Netherlands Journal of Agricultural Science 35 (1987) 241-257

Heterogeneity and electrolyte adsorption: intrinsic and
electrostatic effects

W. H. van Riemsdijk', L. K. Koopal* and J. C. M. de Wit!

! Department of Soil Science and Plant Nutrition, Wageningen Agricultural Uni-
versity, P.O. Box 8005, NL 6700 EC Wageningen, Netherlands
? Department of Physical and Colloid Chemistry, Wageningen Agricultural Uni-
versity, P.O. Box 8038, NL 6700 EK Wageningen, Netherlands

Received 24 April 1987; accepted 9 June 1987

Key words: metal oxides, humic and fulvic acids, organic colloids, site heterogenei-
ty, electrostatic interactions, surface charge pH relation, intrinsic-affinity distribu-
tion, condensation approximation, apparent-affinity distribution

Abstract

Adsorption of electrolytes in natural systems is an important phenomenon. Natural
systems contain sorbents with a predominantly constant surface charge, such as
clay minerals, as well as a complex mixture of mainly variable charge sorbents like
organic matter, both in the dissolved and in the soil solid phase, and metal oxides.
The effect of a combination of an intrinsic-affinity distribution (both discrete and
continuous) and a variable surface potential on adsorption behaviour of protons is
discussed both for random and patchwise heterogeneity. It is shown that the varia-
ble charge (potential) on intrinsically homogeneous metal oxides and organic mod-
el colloids leads to an apparent heterogeneity of binding sites. This effect is quanti-
fied with simulated data and the condensation approximation. For heterogeneous
charged sorbents, where the apparent affinity represents both the chemical hetero-
geneity and the electrostatic interactions, very wide apparent-affinity distributions
will be found. The apparent-affinity distribution is in general only a poor repre-
sentation of the intrinsic-affinity distribution.

Introduction

The behaviour of ions in natural systems such as soils and sediments is often deter-
mined by the interaction of these ions with clay minerals, metal oxides and natural
organic matter. This organic matter may be present both in the soil solid phase and
to a lesser extent in the liquid phase as dissolved fulvic or humic acids. The interac-
tion between dissolved ions and the natural reactive ‘sorbents’ mentioned may be
non-specific due to charge compensation in the diffuse double layer and/or ion-spe-
cific through specific binding by the reactive groups of the different sorbents. In
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case of specific interaction the extent of binding is also influenced by the electro-
static potential at the place where the ion is adsorbed. In general purely non-specif-
ic binding of trace metals in natural systems is of much less importance than the spe-
cific binding. This is due to the large excess (typically a factor of 10°~10°) of ions
such as Ca®* and Na* as compared to trace metals such as Cu** and Cd**.

When clay minerals dominate in a soil, the interaction of cations such as Ca** and
Na™ with the soil is mainly determined by ion exchange on the clay minerals. Many
different types of clay minerals exist, varying considerably in terms of surface
charge density or CEC (see e.g. Greenland & Hayes, 1978; Sposito, 1984; Bolt &
van Riemsdijk, 1987). The interaction of the commonly occurring cations with the
different clay minerals is dominated by the electrical interaction of these ions with
the permanently charged sites on the clay minerals. An in-depth analysis of this
type of interaction is given in Bolt (1982).

Due to their complex composition, soils and sediments should in general be con-
sidered as a heterogeneous collection of adsorption sites. Even individual soil con-
stituents may show a whole range of affinities for adsorption of a given ion, due to
the presence of different types of reactive surface groups and due to a varying sur-
face potential. For a better understanding of the interaction of ions with soil it is of
interest (1) to analyse the effects which a distribution of intrinsic affinities has on
the ion adsorption on variably charged surfaces and (2) to compare the intrinsic-af-
finity distribution with the apparent-affinity distribution which can be calculated on
the basis of the surface charge-pH curves of the studied surfaces. The calculation of
apparent-affinity distributions (affinity spectra) to characterize the heterogeneity
of organic matter has been suggested by Shuman et al. (1983), Hunston (1975) and
others. In this paper the effects of surface heterogeneity and electrostatic interac-
tions on the adsorption of protons on metal oxides, organic matter and organic
model colloids will be discussed, together with the apparent distribution functions
which result from the charge-pH curves of these materials.

A complementary study has been presented by van Riemsdijk et al. (1986a). The
effect of heterogeneity of the chemical composition of the soil on the transport of
chemicals on a field scale or regional scale is discussed elsewhere (van der Zee &
van Riemsdijk, 1986).

Heterogeneity and adsorption: General concepts

Most work regarding adsorption on heterogeneous surfaces can be found in gas ad-
sorption literature. Recent reviews of this subject are given by Jaroniec (1983) and
House (1983). The specific interaction between a species C in solution with a
charge z and a surface site (S;) with charge n can be represented as

Si+Cls SICH K, (1a)
with
S"C*
ji %—'lf (10)
[S7] [Ci]
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where K is the intrinsic affinity between site j and ion i expressing the non-electro-
static interactions, [C?] is the concentration of C? adjacent to the plane of adsorp-
tion, [S7] and [S}C}] are site densities. [C]] is related to the concentration in the
bulk of the solution [C} ],

(€] = [Clple ™ @

where W is the electric potential at the plane of adsorption. Eq. 1b is based on the
assumption that lateral non-coulombic interactions can be neglected, it can also be
written as

K [C]

L 3)
i 7
1+ K [C]]
where 8, ; is the relative (surface) coverage of sites j with species C} given by
= [S;CIVN]] (4)

where N; is the total site density of site type j, which in this case equals [S{C] +
[S].

For homogeneous electrostatic site binding models there is only one type of site S
(see for a discussion of these models e.g. Healy & White, 1978; Westall & Hohl,
1980; Bolt & van Riemsdijk, 1987; Koopal et al., 1987.) In the case of a heteroge-
neous surface there is more than one site type present on the surface, and Eqs. 3
and 4 can be applied for each site type j present.

The total site density for a heterogeneous sorbent, N, is given by

N, =3 N; (5)
The fraction, {7}, of a site type j with respect to the total surface area is equal to

ff = (N/N)f; (6)
where f} is the fraction of a site type j with respect to the total number of sites avail-
able. The overall total relative surface coverage with species C7, 6, , on all types j
equals

0, =Z,130,, @)

Combination of Eq. 3 and Eq. 7 leads to

gi,t = Zj f,S' {Kj.i[cﬂ/(l + Kj,i[Cﬂ)} (8)
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Ifall s, K;’s and N, are known and it is decided how to calculate ¥ (see Eq. 2),
then the overall adsorption of ion type C? on a heterogeneous system can be calcu-
lated.

With respect to the calculation of ¥ for a heterogeneous charged surface two ex-
tremes can be distinguished. The one extreme is a random heterogeneous surface,
where there is only one (smeared out) potential ¥ in the plane of adsorption. The
other extreme is a patchwise surface with large patches, where each patch is charac-
terized by its own (smeared out) potential. The last case is equivalent to a heteroge-
neous mixture of different in itself homogeneous (charged) surfaces (Bolt & van
Riemsdijk, 1987). A more elaborate discussion on this subject is in preparation
(Koopal & van Riemsdijk).

When the difference between the consecutive log K ; values is small Eq. 8 may be
replaced by an integration and the discrete distribution of f; is replaced by a continu-
ous (energy) distribution function f[log K;]. The equivalent of Eq. 7 for a continu-
ous distribution function is:

6,,= 40 6, [logK | dlogK, ©)

where A4 is the relevant range of integration and 6, is given by Eq. 3, omitting subs-
cript j 6, is called the local isotherm. For some special cases it is possible to solve Eq.
9 analytically. One result will be discussed here, the well known Langmuir-Freund-
lich equation that results from a nearly Gaussian distribution function of log K,
(Sips, 1948, 1950; van Riemsdijk et al., 1986b). For a system with one specifically
adsorbing component:

Zym
= BIGSS 0<ms=1 (10)
1+ (KCH™
where m determines the width of the distribution function. The integration can only
be done for a random heterogeneous surface, i.e. with a smeared out potential that
is uniform over the surface as a whole at a given value of ¢, (van Riemsdijk et al.,
1986b). When in a multi-solute system for a given sorbent the shape of the intrinsic-

affinity distribution is the same (same value of m) for all adsorbing ions then Eq. 11
can be derived (van Riemsdijk et al., 1986, 1987):

Y.
0, = ‘ (11)
T+ EYY)IEY) T

where Y, is a composite term made up of a product of one or more of the affinities
(K;) and concentrations ([C}]) of the various ions involved in the specific adsorption
reaction. The different Y,’s follow from the solution of a set of individual adsorption
equations and the choice of a reference surface site.

The condition that the shape of the intrinsic affinity distribution is the same for all
adsorbing species (correlation coefficient = 1) is probably reasonable in case of a
heterogeneous metal oxide. More general treatments that do not suffer from this
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restriction are also possible. For instance, one can consider a joint Gaussian distri-
bution function (Jaroniec & Rudzinsky, 1975; Miiller et al., 1985). A full evaluation
of such a complex model approach for more than two competing species requires a
very large and precise set of data. So far such an approach has only been tried for a
bivariate Gaussian distribution.

For surfaces with a considerable heterogeneity an advantage of the use of a con-
tinuous distribution function over the use of a discrete distribution is the limited
number of parameters that is needed to characterize the system (N, K, and m ver-
sus N, A, nK; s, n-1f}"s and n—1f’s for n site types j).

Instead of presuming a certain type of distribution function beforehand (e.g.
Eqgs. 10 and 11) one can try to establish the distribution function from (single solute)
adsorption data using Eq. 8. Several advanced numerical schemes have been devel-
oped and applied mainly to gas adsorption data (House & Jaycock, 1977, 1978;
Sacher & Morrison, 1979; House, 1983; Vos & Koopal, 1985; Koopal & Vos,
1985). Application of these procedures to adsorption from solution is thwarted by
the experimental error mostly present in such data. Inversion of Eq. 9 with respect
to f[log K] requires very accurate data because the mathematical solution is ill-con-
ditioned. A discussion of the problems involved in inverting Eq. 9, which is a so-
called Fredholm equation of the first kind, has been given by Noble (1977).

Apart from these optimization techniques, approximate methods which do not
suffer from instabilities have been developed to estimate the distribution function
on the basis of available adsorption data. The most simple method is the so called
‘condensation approximation’ (CA). The CA method is originally developed for
gas adsorption (Harris, 1968, 1969a, b) and is discussed by Cerofolini (1974). In the
CA method the local isotherm (see Eq. 3) is approximated by a step function. The
relative local surface coverage (6;; ¢, ) is thus either zero or one:

9j.i.CA =H [C?‘C(Z:i] (12)

Eq. 12 is a Heavyside function (Papoulis, 1972). H[P] = 0 for P<0 and H[P] =
1 for P=0, [C¢,] is the critical concentration where the coverage changes from zero
to one. If, for instance, the Langmuir isotherm is chosen as local isotherm, (C¢;] is
related to the situation where 6, = 0.5 leading to

-log[C¢;] = [logK]ca (13)

In literature on humic acids an equivalent procedure is known as the ‘affinity spec-
trum technique’ (Shuman et al., 1983; Dzombak et al., 1986). In the CA method
the distribution function f[log K], results by differentiating the amount adsorbed
with respect to the logarithm of the concentration in solution.

s 3ok, N i

fllog Kilep = - {( (14)

Application of Eq. 14 to an analytical overall isotherm such as Eq. 10 results in an
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analytical expression for the CA distribution function. This approximated distribu-
tion function can now be compared with the real distribution function underlying
Eq. 10. It turns out (van Riemsdijk et al., 1986a) that the CA method leads to a very
good approximation when the real distribution function is wide (small values of m)
and to a too wide (approximated) distribution when m is close to one.

Metal oxides

Homogeneous metal oxide

The surface charge of a homogeneous metal oxide can be described with a ‘one-pK’
model. The use of a single-pK value to describe surface charge-pH curves for metal
oxides has first been proposed by Bolt & van Riemsdijk (1982). Recently it has
been shown that the one-pK model can indeed simulate o -pH curves for TiO, (van
Riemsdijk et al., 1986b), for iron oxides (van Riemsdijk et al., 1987) and for A1,0,
and A1(OH), (Hiemstra et al., 1987). The model can easily be extended to describe
specific adsorption of heavy metals (van Riemsdijk et al., 1987) and anions (van
Riemsdijk & van der Zee, 1986).

The basic assumption of the one-pK model is that the reactive sites on the surface
of a metal oxide consist of singly coordinated oxygen atoms. These reactive oxy-
gens may exist either in the form of SOH” or SOH;** gsee Fig. 1a). At the pristine
point of zero charge (PPZC) the ratio of SOH”":SOH,** = 1:1. This can be com-
pared with the situation for a dissolved metal species like Fe(OH),(H,0)3, usually
represented as Fe(OH); (see Fig. 1b). The equation relating the two surface sites is

SOH" + H* <5 SOH}** (15a)

[SOH}**

~[son™ I Y

H

where K|, is the intrinsic affinity, [SOH,*] and [SOH"*] are the site densities and
(C;] is the proton concentration at the plane of adsorption, related to its bulk con-
centration by Eq. 2.

1
i 1
=myoH (V) (12-)
7 TOH (1) OH
S FOH (1) (1,2.)H20\F|e/0H2(1/2.)
=m7 :
= :OHZ(I/Z ) (11-) HO~ ' N oH (1)
1
~ )/OHZ(I/Z‘) OH,
7Mj~0H2(1/2.) (1r2+)
{

@ ®

Fig. 1. Schematic representation of the (uncharged) metal oxide surface (a) compared with (neutral)
dissolved iron hydroxide, Fe(OH);(H,0) (b).
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Eg. 15 can be seen as a special case of Eq. 1 where n = -0.5 and z = +1. The
values of n and z determine the relationship between 6, and the surface charge den-
sity. The general expression for the surface charge density based on Eq. 1 is (omit-
ting the subscript j because we are dealing now with a homogeneous surface):

o,=NF{(n+z) 6, +n(1-6,)} (16)
Forn = 0.5 and z = +1, Eq. 16 can be written as
0,=NF (6,-0.5) (17)

The isotherm equation for the protons 8y is given by Eq. 3. For the description of
heterogeneous metal oxides the general concepts explained in the former section
can be applied.

Apparent-affinity distribution for a charged homogeneous metal oxide

The separation of the free energy of adsorption in an electrical and an intrinsic
(chemical) part as done above (see Egs. 1 and 2), is quite common but arbitrary.
Not splitting the affinity in an electrical and a chemical term leads to series of appar-
ent-affinity constants, because the total affinity depends on the value of the surface
potential. For instance, in the case of proton adsorption Eq. 15b can be expressed
as

Yo+
KH,app =Kyexp (-F ¥/RT) = __[S_OI% )
[SOH™] [C};,]
where K A.app is the apparent-affinity constant. Because KH'app varies during a titra-

tion, a distributon of log Ky, ,,, values results.

To illustrate this situation simulated proton adsorption data based on the one-pK
model combined with a simple Stern-Gouy-Chapman double layer can be used. In
Fig. 2A a simulated titration curve is shown for a hypothetlcal metal oxide with log
Ky=7 ( pHPPZC) a Stern layer capacitance of 5 F/m?, a site density of 8 sites/nm’
and an ionic strength of 0.5 M. The apparent-affinity dlstrlbutlon that results from
this curve can be approximated by using the CA method. The result is shown in Fig.
2B. The width of the apparent-affinity distribution found with the CA method has
by definition a spread in log Ky ,, that is the same as the pH range of the titration
curve going from 6, = 1 (max1mum positive surface charge) to 6;; = 0 (max1mum
negative surface charge) The distribution function consists of two mirror images
around the PPZC. Hence, although the generated titration curve is based on a ho-
mogeneous one-pK model, a bimodal distribution function, f[Ky ,,.], is obtained
due to the fact that the overall surface charge can become either positive, zero, or
negative.

Since the shape of the o,-pH curve is a function of the salt level, the resulting dis-
tribution function of log Ky ., is also dependent on the salt concentration. For in-
stance, for a lower salt concentratlon the distribution function will be wider than the
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Fig. 2A. Surface charge density versus pH for a hypothetical homogeneous metal oxide simulated with
the one-pK model in combination with the SGC double layer model (solid curve). The parameter values
used are: log Ky, = 7, C = 5 F/m?, N, = 8 sites/nm?, ionic strength 0.5 M.

The dashed curve represents the o -pH curve reconstructed on the basis of Eqs. 9, 18 and the appar-
ent-affinity distribution function shown in Fig. 2B.

Fig. 2B. The apparent-affinity distribution function f[log K
curve shown in Fig. 2A with the CA method.

H.app

], derived from the o,-pH titration

one shown in Fig. 2B. Note that a rather high salt concentration is used in the calcu-

lation.

Due to the relatively high site density, high values of the surface potential will de-
velop at high surface charges. Therefore, in normal practice only a relatively small
fraction of the total surface groups can be titrated and consequently only a fraction
of the total apparent-affinity distribution function can be obtained with the CA

method.

On the basis of the obtained (approximate) distribution function of log K

H.app the

titration curve can be reconstructed by using Eq. 9 with Eq. 18 as local isotherm.
The result is shown in Fig. 2A as the dashed line, it can be seen that the resulting g,-
pH curve approximates the original curve quite well. This is in accordance with the
general observation that the CA method results in a good approximation for rela-
tively wide distribution functions.

Concluding this section: for an amphoretic surface, based on the one-pK model,
the strong electrostatic interactions lead to a very wide distribution of log Ky, ,,,

containing two separate peaks.

The CA method gives a reasonable approximation of the distribution of log
Ky apps but this distribution has very little in common with the intrinsic-affinity dis-

tribution (a delta function). The minimum in the distribution of log K

sponds with log K.
248

H,app COTTE-
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Combination of site heterogeneity and electrical effects

In practice a metal oxide surface may be characterized by a range of different intrin-
sic affinity constants. The surface heterogeneity may arise from surface defects, the
presence of different crystal planes, different surface groups, etc. The titration
curve that results for such a heterogeneous metal oxide is thus affected by the distri-
bution of Ky; ;. insic @8 Well as by the coulombic interactions.

For a random heterogeneous surface with a uniform surface potential, in combi-
nation with a continuous distribution of log K, it has been shown (van Riemsdijk et
al., 1986b) that the shape of the titration curve is hardly affected by the distribution
of Ky inwinsic irT€Spective of the type or width of the distribution function. The main
effect may be a shift in the overall PZC (point of zero charge) of the titration curve.

For a patchwise heterogeneous surface, where each patch has its own surface po-
tential (not influenced by the other patches) both the PZC and the shape of the
curves are affected (van Riemsdijk et al., 1986a; Bolt & van Riemsdijk, 1987).
When it is assumed that the Stern layer capacitance is the same for all patches it can
be shown (Bolt & van Riemsdijk, 1987) that there is only a common intersection
point (CIP) of the overall titration curves at different salt concentration when the
intrinsic affinity distribution is symmetrical. This CIP then corresponds with the
overall PZC.

In Fig. 3 the overall o_-pH curves of a symmetrical patchwise heterogeneous sur-

0.2

Surface Chorge

Norm.

Fig. 3. The overall o,-pH curves at three different salt concentrations for a patchwise heterogeneous
surface composed of seven patches distributed symmetrical around the PZC (solid lines) and for a com-
parable homogeneous surface (dashed lines).

For both surfaces pH(PZC) = 6, N, = 12 sites/nm? and C = 1.3 F/m? (in the heterogeneous case for
each patch). The composition of the heterogeneous surface is:
s 0.05 0.1 0.2 0.3 0.2 0.1 0.05
pPH(PZC) =log K 4 3 4 5 6 7 8 9
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face composed of seven patches at three different salt concentrations (solid lines) is
compared with a homogeneous surface with the same PZC as that of the mixture
(dashed lines). For the homogeneous surface and for each patch the one-pK model
in combination with the SGC model is used. The Stern layer capacitance, C, is as-
sumed to be 1.3 F/m? for all patches and the homogeneous surface. For both cases
pH(PZC) = 6 and N, = 12 sites/nm?. The distribution of sites of the heterogeneous
surface is given in the captions of Fig. 3. The normalized surface charge density is
calculated according to

O orm = 2 17 0, /(0.5N,F) (19)
where 0.5 N/F is the maximum absolute surface charge corresponding with the one-
pK metal oxide model (see Eq. 17). From Fig. 3 it follows that in this case the het-
erogeneity leads to a higher (absolute) surface charge than for the corresponding
homogeneous surface at all pH values (apart from PZC). The same distribution in
combination with a random surface heterogeneity leads to curves that can hardly be
distinguished from the homogeneous situation.

In Fig. 4 a result is presented for an asymmetric patchwise distribution. As before
the one-pK SGC model with C = 1.3 F/m? (for each patch) and N, = 12 sites/nm? has
been used. The PPZC of the homogenecous surface equals 6.36. Fig. 4 clearly shows

Norm. Surface Charge

2 4 6 8 10
pH
Fig. 4. The o,-pH curves at three different salt concentrations for an asymmetric patchwise heteroge-
neous surface composed of two patches (solid lines) and for a homogeneous surface with a comparable
PZC (6.36) (dashed curves).
For both surfaces N, = 12 sites/nm? and for all homogeneous patches C = 1.3 F/m?. The composition of
the heterogeneous surface equals:

i 03 07
PKj 1 2 9
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that the overall PZC of the mixture (solid lines) is now a function of the salt level
with an apparent (approximate) common intersection point at a somewhat negative
overall surface charge. This approximate CIP should not be confused with the PZC.
The dashed curves are for a homogeneous surface with a PPZC that equals the av-
erage PZC of the three curves for the heterogeneous surface. It thus follows that
the shape of the curves for the patchwise heterogeneous system differ markedly
from the homogeneous situation.

Similarly as shown for the homogeneous metal oxide surface the titration curves
can be used to obtain apparent-affinity distribution functions using the CA method.
The apparent affinity is in this case due to both the heterogeneity and the electrical
effects. For the moment it suffices to note that the o -pH curves for the heteroge-
neous surfaces (the solid lines) are rather smooth due to the superposition of the
electrical interactions on the heterogeneity. Evidently if smooth o-pH curves are
used to calculate flog Ky ,,,]ca @ smooth distribution results and the discrete na-
ture of the patches is not easily recognized in the apparent-affinity distribution
function. Hence, it is to be expected that also here f[log Ky ,;]c4 shows two peaks
due to the amphoretic nature of the surface and that the obtained distribution func-
tion is not resembling the intrinsic-affinity distribution.

Humic and fulvic acids

Soil or aquatic organic matter can be seen as a natural polymer consisting of many
different building blocks, leading to a large variety of reactive groups. For instance
for fulvic acids at least seven amino acids which together amount to 6 to 9 weight %
of the fulvic acid, two hexosamines (5 to 14 %) and six different neutral carbohy-
drates (10 to 12 %) have been described as ‘building blocks’ (Holtzclaw et al.,
1980). Only a minor fraction (21-35 %) of the fulvic acid has thus been identified.
The negative charge of natural organic matter arises from dissociation of the differ-
ent acid functional groups, whereas positive charges may originate from basic func-
tional groups. For both types of groups the reaction of a proton with these groups
can be written according to Eq. 1. The value of n may be —1 (acidic group) or zero
(alkaline group). Because some of these groups have a very high affinity for pro-
tons, it is difficult to establish the total number of reactive sites from titration in a
non-aqueous solution. However, according to Ephraim et al. (1986) it is possible to
estimate the relative presence of these high-affinity sites by titration in a non-
aqueous solution, and/or by titration in the presence of complexing metal ions
(Cu**, Eu’") that are capable of replacing these tightly bound protons. A direct cal-
culation of the net charge of the organic molecule based on 6, values is impossible
because the value of n in Eq. 1 is not the same for all reactive groups. According to
Ephraim et al. (1986) the intrinsic affinity constants of the proton for humic matter
range from as low as log K,; = 1.8 to as high as log K; = 13.

Like in the case of metal oxides, humic materials have a pH-dependent (but pre-
dominantly negative) ‘surface’ charge, giving rise to an electrostatic interaction
contributing to the free energy of binding. The binding of ions to humic matter is
thus also the result of a combination of electrical and chemical interactions. A dif-
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ference with the metal oxide behaviour is that the electrostatic interaction may also
be affected by the spatial conformation of the organic polyelectrolyte, which is a
function of 6.

In addition to the complexity of one specific macromolecule, in nature one is
confronted with a complex mixture of different types of these macromolecules va-
rying in size and relative content of the different reactive groups. Model descrip-
tions for these very complicated systems have so far been mainly of an empirical na-
ture (Sposito, 1987). Recently it has been suggested (Harding & Healy, 1985) that
colloidal latex particles which have carboxylic and amine groups as reactive sites
can be considered as an idealized model colloid to represent the complex natural or-
ganic matter. Following this line of thinking it is useful to analyse theoretically such
simplified ‘organic model colloids’ in order to assess the relative importance of site
heterogeneity and electrical effects in these systems. The effects appearing for
these idealized models will basically also be present in more complex natural organ-
ic systems. As the behaviour of the humic materials is predominantly governed by
the acid groups we restrict ourselves for the moment to calculations for organic
model colloids with acid groups only.

Organic model colloids

Homogeneous organic model colloid

A simple rigid homogeneous acid organic model colloid in solution can be charac-
terized by one intrinsic affinity K, (Eq. 1 with n = -1 and z = +1) and a Stern-
Gouy-Chapman double layer. The expression for the surface charge follows from
Eq. 16. The maximum site density N, is set at a much lower value than for the metal
oxides, in combination with a high value of the Stern layer capacitance C, because it
is believed that for natural organic matter sites with a value of log K, that is not too
high can be titrated completely in an aqueous medium (Ephraim et al., 1986). The
g,-pH curve of such a model colloid with N, = 2 sites/nm* and C = 5 F/m”*in 0.5 M
electrolyte is given in Fig. SA. The effect of the surface potential on the dissociation
can be seen because in the absence of the electric field the surface charge should be
one half of the maximum surface charge at pH = log K,;. The actual ratio is only
0.14 at pH = 4. The dissociation is considerably retarded because of the build up of
the negative surface potential going from low to high pH.

Apparent-affinity distribution for a charged homogeneous organic colloid

In the same way as was done for the homogeneous metal oxide system, the approxi-
mate apparent-affinity distribution, f{log Ky ,,,]ca, can be calculated from the si-
mulated o -pH curve with the CA method. The result is shown in Fig. 5B. The dis-
tribution function is somewhat asymmetric and rather wide. The largest part of the
distribution appears for pH>>4 as expected on the basis of the _-pH curve. It should
be noted that even for the low value of N, and the high value of C - representative
for relatively weak electrostatic interactions — the distribution function of log K, .,
ranges from about pH = 1 to pH = 10. The peak of the apparent-affinity distribu-
tion is not corresponding with log K, due to the electrostatic interaction. Hence it is
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Fig. SA. The o,-pH curve for a homogeneous organic model colloid (solid line). The calculations are
based on the one-pK SGC model with log Ky; = 4, C = 5 F/m?, N, = 2 sites/mn? and [ = 0.5 M.

The dashed curve represents the titration curve reconstructed on the basis of Egs. 9, 18 and the appar-
ent-affinity distribution function shown in Fig. 5B.

Fig. 5B. The apparent-affinity distribution function {[log K,,,, 4] derived from the o,-pH curve shown in
Fig. SA with the CA method.

rather difficult to substract information regarding log Ky; from f[Ky . Ica-

On the basis of Eqgs. 9 and 18 and the CA distribution function of log Ky, ., 64,
and hence the (0,)c,-pH curve can be calculated. As expected on the basis of the
range of Ky, values the original o,-pH curve is approximated reasonably well,
compare the solid and the dashed curve in Fig. Sa.

Combination of site heterogeneity and electrical effects

In this section the behaviour of heterogeneous organic model colloids will be com-
pared with that of a homogeneous organic colloid. For brevity the combination of a
continuous intrinsic-affinity distribution with a uniform smeared out potential will
be considered only. This is done by using Eq. 10 and the SGC double-layer model
with log K,; = 4, C = 5 F/m? and N, = 2 sites/nm”. In Fig. 6A the resulting titration
curves for a salt concentration of 0.5 M are shown for various values of m (width of
intrinsic-affinity distribution). The curve m = 1 corresponds with the homogeneous
surface shown in Fig. 5A B.

In contrast with the situation for the amphoteric metal oxide where the combina-
tion of a continuous intrinsic-affinity distribution and a smeared out potential hard-
ly influences the shape of the o-pH curves, the present curves are relatively sensi-
tive to the width of the intrinsic-affinity distribution function. For a negative (or
positive) surface the effect of introducing a symmetrical distribution of affinities
around log K, is to decrease the slope of the ¢,-pH curves. The form of Eq. 10 pre-
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Fig. 6B. The apparent-affinity distributions
calculated from the o,-pH curves with the
CA method.

0.00 Fig. 6C. The intrinsic affinity distributions

oo P 4 5 8 10 for Eq. 10 with log K; = 4 and the indicated
Log Ku, app values of m (no electrostatic contributions).

dicts that the o-pH curves intersect at 6;; = 0.5. In the absence of electrostatic in-
teractions the pH of this common intersection point corresponds with log Ky;. In the
present case pH .y equals log Ky, and hence the distance between pHcp and log
K, is a measure of the electrostatic interactions (see Eq. 18).

Based on each of the curves of Fig. 6A the distribution of log Ky ,,, can be calcu-
lated using the CA method for each value of m. Each obtained distribution function
(Fig. 6B) is the result of the combined effect of the intrinsic-affinity distribution on
which Eq. 10 is based and the electrostatic effect.

As expected on the basis of the CIP in the o -pH curves the peak position of the
apparent-affinity distributions is around pH = 6. For sake of comparison in Fig. 6C
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the distribution functions of the intrinsic affinities are shown. As required these
curves have their maximum at log K = 4, and they are symmetrical. The log Ky, .
distributions (Fig. 6B) are asymmetrical due to the fact that at low values of ¢, an in-
crease in o, has a relatively large effect on ¥ whereas at high values of g, a compar-
able increase of g, has only a small effect on the electrostatic potential. By compar-
ing Fig. 6B and Fig. 6C it can be seen that the relative contribution of the electro-
static potential to the distribution of log K, ,,, diminishes when the intrinsic distri-
bution widens (i.e. decreasing values of m). Hence, for strongly heterogeneous sur-
faces the apparent-affinity distribution may give some indication of the intrinsic
heterogeneity. However, the position of the peak of f[log Ky; ,,,]c is displaced rel-
ative to log K;; and even for relatively weak electrostatic interactions this displace-
ment is considerable.

Conclusions

— The condensation approximation is a simple method to determine the apparent-
affinity distribution for systems with variable charge, because the distribution of log
Ky .pp is Wide due to the electrostatic interactions.

- o,-pH curves of variable charge colloids (metal oxides, organic colloids) can be
interpreted in terms of an apparent-affinity distribution f(log Ky, ,..). The resulting
distributions are in general a very poor presentation of the intrinsic-affinity distri-
bution.

— The o,-pH curves for a homogeneous amphoteric metal oxide, constructed on
the basis of a one-pK model combined with a Stern-Gouy-Chapman double layer,
lead to a bimodal distribution of apparent affinities. Hence, for an amphoteric sur-
face a bimodal apparent-affinity distribution is not per se an indication for the appli-
cability of a two-pK electrochemical model.

— The effect of an intrinsic-affinity distribution on the o_-pH curves differs for ran-
dom or patchwise heterogeneity.

— Acid (or basic) organic colloids are in general more sensitive for ‘intrinsic hetero-
geneity’ than (amphoteric) metal oxides.

— In the case of a strong heterogeneity the use of continuous distribution functions
(like Gaussian or ‘Sips’) is to be preferred over the use of discrete distributions be-
cause of the (much) smaller number of parameters that is necessary to characterize
the system.
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