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Abstract

The humic substances (HS) have a high reactivity with other components in the natural
environment. An important factor for the reactivity of HS is their negative charge. Cationic
surfactants bind strongly to HS by electrostatic and specific interaction. Therefore, a surfactant
binding model is developed that takes both the specific and electrostatic interactions explicitly
into account. The model is analogous to that of ion binding to HS with the NICA-Donnan model,
but competition for the binding sites is not taken into account and the NICA-Donnan model
reduces to the Langmuir-Freundlich-Hill-Donnan (LFH-D) model. The parameters of the LFH
equation are the maximum binding, the affinity constant and the non-ideality constant. The non-
ideality parameter accounts for both the site heterogeneity and the cooperativity due to
hydrophobic interaction between surfactant molecules. The affinity constant incorporates the
specific (e.g., hydrophobic) interactions between surfactant and HS. The Donnan part of the
model accounts in a simple way for the electrostatic interactions by assuming that for a given set
of conditions there is only one electrostatic potential that governs the behavior in the Donnan
phase. The separation between the specific interactions (LHF) and the electrostatic interactions
(D) is based on the so-called master curve (MC) procedure in which the binding is replotted as a
function of the “free” surfactant concentration in the Donnan Phase. The MC depends only on the
specific interactions. Once the MC is obtained it can be fitted to the LFH equation to obtain the
model parameters. Subsequently, the surfactant isotherms can be calculated with the LFH-D
model. The model is tested using previously obtained data on dodecyl pyridinium chloride (DPC)
and cetyl pyridinium chloride (CPC) binding to some purified humic and fulvic acids at pH about
5. The LFH-D model is well suited to describe the surfactant binding to HAs from very low
concentrations up to the iso-electric point (IEP). The affinity of DPC for the different HAs allows
ranking of the HAs according to their hydrophobicity. Prediction of DPC binding at other pH

values also leads to good results for HA. For FAs the model can only describe the surfactant
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binding up to an adsorbed amount of 0.5 mol/kg. For higher binding values the LFH-D model

underestimates the binding.
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1. Introduction

Dissolved humic substances (HS) are organic compounds that commonly exist in soil
solutions and natural waters. They can be divided in fulvic acids (FAs) and humic acids (HAS).
FAs are soluble in water at all pH and HAs are soluble at pH > 2. FAs can be considered as
oligomeric polyfunctional acids and HAs as structured polyelectrolyte particles with internal
chemical and physical links. Due to the presence of a large variety of functional groups HS have a
high reactivity with other components in the natural environment and affect the migration of
pollutants. An important factor for the reactivity of HS is their negative charge, which is due to
the dissociation of the acid groups. Proton binding to HS is well studied; it can be used to
characterize HS from physical point of view [1,2] and is the basis for a better understanding of
the binding behavior of other ions [3]. Adsorption of heavy metal ions is well documented and
both the NICA-Donnan model [4-10] and Model VI [11] are able to describe and predict metal
ion binding to HS as a function of pH, salt concentration and concentration of other competing
ions. Also complex formation of HS with cationic polyelectrolytes is well studied. Polyelectrolyte
binding to HS can be used to obtain insight in the charge density of the humics [12, 13]. The main
emphasis of these studies is however on the optimization of the complexation conditions for the
removal of HS from aqueous solution by selective flocculation [14]. Recently also protein
binding to HS has been studied [15, 16] and some studies exist on the role that HS have on
enzyme activities [17]. HS also can bind low molar mass organic pollutants [18-22], but here the
knowledge of the effect of environmental conditions such as pH and salt concentration on the
binding is mainly limited to surfactant binding.

Surfactants are an important class of low molar mass components. Surfactants are
widely used at home and in industry; they are the most discharged synthetic chemicals to
the environment and they may destroy cell membranes of living organisms [23].

Surfactant binding to mineral oxides has been studied over decades and sophisticated

4
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binding models exist [24-28]. Direct studies of surfactant binding to HS are limited and
more recent [21, 22, 29, 30]. Koopal et al. [29] have shown the influence of pH and
cationic surfactant aliphatic chain length on the binding of cationic surfactants to HA. In
a similar study Yee et al. [21] have measured cationic surfactant binding to HA and FA
and the results were analyzed using the Hill and the Langmuir equation. The surfactant
binding to FA could be described with the Hill equation; it showed, close to the critical
micelle concentration of the surfactants, a strong cooperativity that was not present with
the binding to HA. The surfactant binding to HA could be described with the Langmuir
equation. Ishiguro et al. [22] have measured alkyl-pyridinium surfactant isotherms to
HAs and FAs over a large surfactant concentration range and investigated the effects of
salt concentration and surfactant chain length on the binding. In a recent study Matsuda et
al. [30] investigated the effects of chain length, salt ion concentration and the presence
of heavy metal cations on the binding of cationic surfactants to HA. Although some
modeling attempts have been made [21], unraveling of the electrostatic and specific
interactions that contribute to the surfactant binding to HS, as done for ion binding, has
not yet been considered. Only by considering both types of interactions explicitly models
based on intrinsic binding parameters can be obtained that allow the prediction of the
surfactant binding to HA and FA as a function of surfactant concentration, pH and salt
concentration. Therefore, in this paper a modeling route for surfactants has been chosen
that is closely related to the NICA-Donnan model [9, 10] used for proton and metal ion
binding to HS. The electrostatic interaction is modeled using the Donnan model that
allows the calculation of the electrostatic potential near the sites. The specific interactions
are taken into account by using a simplified form of the NICA (non-ideal competitive

adsorption) equation. When the surfactant adsorption occurs mainly on the dissociated
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acidic groups the site completion can be neglected and the NICA model can be simplified
to the Langmuir-Freundlich-Hill (LFH) model for mono-component non-ideal adsorption.
In the LFH model non-idealities due to heterogeneity and cooperativity (hydrophobic
interaction) are included in one non-ideality parameter. When the full NICA model would
have been used a separation between heterogeneity and cooperativity would be required.
Separation of both interactions is difficult and it would make the parameter interpretation
unnecessary complicated. By neglecting site competition there is no direct competition
between surfactant cations and protons, but adaptation of proton binding as a result of the
changing electrostatic interactions caused by the surfactant binding can easily be
incorporated in the model.

In the paper first the model will be explained in detail. Then the binding data of
hexadecyl (=cetyl) pyridinium chloride (CPC) and dodecyl pyridinium chloride (DPC) to
purified Aldrich humic acid (PAHA), Dando humic acid (DHA), Inogashira humic acid
(IHA), Laurentian fulvic acid (LFA) and Strichen fulvic acid (SFA) [22] will be used to
test the model. For PAHA a prediction will be made of the pH dependence of the binding
and this prediction will be compared with the results obtained by Koopal et al. [29]. A

brief discussion will be given of the obtained parameter values.

2. Surfactant Binding Model

2.1. General considerations and the master curve

Preferably the description of surfactant binding to humic substances (HS) is done with
thermodynamic constants that do not depend on the environmental conditions. To obtain a model
that is not too complicated, simplifying assumptions have to be made regarding structure, shape
and size of the humic particles and on the way in which the electrostatic and specific interactions

will be separated. The assumptions with respect to structure, size and shape of the particles are
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especially important for handling the electrostatics; it will be assumed that in aqueous solution
HS particles are permeable for ions, monodisperse and spherical. In order to make the separation
between electrostatic and specific interactions easy the further assumption is made that the
electrostatic potential at the location of the binding sites at given conditions can be represented by
one averaged, smeared-out, potential. With these assumptions one neglects: (1) the effects of HS
site heterogeneity on the electrostatic potential, (2) the dispersion of sizes and shapes of the HS
particles and (3) a potential distribution inside the HS molecule. Consequently, the site potential
depends only on the specific HS, the pH, the ionic strength and the amounts of specifically bound
ions, but not on the particle details or the detailed location of the functional groups.

Due to the negative electrostatic potential of a HS particle the concentration/activity of an ion
in the close vicinity of the functional groups of the particle differs from that in the bulk solution.
The apparent affinity of the ion to the binding sites at given conditions consists of an ion-specific
(intrinsic) contribution and a generic electrostatic contribution that is related to the site potential.
In general, the electrostatic site potential cannot be measured directly; however, the potential can
be estimated with the help of an electrostatic model that describes the electrostatic potential as a
function of the charge of a HS at the given conditions. Once the electrostatic model is chosen, the
site potential can be found. In the case of a mean field approach the ion concentration/activity in

solution close to a binding site, ¢; ¢ , can be calculated according to the Boltzmann law:

—;Fy
Ciloc =G exp(lR—Tlocj

1)
where ¢; is the concentration/activity of ion i in bulk solution, 7 the valence of ion i, F the
Faraday constant, y,. the smeared-out electrostatic potential at the location of the binding sites of
the HS particle, R the gas constant and T the absolute temperature.

A set of surfactant isotherms measured at different salt concentrations will in principle reflect
the electrostatic interactions and how these are screened. Such data are therefore well suited for

testing the electrostatic model. With the electrostatic model yj,. can be calculated and therefore
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also cjoc (See eq. 1) corresponding with c; at a given adsorbed amount can be obtained. Once the
Cioc Values are known the adsorption values can be re-plotted versus the local concentrations. The
electrostatic model is adequate when the isotherms at different salt levels merge into a single
master curve (MC) when they are plotted vs. this local ion concentration/activity. This procedure
has been applied before for proton binding to HS [1, 9], but it can be used equally well for
surfactant ions. Within the given set of model constraints the MC of surfactant binding is not
dependent on the electrostatics and reflects the intrinsic behavior of the binding to the HS. Once
an electrostatic model is established it can also be applied to other conditions provided that the
contribution of the adsorbing surfactant ions and protons to the charge of the HS is accounted for.
Therefore, the electrostatic model can be combined with a specific ion-binding model such as the
NICA model that is specifically developed for non-ideal competitive ion binding to HS [9,10].
When the competition for the sites is neglected the NICA equation reduces to the Langmuir-
Freundlich-Hill equation, which can describe the non-ideal binding of one component on a

continuous distribution of heterogeneous binding sites [4].

2.2. Electrostatic model.

In the case of ion binding to HS several electrostatic models have been proposed [31-
38]. The most common approach today is to consider an HS particle as a pseudo phase
into which water and ions can penetrate. The simplest form of this model is the Donnan
model [37, 38, 39]. The mean field smeared-out potential inside the Donnan particle
volume is called the Donnan potential (yp) and eq. (1) applies with yi,.= ywp and ¢ o =
cip, the concentration of ion i within the Donnan particle volume. Outside the Donnan

particle volume the electrostatic potential drops to zero.
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The primary volume charge density in the Donnan phase, pp, is determined by the

proton desorption (dissociation), Xy (mol negative charges/kg), and the cationic
surfactant binding, Xs (mol positive charges/kg):

_F(=Xy + Xs)

Pb A @

where, Vp, is the specific volume of the Donnan phase (m*/kg) and pp, is expressed in C/m®. The
specific volume of the Donnan phase can be transformed in the Donnan particle volume when the
molar mass of the particles is known. Due to the surfactant binding the electrostatic interaction
changes and this affects the proton charge. The proton charge is made up of the proton charge in
the absence of surfactant binding plus a proton charge increment due to surfactant binding. When
it will be assumed that the negative proton charge increases linearly with the surfactant binding

the proton charge can be expressed as:

Xh = Xno + A™Xn 65 3)
with Xy o the proton (H) charge in the absence of surfactant binding, A™Xy the maximum
increment of the proton charge due to surfactant binding, &= Xs/X™ the degree of
surfactant (S) binding and X™ the maximum surfactant binding which equals the possible
total charge amount between very low and very high pH.

The specific Donnan volume Vp, can be theoretically motivated on the basis of the
HS particle size and the Debye length [40] or empirically adjusted. Here Benedetti et al.
[33] and Milne et al. [7] will be followed, who applied an empirical equation for Vp that
depends on the ionic strength, I, and for which the Donnan particle volume is, in general,
larger than the particle size:

log Vp =b(1-logl)-1  (Vpin L/kg; I in mol/L) 4
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where b is a constant depending on the specific HS. A practical advantage of this
expression is that the molar mass of the particles is not required for the calculation of Vp.
The concentrations of small ions inside the Donnan phase can be obtained from the

condition of electroneutrality in this phase: pp = — pyp where pyp is the "diffuse”

charge in the Donnan phase. When all ions present have the same valence z or when a
(z—7) symmetrical background electrolyte determines the ionic strength in solution one

obtains

—pPp =Pap = F7(Cip-C p) (5)
where c,p is the (total) cation and c_p the (total) anion concentration in the Donnan
phase. Substitution of the expressions (1) for ¢; b in eq. (5) leads to the expression for pp

as a function of yp:

. (tFyp
=2zc.Fsinh| —=*=
Pp S ( RT j

(6)
By inversion of this relation yp as a function of pp is obtained:
Wp = %arcsinh[zﬂj
T 7Cq )

where ¢ is the total salt concentration (mol/m®). Eq. (7) can be used to calculate the

Donnan potential when the Donnan charge is known.

2.3. Langmuir-Freundlich-Hill (LFH) equation

The NICA equation for surfactant binding to the acid sites of a HS can be written as

\Egogl™

XE :X“’ —— —
1_|HHCH_| —|H3L',3_|

(8)

where Xs (mol/kg) is the bound amount of surfactant, ¢;* (mol/L/[1mol/L]) the

10
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equilibrium concentration/activity in solution (surfactant, indicated with subscript i=S, or
proton, indicated with subscript i=H) normalized with respect to the standard state
concentration of 1 mol/L, X™ the maximum amount of surfactant that can bind (mol/kg),
Ki* the intrinsic affinity constant (standard state concentration 1 mol/L) that expresses the
intrinsic affinity between a surfactant molecule or a proton and a surface site and n and p
are non-ideality parameters of, respectively, the surfactant and the proton, which account
for the fact that the (actual) affinity of the ions for the binding sites varies with surface
coverage. When 1+ (K;cj )P * 1, that is at not too low pH, the proton is relatively
unimportant and the NICA equation reduces to

(Kieo)m

X =
) 1+ iKzc )™ (9)

which can be interpreted as the mono-component version of the NICA equation or the LFH
equation.

When the binding is ideal, the affinity does not depend on the concentration or the
binding and n = 1; eq. (9) reduces to the Langmuir equation. When the binding shows a
positive cooperativity the affinity increases with increasing coverage and/or concentration
and n > 1. In this case eq. (9) is known as the Hill equation [41, 42]. When the binding
occurs on sites that are heterogeneous, the affinity gradually decreases because the sites
with high affinities will be preferentially occupied at low concentration and the low
affinity sites will be occupied at high concentration and n < 1. In this case K*(=K*g) is
the affinity corresponding with the peak of the distribution function of log K’ and eq. (9)
is the so-called Langmuir-Freundlich equation [43, 44]. A value of n < 1 can also be
regarded as negative cooperativity due to a stoichiometry in which one adsorbate
molecule occupies more than one binding site, but such behavior is not relevant for
surfactants. For surfactant binding to HS both the heterogeneity of the HS binding sites

11
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and a positive cooperativity due to hydrophobic attraction will play a role. To express this
in the name of eq. (9) it is called the Langmuir-Freundlich-Hill equation and n can be
smaller or larger than unity. The LFH eq. with n < 1 implies that the heterogeneity effects
are larger than the hydrophobic effects and n > 1 implies that the hydrophobic attraction
is stronger than the heterogeneity effect. Pseudo-ideality (n = 1) occurs when the effects

of heterogeneity and hydrophobicity compensate each other.

2.4. Choice of model parameters.

Specific Donnan volume, Vp. For HS samples for which ion binding is well studied
the parameter b (-) of eq. (4) can be found in literature, see e.g. [5, 6]. This is also the
case for PAHA, Saito et al. [45] used bpana = 0.63. For the other HS investigated by
Ishiguro et al. [22] no reliable specific information is available. Milne et al. [7] have
discussed ion binding for a whole range of HS in relation to the NICA-Donnan model
with eq. (4) for Vp. By summarizing the results they have provided parameters for a
generic HA and FA and the suggested b parameters are: bgya = 0.49 and bgea =0.57. For
HS for which no specific data are available these values will be used as first estimates of
the b parameters.

The total salt concentration, cs, is obtained by adding the surfactant concentration to
the background electrolyte concentration. Only for DPC close to the CMC the surfactant
concentration contributes slightly to the salt concentration. Therefore, the constant
background electrolyte concentration determines the salt concentration and the ionic
activity coefficients are constant.

The maximum surfactant binding, X™. When it is assumed that, in principle, all acidic

functional groups can bind a cationic surfactant ion X™ will be equal to the maximum

12
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amount of proton charge. The latter can be obtained from literature when the proton
binding isotherms have been fitted to the NICA-Donnan model or by using the titration
method of Schnitzer and Gupta [46] to obtain the total number of acidic functional groups.
As long as the surfactant binding is considerably smaller than X™ the model results are
not very sensitive to the value of X™.

The initial amount of proton charge Xy can best be obtained from the charge — pH
curves of the HS. For PAHA the data of Saito et al. [45] can be used. When no reliable
proton titration data are available Xy can be estimated from titrations of the HS with the
cationic polyelectrolyte, polyDADMAC, till the iso-electric point (IEP) of the complex is
reached [12, 13]. For DHA, IHA, SFA and LFA these data are available [22]. The
maximum increment of the proton charge due to surfactant binding, A™Xu, can be
estimated when the proton charge in the absence of surfactant and that at a given
surfactant binding are known. For the latter proton charge at the IEP, Xy ip, Of the
surfactant-HS complex can be used. This quantity can be obtained from titrations of the
HS with surfactant till the IEP of the complex is reached, see Ishiguro et al. [22]; both for
CPC and DPC the values measured for CPC have been used, because the authors discuss
that these are more reliable than those for DPC. From the available information A™Xy can
be obtained as (Xu,iep - Xn,0)/ 6 ep With & ep the degree of surfactant binding at the IEP
of the HS-surfactant complex. As Xy ep = Xs,ep this information can be used also for a
comparison of the calculated and the experimental amount of surfactant bound at the I1EP.
With above estimates of the parameters the Donnan potentials can be calculated and the
surfactant master curve, Xs vs. ¢*p, can be calculated. By fitting the surfactant master
curve to the LFH equation (with ¢ = ¢*p) the parameters K* and n are obtained. Therefore,

in the optimal situation the only fitting parameters of the present model are K* and n.
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With the values of K* and n and the other parameters the surfactant isotherms can be

recalculated and predictions can be made for other solution conditions.

3. Results and Discussion

3.1. Binding of CPC to PAHA: master curve and modeling of the isotherms.

For the binding of CPC to PAHA accurate data at about constant pH of 5 and two salt
concentrations, 0.005 mol/L and 0.1 mol/L, are available [22]. These results are well
suited to test the surfactant MC procedure using the adopted Donnan model. The
parameters of the Donnan model are derived from the PAHA literature [22, 45] and
collected in Table 1. The first step is the calculation of the Donnan potentials for each
measured data point. With these potentials the CP* concentration in the Donnan phase is
calculated and the isotherms can be re-plotted as binding vs. ccp+p. The original CPC
isotherms and the CPC-MC are depicted in Fig.1; panel (a) is a normal plot of the binding
vs. log c, panel (b) is a double logarithmic plot to clearly show the low surfactant
concentration range. Given the fact that the parameters of the Donnan model (derived
from proton binding modeling) are used without any further fitting, it may be concluded
that the merging of the two surfactant isotherms into one MC is quite satisfactory up to
the IEP. Note that around the IEP the experimental error in the measured isotherms is
substantial because the binding values are obtained as a small difference of two large
values (sample — blank).

Knowing that the Donnan model is adequate, the MC isotherm can be modeled with
the LFH model by fitting K* and n. The calculated CPC model isotherms at the two salt
concentrations follow by combining the LFH model with these parameters and the known

Donnan model (together the LFH-D model). The results of the calculations are depicted

14
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in Fig. 1 by the solid lines; the fitted intrinsic parameters are collected in Table 1. With
these parameters the isotherms for both salt concentrations are well described by the
model from very low surfactant concentrations till roughly the concentration of the IEP.
The pseudo plateau in the binding isotherms close to the IEP, at binding values far below
the maximum binding, is nicely predicted. The calculated LFH MC and LFH-D binding
isotherms have quite different shapes due to the fact that the electrostatic interactions are
“ filtered-out” in the LFH MC. For surfactant binding values around the IEP of the CPC-
PAHA particles the calculated MC and bindings are very sensitive to the value of the
proton charge at the IEP ( the latter affect the proton charge adjustment parameter, A™Xy).
Changing the proton charge at the IEP at 0.005 mol/L salt from 2.05 mol/kg to 1.90
mol/kg improves both the merging of the MC curves and the fit of the 0.005 mol/L model
isotherm around the IEP. Furthermore, it should be noted again that the experimental
error in the binding values increases with increasing surfactant concentration; therefore,
the IEP has been used also to determine the optimal position of the calibration line for the
surfactant concentration [22]. Given these experimental uncertainties it may be concluded
that the LFH-D model works well for the CPC-PAHA system. For PAHA the Donnan
model as tested for CPC applies also for DPC. For DHA and IHA the Donnan model
cannot be tested using the MC approach because no data are available at different salt
concentrations. Here the only available criterion is that the shape of the MC should be

logical.

3.2. Modeling of DPC binding to PAHA, DHA and IHA.
The Donnan model parameters for PAHA and DPC and that of PAHA and CPC at

0.005 mol/L are the identical. For DHA and IHA the specific Donnan volume is
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calculated with the generic b parameter for HA [7]. The total acidity of DHA and IHA (as
measured by the method of Martin et al. modified by Tsutsuki and Kuwatsuka) is
obtained by Watanabe et al. [47]. The other proton charge values are derived from Table
1in [22]. The isotherms of DPC to PAHA, DHA and IHA at pH about 5 and 0.005 mol/L
1-1 background electrolyte are depicted in Figs. 2 to 4, respectively, both as double and
single logarithmic plot. Next to the isotherm also the MC and its LFH fit plus the LFH-D
description of the original isotherm are depicted. The fitted parameters K* and n for each
HA are collected in Table 1 together with the parameters of the Donnan model. The LFH-
D model description of the experimental data is quite good up to binding values close to
the IEP. As expressed before, beyond the IEP the experimental error in the data increases
steeply and the isotherms show a progressive binding that is at least partly caused by HA
enhanced micellization. In the case of DPC this micellization could be micellization in
solution enhanced by free HA and/or micellization enhanced by the HA-surfactant

complex. Both forms of micellization are not included in the LFH-D model.

3.3. Comparison of the LFH model parameters for CPC and DPC and for the different
HAs

The standard Gibbs energy of binding, AG*, between surfactant and HA can be
evaluated using the In K* = AG*/RT values. For the CPC binding to PAHA In K* = 11.41
and for DPC binding this is 6.11; the energy difference is 5.30 RT. This difference is due
to the longer aliphatic chain of CPC than DPC, which leads to a stronger hydrophobicity
of CPC than DPC. Per CH, segment the difference is 5.30/4 = 1.32 KT. This energy per
CH, segment compares well with the 1.1 KT that is obtained when the aliphatic chains are

transferred from the solution to the core of CPC or DPC micelles. The fact that the

16
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present value is higher than 1.1 KT is due to the fact that it is corrected for electrostatic
interactions, whereas the 1.1 KT is related to the transfer to a micelle that electrostatically
repels the surfactant molecules.

A further comparison can be made for DPC binding to the three HAs. The observed
In K* sequence is 6.11 for PAHA, 4.38 for IHA and 4.25 for DHA; therefore, the
hydrophobicity ranking of the three HAs is PAHA > DHA > IHA. The differences must
be related to the origin of the HAs: PAHA is extracted from brown coal, whereas IHA
and DHA are extracted from the soil humic substances. The n values indicate whether
the hydrophobic cooperativity or the heterogeneity dominates. For PAHA-CPC n = 1.23,
I.e., the hydrophobic effect dominates over the heterogeneity effect while for PAHA-DPC
with n = 0.78 the heterogeneity strongly dominates. For DPC binding to DHA n = 0.95
and for IHA n = 0.95; in both cases the effect of heterogeneity on the affinity is nearly
balanced by that of the hydrophobicity. These results also indicate the similarity of the

soil HAs, IHA and DHA, and their difference with PAHA from brown coal.

3.4. Prediction of DPC binding to PAHA at 0.025 mol/L electrolyte and three pH values.
To further test the quality of the present model the binding of DPC to PAHA at 0.025
mol/L background electrolyte at pH 4.5, pH 7 and pH 10 is predicted using the LFH-D
model with the parameters obtained above for the DPC-PAHA system. The LFH part of
the model is exactly the same as above; the new impute is related to the Donnan part of
the model: the new salt concentration determines the specific Donnan volume; the pH
values determine the proton charge amounts; the amount of charge at the IEP is assumed
to be 0.2 mol/kg higher than Xy The parameters are also summarized in Table 1. The

predictions can be compared with results of the DPC binding studies by Koopal et al. [29].

17



draft IAP 2010; 3/6/2018

However, these results are less accurate than those of Ishiguro et al. [22] because (1) the
quality of the commercial surfactant electrodes that have been used was only moderate
(low slopes of the calibration lines) and (2) no calibration of the electrochemical cell was
carried out at the low equilibrium surfactant concentrations encountered with the
isotherms. The calculated MCs are depicted in Fig. 5 and compared with the predicted
MC (=LFH) of the DPC-PAHA system; the predicted (LFH-D) and the measured
isotherms are depicted in Fig. 6. The symbols denote the experimental results, the curves
the predictions. Considering that there is some uncertainty in the experimental pH values
and that systematic differences will exist between the experimental results of Ishiguro et
al. [22] and Koopal et al. [29] the differences between the LFH-MC and the experimental
MCs (Fig. 5) are acceptable up to pH 7, but for pH 10 the experimental MC is steeper
than the LFH curve. The model parameters (derived at pH 5) seem to underestimate the
surfactant-surfactant interaction at pH 10, which would imply that the increase of
hydrophobicity by the large amount of bound surfactant is underestimated. The
agreement between predicted and experimental pseudo plateau binding values near the
IEP (Fig. 6) is good. Both model and experiment indicate that the number of acid groups
that are dissociated mainly determines the pseudo-plateau of the surfactant adsorption. At
low surfactant concentrations the predictions deviate seriously from the experimental
results. This is either due to experimental inaccuracies at these low concentrations or to a
shortcoming of the model. At the moment our conclusion is that the possibilities of the
present LFH-D model to predict surfactant binding to HA outside the model calibration
range are reasonably good. For a final decision about the quality of the model a more

consistent set of experimental data at different pH values is required.
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3.5. Modeling DPC binding to SFA and LFA

The binding of DPC to SFA and LFA at pH 5 and 0.005 mol/L background electrolyte has
also been analyzed. The maximum surfactant binding is assumed to be equal to the total number
of acid groups for which the generic value for FAs is used [7]. The other parameters are derived
from Table 1 in [22]. The parameter values are collected in Table 1. For the calculation of the
specific Donnan volume initially Milne’s generic b parameter for FAs (0.57) was used. However,
the resulting MCs were far from satisfactory around the IEP. To obtain for both FAs a MC with a
logical shape around the IEP the value of b had to be raised to 0.9; this value leads to rather large
specific Donnan volumes, but the initial Donnan potentials of about -40 to -50 mV are of the right
order of magnitude. The MCs obtained with b = 0.9 and the original isotherms are depicted in Fig.
7 and 8 for, respectively, LFA and SFA.

Fitting the LFH equation to the MC up to the IEP was for both FAs not very satisfactory: at
adsorbed amounts of about 0.5 mol/kg the steep rise of the MC cannot be followed by the LFH
equation. The parameters n and K* used to obtain the LFH isotherms depicted in Figs. 7 and 8 are
collected in Table 1. A similar weakness occurs with the isotherms calculated with the LFH-D
model. The poor description is due to the fact that the heterogeneity of the FAs is dominant (n <
1) and the initial affinity of DPC for FAs is fairly low. Due to DPC binding the FA-DPC particles
become hydrophobic and at a DPC binding of about 0.5 mol/kg an additional binding
cooperativity occurs and/or some enhanced micellization is induced by the FA-DPC particles.
This new cooperativity effect is not included in the LFH model. A better description is to be
expected from a modified Gu-model for surfactant binding. In the Gu type model the first
adsorbing surfactant molecules are considered as nuclei for cooperative binding at higher bound
amounts [48]. The modification of the Gu model to heterogeneous binding sites and the
incorporation of electrostatics remains a task for the future. The stronger cooperativity effect with
surfactant binding to FA than to HA has been found before by Yee et al. [21]. They could model

the surfactant binding to HAs with the Langmuir equation, but needed the Hill equation for
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surfactant binding to FA. Note that in Yee’s way of modeling three effects determine the non-
ideality parameter: the HS heterogeneity (as in the Langmuir-Freundlich equation), the pseudo
heterogeneity due to the diminishing electrostatic attraction (as in the modified Henderson-

Hasselbalch equation [49]) and the cooperativity (as in the Hill equation).

4. Conclusions

A predictive model has been developed for surfactant binding. The model consists of
a Donnan (D) part that quantifies the electrostatic interactions and a Langmuir-
Freundlich-Hill (LFH) part that quantifies specific interactions. The LFH part takes both
heterogeneity and hydrophobic effects into account. The model is analogous to the
NICA-Donnan model for proton and metal ion binding to HS, but competition of the
surfactant cations with the protons is neglected.

The LFH-D model describes the binding of cationic surfactants to HAs very well
from extremely low surfactant binding up to about the IEP of the particles loaded with
surfactant. With the calibrated LFH-D model predictions of surfactant binding to HAs
can be made at conditions outside the calibration range. For FAs the LFH-D model is
only suited to describe the binding from very low adsorbed amounts till adsorbed
amounts of about 0.5 mol/kg. Beyond 0.5 mol/kg the surfactant binding rises more
steeply than predicted with the model due hydrophobicity induced by the already

adsorbed surfactant molecules. This aspect is not included in the LFH model.
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Figure legends

Fig. 1. CPC binding to PAHA: experimental isotherms at 0.005 and 0.1 mol/L 1-1 salt,
CPC-PAHA MC (Donnan model) and model fits to the MC and the individual isotherms.
Panel (a) and (b) depict the same data in different ways, panel (b) gives emphasis to the
low concentration range.

Fig. 2. DPC binding to PAHA at pH about 5 and 0.005 mol/L salt; experimental results,
the MC, the model fit to the MC and the calculated DPC binding isotherm. Panel (a) and
(b) depict the same data in different ways, panel (b) gives emphasis to the low
concentration range.

Fig. 3. DPC binding to DHA at pH about 5 and 0.005 mol/L salt; experimental results,
the MC, the model fit to the MC and the calculated DPC binding isotherm. Panel (a) and
(b) depict the same data in different ways, panel (b) gives emphasis to the low
concentration range.

Fig. 4. DPC binding to IHA at pH about 5 and 0.005 mol/L salt; experimental results, the
MC, the model fit to the MC and the calculated DPC binding isotherm. Panel (a) and (b)

depict the same data in different ways, panel (b) gives emphasis to the low concentration
range.

Fig. 5. Comparison of the predicted MC of the DPC-PAHA system with the calculated
MCs for three pH values (4.5, 7 and 10) and a salt concentration of 0.025 mol/L.

Fig. 6. Predicted and measured binding isotherms for the DPC-PAHA system at 0.025
mol/L 1-1 background electrolyte and three pH values (4.5, 7 and 10).

Fig. 7. Analysis of the DPC binding to LFA at pH 5 and 0.005 mol/L 1-1 background
electrolyte. Solid symbols: experimental data; open symbols calculated MC. The drawn
curves are the model fits to the MC and the experimental isotherm. Panel (a) and (b)
depict the same data in different ways, panel (b) gives emphasis to the low concentration
range.

Fig. 8. Analysis of the DPC binding to SFA at pH 5 and 0.005 mol/L 1-1 background
electrolyte. Solid symbols: experimental data; open symbols calculated MC. The drawn
curves are the model fits to the MC and the experimental isotherm. Panel (a) and (b)
depict the same data in different ways, panel (b) gives emphasis to the low concentration
range.
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Fig. 1. CPC binding to PAHA: experimental isotherms at 0.005 and 0.1 mol/L 1-1 salt,
CPC-PAHA MC (Donnan model) and model fits to the MC and the individual isotherms.
Panel (a) and (b) depict the same data in different ways, panel (b) gives emphasis to the
low concentration range.
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Fig. 2. DPC binding to PAHA at pH about 5 and 0.005 mol/L salt; experimental results,
the MC, the model fit to the MC and the calculated DPC binding isotherm. Panel (a) and
(b) depict the same data in different ways, panel (b) gives emphasis to the low
concentration range.
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Fig. 3. DPC binding to DHA at pH about 5 and 0.005 mol/L salt; experimental results,
the MC, the model fit to the MC and the calculated DPC binding isotherm. Panel (a) and
(b) depict the same data in different ways, panel (b) gives emphasis to the low
concentration range.
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Fig. 4. DPC binding to IHA at pH about 5 and 0.005 mol/L salt; experimental results, the
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depict the same data in different ways, panel (b) gives emphasis to the low concentration

range.
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Fig. 5. Comparison of the predicted MC of the DPC-PAHA system with the calculated
MCs for three pH values (4.5, 7 and 10) and a salt concentration of 0.025 mol/L.
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Fig. 6. Predicted and measured binding isotherms for the DPC-PAHA system at 0.025
mol/L 1-1 background electrolyte and three pH values (4.5, 7 and 10).
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Fig. 7. Analysis of the DPC binding to LFA at pH 5 and 0.005 mol/L 1-1 background
electrolyte. Solid symbols: experimental data; open symbols calculated MC. The drawn
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range.
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Fig. 8. Analysis of the DPC binding to SFA at pH 5 and 0.005 mol/L 1-1 background
electrolyte. Solid symbols: experimental data; open symbols calculated MC. The drawn
curves are the model fits to the MC and the experimental isotherm. Panel (a) and (b)
depict the same data in different ways, panel (b) gives emphasis to the low concentration

range.
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