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ABSTRACT 

The Counterion Condensation-Donnan (CCD) model for the electrostatic features of soft, charged 

nanoparticles (NPs) is applied to the determination of the intrinsic stability constants, intK , for inner-

sphere Cd(II) and Cu(II) complexes with humic acid NPs. The novel CCD model accounts for the strong 

ion condensation potential for higher valency counterions within the intraparticulate double layer zone of 

the soft NP. The approach offers new insights into the intrinsic heterogeneity of the HA complexes, as 

revealed by the intraparticulate speciation as a function of the true degree of inner-sphere complexation, 

M . The ensuing intrinsic heterogeneity parameters, , for CdHA and CuHA complexes are in very good 

agreement with those obtained from dynamic electrochemical stripping chronopotentiometric 

measurements. The overall intraparticulate metal ion speciation is found to depend on M : at low M  the 

strong inner-sphere complexes predominate whilst at higher M  values, electrically condensed M may be 

an equally significant or even larger fraction of the particle-associated M. 
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INTRODUCTION 

Humic acids (HA) are soft charged nanoparticles (NPs) that play an important role in buffering 

concentrations of metal ions in environmental media.1-3 They are chemically and physically 

heterogeneous. Accordingly, their physicochemical properties such as size and chemical functionality 

cannot be described by singular characteristic parameters. For example, the stability of metal complexes 

with HA is described by a distribution that characterises the affinity as a function of the degree of binding 

site occupation.1 At near neutral pH, HAs carry a substantial net negative charge.2,4 The ensuing particle 

electric field influences the extent to which oppositely charged ions associate with the HA entities as well 

as the chemodynamic features of the complexes formed.5 Accordingly, the soft and permeable 

intraparticulate environment contains partitioning free metal ions as well as electrostatically associated 

metal ions, in addition to metal ions bound in inner-sphere complexes with HA binding sites.6 The extent 

of electrostatic interaction is predominantly governed by the net charge on the metal ion, whilst inner-

sphere complex formation is governed by the chemical affinity between the target metal ion, M, and the 

pertaining binding sites, S. As a consequence, the HA complexes of e.g. Cu(II) are known to be 

significantly stronger and more heterogeneous than those of Cd(II).1,7 A rigorous understanding of the 

equilibrium and dynamic features of nanoparticulate metal complexes evidently calls for intraparticulate

speciation analysis. 

 

We have recently shown that the electrostatic contribution to cation binding by charged soft particles can 

be described by a counterion condensation-Donnan model (CCD).6,8,9 Development of the CCD approach 

arose from the observation that the extent to which the predominantly electrostatically binding Ca2+

associates with HA is massively underestimated by continuous Poisson-Boltzmann electrostatics.8 The 

interactions of Ca2+ with HA at high negative charge density are predominantly electrostatic with

covalent contributions being insignificant.10,11 It was found that the extent to which aqueous Ca2+ ions

associate with several types of HA at different ionic strengths can be well described by the CCD model 

which combines (i) electric condensation of counterions in the strongly charged intraparticulate double 

layer (DL) shell at the particle/medium interface with (ii) Donnan partitioning in the net uncharged core 

of the particle body.6 Strong condensation is found for 2+ ions in the DL zone of HA. Indeed, the 
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condensation limit found for 2+ ions corresponds to a local concentration within the DL shell on the order 

of several hundred mol m-3, in line with findings for polyelectrolytes such as DNA.12 Furthermore, the 

extent of condensation is in convincing agreement with the charge/potential characteristics of the double 

layer at the particle/medium interface.6 Others have shown that Ca2+ and Ba2+ exhibit condensation 

behavior with HA.13 Indeed, counterion condensation is a general phenomenon applicable to polyions of 

any geometry with sufficient charge density, e.g. it has been invoked to describe the extent of ion binding 

by DNA,12 dendrimers,14-16 and core-shell nanoparticles with a 3D structural charge in the shell.17 The 

CCD model provides a physicochemically consistent description of the intraparticulate speciation of 

various metal ions associated with sufficiently large HA particles, including cases which also involve 

inner-sphere complex formation. 6,8,9 To date the CCD approach has been used to determine intrinsic 

stability constants, 
intK , for Cd(II), Pb(II) and Cu(II) complexes with HA at a single degree of inner-

sphere complexation, M .6 The magnitude of M  corresponds to the ratio of the intraparticulate 

concentrations of inner-sphere complexes, MS, and total reactive sites, S, i.e. MS S,t/c c . The over-bar 

notation for 
intK  signifies that the intrinsic stability represents a weighted average of all the inner-sphere 

complexes that are formed at the applicable M . The agreement between intK  values derived from CCD 

analysis of measurements in KNO3 and Ca(NO3)2 electrolyte established the consistency of the model in 

its accounting for electrostatic contributions to metal binding.9 Here we aim to broaden the scope and 

apply the CCD analysis of the intraparticulate speciation to the determination of intK values for CdHA 

and CuHA as a function of M . The ensuing intrinsic heterogeneity parameters will be compared with 

established descriptors of the heterogeneity of HA complexes.  

 

THEORY 

Experimental determinations of metal ion binding by soft charged NPs involve measurement of the 

 , e.g. by ion selective electrode potentiometry in the 

medium phase. The corresponding apparent stability constants, app
K , contain both electrostatic and 
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that are associated with the NP, including the free M within the particle body and in the interfacial double 

layer. It follows that 
app

K  values have limited meaning for understanding the true nature of the inner-

sphere metal-HA site complex within the particle body, where the prevailing conditions, e.g. pH, ionic 

strength and ensuing effective charge screening can differ substantially from those in the surrounding 

bulk solution. Conversion of 
app

K  values for different metal-to-binding site ratios to intrinsic chemical 

stability constants, 
intK , therefore requires careful accounting for the electrostatic contributions to metal 

ion binding, as we shall discuss in detail below. We shall consider the situation where a highly charged 

soft NP is equilibrated in an aqueous solution of a non-complexing background electrolyte which has a 

concentration well in excess over the smeared-out concentration of NP charged sites. 

 

Intrinsic stability constants 

The intrinsic stability constant 
intK  describes the inherent chemical affinity between M and S; it does not 

include the effects of cooperative multicharge electrostatics beyond the atom-atom scale. Most of the 

literature on ion binding by HA is based on the assumption that electrostatic association of counterions 

with the HA particle entity is involved with Donnan-type partitioning only.18-22 For the case of highly 

charged soft particles, with (i) a radius, rp, well above the intraparticulate screening length, 1
p ,23 and (ii) 

an average structural charge separation, C , sufficiently small so that p C  is well below unity, a Donnan 

potential difference, D , is established between the bulk of the soft particle phase and the bulk aqueous 

medium: 

p
D

1

asinh
2

RT

zF zFc
          (1)

where z- = z+ = z is the valence of the symmetrical excess background electrolyte with bulk concentration 

1c , p  is the structural volume charge density due to charged groups on the backbone of the soft body, 

and other constants have their usual meaning. For small particles that do not satisfy the p pr  >> 1 

criterion, the non-linear Poisson-Boltzmann approach can be used to compute the extent to which ions are 

electrostatically accumulated by the particle body.24,25 Expressions are also available to compute D  for 
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asymmetrical electrolytes.26 The magnitude of D  governs the extent to which ions of type i, with 

valency zi, partition between the soft particle phase (where its concentration is i,Dc ) and the electrolyte 

solution (where its concentration is i
*c ) according to the average Boltzmann factor, Bf , over the 

applicable spatial zone:27 

i,D i D
B,i

i
*

exp
c z F

f
c RT

         (2)  

For the present case of a large excess of non-complexing background electrolyte over the target metal 

ion, D  is governed by the background electrolyte. Minor counterions then accumulate according to a 

Boltzmann factor Dexp( ) , eq 2, and in its simplest form the ensuing correction for the relationship 

between appK  and 
intK  is:  

B,Mint app /K K f           (3)

However, even when the electrostatic contribution to 
app

K  involves only Donnan-type partitioning, the 

translation to a 
intK value should also involve accounting for the differences in physicochemical 

conditions between the aqueous medium and the particle body, e.g. the effective ionic strength and

charge screening, the available outer-sphere volume, etc., as well as the presence of intraparticulate 

species of M other than the inner-sphere complexes. Comparison of data obtained in different types of 

background electrolyte, e.g. 1:1 versus 2:1, can give insights into the physicochemical consistency of the 

electrostatic corrections employed in the derivation of intK . 

 

For the general case of very strong positional correlations between highly charged particles and their 

counterions, Poisson-Boltzmann theory loses its applicability.28 In line with this, recent work has shown 

that mere Donnan partitioning significantly underestimates the extent to which the predominantly 

electrostatically binding Ca2+ ion associates with HA.6,8 This observation led to the development of the 

two-state Counterion Condensation-Donnan model. That is, the Ca2+-HA association can be described 

solely in terms of electrostatics by combining counterion condensation12,29 in the intraparticulate double 

layer with Donnan partitioning in the remainder of the particle body. Specifically, the CCD approach
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divides the volume of an individual soft particle into two zones: (i) a strongly charged intraparticulate 

double layer zone (thickness DL , volume VDL, volume fraction DL , condensation limit for 2+ 

counterions Cf ) in which electric condensation of target metal ions M2+ takes place, and (ii) the 

remaining bulk interior of the NP body (volume VD, volume fraction D ) which behaves as a true 

Donnan phase with no net charge and a constant potential throughout.6,8 A potential drop of ca. -70 mV 

over the intraparticulate double layer4 corresponds to an uncompensated charge density of -140 mol e m-3 

(20% of the structural charge for the present HA) within an DL  of 2 nm which yields a shell charge of -

0.025 C per m2 surface area.6 The assumption of a constant D  within VD requires p pr  >> 1, i.e. a 

volume fraction ratio DL / D  much less than unity. For the HA entities considered herein DL / D is 

less than 0.1. With the differentiated CCD electrostatic model for soft charged NPs, the intrinsic stability 

constant is defined in terms of the applicable intraparticulate conditions and reactant concentrations. For 

the present high charge density case, the 
intK  within VD is thus given by: 

D
MS

int D D
M,f S

c
K

c c
           (4a) 

where D
MSc , D

M,fc  and D
Sc  are the local intraparticulate average concentrations of inner-sphere complexes, 

free metal ions and reactive sites in VD, respectively. In the high charge density regime the outer-sphere 

volume around a complexing site and the remaining aqueous volume of the particle are at practically the 

same potential.30 In such a case the intraparticulate free metal ion and the outer-sphere associates are 

electrostatically nearly equivalent and interconversion between these species is very fast. Accordingly, 

most of the ion pairing energy is accounted for in the energy change that occurs when M enters the 

particle, i.e. B,Mf . In a similar vein, within the double layer zone of a highly charged particle the 

condensed ions and the free M will have comparable energy levels. In such case the condensed M2+, 

Mcond, will thus count explicitly in intK , i.e.: 

DL
MS

int DL DL DL
M,f M,cond S( )

c
K

c c c
         (4b) 
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where the superscript DL denotes the average concentrations of the various M species in the DL. For 

particles with lower charge density, in which there is a finite and significant energy difference between 

the condensed and free M, the DL
M,condc  in eq 4b will carry a coefficient greater than unity since the 

condensed ions will have the lower energy level. On passing from high to low charge density domains,

the cooperative electrostatics of condensation gradually evolve into individual ion pair behaviour, as e.g. 

applicable in the well-known Eigen mechanism for aqueous complex formation reactions. Within the DL 

zone the metal speciation will be a function of position due to the potential gradient and the ensuing 

gradient in the concentration of free M. Generally, within the DL of a highly charged NP complexant, the 

sum of DL
M,condc  and DL

MSc  will be much greater than DL
M,fc . The ensuing intraparticulate metal ion speciation 

scheme for high charge density soft NP complexants has been published previously,6 and the procedure is 

described in the Experimental section below.  

 

Heterogeneity of metal complexation by HA 

The CCD-derived 
intK  values, eq 4, allow us to explore the intrinsic chemical heterogeneity features of 

multi-site complexants such as HA. At a given metal-to-binding site ratio, the metal ion will form 

complexes with a certain fraction of the available HA binding sites. There is a significant body of 

literature on the heterogeneity of MHA complexes, and it is generally found that the degree of 

heterogeneity follows the order Cd(II) < Pb(II) < Cu(II).1,7 It has been demonstrated for HA that a double 

logarithmic plot of K versus M  comes to a straight line with slope equal to 1/ , where is the 

heterogeneity parameter (0 <   1;  = 1 for the homogeneous case).1,31 Such a relationship has been 

demonstrated to also apply to apparent-type stability constants and makes no a priori assumption about 

the nature of the metal binding isotherm. The relationship: 

Mlog constant logK          (5)

has the form of a Freundlich isotherm.32 The Freundlich type distribution has been applied to 

interpretation of the association/dissociation kinetics of MHA complexes,33 and to description of the 

shape of voltammetric31 and stripping chronopotentiometric waves.7  
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EXPERIMENTAL / COMPUTATION 

Reagents and solution conditions  

Solutions were buffered to pH 6 with 1 mol m-3 MES buffer ((2-(N-morpholino)-ethanesulfonic acid) 

prepared from the solid (Fluka, MicroSelect,  99.5%): MES buffer has a low affinity for Cd(II) and 

Cu(II).34,35 Ionic strength was maintained at 10 mol m-3 or 100 mol m-3 with KNO3 or Ca(NO3)2 (BDH,

AnalaR). M(II) solutions were prepared by dilution of standards (Aldrich). All solutions were prepared in 

-Q gradient system.  

 

The HA sample was from Aldrich and dynamic light scattering measurements indicate that the particles 

have an approximately constant particle radius, rp, of ca. 80 nm over the pH range 5 to 8 and ionic 

strength range 0 to 400 mol m-3 KCl.36,37 The total carboxyl group content of Aldrich HA is ca. 3 mol per 

kg of HA.38,39 Accordingly, the effective charge density within the particle is ca. -700 mol m-3 in an 

electrolyte medium at pH 6 (determined using the HA density of 1.66 kg m-3 and an 80% water 

content).40 Within the particle body the pH will be at least 1 unit below that in the bulk medium, and thus 

carboxylate groups will be the predominant structural charge carriers and reactive sites under our 

experimental conditions. The CCD analysis makes no a priori assumption about the nature of the sites, 

e.g. carboxylic or phenolic type, that give rise to the charge density and/or are involved in metal ion 

complexation. In all experiments in this work the concentration of HA in the dispersion was 25 to 50 g m-

3, corresponding to a volume fraction on the order of 10-4. 

 

Electrochemical measurements 

The concentration of free 2
aqM  in the bulk medium, M,f

*c , was determined by stripping 

chronopotentiometry at scanned deposition potential (SSCP)41 and Absence of Gradients and Nernstian 

Equilibrium Stripping (AGNES).42 The heterogeneity parameter, , was determined from the shape of the 

SSCP waves as described previously.7 SSCP allows the effect of heterogeneity in the metal complexation 

to be unambiguously distinguished from e.g. any (change in the) degree of electrochemical 

reversibility.43,44 For both Cd(II) and Cu(II), the metal-only systems were electrochemically reversible 
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under the given conditions, as evidenced from the log analysis of the SSCP waves, i.e. slope of ca. 30 

mV in both cases.45,46 In the presence of HA, the slope of the SSCP waves for both Cd(II) and Cu(II) was 

decreased relative to the metal-only cases, and was independent of the deposition time. If any degree of 

electrochemical reversibility would be present, then the impact of this on the SSCP slope would be 

mitigated at longer deposition times.45 Accordingly, the change in the slope of the SSCP wave upon 

addition of HA can be unambiguously ascribed to heterogeneity in the metal speciation.43-45 

Electrochemical measurements were performed with an Ecochemie Autolab potentiostat coupled with a 

Metrohm 663 VA stand. The oxidation step was performed under complete depletion conditions 

(stripping current = 2 nA).47 The electrometer input impedance of these instruments is > 100 G . The 

working electrode was a Metrohm multimode mercury drop electrode, the auxiliary electrode was glassy 

carbon, and the reference electrode was Ag|AgCl|KCl(sat) encased in a 100 mol m-3 KNO3 jacket. 

Solutions were initially purged with oxygen-free N2, and a nitrogen blanket was maintained during 

measurements. 

 

Intraparticulate speciation computation 

The volume fraction of HA in the dispersion was used to convert smeared-out concentrations into local 

intraparticulate ones. At sufficiently high M  values, the total M associated with the particle is greater 

than that required to satisfy the electrostatic demands, i.e. the accumulation of M2+ according to the 

pertaining B,Mf  in VD and VDL, eq 2, and the condensation of M2+ to compensate for the prescribed 

fraction of the charge in the intraparticulate DL (see ref 6 for details). In brief, the electrostatic 

parameters for the CCD model are established from the extent to which the aqueous Ca2+ ion associates 

with several types of HA particles. A consistent description of the Ca2+-HA association data was obtained 

for 80% charge compensation the intraparticulate double layer of thickness, DL , of 2 nm together with 

Donnan partitioning in the remainder of the particle body. For the present HA, an uncompensated charge 

of -140 mol m-3 (20% of the structural charge) within an DL  of 2 nm in a particle of radius 80 nm 

corresponds to a surface charge, s  of -0.025 C m-2. The corresponding potential drop over the 

intraparticulate DL (= s DL 0/ ) of ca. -70 mV is of the correct order of magnitude, certainly if it is 
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taken into account that the density of deprotonated carboxyl groups is slightly higher in the more 

hydrophilic outer regions of the HA particle body.48 For the association of M, which also includes 

convalent contributions to the binding, the intraparticulate speciation is computed by satisfying the 

electrostatic demands and ascribing the remaining M to inner-sphere complexes. The total concentration 

of M within the particle body, M,tc , is given by:  

D DL DL
M,t M,f D M,f M,cond DL MS( )c c c c c         (6)

where D
M,fc  is given by M,fB,M

*f c  and MSc  is the average concentration of MS in the entire particle volume. 

For the present purposes of characterising the heterogeneity of a nanoparticulate HA complexant, we 

make the assumption that the average MSc  in VDL is approximately the same as that in VD. According to 

chemical equilibrium conditions in the DL zone, eq 4b, the concentration of MS should follow the 

gradient in the concentration of free M. Thus, since DL / D  << 1, the contribution of DL
MSc to MSc  is 

small. Similarly, the average concentration of free M in the DL represents an insignificant proportion of 

the total intraparticulate M: DL
M,fc  was estimated by taking the potential at the particle/medium interface to 

be ca. 2/3 of the Donnan potential.6,49,50 The presence of MS in the DL reduces the net charge therein, and 

thus the condensation demand is correspondingly decreased. Accordingly, the initial intraparticulate 

metal speciation is iterated with respect to the concentration of inner-sphere complexes in the entire 

particle body versus that of the condensed metal ions in the DL zone until a consistent distribution of the 

different species over both the Donnan bulk and the DL zone is attained that satisfies the overall charge 

compensation (see Theory). Consistent values for MSc  and DL
M, condc  were attained after ca. 4 iterations in 

all cases. In Ca(NO3)2 background electrolyte the condensation requirements are met by Ca2+,9 thus the 

electrostatic demands for M2+ reduce to the simple Boltzmann accumulation according to the applicable 

B,Mf  for the 2:1 electrolyte in both VD and VDL. The presence of MS in VD reduces the net charge therein, 

but for the M  range considered this effect has negligible impact on the applicable B,Mf  values. For 

example, at the highest M  considered, and an ionic strength of 10 mol m-3, the reduction in B,Mf due to 

the presence of MS translates to a difference of 0.2 in the computed log intK . The agreement between the

intK  values obtained from measurements in KNO3 and Ca(NO3)2 electrolyte confirm the consistency of 
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the approach and the electrostatic parameters employed (see Results and Discussion).9 Below a certain 

M  value, the total M associated with the particle is less than that required to satisfy the electrostatic 

demands in KNO3 electrolyte and bulk medium becomes strongly depleted. In such cases the 
intK

computed from measurements in Ca(NO3)2 provides the starting point to compute the concentration of 

inner-sphere complexes, which are complemented with an appropriate amount of Mcond to achieve mass 

balance, eq 6, then iterated as above. 

 

RESULTS AND DISCUSSION 

Here we aim to find the physicochemically most reasonable analysis of the heterogeneity of MHA 

complex stabilities. The CCD model offers a unique advantage over conventional approaches because it 

accounts for the conditions prevailing with the particle body. The degree of intrinsic chemical 

heterogeneity of the complexes is reflected in the extent to which 
intK  depends on M . We highlight that 

the true M  corresponds to the concentration ratio of inner-sphere bound M, MSc , and total binding sites 

S, S,tc . Accordingly, determination of the intraparticulate distribution of M over the free, condensed, and 

inner-sphere bound forms is fundamental to establishing the proper M  value. The comparison of results 

obtained in KNO3 and Ca(NO3)2 electrolyte provides a means to verify the consistency of the application 

of the CCD model to obtain intK  values. The agreement obtained between the intK  computed from 

experimental measurements in Ca(NO3)2 and the intK  derived from an iterative analysis of the data 

obtained in KNO3 (see Experimental) illustrates the inherent consistency of the CCD model and the 

applicability of the parameters for the HA studied herein ( DL , D , Cf ).9 

 

Extent of metal binding as a function of M  

As the ratio of the total concentrations of M and S in the dispersion is increased, a greater amount of M 

becomes associated with the HA particles. The intraparticulate speciation of M2+ arises from the interplay 

between the applicable intK  and the electrostatic demands for the metal ion. Accordingly, the distribution 

of the total intraparticulate M over its free, condensed and inner-sphere complexed forms is expected to
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vary with M . For both Cd(II) and Cu(II), the free ions are generally a minor proportion of the total 

intraparticulate M over the entire range considered. At the highest M  considered (ca. 0.1), for both 

Cd(II) and Cu(II), the amount of M associated with the HA particles is much greater than that required to 

meet the electrostatic demands. Accordingly, the majority of the intraparticulate M is in the form of 

inner-sphere complexes. For Cu(II), the overall concentration ratio between condensed ions and inner-

sphere complexes, 
condM /MSR , is ca. 0.2 at I = 10 and 100 mol m-3, whilst within the DL zone 

condM /MSR is 

ca. 3. Formation of the weaker Cd(II) complexes is more sensitive to ionic strength, implying a 

significant electrostatic contribution to the binding, with the overall 
condM /MSR  being ca. 0.4 at I = 10 mol 

m-3 and 0.7 at I = 100 mol m-3, and 
condM /MSR  within the DL zone being ca. 6 and 10, respectively. For 

both Cd(II) and Cu(II), as M  decreases the 
intK  increases. From the point of view of charge 

compensation in the DL zone, the inner-sphere complexes are equivalent to the electrostatically 

condensed ions. Accordingly, the intraparticulate speciation arises from the interplay between the 

magnitude of 
intK  and the total M available to meet the electrostatic and chemical affinity demands of 

the reactive sites. A lower M  corresponds to a lower total concentration of M associated with the 

particles. For the HA in this study, the outcome is that the overall 
condM /MSR  decreases as M decreases 

from ca. 0.1 to 0.03. At a M  of ca. 0.03, the overall 
condM /MSR  is 1.0 for Cu(II) at both ionic strengths, 

whilst for Cd(II) the ratio is 1.4 and 2.3 at I = 10 and 100 mol m-3, respectively. As M  is decreased 

further, the chemical affinity increases, with approximately all of the M being in the form of inner-sphere 

complexes at M  ca. 0.003, I = 10 mol m-3. The intraparticulate speciation for CdHA and CuHA is 

summarized in Figure 1 for an ionic strength of 10 mol m-3 (KNO3 electrolyte). 
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Figure 1. Intraparticulate speciation of (a) Cd(II) and (b) Cu(II) in an aqueous dispersion of HA particles

for various values of the true intraparticulate M , i.e. MS S,t/c c , as derived from application of the CCD 

model. The proportions of the different metal species are given in black for the free metal ion, in red for 

the condensed ions, and in blue for the inner-sphere metal complex species. The bulk medium comprises 

10 mol m-3 KNO3 electrolyte at pH 6. 

 

Intrinsic chemical affinity as a function of M  

The heterogeneities of the CdHA and CuHA complexes are determined from the evolving slope of the 

SSCP waves as well as by evaluating the magnitude of the CCD-derived intK  values as a function of the 

true M . SSCP effectively scans a range of metal-to-ligand ratios from the foot to the plateau of the 

wave.7 This means that the heterogeneity parameter, , can be determined from a single SSCP wave 

recorded at a given composition of the bulk dispersion. Figure 2 compares the experimental SSCP data 

with curves computed assuming that the binding follows a Freundlich type distribution. The slope of the 

SSCP wave changes moderately over the  range 0.8 to 0.6, i.e. for metal complex systems such as 

CdHA that exhibit fairly weak complexation and modest degrees of heterogeneity. Figure 2a shows that 

the SSCP waves recorded for CdHA are well described by curves computed for  values in this range. In 

contrast, very heterogeneous systems exhibit much greater changes in the slope of the SSCP wave. In line 
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with this, Figure 2b shows that the SSCP wave recorded for CuHA corresponds to a curve computed for

 = 0.2. SSCP waves recorded in KNO3 and Ca(NO3)2 electrolyte yielded similar  values. 
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Figure 2. Experimental and computed SSCP waves (normalised reoxidation time, , as a function of 

deposition potential, Ed) for (a) CdHA and (b) CuHA. The experimental data are shown by solid 

diamonds and the theoretically predicted waves for the indicated  values are represented by curves. The 

experimental data correspond to M   0.03 and were measured in Ca(NO3)2 electrolyte at pH 6 and ionic 

strength of 10 mol m-3 for CdHA and 100 mol m-3
 for CuHA.  
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intK  values were determined from experimental measurements in both KNO3 and Ca(NO3)2 electrolytes

at ionic strengths of 10 and 100 mol m-3, using the CCD approach to account for electrostatic 

contributions to the binding. The intraparticulate environment will be different in KNO3 as compared to 

Ca(NO3)2 electrolyte, in terms of the net charge density and the corresponding D , the ensuing 

magnitude of B,Mf  and the effective charge screening. Thus, the attainment of consistent 
intK and 

values from measurements as a function of M  in these two electrolytes is a good test of the robustness of 

the CCD electrostatic model. From the slope of the double logarithmic plot of 
intK  versus M for the 

CCD-derived data (Figure 3), we obtain a  value of ca. 0.6 for Cd(II) and ca. 0.2 for Cu(II). These 

CCD-derived values are in really convincing agreement with those derived from the profile of the 

SSCP waves (Figure 2). These results represent the first physicochemically sound assessment of the 

intrinsic chemical heterogeneity of metal-HA complexation. If electric condensation of the target M in 

KNO3 electrolyte would not be taken into account, then the ensuing 
intK  and  values would not be 

consistent with those obtained from measurements in Ca(NO3)2 electrolyte (see red symbols in Figure 3).

This outcome thus provides further support for the occurrence of condensation of the target M2+.
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Figure 3. Intrinsic stability constant values, log intK , as a function of the degree of inner-sphere 

complexation, log M , for (a) Cd(II) and (b) Cu(II) complexes with HA. The data were obtained from 
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measurements in KNO3 electrolyte at I = 10 mol m-3 (solid black squares) and 100 mol m-3 (solid black 

diamonds) and in Ca(NO3)2 electrolyte at I = 10 mol m-3 (solid blue squares) and 100 mol m-3 (solid blue 

diamonds). The 
intK  values derived from measurements in KNO3 electrolyte with the assumption that 

Donnan-partitioning is the only electrostatic contribution to the binding, i.e. neglecting condensation of 

the target metal ion, are indicated by solid red squares (I = 10 mol m-3) and solid red diamonds (I = 100 

mol m-3). The dashed black line, with a slope of - , corresponds to the best fit through all the CCD-

derived points, i.e. all the black and blue symbols.  

 

CONCLUSIONS AND OUTLOOK 

We highlight that we seek to find the most straightforward, physicochemically consistent description of 

the intrinsic heterogeneity of metal ion binding by soft, charged HA particles. The work presented herein 

therefore first of all focusses on the intraparticulate speciation of the target metal ion, which has not been 

rigorously considered by conventional analysis and modelling tools. It is shown that the electric 

condensation of the target metal ion in the intraparticulate zone of the double layer at the particle/medium 

interface may be of substantial proportions and play an essential role in the computation of the true Kint of 

the metal humic acid complex. In line with this, the Counterion Condensation-Donnan model accounts 

well for the electrostatic contribution to the binding of Cd(II) and Cu(II) by HA. It makes no a priori

assumptions about the nature of the charged or reactive sites, nor about the metal binding isotherm. For 

both the moderately heterogeneous CdHA complexes and the very heterogeneous CuHA ones, specific 

support for the CCD model is provided by (i) the coincidence of the log intK  versus log M  plots for data 

derived from measurements in both KNO3 and Ca(NO3)2 electrolytes at ionic strengths of 10 and 100 mol 

m-3, and (ii) the agreement between the values of the heterogeneity parameter, , obtained from the slope 

of the log intK  versus log M  plots and those determined from dynamic electrochemical SSCP data.

 

The distribution of the particle-associated M over its various intraparticulate forms is found to be 

dependent on the degree of inner-sphere complexation, M . Thus, the analysis of the intraparticulate 

metal speciation is fundamental to rigorous interpretation of the true equilibrium features of MHA 
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systems as well as for predicting their dynamic properties such as chemical reactivity and bioavailability.

At low M  values, the strongest binding sites govern complexation and inner-sphere complexes are the 

predominant intraparticulate metal species; as M  increases, progressively weaker HA binding sites 

govern the extent of complexation. Accordingly, at higher M , distinction is progressively lost between 

strong electric condensation, in which M may exchange some of its inner-sphere water of hydration,51,52

and weak chemical complexation, in which M may retain some of its primary hydration shell. Work is in 

progress to quantify the nature of the equilibration between electrically condensed ions, as governed by 

electrostatic demands, and inner-sphere bound M, as governed by chemical affinities between the metal 

and the complexing humic acid sites. 

 

Symbols and abbreviations  

CC  counterion condensation 

D  Donnan phase 

DL  double layer 

HA  humic acid 

I  ionic strength 

M  metal ion 

S  reactive site 

NP  nanoparticle 

SSCP  stripping chronopotentiometry at scanned deposition potential 

M,f
*c  concentration of free metal ion in the bulk electrolyte solution (mol m-3) 

DL
M,fc  local average concentration of free metal ion in the intraparticulate DL (mol m-3)

D
M,fc   local average concentration of free metal ion in the Donnan volume (mol m-3) 

DL
M,condc  local average concentration of condensed metal ion in the intraparticulate DL (mol m-3) 
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DL
MSc  local average concentration of inner-sphere complexes in the intraparticulate DL (mol 

m-3) 

D
MSc   local average concentration of inner-sphere complexes in the Donnan volume (mol m-3) 

M,tc  local total concentration of all forms of M in the particle body (mol m-3) 

MSc  local average concentration of inner-sphere complexes within the particle volume (mol 

m-3) 

S,tc    local total concentration of reactive sites within the particle volume (mol m-3) 

e  elementary charge  

B.Mf   average Donnan partitioning factor for the metal ion 

Cf   condensation limit for 2+ ions in the intraparticulate double layer 

 heterogeneity parameter 

appK  apparent average stability constant for MHA based on smeared-out concentrations (m3 

mol-1) 

intK  intrinsic average stability constant for inner-sphere MS (m3 mol-1) 

1
p  intraparticulate Debye length (m) 

DL   thickness of the intraparticulate condensation zone (m) 

C   separation distance between charged sites (m) 

rp  particle radius (m) 

condM /MSR  concentration ratio between condensed ions and inner-sphere complexes 

VD  volume of the Donnan phase (m3) 

VDL  volume of the intraparticulate double layer zone (m3) 

D   Donnan potential (V) 

p   structural volume charge density in the particle body (mol e m-3) 
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DL particle volume fraction of the double layer zone

D   particle volume fraction of the Donnan zone 

M   ratio of concentrations of inner-sphere complexes and reactive sites 
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