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Introduction.

Electrostatics plays a key role in the reactivity of particles and (bio)interfaces, e.g. colloid stability [START_REF] Lyklema | Particulate colloids[END_REF], ion adsorption [START_REF] Son | Image-charge effects on ion adsorption near aqueous interfaces[END_REF], electrokinetics [START_REF] Ohshima | Theory of electrostatics and electrokinetics of soft particles[END_REF], polyelectrolyte swelling [START_REF] Lopez | Electrostatic expansion of polyelectrolyte microgels: effect of solvent quality and added salt[END_REF], cell biology [START_REF] Tamura | Existence of two types of electrostatic interaction in reactions catalyzed by Ferredoxin-NADP oxidoreductase[END_REF][START_REF] Ma | Introducing membrane charge and membrane potential to T cell signaling[END_REF][START_REF] Alegun | Donnan potential across the outer membrane of Gramnegative bacteria and its effect on the permeability of antibiotics[END_REF], or blue energy harvesting [START_REF] Laucirica | Nanofluidic osmotic power generators -advanced nanoporous membranes and nanochannels for blue energy harvesting[END_REF]. Accordingly, modelling the electrostatics of charged interfaces and particles is of paramount importance, and formalisms reported for that purpose include the well-known mean-field Poisson-Boltzmann (PB) theory [START_REF] Debye | The theory of electrolytes. I. The lowering of the freezing point and related occurrences[END_REF] and extensions thereof [START_REF] Denton | Poisson-Boltzmann theory of charged colloids: limits of the cell model for salty suspensions[END_REF][START_REF] Levine | Theory of a modified Poisson-Boltzmann equation. I. the volume effect of hydrated ions[END_REF][START_REF] Outhwaite | A modified Poisson-Boltzmann equation in electric double layer theory for a primitive model electrolyte with size-asymmetric ions[END_REF][START_REF] Lopez-Garcia | Electrical double layer around a spherical colloid particle: The excluded volume effect[END_REF][START_REF] Abrashkin | Dipolar Poisson-Boltzmann equation: ions and dipoles close to charge interfaces[END_REF][START_REF] Koehl | Adapting Poisson-Boltzmann to the self-consistent mean field theory: application to protein side-chain modelling[END_REF][START_REF] Ben-Yaakov | Ion-specific hydration effects: Extending the Poisson-Boltzmann theory[END_REF][START_REF] Alijo | Double layer interaction between charged parallel plates using a modified Poisson-Boltzmann equation to include size effects and ion specificity[END_REF][START_REF] Lopez-García | Influence of the finite size and effective permittivity of ions on the equilibrium double layer around colloidal particles in aqueous electrolyte solution[END_REF][START_REF] Yu | A modified Poisson-Boltzmann theory: effects of cosolvent polarizability[END_REF][START_REF] Adar | Bjerrum pairs in ionic solutions: A Poisson-Boltzmann approach[END_REF][START_REF] Gupta | Electrical double layers: effects of asymmetry in electrolyte valence on steric effects, dielectric decrement, and ion-ion correlations[END_REF][START_REF] Sugioka | Expanded ion-conserving Poisson-Boltzmann theory at extremely-high voltages[END_REF], and advanced molecular simulations [START_REF] Son | Image-charge effects on ion adsorption near aqueous interfaces[END_REF][START_REF] Dufrêche | Models for electrokinetic phenomena in montmorillonite[END_REF][START_REF] Breton | Molecular modeling of aqueous electrolytes at interfaces: Effects of long-range dispersion forces and of ionic charge rescaling[END_REF][START_REF] Shen | Molecular dynamics simulations of the colloidal interaction between smectite clay nanoparticles in liquid water[END_REF][START_REF] Zhang | Molecular dynamics study on adsorption and desorption of lysozyme above polymer antifouling membranes[END_REF][START_REF] Deka | Electrocoalescence dynamics of two unequal-sized droplets[END_REF]. Electrostatics of so-called soft colloids, i.e. colloids that consist partly or entirely of ionpermeable polyelectrolyte-like material with 3D distributed structural charges (e.g. microbial surfaces, viruses, engineered particle surface coatings, natural organic matter, macromolecules) [START_REF] Ohshima | Theory of electrostatics and electrokinetics of soft particles[END_REF][START_REF] Zhang | Lipopolymer electrophoresis in supported bilayer membranes[END_REF][START_REF] Ohshima | Electrophoresis of soft particles[END_REF][START_REF] Duval | Electrokinetics of soft polymeric interphases with layered distribution of anionic and cationic charges[END_REF][START_REF] Duval | Progress in electrohydrodynamics of soft microbial particle interphases[END_REF][START_REF] Gopmandal | Electrostatics and electrophoresis of engineered nanoparticles and particulate environmental contaminants: beyond zeta potential-based formulation[END_REF], has received much attention by the community due to the ubiquity of these colloidal systems in biological and environmental settings [START_REF] Duval | Progress in electrohydrodynamics of soft microbial particle interphases[END_REF][START_REF] Gopmandal | Electrostatics and electrophoresis of engineered nanoparticles and particulate environmental contaminants: beyond zeta potential-based formulation[END_REF], and their use in applications as diverse as drug delivery [START_REF] Bonacucina | Colloidal soft matter as drug delivery system[END_REF], degradation of organic pollutants [START_REF] Jiang | Removal of organic pollutants with polylactic acid-based nanofiber composites[END_REF], water treatment [START_REF] Xu | Thermoresponsive polymers for water treatment and collection[END_REF] or control of pathogens biofilm formation [START_REF] Bernal-Bayard | Bacterial capsular polysaccharides with antibiofilm activity share common biophysical and electrokinetic properties[END_REF].

Following the pioneering work by Ohshima on soft surface electrostatics (cf. [START_REF] Ohshima | Theory of electrostatics and electrokinetics of soft particles[END_REF][START_REF] Ohshima | Electrophoresis of soft particles[END_REF] and references therein), the equilibrium potential distribution at the interface formed between an electrolyte solution and a hard (ion-impermeable) core-soft shell particle, a porous particle (i.e. devoid of core) or a polyelectrolyte-coated planar surface has been derived from numerical and analytical solutions of PB equation with account of the charge contributions from both the electrolyte ions and the functional groups distributed within the shell material [START_REF] Ohshima | Electrophoresis of soft particles[END_REF][START_REF] Duval | Electrokinetics of soft polymeric interphases with layered distribution of anionic and cationic charges[END_REF][START_REF] Duval | Progress in electrohydrodynamics of soft microbial particle interphases[END_REF][START_REF] Gopmandal | Electrostatics and electrophoresis of engineered nanoparticles and particulate environmental contaminants: beyond zeta potential-based formulation[END_REF][START_REF] Zimmermann | On the use of electrokinetics for unraveling charging and structure of soft planar polymer films[END_REF][START_REF] Duval | Electrohydrodynamics of soft polyelectrolyte multilayers: point of zero-streaming current[END_REF][START_REF] Hill | Electrophoresis of spherical polymer-coated colloidal particles[END_REF][START_REF] Lopez-Garcia | Numerical study of colloidal suspensions of soft spherical particles using the network method: 1. DC electrophoretic mobility[END_REF]. Solutions of PB equation have been further reported for soft particles in homo-or hetero-electrostatic interaction configurations [START_REF] Duval | Electrostatic interactions between diffuse soft multi-layered (bio)particles: beyond Debye-Hückel approximation and Deryagin formulation[END_REF][START_REF] Ohshima | Electrostatic interaction between soft particles[END_REF][START_REF] Ohshima | Electrostatic interaction between two interpenetrating soft particles[END_REF] and for heterogeneous soft surface layers defined by a density of structural charges that varies with space [START_REF] Hill | Electrophoresis of spherical polymer-coated colloidal particles[END_REF][START_REF] Duval | Electrophoresis of diffuse soft particles[END_REF].

A case of practical interest naturally emerges from the PB equation written for a soft surface layer whose thickness exceeds significantly the screening Debye length (hereafter denoted as 1/  ): this is the Donnan situation where the electrostatic potential is constant inside the charged layer and decays to zero value over distances of the order 1/  on both sides of the soft layer/electrolyte solution interface [START_REF] Ohshima | Donnan potential and surface potential of a charged membrane[END_REF][START_REF] Mauro | Space charge regions in fixed charge membranes and the associated property of capacitance[END_REF][START_REF] Duval | Electrokinetics of diffuse soft interfaces. I. Limit of low Donnan potentials[END_REF][START_REF] Duval | Electrokinetics of diffuse soft interfaces. II. Analysis based on the nonlinear Poisson-Boltzmann equation[END_REF].

Under such a condition, Ohshima [START_REF] Ohshima | Donnan potential and surface potential of a charged membrane[END_REF] demonstrated the equivalence between PB-derived expression of the interfacial potential drop -the so-called Donnan potential -and the one reported earlier by assuming simple local electroneutrality within the layer [START_REF] Davies | Interfacial Phenomena[END_REF][START_REF] Ohki | Rectification by a double membrane[END_REF]. Remarkably, it is only recently that a direct support of Donnan potential theory was evidenced by tender-ambient pressure X-ray photoelectron spectroscopy measurements on ion-exchange membranes equilibrated with electrolyte solutions [START_REF] Gokturk | The Donnan potential revealed[END_REF], while earlier indirect measurements have been reported on charged hydrogels by in-situ microelectrode voltammetry [START_REF] Davis | Measurement of Donnan potentials in gels by in situ microelectrode voltammetry[END_REF]. The Donnan partitioning of ions at charged surfaces and permselective interfaces has major implications in biology, as e.g. it affects the permeability of the membrane of Gram-negative bacteria to nutrients or antibiotics [START_REF] Alegun | Donnan potential across the outer membrane of Gramnegative bacteria and its effect on the permeability of antibiotics[END_REF], it contributes to bacterial survival under adverse (osmotic) environments [START_REF] Pagnout | Osmotic stress and vesiculation as key mechanisms controlling bacterial sensitivity and resistance to TiO2 nanoparticles[END_REF] and it connects to biological functions like electric signalling in nervous system [START_REF] Goodwin | The physiological function of different voltage-gated sodium channels in pain[END_REF].

Whereas Donnan potential is achieved in charged surface layers at sufficiently high salt concentrations where the condition of thin electric double layer (EDL) compared to soft surface layer thickness is met, the combined effects of ion size and size of layer charges on interfacial Donnan partitioning of ions have -to the best of our knowledge -received little attention, despite the expected increase of the contributions of such effects with increasing electrolyte concentration [START_REF] Borukhov | Steric effects in electrolytes: a modified Poisson-Boltzmann equation[END_REF][START_REF] Moreira | Strong coupling theory for counter-ion distributions[END_REF][START_REF] Horng | Review and modification of entropy modeling for steric effects in the Poisson-Boltzmann equation[END_REF]. A modification of the mean-field PB equation for soft interfaces and corresponding derivation of Donnan potential expression, have been reported so far for the only restrictive case of symmetrical electrolytes where anions and cations are assumed to have similar size, and considering layer charges as point-like [START_REF] Chanda | Effect of finite ion sizes in an electrostatic potential distribution for a charged soft surface in contact with an electrolyte solution[END_REF][START_REF] Gopmandal | Impact of ion-steric and ion-partitioning effects on electrophoresis of soft particles[END_REF][START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF]. Under these conditions, Lesniewska et al. [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] further derived an expression underlying the applicability of the Donnan representation for soft surface layer electrostatics as a function of the nondiluteness of the electrolyte, thereby evidencing that the condition of a sufficiently thin electric double layer is not sufficient to warrant the development of a Donnan potential in a charged soft surface layer.

Here, we further elaborate on this latest development and report an original expression for the Donnan potential in the most generic situation where anions and cations are defined by dissimilar valences and sizes, and where the size of charges carried by the soft surface layer is considered explicitly. This extension calls for the exploitation of an involved expression for the mixture entropy of the {layer charges/ions} system and of the corresponding PB formulation, as derived recently by Lesniewska et al. [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF]. In turn, the formalism leads to a rationale of the situations where a Donnan potential cannot develop in the surface layer, even at high salt concentrations, due to limitation in the neutralization of layer charges by ions as a result of excluded volumes of anions, cations and functional groups carried by the layer. Illustrative computations further quantify the effects of electrolyte concentration, size/valence of ions and layer charges on both the existence domain and magnitude of the Donnan potential, while evidencing the moderate to severe misevaluation of the Donnan potential by predictions applicable to dilute systems where steric effects are discarded. Among the important results provided in this work is the derivation of the expression for the thickness of the electric double layer operative inside the charged surface layer, as a function of the ions-and shell charges-properties that govern steric effects.

Theory.

Electrostatics of soft interfaces.

In this section, we recall the basics of the electrostatic formalism recently developed by Lesniewska et al. [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] for soft interfaces in aqueous media. We elaborate below on this formalism with the objective to formulate explicitly the conditions underlying the existence of a Donnan potential in a given shell layer depending on the nondiluteness of the electrolyte. Herein, we consider a spherical core-shell particle with 
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where A N is the Avogadro number. The purpose of the work is to formulate explicitly the conditions validating such a Donnan electrostatic situation depending on the geometric descriptors of the particle, the nondiluteness of the electrolyte, the excluded volume and density of the charges distributed within the shell component of the core-shell particle. In the developments below, we denote as fix a (m) the radius of the structural charges (incompressible volume 3 fix a ) distributed within the particle shell layer. To ease developments, and in line with common assumptions [START_REF] Ohshima | Theory of electrostatics and electrokinetics of soft particles[END_REF][START_REF] Ohshima | Electrophoresis of soft particles[END_REF][START_REF] Ohshima | Electrostatic interaction between soft particles[END_REF][START_REF] Ohshima | Electrostatic interaction between two interpenetrating soft particles[END_REF], the distribution of the structural charges within the shell is considered homogeneous so that the shell charge density denoted as
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  is the density of shell charges with unsigned valence Z and number density fix,0 c (m - 3 ), and e is the elementary charge. Similarly, we introduce
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) the number density of shell charges at position r . In the electric double layer regime defined by p 1 r   , the mean- field Poisson-Boltzmann equation applicable to soft interfaces (termed SMFPB equation) and modified to account for the steric effects mediated by the size of the electrolyte ions and shell charges, reads [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] 
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where   r  (V) is the electrostatic potential at position r and     / y r F r RT   is the dimensionless potential. Within the framework of this study, Eq. ( 2) does not involve the terms formulated by Lesniewska et al. [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] that originate from ion-ion correlations and dielectric decrement effect because their respective contributions were shown to be irrelevant for the cases of interest here where Donnan electrostatic representation is applicable [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF]. The quantities
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correspond to the (dimensionless) concentrations of cations and anions at position r , respectively.

Discarding ion-ion correlations and dielectric effect,
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where cc f and cc g are functions of the potential distribution   y r defined by 
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 a measure of the nondiluteness of the electrolyte. This definition of  , adopted here for a convenient formulation of the Donnan electrostatic potential (cf. developments below), differs from the one adopted in [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] and originally defined on the basis of geometric arguments by Kilic et al. 2.2. Donnan potential: the classical picture of point-like charges.

For core-shell particles featuring a shell density distribution given by Eq. ( 1), the Donnan phase (when existing) corresponds to the shell region where the electrostatic field is zero (Figure 1). This situation is achieved for soft particulate (and planar) interfaces whose shell dimension well exceeds the thickness of the electrical double layer thickness 1/  . The corresponding condition 1   thus applies to sufficiently thick shell layers and/or sufficiently high electrolyte concentrations [START_REF] Ohshima | Donnan potential and surface potential of a charged membrane[END_REF]. Under such conditions, Ohshima formulated the potential distribution within the shell layer and at the shell solution interface [START_REF] Ohshima | Donnan potential and surface potential of a spherical soft particle in an electrolyte solution[END_REF]. He evidenced that the Debye layer thickness operative at the shell side of the interface, denoted as 5) highlights that the electrostatic potential distribution at the shell and water sides of the shell/solution interface becomes asymmetric for sufficiently charged soft systems, as m 1 /  differs from 1/  with increasing the magnitude of the Donnan potential, and a similar conclusion holds with increasing electrolyte valence z . In turn, a Donnan phase is actually effective within the particle shell provided that the shell thickness  is significantly larger than the intraparticulate screening distance, i.e. m 1    . As the inequality m    (cf. Eq. ( 5)) is always verified, the true condition m 1

   underlying the applicability of a Donnan potential in the particle shell is commonly replaced by 1

  , which has the merit to be independent of D y .

Conditional existence of a Donnan potential with account of steric effects.

Following Lesniewska et al. [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF], the steric effects governed by the excluded volumes of ions and shell charges may significantly modulate the electrostatic potential distribution at soft interfaces, as compared to predictions from classical mean-field PB equation where ions and shell charges are assumed to be point-like. In addition, the screening of the shell charges by electrolyte ions can be either stronger or weaker than that expected from standard point-like electrostatic theory, depending on the respective magnitudes of the steric descriptors of the counterions, coions, and shell charges [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF]. Accordingly, we address below how these molecular properties of the electrolyte and shell component of the particle affect the establishment of a Donnan potential. For that purpose, we develop hereafter the expression of the electric double layer thickness that is operative within the shell ( §2.3.2) so as to derive the condition that guarantees the existence of a Donnan phase within the soft layer with account of molecular steric effects. Prior to this, we formulate the additional condition required for D y to be defined in a region where the electrostatic field is zero ( §2.3.1).

Impact of steric effects on the neutralization of shell charges by electrolyte counterions in a Donnan

phase.

Several reports on the electrostatics of soft interfaces provided expressions for the Donnan potential with account of steric effects mediated by electrolyte ions [START_REF] Chanda | Effect of finite ion sizes in an electrostatic potential distribution for a charged soft surface in contact with an electrolyte solution[END_REF][START_REF] Gopmandal | Impact of ion-steric and ion-partitioning effects on electrophoresis of soft particles[END_REF][START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF]. To the best of our knowledge, they are however valid only for symmetrical electrolytes and point-like structural charges. Despite of their limited applicability in e.g. complex biological media, these formulations of D y evidence that the finite size of the ions can, in some cases, prevent the development of a Donnan potential within a given charged soft material as a result of constrained accumulation of the counterions therein, even for situations where 1   . Notably, in our previous report [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] we demonstrated that the existence of a Donnan potential is tied to the verification of the inequality  . In order to extend this result to more realistic cases where finite size of the shell charges may, in addition to ion steric effects, contribute to limit the accumulation of counterions in the shell, we start from the transcendental equation that governs the magnitude of the Donnan potential
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which derives from the modified soft Poisson-Boltzmann equation (SMFPB Eq. ( 2)) taken in the limit of zero-electrostatic field in the shell. The spatial condition required for such an intra-shell zero-field condition to be achieved will be specifically elaborated in §2.3.2. Then, combining Eq. ( 6) with Eqs. ( 3) and

(4), it is shown after some algebra that D y is governed by the following expression valid for symmetrical
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where the nondiluteness parameter
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. It is verified that Eq. ( 7)

simplifies into   1 D 0 0 asinh y z nz     for 0
  , which correctly corresponds to the classical expression of the Donnan potential recalled in §2 for symmetrical electrolytes with assimilating charges to immaterial points in both electrolyte and shell layer ( , 0 a    or, equivalently, 0   , and fix 0 a  , respectively) [START_REF] Ohshima | Donnan potential and surface potential of a charged membrane[END_REF][START_REF] Ohshima | Donnan potential and surface potential of a spherical soft particle in an electrolyte solution[END_REF]. Eq. ( 7) makes it transparent that D y is properly defined provided that
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is strictly positive, which corresponds to the generalization of our previous result For asymmetric electrolytes containing cations and anions of different valence and size, the derivation of a closed form expression for D y is not possible and numerical solving of Eq. ( 3), ( 4) and ( 6) along the lines set forth in [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] is required to evaluate D y and, therewith, identify the ranges of ion sizes and valences, and values of density and size of shell charges where D y is defined. For such electrolytes, Lesniewska et al. [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] evidenced a similar limitation in the accumulation of ions due to steric effects (cf.

Figure 2) with a dominant role played by the excluded volumes of the counterions. The Donnan potential will be thus evaluated in §3 as a function of 0 n , , a   , , z   and fix a using a PTC Mathcad Prime 8.0 algorithm based on Levenberg-Marquardt method to solve D y from Eqs. (3), ( 4) and [START_REF] Ma | Introducing membrane charge and membrane potential to T cell signaling[END_REF]. The domain of existence of D y , as constrained by the capability of the counterions to neutralize shell charges due to their excluding volumes and that of the shell charges, will then be specified from location of the vertical asymptotes of the simulated D y values plotted versus 0 n for prescribed values of the nondiluteness parameter, the density and size of shell structural charges. As argued for symmetrical electrolytes, this asymptote corresponds to the critical physical situation where the volume of the shell is about to be insufficient for hosting enough counterions to properly neutralize the structural charges distributed therein and, thereby, cancel the electrostatic field.

2.3.2. Condition for the establishment of a zero-electrostatic field region within the shell layer.

The condition for the existence of D y as invoked in the preceding section §2.3.1 is derived with -as a starting point -the SMFPB equation modified for steric effects and taken in the limit of zero-electrostatic field in the shell material. As discussed in §2.2, this latter limit is tied to the verification of the (additional) condition that the shell layer thickness must exceed the screening Debye layer m 1 /  that is operative in the shell material [START_REF] Ohshima | Donnan potential and surface potential of a spherical soft particle in an electrolyte solution[END_REF][START_REF] Makino | Soft particle analysis of electrokinetics of biological cells and their model systems[END_REF]. The expression of 
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where m  is defined by
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which is valid for a a and the subscripts '+' and '-' in Eq. ( 9). It is recalled that D y in Eq. ( 9) is given by the numerical solution of Eqs. ( 3), ( 4) and (6) (cf. §2.3.1). We further verify that Eq. ( 9) correctly reduces to Eq. ( 5) applicable to point-like ions and shell charges, i.e. , 0 a    , fix 0 a  , and symmetrical electrolytes ( , z z    ). For the sake of further comparison between situations where steric effects are and are not accounted for (cf. §3), we denote hereafter as

  m,ref D cosh zy    (Eq. ( 5 
)) the reciprocal of the intra-shell Debye length originally formulated by Ohshima [START_REF] Ohshima | Donnan potential and surface potential of a spherical soft particle in an electrolyte solution[END_REF] for symmetrical electrolytes and point-like charges.

For symmetrical electrolytes defined by , z z    and , a a    , Eq. ( 9) simplifies into

         3 fix fix,0 D m 2 D 1 1 c o s h cosh 1 a c zy zy                     (10) 
where D y is given by Eq. ( 7). While Eq. ( 7) involves the joint contributions of the nondiluteness of the electrolyte and of the excluded volume of the shell charges on D y , Eq. ( 10) highlights that the Debye layer thickness within the shell, and therewith the electrotactic field at the very shell/solution, is also impacted by steric effects. For immaterial ions ( , 0 a    ), both Eqs. ( 9) and ( 10) reduce to

    3 m f i x f i x , 0 D 1 c o s h a c zy    
, which pinpoints clearly that the finite excluded volume 3 fix fix,0 a c of the shell charges is able to generate some asymmetry between the potential distributions at the shell and solution sides of the shell/solution interface. In addition, the presence of the term

  cc D
f y in Eq. ( 9) reveals that differentiated sizes of the counterions and coions can also contribute to the asymmetry in the potential distribution at the shell/solution interface. In the limit of highly diluted shell component ( fix,0 0 c  , implying D 0 y  ), Eq. ( 9) reduces (for a a

   ) to      fix,0 1 1 1 m m o d 3 0 1 / 1 c z z z z a c                      (11) 
which is nothing else than the effective Debye layer thickness operative at the electrolyte side of particle/electrolyte interface and corrected here for ions-mediated steric effects. To avoid confusion, we denote as

1 mod
  this modified Debye length pertaining to the solution side of the particle/solution interface. Eq. ( 11) correctly identifies with the expression given in [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] (Eq. ( 13) therein). In line with expectation, we have  (a typo mistake in [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF] incorrectly indicates the reverse inequality), i.e. the screening Debye length is systematically overestimated if using the expression of 1   for situations where ion size ratio differs from unity.

For sake of completeness, from Eq. ( 8), it is straightforward to verify that the potential inside the 

   ,          2 3 2 3 2 D f i x f i x , 0 D f i x f i x , 0 mod o D D 3 0 0 1 1 1 2 2 1 y a c y a c z z y y y n n z z a c                                   (12) 
where 1 mod   is defined by Eq. [START_REF] Levine | Theory of a modified Poisson-Boltzmann equation. I. the volume effect of hydrated ions[END_REF]. Eq. ( 12) reduces to    , with m  defined by Eq. ( 9), relates to the needed condition for the establishment of a zero-electrostatic field region within the shell layer. In the following section, computational examples are reported for a comprehensive evaluation of both the magnitude and domain of existence of Donnan potential in the shell, depending on the valence and size of the electrolyte counterions and coions, and on the excluded volume of the structural shell charges.

o D 0 / 2 / 2 y y n   for z z    , , 0 a   

Results and discussion.

In this section, we address the existence domain of a Donnan phase within soft surface layers for a comprehensive set of electrolyte and soft layer electrostatic settings, which includes cases of similar or differentiated cation/anion valences and sizes. For that purpose, the evolution of D y is computed for increasing values of the structural charge density 0 n of the shell, which in turn allows the specification of the critical values of 0 n for which the congestion of ions within the shell reaches a limit due to their , in agreement with predictions from Eq. ( 7) that applies to symmetrical electrolytes (cf. Figure 2).

For point-like ions (i.e. 3 0 0 a c  or, equivalently, 0

  ), Figure 3b confirms that 1 1 m /     reduces to 1 1 m,ref /
    (Eq. ( 5)), which corresponds to the outcome of Ohshima's model [START_REF] Ohshima | Donnan potential and surface potential of a spherical soft particle in an electrolyte solution[END_REF]. In details,

1 1 m,ref /    
decreases with 0 n , in agreement with Eq. ( 5) that involves the Donnan potential defined, for point-like ions, by

  1 D 0 0 asinh y z nz     . This decrease in 1 1 m,ref /    
simply features that the drop of the potential from D y to o y (surface potential of the shell layer defined by Eq. ( 12)) within the shell spans over a distance shorter than that over which the potential drops in solution from o y to 0 (Figure 1). In turn, the potential distribution at the shell/solution interface features a marked asymmetry as the shell gets increasingly charged or, equivalently, D y gets higher (in absolute value). Hereafter, we denote as ' D yeffect' this effect that underlies a pronounced asymmetry of the potential distribution at the shell/solution interface as the shell gets increasingly charged (and D y larger). Like     which exceeds unity, a finding that cannot be predicted on the basis of point-like -based derivations [START_REF] Ohshima | Donnan potential and surface potential of a spherical soft particle in an electrolyte solution[END_REF] (Eq. ( 5)): steric effects then severely limit the screening power of the ions in moderate to highly charged shell layers as compared to that at the electrolyte side of the shell/solution interface. For extreme values of 0 n , the resulting 'abrupt' increase in However, the developments in §2.3.2 (Eq. ( 11)) evidenced that such screening effects are achieved not only for , 0 a    but also for a a    at 0 1 n  recalling that the limit 

    3 0 f i xf i x , 0 1 / n a c z    
applicable to symmetrical electrolytes (cf. Figure 2 and Eq. ( 7)).

Conclusions.

In this work, we discuss the conditional existence of a Donnan potential within a charged polyelectrolytic particle shell with explicit account of steric effects mediated by the size and valence of the electrolyte ions and the size of the structural charges carried by the shell. Based on recent corrections of mean-field Poisson-Boltzmann theory for steric effects [START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF], we develop a formalism that addresses both the existence and magnitude of the Donnan potential in the shell over a large spectrum of electrolyte conditions in terms of (a)symmetry of counterions/coions size and/or valence. The results evidence that a Donnan potential is achieved in a given shell layer pending the fulfilment of two criteria: (i) the accumulation of counterions in the shell leading to neutralization of the structural charges therein is not limited by steric effects, and (ii) the layer thickness is sufficient for the establishment of a zero-electric field region (the Donnan phase) in the particle shell. The first criterion (i) is defined from systematic evaluation of the dependence of the Donnan potential on a dimensionless shell charge density involving solution ionic strength, for various molecular properties of the electrolyte and shell layer. The method then identifies the conditions where shell charge neutralization is physically possible and those where it is not. The second criterion (ii) involves the characteristic screening Debye length operative in the shell layer that we formulate explicitly as a function of the excluded volumes of the electrolyte ions and shell charges. In turn, a zero-electric field is reached in the shell provided that the shell thickness well exceeds this intra-shell screening Debye length. Additional comparison of criteria (i) and (ii) to outcomes where ions and shell charges are assimilated to immaterial points makes it further possible to identify and explain the situations where the Donnan potential and the magnitude of electrolyte screening is over-or underestimated by classical mean field electrostatic theory for soft surfaces. To summarize, for symmetrical electrolytes (cations/anions featuring similar size and valence), the excluded volumes of the counterions in the shell lead to a decrease of screening of the shell charges, an increase in Donnan potential (in absolute value) and a reduction of the interval of shell density values for which a Donnan phase is established. These effects, depending on the magnitude of the Donnan potential and molecular descriptors of the electrolyte, may associate with a marked asymmetry of the potential distribution at the shell/solution interface. For asymmetrical electrolytes, the differentiated contributions of the excluded volumes pertaining to the counterions and coions may lead to situations where the shell charge screening exceeds the one predicted by point-like electrostatic theory.

Given the importance of Donnan theory for the electrostatics and electrokinetics of soft particles and soft macroscopic surfaces [START_REF] Ohshima | Donnan potential and surface potential of a spherical soft particle in an electrolyte solution[END_REF][START_REF] Makino | Soft particle analysis of electrokinetics of biological cells and their model systems[END_REF][START_REF] Muhren | Electrostatic theory of the acidity of the solution in the lumina of viruses and virus-like particles[END_REF], the current work may be valuable to address the domain of validity of this theory, especially for biological particles under high salt concentration conditions where steric effects can be significant. In another context, binding of metal ions and protons to particulate organic matter is commonly evaluated by equilibrium Non-Ideal Competitive Adsorption (NICA)-Donnan model [START_REF] Milne | Generic NICA-Donnan model parameters for metal-ion binding by humic substances[END_REF]. While the limits of that model have been identified and alternatives proposed [START_REF] Town | Rigorous physicochemical framework for metal ion binding by aqueous nanoparticulate humic substances: Implications for speciation modeling by the NICA-Donnan and WHAM codes[END_REF][START_REF] Pinheiro | Addressing the electrostatic component of protons binding to aquatic nanoparticles beyond the Non-Ideal Competitive Adsorption (NICA)-Donnan level: Theory and application to analysis of proton titration data for humic matter[END_REF], the results reported in this work allow a refined identification of the conditions underlying the applicability of the Donnan electrostatic framework depending on particle size and charge, solution ionic strength, size and valence of the background electrolyte ions. Future follow-up of this work includes the extension of the herereported formalism to complex electrolyte mixtures -as required for the analysis of particle electrostatics in natural waters -so as to decipher the impacts of asymmetries in size and valence of the different types of involved coions and counterions on the overall ion-accumulation capacity of the particle soft component. Finally, it is believed that the formalism can offer a valuable mechanistic framework to analyse the partitioning of ions in hydrogels depending on outer electrolyte composition, which is required in e.g. polymer-based applications for the removal of contaminants in water and wastewater treatment [START_REF] Tran | Hydrogel applications for adsorption of contaminants in water and wastewater treatment[END_REF].

CRediT authorship contribution statement.

Glossary of symbols.

Latin symbols a  , a  , fix a effective radii of cations, anions and shell charges (m), respectively  measure of the nondiluteness of the electrolyte,   r  electrostatic potential at position r (V)

  where c r (m) and  (m) are the particle core radius and shell layer thickness, respectively (Figure1). The developments below hold in the electric double layer regime p 1 r   where 1/  (m) is the Debye layer thickness defined by permittivity of the vacuum, s  the relative dielectric permittivity of the aqueous medium, R the gas constant, T the absolute temperature, F the Faraday number, and I (mol m -3 ) the solution ionic strength. Adopting a radial coordinate system where 0 r  refers to the centre of the particle, we introduce for convenience the dimensionless radial position X defined by the following, we further consider an electrolyte solution with cations and anions of unsigned valences z  and z  , and effective radii a  (m) and a  (m), respectively, with3 a  and 3 a  their volumes assumed incompressible.The (number) densities of the cations and anions at radial position r are denoted as of water is neglected). The latter condition is systematically verified upon introduction of the number density 0 c (m -3 ) defined by 0

Figure 1 .

 1 Figure 1. (Left) Schematic representation of a core-polyelectrolyte shell particle where the nomenclature adopted for the radial coordinate system   r , the particle core radius   c r and the shell thickness    is specified. (Right) Zoom of the core/shell/aqueous electrolyte interfaces for cases where a Donnan potential is achieved in the particle shell layer. In the current work, the finite size of cations and anions   , a   and that of the shell charges

m 1 /

 1  and 1/  refer to the thickness of the screening Debye layers operative in the shell medium and in the outer electrolyte solution, respectively.   y r , o y and D y correspond to the (dimensionless) potential at position r , the potential at the outer surface of the shell layer and the Donnan potential, respectively. Cf. details in the text.

[ 61 ]

 61 . Eqs. (3)-(4) hold for a a in ion concentrations at position r due to excluded volume effects, as compared to the common mean-field situation where ions and shell charges are point-like[START_REF] Gupta | Electrical double layers: effects of asymmetry in electrolyte valence on steric effects, dielectric decrement, and ion-ion correlations[END_REF][START_REF] Lesniewska | Electrostatics of soft (bio)interfaces: corrections of meanfield Poisson-Boltzmann theory for ion size, dielectric decrement and ion-ion correlations[END_REF]. In addition, reflects the way in which an asymmetry in anion and cation sizes impacts on the potential distribution

1 /

 1 , generally differs from the conventional Debye screening length 1/  according to bulk shell layer (Figure1) and asinh corresponds to the inverse hyperbolic sine function. The length scale m  basically refers to the distance over which the potential (in absolute value) decreases from D y to the potential value at the interface formed with the outer electrolyte solution (i.e. at p r r  ), as schemed in Figure 1. Eq. (

  bulk volume fraction of electrolyte ions,

Figure 2

 2 Figure2evidences that an increase in fix a lowers the maximum value of 0 n z for which D y can be achieved. In line with expectation, this constrain is most pronounced at large 0 n z , i.e. for cases where steric effects mediated both by electrolyte ions and shell charges most severely limit the development of a Donnan potential in the shell particle component.

Figure 2 .

 2 Figure 2. Existence domain of a Donnan potential for a symmetrical electrolyte containing cations and anions of similar size and valence, a and z , respectively, within the 3D representation ( 0 n z ; 3 fix fix,0 a c ; ). This existence domain (specified in the figure) is materialized by the yellow volume located under the represented envelope defined by the equation

m 1 /,

 1  is elaborated here for an uncharged particle core surface, i.e.     , because there is no electrostatic contribution from the core surface to the overall potential drop at the very shell/solution interface for the Donnan situations of interest. Then, considering that the potential 'deep' inside the shell reaches Donnan potential value, i.e. we search for the spatial dependence of the potential distribution     D y r y r y    for positions ranging from c r up to the outer layer surface ( p r r   ). In turn, adopting an approach similar to that used by Ohshima[START_REF] Ohshima | Donnan potential and surface potential of a spherical soft particle in an electrolyte solution[END_REF], we seek to characterise at which distance from the surface layer the potential deviates from D y (Figure1). Substituting     D y r y r y    in the modified SMFPB Eqs. (2)-(4) that define the potential and ion densities distributions, it is shown that the dependence of   y X  on position for the most generic case of asymmetrical electrolytes ( , a   , , z   ) is governed -up to second order term in y by the following second order differential equation

  is the potential reached at the outer layer surface. Starting from Eqs. (1)-(4) linearized for low potentials    1 y r  , performing a first integration of the corresponding form of Eq. (2) to evaluate the electric field at both sides of the shell/solution interface ( and finally applying the continuity condition for the potential and field at p r r  , we obtain, for a a

1 / 1 m

 11 that increasing values of 0 n refer to an increase in the shell charge density (in absolute value) and/or a decrease in the solution ionic strength I , while all remaining parameters ( 3 , 0 a c   , , z   , and 3 fix fix,0 a c ) are kept constant. In addition, D y is systematically compared to D 0 y   that refers to the standard point-like situation where , ,fix 0 a    . As argued in §2, a complete assessment of the existence domain of D y further calls for the comparison of the spatial scale m  with the shell layer thickness  . Accordingly, for each analysed combination of ions and shell descriptors, we hereafter report the dimensionless ratio offering the advantage to assess the difference between screening distance inside and outside the shell (and therewith the asymmetry of the potential distribution at the shell/solution interface). To help physical interpretation of simulations, this ratio is further compared to the ratio 1 . (5)) formulated by Ohshima for symmetrical electrolytes and pointlike ions and shell charges.
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 313 Figure 3. Donnan potential and Debye screening lengths ratios, D D 0 / y y   (a,c) and 1

n for 1 

 1  (i.e. low 3 0 a c ) and/or sufficiently low 0 n (Figure3b), basically because these conditions refer to a modest accumulation of the electrolyte ions inside the shell, i.e. the contribution of the excluded volume effects on ion partitioning is not dominant. For moderate values of the excluded ion replaced by a non-monotonous dependence with the apparition of a minimum at sufficiently low 0 n . This minimum is the signature of a significant contribution of the excluded volume of the ions as they become increasingly packed within the shell to neutralize the structural shell charges. It is even so that for extreme values of 3 0 a c , the underlying increasing branch of 1 in Figure3b). In other words, the larger is 3 0 a c (or  ) and/or 0 n , the more the steric effects mediated by ions size dominate the impacts of the aforementioned ' D y -effect' on or, equivalently, D y . A noticeable consequence of such marked ions-related steric effects is that they may lead to a ratio 1 1 m /

   , and this asymptote identifies with the 0 n -boundary above which the Donnan potential D y is no longer defined (cf.

Figure 3a )

 3a Figures 3c,d illustrate how the valence z of the counterions and coions of given volume fraction 3 0 a c

Figure 3d shows that at low 0 n and 1 Overall, getting back to the condition m 1 

 11 Figure3dshows that at low 0 n and 1  ( 3 0 0.02 a c  is adopted in Figures3c,d),1 

Figure 4 .  for 0 1 n

 41 Figure 4. Donnan potential and Debye screening lengths ratios, D D 0 / y y   (a,c) and 1



  strictly lower than unity and at sufficiently low 0 n , the screening power of the counterions in the shell is necessarily enhanced as compared to that expected on the basis of 'point-like' considerations, which leads to the aforementioned situations where D . While displaying -for a given z  -a dependence of D D 0 / y y   on 0 n that is qualitatively similar to that commented in Figure3c, Figure4cfurther shows that D D 0 / y y   increases with z  at fixed 0 n .For 0 0 n  (range where cations are the counterions), the magnitude of this increase in D D 0 / y y   is significantly smaller than that observed for 0 0 n  , which generates a marked asymmetry of the plots D D 0 / y y   versus 0 n with respect to the line of equation 0 0 n  . This finding relates to the respective dependence of the excluded volumes of cations and anions defined by turn, increasing z  at fixed 3 0 a c and fixed z  will most significantly reduce the screening of the shell charge by electrolyte ions for 0 0 n  where anions are the counterions. This is materialized by an increase of D D 0 / y y   with z  at given 0 n which is steeper for 0 0 n  than it is for 0 0 n  , with a resulting reduction of the range of 0 n values where D y is defined.

Figure 4d provides the ratio 1 

 1 Figure4dprovides the ratio1 

Figure 5 .Finally, Figure 5 3 fixversus 0 n conform to those discussed in Figure 3 and

 5533 Figure 5. Donnan potential and Debye screening lengths ratios, D D 0 / y y   (a,c) and 1

I 1 /

 1 number densities of cations and anions (m -3 ) at position r , respectively, with corresponding bulk solution values defined by density of shell charges at position r , defined by solution ionic strength (mol m -3 ) 0 n dimensionless density of structural charges in the shell 0 n  frontier of the 0 n -domain for which a Donnan potential is defined within a shell layer dimensionless densities of cations and anions at position r , respectively r radial coordinate (m) c r hard particle core radius (m) p r soft particle radius (m), with p c potential at position r D y dimensionless Donnan potential o y dimensionless potential at the position p r r  (cf. Figure 1) z  , z  , Z unsigned valences of cations, anions and shell charges respectively Greek symbols  soft layer thickness (m) 0 dielectric permittivity of vacuum (F m -1 ) s  relative dielectric permittivity of the solvent (water) 1 /  Debye length in solution, without account of steric effects (m) m  Debye length operative in the shell region, with account of steric effects (m) (Eqs. (9)-(10)) Debye length operative in the shell region, without account of steric effects (m) (Eq. (5)) mod 1/  Debye length in solution corrected for ion steric effects (m) (Eq. (11))

0 

 0 density of structural charges homogeneously distributed within the shell (C m -3 ) density of structural charges at position r (C m -3 ), as defined by Eq.[START_REF] Lyklema | Particulate colloids[END_REF]