) whereas an opposite trend is observed for z =-2,...,-4 (i.e. z, =0,...,-2).

This is due to the differentiated contributions of the ML and L charges to the ML lability index depending on

their attractive or repulsive interactions with the particle surface under the selected y, and xu, conditions.

Full ML lability is further reached for significant L-particle attractive interactions. Briefly, the M and ML
concentrations profiles given in Figures 6B-6C ( y, < 0) and Figures 6D-6E ( y, > 0) share common patterns with
those provided in Figures 5B-5C and Figures S4B-S4C for the z,, =z, configuration, respectively. Differences
(e.g. in the amplitude of local maxima or in surface concentrations) are connected to the applicable value of

Zy -
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2 3 ;t é
(r-a)/u,
Figure 6. Dependence of £ on z =z, —z, (indicated) plotted as a function of y, for xu, =1 (A). For readability
purposes, blue and black solid curves highlight cases where L charge is negative and positive, respectively.
Corresponding ¢, (r) (B,D) and ¢,(r) (C,E) profiles for y, =-2 (B,C) and y, =2 (D,E), as indicated. The dotted line
in (A) specifies the situation for uncharged L (z =0), and dotted lines in (B)-(E) correspond to the situation of
uncharged particles (y, =0). Other adopted model parameters: 1/x=10nm, a=1um, r, /a=50, =1, I?ML =107,

Z,=2.
Finally, we illustrate in Figure 7 how the M-surface flux JM(r=0)=J§j’ (Eg. (9) taken at r=a ) varies with

xu, for various values of y, at fixed z =z, =-2 and 2 (Figures 7A-7B), and for various z, =z,, -z, at fixed

y, =-2 and 2 (Figures 7C-7D). Results are given in the dimensionless form 4 =J& / J@

o (black solid curves)

to ease comparison with predictions for the uncharged particle case. To further facilitate the interpretation
of the nature of the flux (i.e. diffusive versus kinetic contribution, cf. Eqs (4)-(6)), for each condition tested

we report the results in the forms J& =@ /J,{j""“|y _, (blue dotted lines) and J) = jia) 7 jlain

. (red dotted

Vo=

lines) where Jﬁj"d‘f|y _, is defined by Eq. (4) (with 5 >>a therein) and J@kn

(a),kin
¥a=0 by i

— * *
=0 Dy 1 a+kyC tts s

as demonstrated in §2.2.2. Within the scope of the current study, it is important to discuss explicitly the

variations of M flux at the reactive (bio)particle surface as a function of the dimensionless parameter xu,

because metal flux is a central quantity in the evaluation and interpretation of the ML lability index (Eq. (14))
and ML lability parameter (Eq. (3)). Accordingly, Figure 7 below makes for the first time the connection
between metal flux, lability index and nature of the process (i.e. ML dissociation kinetics or M/ML diffusion
transports) that limits metal (bio)accumulation over time depending on the magnitude of the relevant
electrostatic descriptors of M, L and ML (i.e. their respective valence), and those of the bioparticle surface

(i.e. the surface potential y,).
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Figure 7. Evolution of the M surface flux J,, (r:a) =J8@ with xu, as obtained from Egs. (8)-(12), and normalized by

()
JM

(solid black curves), J,fj"“”| (blue dotted lines) and J@n (red dotted lines) where Jﬁj)'d”| and J@Win
¥.=0 ¥a=0 ¥.=0 ¥a=0

¥a=0

are defined in the main text. Panels (A) to (D) refer to different settings of the particle surface potential y, (indicated)
and z_,, (indicated). Other adopted model parameters: 1/ x =10 nm, a=1pum, r. /a=50, ¢=1, K,, =10?, z,, =
2.

The overall shape of the J? versus xu, plots is reminiscent of that discussed earlier for the dependence
of £/&, on the particle surface potential y. (Figure 2D), which strengthens the intimate connections existing

between ML lability and the nature of the M accumulation flux at the surface of the reactive particle, as

discussed in §2. Gain or loss of ML lability as compared to the reference situation y, = 0 depends on the sign
of the dominant L/ML/M-particle interactions and on the magnitude of xu, (cf. e.g. Figures 2,3,5). In
addition, fully labile and nonlabile limits as achieved at sufficiently small and large xu, - previously argued to
be independent of particle electrostatics - result in a maximum or minimum in the representation &£/¢&,
versus xu, depending on the sign of y, (Figures 2D-2F). These findings also apply to the normalized flux of

M at the particle surface, the existence of a maximum or minimum being connected to the attractive or

repulsive M/L/ML-particle interactions that predominantly impact on ML lability (Figure 6). Regardless of xu,
, we have J® <1 for parameter settings in line with sign(y,xz )>0 and, conversely, J®>1 for
sign(yasz)<0 (Figures 7A-7B). Exceptions include the specific case where ML and L carry charges of
opposite sign (Figures 7C-7D) for which it is the sign of the product y, xz,, that governs that of J® —1 (cf.

Figure 6). Cases J <1 and J >1 refer to a loss and gain of lability (£/& <1 and £/¢& >1, respectively)

as compared to the situation met for uncharged particles, due to enhanced repulsion and attraction,
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respectively, prevailing between the particle surface and L and, to some lesser extent, ML. Accordingly, the

M flux decreases or increases relative to that evaluated at y, =0 for any value of xu, , and this relative
decrease or increase is most significant at xx, <1 and xu, >1 where the ML lability index at y, =0 is highest
and lowest, respectively. In turn, the modulations of J# illustrated in Figure 7 at xu, <1 and xu, >1 mainly
reflect how the limiting diffusive and kinetic contributions to J?, respectively (cf. blue and red dotted lines

in Figure 7) are impacted by particle electrostatics and by the underlying changes in L, ML and M
concentration polarizations at the particle/medium interface. Depending on z,, z,,, y, and xu,, J& may
be a factor 10 to 100 larger or lower as compared to that estimated when either particle charge is 0 or particle
electrostatics is significantly screened. In the field of ecotoxicology where the reactive particle can be
assimilated to a microorganism or an active M-responsive tissue (e.g. bacteria, microalgae or fish gills),
electrostatics-induced variations in metal bioaccumulation fluxes may have dramatic implications, e.g. cell
death following an overshoot (deficiency) of toxic (essential, respectively) metals at xu, >1 (&, <1,
respectively). This finding strongly advocates for a careful analysis of the way in which interfacial
physicochemical kinetics and transport processes at reactive (bio)surfaces are mediated by electrostatics so
as to assess properly e.g. the impacts of ionic contaminants on biota. Current practice is however often
reduced to simplistic thermodynamic considerations and adoption of Biotic Ligand Models where the
operational coupling between reaction layer, diffusion layer and electric double layer is entirely ignored.

Additional practical implications of this work are delineated in the following section.

4. Practical implications.

Evidently, the magnitude and nature of interfacial electric fields will play a crucial role in ion interaction
kinetics across diverse domains such as mineral sorption, catalysis, electrokinetics, bioavailability/biouptake,
etc. In each case, the effective interfacial electric field derives from the nature of the interface (hard/core
shell/soft, density of structural charges) and its spatial scale, as well as the conditions in the medium, notably
pH, ionic strength and background electrolyte composition. In the presence of an electric field, the local
concentrations of ionic species (i.e. free M, ligand, H*, background electrolyte ions) will differ from those in
the bulk solution. It is these local conditions at the interface which determine the overall reactivity.
Straightforward quantitative assessment of the applicability of our theory requires experimental systems for
which the rate of the interfacial reaction can be measured as a function of the charge of the reactive surface,
under conditions where chemical speciation in the exposure medium remains constant - or at least well
defined. However, to the best of our knowledge no such systematic experimental data exist, and we
therefore do not report here plots where experimental data are compared quantitatively to predictions from
the theory formulated in this work. Instead, in the following we outline a few practical cases for which the

effect of the interfacial electric field is qualitatively evident in line with expectations from theory.

25



Firstly, the rate of metal ion sorption on mineral surfaces is a useful practical example. The pH and
electrolyte composition of the surrounding medium, together with the crystalline structure, determines the
net surface charge carried by a mineral. Measurements of the rate of Cd(ll) sorption on three minerals
(sepiolite, palygorskite, and calcite) have been reported in the presence of several ligands at pH ca. 7 in 5
mM CaCl; electrolyte [56]. The point of zero charge (pzc) for sepiolite occurs at ca. pH 2 (in 1 mM KCl) [57],
that for palygorskite at pH ca. 4 [58], and that for calcite at ca. pH 8 (in 1 mM KNOs) [59]. Thus, at pH ca. 7
sepiolite will be negatively charged, palygorskite will also be negatively charged albeit to a lesser extent than
sepiolite, whilst calcite will carry a positive surface charge. For the free Cd?** alone, the sorption rate on
sepiolite was observed to be greater than that of calcite [49]. This observation can be understood by

extending Eq. (16) beyond the sink-condition in the context of M surface adsorption process, i.e. [48,49,60]
hw(r=a,t)=f,,Dua* ci— B (r=a)k;'T,(t)|=dr,(t)/dt (32)
with T, (t) (mol m?) the adsorbed metal concentration at time t and K;'I'(t)=c is the surface

concentration of M (uncorrected for electrostatics) in the linear adsorption regime (valid at sufficiently short
t) with the chemical Henry adsorption coefficient denoted as K, (m). Eq. (32) leads to

famPua™

0y (r = a't) = f;I,MDMa-ICIT/Ie Aulr=al (33)

where f,, ~1 for microparticles (cf. §2.2.1). Accordingly, from Eq. (33) we infer that the flux becomes

increasingly greater as the surface charge becomes increasingly negative together with a corresponding

increasing ,HM(r:a) that well exceeds unity due to electrostatics-driven enhancement of M concentration

at the particle surface. This trend agrees qualitatively with the experimental findings in [56]. However, the
assessment of the potential ligand-assisted transfer of Cd(ll) to the mineral surface requires analysis of the
local concentration profiles of the involved species and the lability of the metal complexes. Insufficient
experimental details were provided to enable such an analysis.

Metal bioavailability is another domain in which interfacial electric fields will influence the supply and
uptake fluxes. In addition, biota themselves can actively modify the physicochemical conditions in the
biointerfacial zone. For example, the pH near the surface of freshwater algae can be of the order of 1 pH unit
higher than that in the bulk aqueous medium [61]. Such a difference in pH will have a large impact on the
local metal speciation, and thus on the contributing supply and uptake fluxes. To date, a simplistic empirical
equilibrium model has been used to interpret the consequences of this local pH environment for metal ion
bioavailability, with the assumption that the equilibrium bulk concentration of the free metal ion is the only
relevant species for biouptake [61,62]. However, such an assumption only holds if the rate of the interfacial
uptake process is much slower than the rate of diffusive supply of free M towards the biointerface.
Compliance with this kinetic criterion was not verified [61]. Rather, proper analysis of this situation requires
coupling of the diffusive transport and lability of metal species in the exposure medium with biouptake

kinetics in a dynamic type framework calling for implementation of Best equations [17,48,49,63].
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In general, the pH and ionic strength in the interfacial region of a charged surface will differ from that in
the bulk aqueous medium. Thus, during transport towards the reactive interface, the metal speciation
dynamics will adapt to the local pH and electrolyte conditions as well as to the effective electric field. The
interplay between the timescales of (de)protonation, ionic strength adaptation, and electrostatic relaxation
will determine the overall interfacial reactivity. In this regard, we have presented earlier a framework for
interpreting the chemical speciation dynamics in protonated system [64,65], which can be extended in the

context of the theory presented therein.

5. Conclusions, and perspectives.

In this first exercise, we have illustrated the theoretical framework under limiting flux conditions, i.e. the
situation where the reactive interface acts as a perfect sink for the target ion such as metal. However, the
concepts are applicable to any metal boundary conditions, as supported by earlier demonstration that the
lability of metal complexes is independent of the adopted interfacial boundary conditions [66]. Accordingly,
in the case of metal-accumulating (bio)interfaces, the influence of the electrostatic field can be incorporated
into Michaelis-Menten type descriptions of biouptake rates over the entire spectrum of metal bioaffinities
and bioconversion capacities [17-20], thereby offering new insights into bioavailability-bioaccumulation
relationships as well as strengthening quantitative interpretation of metal detection by whole-cell biosensors
[41,67,68]. Via the analysis of different practical scenarios differing in terms of ML complex chemodynamics
and biointerfacial electrostatics, the results detailed in this work emphasize the key importance of the
coupling between electric double layers and reaction layers on the contribution of metal complexes to
interfacial metal (bio)accumulation. Overall, dominating M/ML/L-particle repulsion and attraction may lead
to significant loss and gain in metal complex lability as compared to the uncharged particle case, respectively.
These changes are associated to here identified-modulations in the interfacial concentrations of the relevant
metal species, as determined by intertwined chemical kinetic, diffusive and conductive processes.

The framework presented herein for molecular complexants can be extended to treat the case of
nanoparticulate complexants. This situation is however somewhat more involved due to the necessary
additional coupling between the local intraparticulate reaction layer and the reaction layer operational at
the macroscopic metal-consuming interface [69-71]. On top of this, the treatment will require adequate
implementation of the overlap between the electric double layer of the reactive macrosurface and that of
the charged nanoparticulate complexant. Nevertheless, in principle it is possible to include the necessary
electric field parameters within the existing Eigen-extended framework for describing the lability of
nanoparticulate metal complexes [71]. Finally, we underscore that our conceptual framework holds for any
system in which the transport of a charged analyte is assisted by other charged entities. It is thus envisaged
to find broad conceptual applicability across diverse domains including catalysis, bioremediation,

ecotoxicology, and drug delivery.
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Main symbols and abbreviations

Latin

a radius of the (spherical) consuming particle or interface (m)

cf concentration of free L in the bulk medium (mol m)

cm concentration of M (mol m?3) (dimensionless form: ¢, )

oML concentration of ML (mol m?3) (dimensionless form: ¢, )

c:M total metal concentration in the bulk medium (mol m?)

Dwm diffusion coefficient of M (m?s?)

DL diffusion coefficient of ML (m?s)

feim conductive coefficient for M diffusion (dimensionless)

Jait diffusive flux (mol m2s?)

Jkin kinetic flux (mol m?s?)

ka association rate constant (m* mol?s?)

kg dissociation rate constant (s2)

Kwi stability constant of ML (m* mol™?) (dimensionless form: K,,, )

L free ligand

£ lability parameter (dimensionless)

M free metal ion

ML metal complex

r radial coordinate (dimensionless form 7).

v, dimensionless surface potential of the (spherical) M-consuming particle

Zi=L,M,ML charge of L, M and ML

Greek

L=ummi(r) Boltzmann factor at position r for L, M and ML species.

s mean diffusion layer thickness (m)

£ ratio between Dy and Dy (dimensionless)

& ML lability index (dimensionless)

1/x Debye screening length or characteristic electric double layer thickness (m)

K, dimensionless Damkdhler number for the kinetics of association of M with L (uncharged
particle case)

i, reaction layer thickness for the case of uncharged particle (m)
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I. Expressions of the constants «,, and c,, involved in Egs. (26), (27) and (30) of the main text. Il

Supplementary Figures. M and ML concentration profiles for different values of y, and K, with z, =z =0

(Fig. S1). M and ML concentration profiles for different values of y. and xu, with z, =z =0 (Figs. S2-S3).

Dependence of the ML lability index & on xy, for different values of z,, =z, and corresponding M and ML

concentrations profiles under selected xu, condition (Fig. S4).
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Figure Captions.

Figure 1. Schematic representation of the transport, chemical kinetic and electrostatic contributions to the overall flux
of metal ions (M) at an electrically charged interface (e.g. organism or electrode) that consumes free M. The valences
of species M, ML and L are denoted as zy, zw. and z,, respectively, and the diffusion layer thickness is set to a, the
curvature radius of the consuming interface. The work aims at addressing the effects of electrostatics on the lability of
ML complex and, therewith, the way the interplay between reaction layer, electric double layer and diffusion layer
affects the overall transfer of M to the reactive surface. The electrostatic factors f-umme and fei-umme refer to the
Boltzmann accumulation/depletion and conductive acceleration/retardation of diffusion for L, M and ML species,
respectively. See text for details.

Figure 2. Dependence of ML lability index & on y, (indicated) (A), and on I?ML (B)and ¢=D,, /D,, (C)for y,=-2,0and
2 (indicated), as a function of &z, . In (B): K,, =10 (a), 10? (b), 10%(c). In (C): £=0.1 (a), 1 (b). Dotted lines in (A) and
(B)-(C) refer to the uncharged particle case (Eq. (23)) and to the kinetic limit & — k2 /(gI?ML ) , respectively. Panels (D),
(E) and (F) report (and extend) results of (A), (B) and (C) in the form & /& where & is the ML lability index at y, =0.
Dotted lines in (D)-(F) are predictions using the linearized Debye-Huickel (denoted as ‘D-H’) expression of y(r) (Eq. (13)).

(A)-(F): solid lines refer to results from numerical solving of Egs. (8), (10)-(12)/(13), (14). Unless otherwise specified,
adopted model parametersare: 1/x=10nm, a=1um, r. /a=50, ¢=1, I?ML =10?% z,,=2, z,, =2, =0.

Figure 3. (A) Dependence of £ on y, (indicated) and k™ as a function of xu, . 1/x=1nm (a), 10 nm (b), 30 nm (c).

(B) As in (A) for &/ & . Dotted lines in (A) and (B) refer to the kinetic limit & — k2 /(gI?ML)and to predictions with

linearized Debye-Hiickel (D-H) expression of y(r) (Eq. (13)), respectively. (C) &/ & versus y, for different xu,

(indicated) and 1/x=10 nm. (D) £/¢& versus y, for 1/x=1 nm (a), 10 nm (b), 30 nm (c) and &, =10. Black and

colored dotted lines in (C) and (D) refer to predictions within D-H framework and with using Eq. (30), respectively. (A)-
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(D): colored solid lines are results from numerical solving of Egs. (8), (10)-(12)/(13), (14). Unless otherwise specified,
model parameters are: 1/x=10nm, a=1um, r. /a=50, ¢=1, I?ML =10?% z,=2, z,, =2, =0.

Figure 4. Spatial distributions of the concentration profiles ¢,,(r)=c,(r)/c, (dotted lines) and ¢, (r)=c, (r)/
(solid lines) for y, =-2 (A), 0 (B) and 2 (C) plotted as a function of the scaled space variable (r—a)/,uo for xu, =10
(blue), 1 (red) and 107 (black). Dotted and solid black curves for €, (r) and ¢, (r), respectively, are confounded for
&, =107 (this is the fully labile limit, & — 1). Adopted model parametersare 1/x=10nm, a=1um, r. /a=50, ¢ =
1, K, =10%, z, =2, z,, =2, =0. The Debye layer region of thickness x* is indicated in panel (A) for the three xu, -
conditions examined.

Figure 5. Dependence of ¢ on z,, =z, (indicated) as a function of xu, (A). Corresponding ¢, (r) (B) and G,(r) (C)
profiles for xu, =1. Adopted model parametersare 1/x=10nm, y, =-2, a=1um, r. /a=50, ¢ =1, I?ML =10% z, =
2. The dotted lines in (A)-(C) specify the situation for uncharged particles ( y, =0).

Figure 6. Dependence of & on z =z, —z, (indicated) plotted as a function of y, for xu, =1 (A). For readability
purposes, blue and black solid curves highlight cases where L charge is negative and positive, respectively.
Corresponding ¢, (r) (B,D) and €, (r) (C,E) profiles for y, =-2 (B,C) and y, =2 (D,E), as indicated. The dotted line in
(A) specifies the situation for uncharged L ( z, =0), and dotted lines in (B)-(E) correspond to the situation of uncharged

particles ( y, =0). Other adopted model parameters: 1/x=10nm, a=1um, r. /a=50, ¢ =1, I?ML =10% z,,=2.

Figure 7. Evolution of the M surface flux JM(rza)zj,‘jl" with xu, as obtained from Egs. (8)-(12), and normalized by

J@ 0 (solid black curves), J&j"d‘f|y3:o (blue dotted lines) and J&hkin o0

H (a),dif (a),kin
(red dotted lines) where J |ya:0 and J@ om0
are defined in the main text. Panels (A) to (D) refer to different settings of the particle surface potential y, (indicated)

and z_,, (indicated). Other adopted model parameters: 1/x=10nm, a=1um, r, /a=50, =1, K, =10?% z,,=2.
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I. Expressions of the constants «,, and c,, involved in Egs. (26), (27) and (30) of the main text.

The constants «,, and c,, defining M and ML concentration profiles under the conditions examined
in §2.2.3 (i.e. z, =0, xu, >>1, and Debye-Hickel formulation of the potential distribution y(r), cf. Eq.
(13)) are defined by the boundaries expressed by Egs. (10)-(11) taken in the limit z, =0.Intermsof ¢_, .,
, these boundaries become

Cu(r=a)=0 (a)
dcy, (r)/dr|_ =0 (b) (51)

G (r=1)=1 (0]
To lighten notations, we proceed to the evaluation of «,, and c,, first for the case y, >0, and then for
y,<0.
a. Case of (strictly) positive surface potential y, >0. Combining Eq. (S1a) with Egs. (26)-(27), we obtain
—c, +aeK,, (e )5 +a,¥7)=0 (S2)
, where we introduced 3 =1,(X,), ¥; =Y,(X,) with X, =X,_,. After some algebra, Eq. (S1b) leads to
—fic, +6,(a,df; +a,dY;) =0 (S3)

, with 0,=2"¢K, x52X, (m?), dE=-AL+,,, dY?=-AY+Y?

A+17 A+1

and A, =1/X, (dimensionless).
Combining Eq. (27) with Eq. (S1c) specified for i=ML yields

—r.+a ) +a,Y; +clf +c,l5 =0 (S4)

S1



with Js=J,(X,), ¥i=Y,(X.) and X.=X__, and we introduced the integral terms /¢ (in m) and I
(dimensionless) defined by
—n—{w [¢Ba(€)1, (X, )dg - j SPul$ )dg}

(s5)
i =7r£{Y; [¢Ba(S)F, 2, (X. )dg -] 4,8M(4)Fa,;n()‘<¢)d§} (b)

, with y =k, /(a*K,, ) (m?)and F,, :J'g“‘zﬂ,\‘,}(g)dg“ (m™) similar to the definition given in the main text.

Finally, using Eqg. (26) and Eq. (S1c), we obtain

1-c,—cF, +&K, =0 (S6)

Zﬂf

The solution of the linear algebraic system consisting of Egs. (S2), (S3), (S4) and (S6) yields «,, and

c,, - After rearrangements, we obtain for c,

1+U, &K, va? (l; T J

1+¢K
¢, =(1+ekK,, )R} — b (57)
© 14U, ek vat (I -F L)
, Where v=,/z7z,k, .in Eq. (S7) is defined by
U = J2dy? —y2dse (s8)
Y-y v (JsdYE —Ysd)s)
, or, equivalently, after substitution of the defining expressions of ds2 and dY? into Eq. (S8),
Uac J Y}+1 Y} j4+1 (59)
C (Ve =Y ) (LA, ) (aYs - sYs)
The constant c, then follows from Egs. (S6)-(S7)
- r
u Cz?K,\,Ichrl( s Fa}l°j
& 1+eK,,
¢, =(1+¢K,,) — (S10)
1+U, &K, va? (I —F;15)
, and the expressions of the constants «,, then read as
f r
a,=—2—|(1+ gK Iy — — [+, (-1 a
1 flyc fz-]c ( ) 1 1+5KM|_ (2 1ar) ()
(S11)

— f c _ rc _c
G fzjc{(l-hgl( )(/1 1+8/?MLJ+ (15 IIFG,)} (b)

, Where we defined the scalars f,, (m™) according to

S2



{ fi=-a*[a0,ds; - fiek, )2 ] (a) (S12)

f=-a" [a@ad Y _ﬂl\{jlgl?MLY;] (b)
All the above expressions of «,, and ¢, involve the non-modified Bessel functions of the first and
second type with order 4 or A+1, specified at the positions r=a and r=r, or, equivalently, at X, =X __

and X_ =X,

r=r. 7

where X, is given by Eq. (29) in the main text. The evaluation of J,(X,) and Y, (X,) may be
done on the basis of the infinite Taylor series expansion of J, ()_(,) and the functional relationship existing

between J,(X,) and ¥,(X,), i.e.
e © ( 1)M)_(2M+}
J‘(X’)_ZOZZWF(H/HM)MI

(%)= cos(xl;z)sjiln(()_;;z)—J/1 (X,)

—(kMHh)(r-a) (a)

(513)

(b)

, with T the Gamma function, and h=h, /a=x1/2 (m™) where h, is defined by Eq. (20). Accordingly,
using the relationship X* =X *J1-a with a=1-e"(07/9 and recalling that e =0 in line with the
conditions 1/« <<a<<r, adopted in this work, we show that Eq. (S13) leads to the following expressions

of J5, Y5, J2 and V2

Ji=—>2—1-a (a)

2'T (1+/L)

)_(U. 1—
Y;/Jzzl/L il Oll) tan(A7)| (b) (S14)

, where the 1 -dependent functions y(4), j(4,X,) and ¥(4,X,) involved in Eq. (S14) are defined by

2(2)=-4" 27T (A) tan(A7) (a)
© 1) XZM

( ) ZOZZWF (1+A+M)M!

cos(Ar) X, j (/1X) (—/1,)_(3)
sin(A7)

(b) (S15)

y(4.X,)= (c)

The integrals /; (m) and /5 (dimensionless) defined by Eq. (S5) and appearing in the expressions of «,,
and c,, can be evaluated either numerically or after substitution of J,(X,) and Y,(X,) by Eq. (S13).

Adopting the latter method, we can decompose I, in the forms

S3



IE=h 70 4 kU (a)
{ 1 1 1 (516)

Is=h 1" +(xka) [ (b)
, Which makes explicit the contribution of the key length scales h* and x* and that of their dimensionless
forms h* and (xa ) In Eq. (S16), I;%7° and I3 are dimensionless and refer to the case where there are

no electrostatic effects at stake (y, —0) and to an electrostatic correction term, respectively. After some

algebra, the defining expressions of /7% and /{2 can be recast in the forms

(2-a)h,+a 1-a h —r
—+ i< (a)
a-1  2(1+eK, ) 1+eK, a

yas0 _ 1 a L _
g _2(1+g/?ML){ Jl_a+2h (a ID (®)

Ym0 _
N =

(S17)

Ve _ l-o Zr_l(_}“) -1 l1-a zrexp_ (_ﬂ’) 241"(2)
h _{_Z"l(ﬂ)(ﬂg(l ) ]+z 7.y, Z,exp_J(l)(1+I(ﬂ)cos(ﬂn) DI { J}\/— (1+¢K,,) (a)

pr o 2T 1 {@(z)+1‘—“¢(—z)} (b)

(1+&Ky ) V1-a x(A)cos(Ar)
(518)
, Where the 2 -dependent function ®(4) involved in Eq. (S18b) is
= —h ZJ(X) -1 h — 1 M
cD(X)—Z,_J(X){l h, Z,,(x)}rz zMya{Zexp_J(X)[ha (1+Kaj ST +
— sign(x 519
1 1+sign(x)ha—(1+sign(x)hrc)( l—a) ) (519)
—|Z, ,(x)+
Ka 2T (1+x)

, with x a dummy variable. The other 1-dependent terms ¥, (1), X, ,(4), X, ,(4) and X . (1)

involved in Egs. (S18)-(S19) are the (dimensionless) infinite series we write in the following forms

e e 1
_MZ;ZZM”F(1+X+M)M!(sign(x)+MK/h) @)
(-1)" X, 1

Lo i (b)

o 229 ( 1+X+M)M'(SIgn( x)+ (1+M)K/h)
z -1)"XM  1+(sign(x)+Mx /h)h,
%22“””1“ 1+x+M)M' (S/gn(X)JrM,(/h)z
—1)" X 1+(sign(x)+(1+M)x / h)h,
ZZM”F (1+x+M)Mm! (sign(x)+(1+M)1</h)2

(S20)

(c)

(d)

00
rexp J Z
M=0

S4



b. Case of (strictly) negative surface potential y, <0. In this situation, Egs. (51)-(S20) remain valid after

replacing X, by —iX,,. withitheimaginary number (i> =-1). Alternatively, solutions of the M and ML

concentration profiles for y, <0 may be expressed in terms of the modified Bessel functions of the first
and second type with order 4 in place of the non-modified Bessel functions adopted for the case y, >0.

c. Comments. The demonstrations of all analytical expressions reported above were carefully checked
with the help of Mathcad Prime 8.0 calculus environment that we further used as help to generate the
analytical results given in Figures 3C-3D (colored dotted lines therein). In particular, starting from Eq. (30)
in the main text, additional expressions may be developed for the lability index & (Eq. (30)) after
substitution of Egs. (S11)-(S12) and Egs. (S14)-(S20). The results give rise to cumbersome expressions for

£ (not shown here) that however find their utility in minimizing the instabilities connected to the inherent

singularities of the non-modified Bessel functions invoked in the main text (§2.2.3).

Il. Supplementary Figures.
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Figure S1. Spatial distributions of the concentration profiles ¢,,(r)=c,(r)/¢, (blue) and G, (r)=c, (r)/cw
(red) for y, =-3 (A), 0 (B) and 3 (C) and different I?ML (indicated). Adopted model parameters are 1/ x =10 nm,
a=1pm, r./a=50, =1, z,=2, 2z, =2, =0, xu, =1.
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Figure S2. Spatial distributions of the concentration profiles ¢, (r)=c,(r)/c, (dotted lines) and

G (r)=cu (r)/ ¢, (solid lines) for y, =-2 (A), 0 (B) and 2 (C) plotted as a function of the scaled space variable
(r—a)/a for xu, =10 (blue), 1 (red) and 10? (black). Dotted and solid black curves for ¢, (r) and ¢, (r),
respectively, are coincident for xu, =107 (this is the fully labile limit, £ —1). Adopted model parameters are
1/xk=10nm, a=1um, r, /a=50, =1, K,, =10%, z,, =2, z,, =z =0. The definition of ML lability index &
(Eq. (14)) is illustrated graphically in panel (A) for the three &, conditions examined.
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Figure $3. Spatial distributions of the concentration profiles ¢, (r)=¢,(r)/¢, (blue) and ¢, (r)=c, (r)/cu
(red) at various values of y_ (indicated) and plotted as a function of the scaled space variable (r—a)/yo for
xu, =102 (A), 1 (B) and 10 (C). Adopted model parametersare 1/x=10nm, a=1um, r. /a=50, =1, K,, =
10% z,,=2, z,, =z, =0. Note the x107 scaling factor in the y-axis of panel (A).
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Figure S4. Dependence of £ on z,, =z (indicated) as a function of xu, (A). Corresponding €, (r) (B)and ¢, (r)
(C) profiles for xu, =1. Adopted model parameters are 1/x=10nm, y, =2, a=1um, r. /a=50, & =1, /?ML =
10%, z,, =2. The dotted lines specify in (A), (B) and (C) the situation for uncharged particles (y, = 0).
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