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ABSTRACT:The charge of poly(acrylic acid) (PAA) in dilute aqueous solutions depends on pH and ionic strength.We report new
experimental data and test various models to describe the deprotonation of PAA in three different NaCl concentrations. A
simple surface complexation approach is found to be very successful: the constant capacitance model requires one pKa value and
one capacitance for excellent fits to the data, with both parameters depending on ionic strength. The use of a self-consistent set of
diffuse double layer parameters with one pKa for flat, spherical, and cylindrical geometry does not result in a satisfactory description
of the data, and a number of adjustments to that model were tested to improve the fit. The basic Stern model (BSM) was tested with
both plate and cylinder geometry. The cylinder geometry along with strong electrolyte binding was found to be superior to a similar
approach involving weak electrolyte binding both in terms of goodness of fit and self-consistency of the parameters. The third
approach, the non-ideal competitive consistent adsorption-Donnan (NICCA-Donnan) model, involving one functional group,
allows an excellent description of the experimental data. Finally, the polyacid chain was modeled using a mechanistically more
realistic self-consistent field (SCF) approach, which allows for radially inhomogeneous distributions of the charges and radial
variations in the polymer density and electrostatic potential, while the functional groups can be in protonated, deprotonated, or
complexed states. One functional group was insufficient for a satisfactory description of the data. With two segments (one
monoprotic, the other diprotic) a reasonable description of the data, including the ionic strength dependence, is achieved, and the
tendency of the size of the macro-ion with pH and ionic strength is as expected. This model has the fewest adjustable parameters and
is considered the most realistic and comprehensive among the models tested.

’ INTRODUCTION

The present paper is part of a larger program that attempts to
quantify and understand the interaction of poly(acrylic acid)
(PAA) with an aluminum oxyhydroxide (boehmite). Under-
standing of the multicomponent system requires quantification
and understanding of the related subsystems. Here we report
results for the PAA-hydrogen ion system. Numerous attempts
have been published to describe and understand the dissociation
of weak polyacids. Thus in an extensive study the group of
Prausnitz1 has evaluated the charging of lysozyme as well as a
number of amino acids, and they report the respective pKa values.
The types of modeling for such charging data vary widely,2�5 and
there is some discussion about the meaning of the related pKa

values.6 We test a number of different models, simple and more
advanced, to titration data of PAA. The simple models are widely
applied in the context of mineral surfaces and natural organic
matter and are capable of describing macroscopic titration data,
while more complex models1�5,7,8 account for additional pat-
terns such as changes in conformation or size.

The description of acid�base data of minerals and adsorption
of metals or ligands to minerals are often treated in terms of
surface complexation models (SCMs), involving surface chemi-
cal equilibria and accounting for the variable surface charge of the

mineral. This approach is connected with Schindler9,10 and
Stumm11 and their respective co-workers but probably originates
from prior studies on polyacids. Natural polyelectrolytes (humic
substances) have also been treated by SCMs.12 Despite the
success in describing the macroscopic data, the physicochemical
nature of macromolecules is more complex than the model
concept. Thus, the structure of humic substances is not yet
completely understood: the kind and amount of the different
functional groups in such molecules is in most cases unknown or
associated with a high degree of uncertainty. Therefore, experi-
mental data on synthetic macromolecules, where this informa-
tion is available, allow us to test models and to compare them. In
this paper several SCMs and a humic substance model are
compared to an approach that treats the polyelectrolyte as a
flexible macromolecule of segments with multiple states (neutral,
charged, complexed), and that unlike the others can account for
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the pH- and ionic strength-dependent polyelectrolyte conforma-
tions in a self-consistent way.

Polymer and polyelectrolyte adsorption are covered by a wide
conceptual range including the self-consistent field (SCF) theory of
Scheutjens and Fleer13 or the approach proposed by Prausnitz and
co-workers.14 An extension of the SCF theory was applied to
natural organic matter adsorption on relatively insoluble
hematite.15 Compared to that system, the boehmite�PAA system
involves aqueous solution reactions between dissolved aluminum
and PAA, and many of the above cited approaches are not
conceptually able to describe expected phenomena such as multi-
dentate coordination of aluminum ions with different carboxylate
groups of one PAA or different PAA entities. The aim is to define a
rangeof acid�basemodels to serve as submodels for the interaction
of PAA with dissolved aluminum ions and with mineral surfaces.

The structure of the paper is as follows. The theoretical basis of
the different approaches is shortly described. The experimental
procedures are given along with a short survey of the calculational
aspects. The data are presented, and in the application the
models are described and discussed.

’THEORETICAL BASIS

Surface Complexation Models. SCMs require the definition
of functional groups (in terms of quantity and reactivity) and
some electrostatic correction terms in the overall equilibrium
constant for a given chemical reaction. For acid�base data, the
reactions with the functional groups are usually restricted to
hydrogen ions and for some models include the background
electrolyte ions.
For PAA the simplest approach considers the deprotonation

of the carboxylate entity:

� ðCH2 � CfHðCOOHÞg � Þi
¼ � ðCH2 � CfHðCOO�Þg � Þi þHþ

m ð1Þ
Hþ

m is a hydrogen ion close to the macromolecule, and �
(CH2�CH�COOH)i is segment i of the PAA chain. The
following mass law equation can be written

K ¼ ½ � ðCH2 � CfHðCOO�Þg � Þi�hm
½ � ðCH2 � CfHðCOOHÞg � Þi��1 ð2Þ

where [J] is the molal concentration of species J, and h is the
hydrogen ion concentration. The deprotonation of the car-
boxylate groups yields a negative charge on the macromole-
cule, and therefore further deprotonation from (neighboring)
segments is hindered by attractive interactions. SCMs account
for this electrostatic effect via an exponential term, which
“corrects” hm with respect to the measurable hydrogen ion
concentration in the electroneutral bulk solution, that is, h.

hm ¼ h expf � FΨm=ðRTÞg ð3Þ
Here, F, R, and T have their usual meaning, and Ψm is the
electrostatic potential of the polyelectrolyte experienced at the
respective location (here at the location of the functional groups).
The absolute charge of the polyelectrolyte can be obtained from
potentiometric titrations, if the zero level is known. A charge-
potential relationship is required to calculateΨm from the charge
originating from PAA reactions. Various charge-potential relation-
ships exist, and some of them are applied in this paper.
The Constant Capacitance Model (CCM). The CCM as-

sumes a linear relationship between the charge, σm, calculated

from the concentration of the protonated species (eq 1) and the
potential.

σm ¼ CCCMΨm ð4Þ
CCCM is the specific capacitance of the interface. This model is
supposed to be valid for sufficiently high ionic strength in the case
of oxides. However, it can yield an accurate description even for
low ionic strength for which it is physically not applicable.16 The
parameters of this model depend on ionic strength. While the
formalism in the treatment of oxide minerals would require the
specific surface area of the macromolecule, the definition of a
mass specific capacitance value avoids this problem. Also note the
proportionality between charge and potential in this approach.
The CCM was applied to the primary data, as explained later.
The description was judged adequate, even if data at the highest
ionic strength were not described with the same accuracy as those
at the lower ionic strengths.
The Purely Diffuse Layer Model (DLM). The DLM17 allows

for variation of ionic strength and is typically implemented in
surface speciation codes with flat-plate geometry using the
Gouy�Chapman equation to correct for electrostatic effects.
To test the effect of particle shape, spherical and cylindrical
geometries of the macromolecule are additionally assumed in the
present study. Approximate analytical solutions of the problems
for monovalent electrolytes from literature18 were implemented
in a surface speciation code. The equations used are given below
for the flat plate (eq 5), a spherical particle of diameter d (eq 6),
and a cylindrical particle of diameter d and arbitrary length (eq 7).

Im ¼ 2 sinhðym=2Þ ð5Þ

Im ¼ 2 sinhðym=2Þ½1þ 1=fA cosh2ðym=4Þg1=2 ð6Þ

Im ¼ 2 sinhðym=2Þ½1þ fβ�2 � 1g=fA cosh2ðym=4Þg1=2
ð7Þ

Here, Ιm = σmF/(RTεοεκ) is the reduced charge density, ym =
FΨm/(RT) is the reduced potential, A = d/2κ and β = Ko(A)/
K1(A), where Ki is the ith order Bessel-function and κ is the
Debye�H€uckel parameter. Whereas the use of the CCM may
be entirely on a mass specific basis, the DLMs require an input
value for specific surface area, since molar concentrations have to
be related to surface specific values. This strongly affects the
electrostatic terms via eq 3. For oxide minerals the specific surface
area is assumed constant and can be independently measured. For
macromolecules a “specific surface area” is relevant to the diffuse
layer of counterions and expected to vary with ionic strength and
pH, due to conformational changes.
A linear increase of specific surface area with decreasing ionic

strength was introduced for all plate geometries. The relative
numerical weighting or scaling of this constraint was varied in the
parameter estimation procedure. Results turned out to be sensi-
tive to this variation. In the case of the spheres and cylinders
surface area can be numerically related to particle size parameters.
The Basic Stern Model (BSM). The BSM is a combination of

CCM and DLM but includes electrolyte binding, which in
addition to eq 2 requires a sodium binding reaction

KNa ¼ ½ � ðCH2 � CfHðCOO�NaþÞg � Þi�hm
½ � ðCH2 � CfHðCOOHÞg � Þi��1½Naþm��1 ð2aÞ
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The association constant can be written as given in eq 2b

Kel:bind ¼ ½ � ðCH2 � CfHðCOO�NaþÞg � Þi�
½ � ðCH2 �CfHðCOO�Þg � Þi��1½Naþm��1 ð2bÞ

The hydrogen ion is considered in a first electrostatic layer,
while the sodium can be either in the first or in a second one (or
both). Values for surface area, capacitance value, and at least
two equilibrium constants are required. Since the initial BSM
tests were very successful, no further attempts were made to
improve the fit, by for example allowing for ionic strength
dependent surface areas. The BSM was used with a plate and a
cylinder geometry. Although the plate geometry is not realistic, a
self-consistent set of parameters can be obtained to calculate the
dissociation of PAA as a function of pH with common computer
codes (strictly speaking the parameters pertain to the NaCl
media we use and the molecular weight of our PAA sample).
The cylinder geometry was treated according to eqs 7a and 7b.

Im ¼ 2 sinhðym=2Þ½1þ fβBSM�2 � 1g=fA cosh2ðym=4Þg1=2
ð7aÞ

where A = d/2κ, and d is the distance between the center of the
cylinder and the on-set of the diffuse layer and βBSM = Ko(A)/
K1(A). The inner layer capacitance of the cylinder can be related
to that of a flat plate according to Ohshima et al.18

C1, cyl ¼ C1, plateðd1=aÞ=lnð1þ d1=aÞ ð7bÞ
where a is the cylinder radius and d1 = d/2 � a, that is, the
thickness of the inner layer. C1,plate is the equivalent plate
capacitance, which can related to the local dielectric constant,
εr, in the inner layer

C1, plate ¼ εoεr=d1 ð7cÞ
The local dielectric constant will be used to test self-consistency
of the model with respect to electrolyte binding.
The Non-Ideal Competitive Consistent Adsorption-Don-

nan (NICCA-Donnan) Model. The general equation for adsorp-
tion of a species i within the NICCA-Donnan model19,20 is

Θi, t ¼ ðK iciÞni=∑
i
ðK iciÞni ½∑

i
ðK iciÞni �p=f1þ ½∑

i
ðK iciÞni �pg

ð8Þ
whereΘi,t is the fraction of all sites occupied by species i,Ki is the
median value of the affinity distribution for species i, ci is the
concentration (or activity) of species i, ni reflects the overall
nonideality, which can be due to lateral and/or stoichiometric
effects, and p is the width of the distribution of Ki.
The amount of species i bound, Qi, is given by

Q i ¼ Θi, tQmaxðni=nHÞ ð9Þ
Qmax is the maximum binding capacity. While the model has
frequently been applied to natural organic matter usually assum-
ing two sites (carboxylic and phenolic sites), it is possible to
involve only one functional group, which for PAA would be
expected based on the structure.
The Donnan model is applied for calculating electrostatic

correction factors and requires a value for the Donnan volume
(VD) in dm3

3 kg
�1, which is related to ionic strength via the

following equation

log VD ¼ bð1� log IÞ � 1 ð10Þ

where b is an empirical fit parameter, and I is the ionic strength in
mol 3 kg

�1.VD ranges from (1 to 80) dm3
3 kg

�1 (fulvic acids) and
from (0.1 to 5) dm3

3 kg
�1 (humic acids) and b from �0.7 to

�0.9 and �0.3 to �0.5, respectively.19,20 The charge on the
macromolecule is assumed to be neutralized by counterions
within VD:

q=VD þ ∑
j
zjðcDj � cjÞ ¼ 0 ð11Þ

where q is the charge of the macromolecule, cDj is the Donnan-
concentration of j (with charge zj including sign) and cj the
concentration of j in bulk solution. The two concentrations are
related via a Boltzmann factor (fD)

cDj ¼ cjfD
zj ð12Þ

fD ¼ expð �ΨDF=RTÞ ð13Þ
with the Donnan potential ΨD, which is assumed to be dis-
tributed over the volume phase, and therefore no assumption
about geometry is required.
Several variations were tested, covering the assumption of 1

and 2 sites either with or without specific counterion-binding.
The Self-Consistent Field (SCF) Approach. The SCF ap-

proach is targeted to treat one central macromolecule as realis-
tically as possible. In contrast to the NICCA-Donnan model,
where the segment density inside the macromolecule and the
electrostatic potential are preassumed to be constant and where
the system is locally electroneutral, the SCF allows for spatial
variations in segment density and electrostatic potential inside
the coil. As a result the system is not necessarily locally electro-
neutral; only the macromolecule with surrounding electrolyte is
in total electroneutral. The model is a straightforward extension
of the Scheutjens�Fleer model.13,21 Here we do not go into all
details, but we refer to the literature21 and the Supporting
Information. In principle, the SCF approach is able to predict
the titration curve as a function of the polymer concentration, but
this has not been tested in the present calculations.
A polyelectrolyte was defined in terms of the number of its

segments per molecule and the number of molecules in a
spherical lattice of known size. Here, one molecule was fixed
with its middle segment in the center of a spherical lattice. The
lattice was large enough to allow full extension of the molecule
without coming close to the reflecting boundary (mirror). The
relative permittivity was set to 80, and its value was not changed.
All Flory�Huggins parameters were set to zero.
Table 1 gives an overview of the models applied in this study

and indicates the numbers and kinds of adjustable parameters
involved in the application of those models.

’MATERIALS AND METHODS

Experimental Section.Titration data were obtained with PAA
from Aldrich (50 % wt. aqueous solution, molecular weight
specified by the producer was 5000 D, which was not verified
by us). For all solutions boiled Millipore water was used. PAA
stock solutions were prepared by diluting a weighed amount of
the 50 % wt. solution in a calibrated volumetric flask giving a
concentration of about 2 3 10

�2 mol 3 kg
�1 with respect to carboxy-

late groups. The amount of carboxylate groups in the stock
solution was determined from potentiometric titrations, which
showed PAA to be fully protonated at �log h e 2.5 and fully
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deprotonated at �log h > 9, where h is the free hydrogen ion
concentration. Values were verified by analyzing the total carbon
content in the stock solution and in the samples from the
titrations. Both methods agreed to within 3 %, and the stock
solution concentration was finally set at 2.0863 3 10

�2 mol 3 kg
�1.

NaCl dried at 600 K was added to make solutions of the desired
ionic strength.
The titrations were carried out on an experimental setup which

has previously been described.22 Titrations were either carried
out coulometrically or with dilute standardized NaOH solution
containing the respective ionic medium. TheNaOH solution was
prepared in an argon atmosphere from concentrated NaOH at
the minimum of Na2CO3 solubility. Titrant solutions were kept
in a plastic container with a cushion of argon and never used
longer than three weeks. Hydroxyl concentration in this titrant
was checked at regular intervals by titration of a solution of
known hydrogen ion concentration. Reversibility of the PAA
titrations was found in back-titrations using HCl solutions.
Titrations were carried out in a thermostatted room (298.15 K
( 0.5 K). The titration vessel was purged with purified and
humidified argon. A Ag/AgCl reference electrode was used in
combination with a glass electrode. The titration setup is situated
in an oil bath at 298.15 K ( 0.05 K. Temperature variations
are monitored. The additions of titrants and potential readings
are controlled by a computer. Equilibrium was supposed to be
achieved when stable potential readings within ( 0.1 mV were
recorded. Each titration involved its individual calibration in
which a solution of known hydrogen ion concentration was
titrated coulometrically or with standardized base solution, so
that the parameters in the following equation could be deter-
mined

E ¼ Eo þ 59:16 log hþ EJ ð14Þ
E is the measured potential, h is the hydrogen ion concentration,
and EJ is the liquid junction potential given by:

EJ ¼ jachþ jalkKwh
�1 ð15Þ

The parameters jac and jalk have been determined indepen-
dently; Kw is the ionic product of water. See Sj€oberg et al.

23 for a
summary of these parameters. The slope is taken as the ideal
(Nernstian) slope, which has been verified independently. Eo is
determined from the calibration data.
After the calibration is accomplished a known volume of the

PAA stock solution is added and the solution acidified to�log h
≈ 2.5 by adding a known volume of a solution containing a
known concentration of hydrogen ions. Then the titration of
PAA is started using either a coulometer or NaOH solution
(titration curves were found to coincide).

Treatment of Experimental Data. Based on the calibration
parameters, hydrogen ion consumption functions (here equiva-
lent to the degree of dissociation or deprotonation of PAA,
denoted Zpol) are calculated from the measured E values using
eqs 14 and 15 according to the following relation

Zpol ¼ ½H� ðh� Kwh
�1Þ�=TOTCx ð16Þ

In eq 16, the symbols have the following meanings:

H total (analytical) concentration of hydrogen ions cal-
culated over a zero level defined by the fully protonated
PAA, implying that Zpol attains values between 0 and
�1 (c.f. Figure 1); |Zpol| corresponds to the degree of
dissociation R, often used in the polyelectrolyte litera-
ture

h free concentration of hydrogen ions calculated from
the measured E and the calibration parameters

TOTCx total (analytical) concentration of carboxylate groups

In titrations with NaOH solutions the dilution of the system is
taken into account. The coulometric titrations have the advan-
tage that no dilution occurs. It was found that experimental Zpol
versus�log h curves agree very well for all concentration ranges
studied for both ways of increasing the pH. Data are presented on
the concentration scale, that is, as �log h.
Technical Details on Calculations. In the first step CCM

parameters were fitted to each individual experimental data set.
From the CCM calculations the hydrogen ion consumption
functions were calculated using the respective parameters ob-
tained with the individual data sets at fixed �log h intervals. A
mean value for each ionic strength was thus obtained. Experi-
mental errors were also calculated from the individual CCM
models on the basis of hydrogen ion consumption functions. All
calculations (except those involving the CCM, where raw data
were treated) were done on hydrogen ion consumption func-
tions, that is, normalized titration data. These hydrogen ion
consumption functions were calculated from the mean CCM
parameters and corrected for effects of dilution and total con-
centrations. The advantage of this procedure is that the weighting
of data points in the inverse modeling is realistic and comparable
goodness of fit parameters are obtained.
The inversemodeling for the CCMwas done usingUCODE24

in combination with FITEQL3.1.25 FITEQL is a data fitting code
but can be used as a pure speciation code, that is, as an application
called by UCODE.
Other codes used were modified versions of FITEQL2.026 as

well as FIT27 and ECOSAT.28 More details on the procedures
can be found in the Supporting Information.
For the SCF calculations, the final concentration of the

macromolecules in the experiments was sufficiently low to ignore

Table 1. Overview of the Models Tested and the Respective Overall Numbers of Adjustable Parametersa

model CCM DLMplate DLMsphere DLMcylinder BSM BSMcylinder NICCA-Donnan SCFc

number of adjustables 6b 4 [2] 7 [3] 7 [3] 4 3 5�12 3

adjustables C SFAd (3) SFA (3) [1] SFA (3) [1] log K log K

log K [1] d (3) [1] d (3)e [1] log Kel.bind log Kel.bind log Ki log K

log K log K log K SFA C ni
C

a For the DLM numbers in squared brackets indicate numbers of adjustables for the cases where geometric parameters were assumed to be independent
of ionic strength. bTwo values for each ionic strength. cTwo segments, no counterion binding. d Surface area per mass of polyelectrolyte. eCylinder
length fixed, not varied, since no relation between geometry and SFA is assumed (density is unknown).
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interactions between macromolecules, allowing the use of one
macromolecule in the calculations. The size of the lattice sites
was based on previous experience. The assignment of a segment
to a lattice site started from the simplest configuration possible
(i.e., the one given in eq 1) and then gradually made more
complex by introducing additional states (including electrolyte
binding) and/or by defining different segments. For the model
results presented later the size of a segment corresponded to the
dimension of a lattice site.
Comparative Evaluation of Goodness of Fit.With the CCM

mean parameters at each value of ionic strength, mean error
squares were calculated based on the various individual models
for each data set at the respective ionic strength for �log h from
2.9 to 8.3 at 17 discrete points according to

esmod ¼ ∑ðZpol, calc � Zpol, CCMÞ2=np ð17Þ
with

“calc” calculated values (by SCMs, NICCA-Donnan, or SCF
models)

“CCM” calculated with the mean CCM parameters,
reference values

np the number of data points (np = 51, that is, 17 for each
ionic strength)

For the sake of comparison the above values which are
calculated by the mean CCM parameters can be compared to
the individually calculated CCM values (index “pol,ind,CCM”)

esref ¼ ∑ðZpol, CCM � Zpol, ind, CCMÞ2=np ð18Þ
In eqs 17 and 18 the sum is over all 51 data points. The

reference value esref was calculated to be 4.4 3 10
�5. The error

squares obtained from the model performance should be of the
order of the error squares calculated by this last equation for a
reasonable fit to the data. Goodness of fit will be given as esmod/
esref. Apart from this goodness of fit criterion, the number of
adjustable parameters will be reported.
Table 2 summarizes the parameters obtained within the CCM.

The parameters vary with ionic strength, since the application of
the CCM is consistent with a constant ionic medium approach.
Possible functional correlations of the parameters with ionic
strength were checked and are reported in Table 2 as well.

’RESULTS AND DISCUSSION

Experimental Results. In Figure 1 the experimental data are
shown for all background electrolyte concentrations studied.

Different symbols indicate separate experiments. The results
agree well with previously published data for PAA (see Figure SI1
in Supporting Information). The bold lines are the reference
(“averaged”) data sets denoted by the index “pol,CCM” in the
previous section, which were used in the modeling exercises
reported in the subsequent sections. Because of the many
different model variations tested, not all modeling results can
be plotted. Instead goodness of fit parameters and mean equi-
librium constants are reported in the relevant tables.
Modeling. Figure 1 includes the average CCM models. The

parameters are summarized in Table 2. With two adjustable
parameters for each respective value of ionic strength, it is
possible to obtain an accurate description of the data, even if
the model itself is rather unrealistic for a flexible polyelec-
trolyte. The description of the experimental data was slightly
worse for the 0.6 mol 3 kg

�1 NaCl data as compared to the data
collected at lower ionic strengths. It was verified that the
description of the data at the highest ionic strength would not
influence the results presented below. The overall good fit to
the data indicates that this simple model is of a reasonable
mathematical form. The next model approach included
the DLMs.
As a first step traditional versions of the DLM were applied.

For the flat plate geometry a common computer code like
FITEQL can be used. As indicated above, in the case of the
sphere and cylinder geometries respective analytical approxi-
mations18 were implemented in FITEQL. For these cases
besides the specific surface area a diameter for the sphere or
the cylinder are required.
In a first attempt the geometric parameters were assumed

to be independent of ionic strength to keep the system as
simple as possible, although it is expected that they should
vary with macromolecule shape and thus with salt content
and pH. This explains the poor fit obtained with these first
three model variants (Table 3). To improve this, the geo-
metric parameters were in second series of calculations
allowed to vary with ionic strength. The outcome of these
calculations was that in general a strong dependence of final
results on the initial parameters was observed. The initial
geometric parameters were varied in such a way that the
“surface area” of the polymer would increase with decreasing
ionic strength, and the diameter would decrease with ionic

Figure 1. Experimental data and average CCM model performance at
different background electrolyte concentrations (see Table 1 for the
model parameters) for different NaCl contents. 2 and dashed line, 0.6
mol 3 kg

�1; 0 and full line, 0.1 mol 3 kg
�1; ( and dotted line: 0.05

mol 3 kg
�1.

Table 2. Averaged Parameters for the CCM Description of
the PAA Data (Figure 1)a

I C

mol 3 kg
�1 F 3 g

�1 log K

0.05 0.73 ( 0.01 �4.56 ( 0.03

0.10 0.91 ( 0.02 �4.43 ( 0.04

0.60 1.18 ( 0.01 �4.23 ( 0.03

0.00 (linear extrapolation) 0.76 (R2 = 0.90) �4.53 (R2 = 0.90)

0.00 (square root extrapolation) 0.61 (R2 = 0.94) �4.65 (R2 = 0.94)
aThese values are used to generate mean experimental data for the other
model approaches and experimental error estimates. Extrapolation of
the two respective parameters to zero ionic strength.
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strength. In the range of initial parameter values tested, the
results shown in Table 4 were the best fit parameters that
could be obtained. For the most unrealistic, that is, flat-plate,
geometry no consistent trend in surface area resulted except
for one set of initial parameters. Even starting from the
optimized parameters of this run, the subsequent optimiza-
tion would diverge in the sense that the goodness of fit would
improve, but the expected trend in the geometric parameters
was not obtained. It is obvious that the plate results differ
strongly from the more realistic geometries with respect to
both the geometric parameters such as model surface area and
the equilibrium constant. The results of the sphere and
cylinder geometry are relatively close with respect to the
model inherent surface area, the diameter, and the equilibri-
um constant. The goodness of fit is better for the cylinder
geometry. Although for the cylinder geometry the goodness
of fit relative to the estimated experimental error is among the
most successful of all models tested, the model concept
involves assumptions that are not expected to hold. Thus
the conformational changes would result in changes of the
“specific surface area” and the diameter with pH, which the
model does not account for. We can estimate the extreme
values for the “specific surface area” of PAA for the two
idealized geometries. To this end we use parameters sum-
marized by Adamczk et al.29 For the bare chain diameter
(0.71 nm) and the hydrated chain diameter (1.0 nm) along
with an extended length for their 12 kD PAA sample we
estimate values of (5022 and 7098) m2

3 g
�1, respectively,

which surprisingly is within the range of fitted surface areas.
The diameters however are not in agreement with those
estimates. Similar estimates for spherical geometries also fail
to produce consistent results.

Sphere and cylinder can be taken as extreme geometries for
the coil and extended polyelectrolyte chain configuration.
However, based on available simulations29,30 it is obvious that
the configuration changes between these two extremes in far
more complex ways, including for example pearl necklace
formation.30

Both the sphere and the cylinder model involve a total of seven
adjustable parameters for the conditions covered by the experi-
mental work, and the numerical success of the model is most
probably related to this issue. This is corroborated by the fact that
the flat plate geometry with fewer adjustable parameters was
always less successful than the cylinder and sphere options.
The BSM was tested with the plate and cylinder geometry.

The outcome of the numerical optimizations is given in Table 5.
The plate version is surprisingly successful in terms of goodness
of fit. This is probably a convenient, easy to use model to
reproduce experimental data as a function of pH and electrolyte
concentration. The cylinder geometry within the BSM, that is, in
conjunction with eqs 7a and 7b (applied with fixed values for a
and d1), also turned out to describe the data quite well. A number
of different options were used in this case. First a specific surface
area pertaining to the bare chain radius based on the parameters
reported by Adamzcyk et al.29 was used (i.e., 5022 m2

3 g
�1).

Using this fixed value two options were again considered, weak
and strong electrolyte binding. The results with both options did
not vary too much in terms of goodness of fit, but the strong

Table 4. Summary of the Overall Mean Adjustable Para-
meters for the DLM with Ionic Strength Dependent Geo-
metric Models and Goodness of Fit

model DLMplate
a DLMsphere DLMcylinder

log K �4.05 �4.52 ( 0.01 �4.46 ( 0.02
SFA (0.05 mol 3 kg

�1)/m2
3 g

�1 1.0 3 10
4 (5.6 ( 1.8) 3 10

3 (6.0 ( 1.3) 3 10
3

SFA (0.1 mol 3 kg
�1)/m2

3 g
�1 9.8 3 10

3 (1.4 ( 1.0) 3 10
3 (3.4 ( 0.9) 3 10

3

SFA (0.6 mol 3 kg
�1)/m2

3 g
�1 9.1 3 10

3 (1.6 ( 0.8) 3 10
2 (9.6 ( 3.1) 3 10

2

d (0.05 mol 3 kg
�1)/nm NA 10.7 ( 6.7 56.7 ( 27.4

d (0.1 mol 3 kg
�1)/nm NA 8.1 ( 6.1 8.9 ( 3.4

d (0.6 mol 3 kg
�1)/nm NA 0.5 ( 0.2 1.2 ( 0.7

esmod/esref 11.9 9.0 5.0
aAmong themany initial values and constraint combinations tested only
one such combination resulted in the expected tendency for the surface
area with ionic strength.

Table 3. Summary of the Overall Mean Adjustable
Parameters for the DLM with Ionic Strength Independent
Geometric Parameters and Goodness of Fit

model DLMplate DLMsphere DLMcylinder

log K �4.11 ( 0.05 �4.43 ( 0.05 �4.42 ( 0.04

SFA/m2
3 g

�1 1.0 3 10
5 9.0 3 10

3 8.5 3 10
3

d/nm NA 385 118

esmod/esref 398.89 363.54 356.48

Table 5. Summary of the Overall Mean Adjustable Parameters for the BSM and Goodness of Fita

model BSMplate BSMcylinder,1 BSMcylinder,2 BSMcylinder,3 BSMcylinder,4 BSMcylinder,5

“Weak” Electrolyte Binding
log K �4.16 ( 0.03 �4.30 ( 0.03 �4.37 ( 0.03 �4.40 ( 0.03 �4.40 ( 0.04 �4.33 ( 0.03
log Kel.bind �0.06 ( 0.05 �1.79 ( 0.10 �1.77 ( 0.28 �1.20 ( 0.38 �1.30 ( 0.91 �1.73 ( 0.03
SFA/m2

3 g
�1 2.12 3 10

2 5.022 3 10
3 (fixed) 6.000 3 10

3 (fixed) 7.098 3 10
3 (fixed) 6.950 3 10

3 5.022 3 10
3 (inner);

9.289 3 10
3 (outer); both fixed

C/F 3m
�2 21.90 ( 0.00 23.60 (m) 13.80 ( 0.11 5.53 ( 0.18 6.37 ( 0.42 83.4

esmod/esref 5.39 9.63 7.26 6.88 6.87 8.54
εr 735 792 463 185 214 2800

“Strong” Electrolyte Binding
log K �4.19 ( 0.04 �4.41 ( 0.03 �4.48 ( 0.03 �4.47 ( 0.03 �4.52 ( 0.03 �4.39 ( 0.04
log Kel.bind 0.10 ( 0.07 0.05 ( 2.67 0.05 ( 0.34 0.08 ( 0.27 0.09 ( 0.03 0.03 ( 0.53
SFA/m2

3 g
�1 2.39 3 10

0 ( 0.06 5.022 3 10
3 (fixed) 6.000 3 10

3 (fixed) 7.098 3 10
3 (fixed) 7.650 3 10

3 5.022 3 10
3 (inner);

9.289 3 10
3 (outer); both fixed

C/F 3m
�2 1.74 ( 0.03 3.30 ( 0.03 2.91 ( 0.02 2.25 ( 0.02 2.24 ( 0.06 3.76 ( 0.05

esmod/esref 1.72 10.21 7.98 6.70 6.06 17.01
εr 58 111 98 76 75 735

a (m) fixed manually, that is, adjusted manually until best fit was achieved.
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electrolyte binding yielded a more reasonable plate-equivalent
capacitance value. With strong electrolyte binding the hydrogen
ion binding constant decreased as would be expected. The second
case considered an intermediate value for the specific surface area (i.
e., 6000 m2

3 g
�1) based on the values given Adamzcyk et al.29 for

bare and hydrated radii. Again weak and strong electrolyte binding
was tested and as for the previous case weak binding resulted in a
better fit at the expense of an unreasonable value for the capacitance,
when recalculated to a local dielectric constant. The third case in-
volved the specific surface area based on the hydrated chain radius,
and again the same results were obtained with respect to the ten-
dency between weak and strong electrolyte binding. There is also a
trend with increasing specific surface area, higher values resulting in
a better fit and producing more “reasonable” values of the capaci-
tance value. Best fit specific surface areas were also obtained as the
final case in this series of calculations. For the weak electrolyte
binding, this resulted in a marginal gain in goodness of fit, while for
the strong electrolyte binding the fit became clearly better at the
optimized value of specific surface area.
A last option within the cylinder geometry considered that the

two planes of adsorption actually would have two different areas,
which is realistic for such small particles with Stern layers. Using this
option, as shown in Table 5 (last column), produced much higher
goodness of fit parameters, that is, the fit became worse. In this case
we considered the bare chain radius for the inner plane surface and for
the calculation of the outer plane surface we involved the distance
between the inner surface and the location of the center of charge of a
sodium ion plus its first hydration shell (i.e., 0.297 nm, a value taken
from a simulation31), which is the closest approach of a hydrated
sodium ion to the bare chain of PAA and this location coincides with
the onset of the diffuse layer. Weak electrolyte binding could be best
described with a very high capacitance value. Strong electrolyte bind-
ing instead resulted in a more reasonable capacitance value.
In eq 7c, the capacitance is related to the local dielectric

constant,which canbe estimatedusing the distancebetween the inner
surface and the location of the center of charge of a sodium ionplus its
first hydration shell (i.e., 0.297nm, a value taken from a simulation31).
This value self-consistently is inherent to all cylinder calculations
within the BSM option. High values of the dielectric constant should
enhance ion pairing as is evidenced from temperature-dependent
studies in aqueous solutions. However, high local dielectric constants
and weak electrolyte binding is obtained, which is not consistent.
Strong electrolyte binding instead appears more reasonable in that
sense with local dielectric constants around the bulk water value or
enhanced and relatively strong binding constants. The most realistic
case involving two surfaces results in the worst fit in those cases and
also produces a very high local dielectric constant associated with the
weakest binding constant obtained in that series.
Several options were tested within the NICCA-Donnan concept.

Adjustable parameter values and final model performance are
summarized in Tables 6 and 7. As a first option a one-site model

was tested. Subsequently, a two-site model was also tested. Both of
these variants were tested with and without sodium binding. The
NICCA-Donnanmodel involving two sites plus sodium binding on
both sites performed best, but in this case the excessive number of
parameters caused parameter values that were not considered reaso-
nable. In particular the hydrogen ion release and sodium association
constants were highly correlated and in the numerical best fit result
these parameters amounted to >10 on the log scale, their difference
being relevant for a good fit. Thus only the single site variants of the
NICCA-Donnan approach will be further discussed.
Parameters were within reasonable ranges except for selected

values in the two-site models. The values of b (eq 10) obtained
with all the models are within the range of values found for
natural organic matter (9, 10). The results of the model including
sodium binding are shown in Figure 2a and the concomitant
species distribution for the 0.1 mol 3 kg

�1 case in Figure 2b.
The SCF approach was tested starting with a single segment

version, then including sodium binding. Subsequently a two-
segment option was used, where the selected segments would fit
into the size of the grid used in the calculations. Even this option
was tested first without and subsequently with sodium binding to
the two segments (in deprotonated form).
The monosegment models were not able to reproduce the

data. The slope of the Zpol versus�log h curves were much steeper
than the experimental data. This indicates that the “electrostatic
correction to the chemical equilibrium reaction” within this model
option and the chosen parameter set cannot create the required
shape of the titration curve. The curve rather resembles that of a
simple weak acid in solution.
The more successful two-segment approach results in a broader

curve via multiple sites and multiple protonation equilibria on one
of these sites. The use of two segments corresponding to segment
a with the composition �(CH2�C{[COOH]H}�CH2)i� and
segment b with the composition �C{[COOH]H}�CH2

C{[COOH]H}i� therefore resulted in better fits. This discretiza-
tion of the polyelectrolyte chain results in three deprotonation
reactions with three stability constants, one for segment a

� ðCH2 �Cf½COOH�Hg�CH2Þi ¼
� ðCH2 � Cf½COO��Hg�CH2Þi þHþ

m ð19Þ
and two for segment b

� Cf½COOH�Hg�CH2 �Cf½COOH�Hgi ¼
� Cf½COO��Hg�CH2 �Cf½COOH�Hgi þHþ

m ð20Þ

� Cf½COOH�Hg�CH2 �Cf½COOH�Hgi ¼
�Cf½COO��Hg�CH2 � Cf½COO��Hgi þ 2Hþ

m ð21Þ
The stability constants optimized for these segments can be

related to comparable solution monomers like isobutyric acid

Table 6. Parameters Required for the Various Versions of the
NICCA-Donnan Modela

model option
number of
adjustables adjustables

ND_1 1 site no explicit Na binding 5 KH, nH, b, Qmax, Q0

ND_2 1 site explicit Na binding 7 KH, nH, b, Qmax,
Q0KNa, nNa

a Q0 is the amount of hydrogen ions initially sorbed, that is, a parameter
that adjusts the level in the protonation data.

Table 7. Parameter Values for the NICCA-Donnan Descrip-
tion of the PAA Data

parameter ND_1 ND_2

�b(Vd) 0.34 0.52
log Q0 1.15 1.15
log Qmax1 1.18 1.19
log KH1 4.29 3.51
log nH1 �0.22 �0.26
log KNa1 NA �1.52
log nNa1 NA 0.49
esmod/esref 9.36 6.99
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(eq 19) for segment a and dicarboxylic acids for segment b. Such
a comparison can be found in Table 8. While the value for
segment “a” is quite close to a comparable solutionmonomer, the
parameters for segment “b” diverge relatively strongly from the
range of stability constants published for the segment analogue.
The final model results corresponding to the two-segment

option without sodium binding are shown in Figure 3a for the
best fit model obtained.

The numerical fit to the data is not as good as with the other
models, but overall only three adjustable parameters were used in
this option. The fitting procedure was expected to be rather
difficult since two of the deprotonation constants of the two
segments have exactly the same hydrogen ion stoichiometry.
Therefore, the constant for segment “a”was adjusted manually in
the optimization runs, and only the remaining two were adjusted.
The manual variation of the former was carried out to obtain a
minimum of the goodness of fit parameter.
When sodium association was considered, a common associa-

tion constant was used for all deprotonated sites, but interest-
ingly including the sodium association did not improve the fit.
Sodium association would in all cases tend to increase the degree
of dissociation, but without the explicit sodium binding the
trends in the medium to high pH range studied is such that
the addition of sodium binding would improve only one of three
curves. In that pH range sodium association would be most
relevant based on competition with hydrogen ions (low hydro-
gen ion concentration).
From among all models tested the SCF model was estimated

to be the most realistic one; the conclusion would be that sodium
association in terms of species formation is improbable. This,
however, is in conflict with the widely accepted affinity of the
sodium ion with carboxylate groups.32

The nature of the interaction between sodium and one of the
simplest carboxylate groups, namely acetate, appears rather
complex.33 Combined spectroscopic and potentiometric inves-
tigation on the interaction of sodium with acetate suggest the
presence of both inner-sphere and outer-sphere complexes in
solutions.33 Stability constants (log scale) for the association
reactions (i.e., the reaction between acetate and sodium, equiva-
lent to our notation) at 293.15 K, reduced to zero ionic strength,
were reported to be 1.14 and 0.24 for inner- and outersphere
association, respectively. This duality in binding modes may be
responsible for the good fits with both strong and weak electro-
lyte binding on PAA. No attempt was made to involve both
modes in the BSM options, because potentiometric data usually
do not allow the distinction between the two modes.33

Calculations with the SCF approach yield results for the
geometric extension of the polyelectrolyte as a function of pH
and ionic strength as shown in Figure 3b. The results agree with
the expected trends; that is, the effect of increasing charge on the
polyelectrolyte causes a stretching of the molecule, which is more
pronounced in solutions with lower NaCl concentrations, since
the shielding of the charges on the PAA chain is less effective.
Figure 4 shows a comparison of the deprotonation of the

segments on the PAA molecule in comparison with the relevant
entities in solution at 0.05 molar background electrolyte. The
results indicate amore or less parallel shift of the curves, primarily
caused by electrostatic effects (for segment a) and concomitant
action of electrostatics and differences in the stability constants
for segment b, where the shift is clearly not entirely parallel.

Table 8. Parameters for the SCF Approach Description of the PAA Data (Figure 3a and b)a

compound log Kb segment analogue log Kc esmod/esref

2-methylpropanoic acid (isobutyric acid) �4.849 a �4.99 16.27

propanedioic acid (malonic acid) �2.57 to�2.847 b �3.85

propanedioic acid (malonic acid) �5.07 to�5.696 b �6.36
a First log K values are those found in data bases for aqueous solutions. The log K for the segment analogues corresponds to those fitted to the
experimental polyelectrolyte titration data. bValues from Smith and Martell. cValues fitted to the model.

Figure 2. (a) NICCA-Donnan model performance (including sodium,
Table 7) in terms of Zpol as a function of �log h for different NaCl
contents. 2 and dashed line, 0.6 mol 3 kg

�1; 0 and full line, 0.1
mol 3 kg

�1; ( and dotted line, 0.05 mol 3 kg
�1. (b) Species distribution

in terms of fraction, f, as a function of�log h for the 0.1 mol 3 kg
�1 NaCl

case according to the NICCA-Donnan model. The full line shows the
contribution from the protonated species, dotted line from the depro-
tonated species, and dashed line shows the model inherent contribution
of the sodium association to the overall deprotonation.
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Figure 5 shows the effect of ionic strength on the individual
contributions from the two segments on the PAA as obtained
from the best fit SCF model. Over much of the pH range it is just
a parallel shift along the pH range, again as in the above
comparison more pronounced for the isobutyric acid segment
(segment a), while for segment b the shift at higher pH deviates
from the near parallel shift at low pH.
It is worth discussing why the simple SCMs are yielding a very

good description of the experimental data. This outcome is
maybe not so surprising considering that mean-field approxima-
tions to polyelectrolytes like PAA are reasonable, because the
distance between charge groups are sufficiently large.4 Therefore,
next-neighbor effects are not of importance.
The SCF approach also involves a mean field to account for

the electrostatic effects, but based on the parameter variations
carried out in the present work this model could not be reduced
to the same simple combination of one segment/two states with
mean-field electrostatics. It might be necessary to vary other
parameters.

Such calculations were not pursued, because the SCF ap-
proach will not be used in further modeling attempts concern-
ing experimental data on the complexation between dissolved
aluminum and PAA. The SCF approach is not capable of
handling polydentate complexes which are expected for those
systems.

’SUMMARY AND CONCLUSIONS

In summary it was found that a number of models allow a
satisfactory description of the macroscopically observed depro-
tonation of PAA. Their respective performance can be related to
their inherentmodel assumptions and to the number of adjustable
parameters involved. The SCMs do not include pH (and in some

Figure 3. (a) SCF approach model performance (two segments, no
sodium association, see Table 8) in terms of Zpol as a function of�log h for
different NaCl contents: 2 and dashed line, 0.6 mol 3 kg

�1;0 and full line,
0.1mol 3 kg

�1; and( and dotted line, 0.05mol 3 kg
�1. (b) Relative extension

of PAA, Δzrel, as a function of �log h: relative end-segment position in
lattice as a function of hydrogen ion and salt concentration (lines: dashed
line: 0.6mol 3 kg

�1, full line: 0.1mol 3 kg
�1, dotted line: 0.05mol 3 kg

�1). For
comparison we show results of Monte Carlo simulations for the radius of
gyration by Laguecir et al.5 obtained for 0.001 mol 3 kg

�1 background
electrolyte concentrations and forN = 70 ()) andN = 700 (9), whereN is
the number of segments on the polyelectrolyte.

Figure 4. Comparison of the deprotonation patterns (fseg) of the two
relevant SCF segments on PAA with the concomitant solution entities,
that is, 2-methylpropanoic acid for the monoprotonic segment propa-
nedioic acid for the diprotic segment at I = 0.05 mol 3 kg

�1. The dotted
lines are for the SCF segments, and the one with the circles (O) refers to
the diprotic acid. The full lines are for the solution entities, and again the
one with the circles (O) refers to the diprotic acid.

Figure 5. Comparison of the deprotonation patterns of the two relevant
SCF segments for the highest and lowest ionic strength investigated.
Fraction of deprotonated segment types, fseg, as a function of�log h. 0.6
mol 3 kg

�1: dashed lines without symbol, monoprotic segment; dashed
lines with O, diprotic segment. 0.05 mol 3 kg

�1: dotted lines without
symbol, monoprotic segment; dotted lines with O, diprotic segment.
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cases ionic strength) related conformations of the macromole-
cules. The SCF results in Figure 3b suggest that over a wide pH
range the effects of pH are much more important than the effects
of ionic strength. TheNICCA-Donnanmodels account for effects
of ionic strength via the Donnan volumes, but not for the effect of
pH on conformation. Consequently, the SCF approach is ex-
pected to be the most realistic model. However, the stability
constants fitted to one of the segments used in the best fit SCF
model did not agree with comparable stability constants for
segment analogues, and inclusion of sodium binding did not
improve the fit. Figure 3b also includes some results from Monte
Carlo simulations on the radius of gyration of PAA as a function of
pH at a lower, that is, 1 3 10

�3mol 3 kg
�1, electrolyte concentration

for two different sizes of the polyelectrolyte.5 The tendency is
similar to that obtained from the SCF modeling, but size changes
occur at a more acidic pH, and the relative change in size appears
to be weaker.

In terms of the number of adjustable parameters within one
model variant, the expected tendency to improve the fit to the
data by increasing the number of adjustable is retrieved.

When different geometries are compared, DLM cases suggest
that cylinder geometry performs best, followed by the sphere
geometry. Flat plate geometry is most unrealistic and yields the
poorest fit. BSM electrostatics involving plate and cylinder geo-
metry were also tested and found to be successful, but here plate
geometry was found to yield better numerical fits. Based on the
overall self-consistency of the parameters, a cylinder geometry
involving strong electrolyte binding is preferable. Weak electrolyte
binding was found to be similar in terms of goodness of fit, but the
parameters were not consistent since high local dielectric constants
were obtained. In the best performing NICCA-Donnan model, a
series of parameters are outside the range of reasonable values,
suggesting that this model with up to 12 adjustable parameters is
overparameterized. The one site option including sodium binding
yields a very good fit to the data (seven parameters).

In conclusion, several models were tested to describe the
acid�base properties of PAA.Models ranged from little to highly
realistic concerning their representation of the issues affecting
the deprotonation of the functional groups.

We note that other models exist to describe titration data of
weak polyelectrolyte and refer as one example to the approach
suggested by H€ogeldt et al.34 These authors applied a three-
parameter model to literature PAA titration data. The model
requires three pK values for each ionic strength from which a
mean pK value is obtained. No attempt is made to include cation
binding, which causes a dependence of the average pK value to
the trend we obtained for example with the CCM (Table 2). A
more recent application of this kind of approach can be found for
chitosan samples of different molecular weights.35 Interestingly,
in a very recent paper, Lee and Schlautman36 have compared the
performance of impermeable sphere, Donnan, and cylindrical
electrostatic models on acid�base titration curves of linear
polyacrylamid-co-acrylate samples. These authors obtained spe-
cific surface areas similar to the values estimated in the present
paper and concluded that for such samples cylindrical models are
more valid and realistic compared to the other models tested.
Contrary to our approach Lee and Schlautman36 fixed a single pK
value for all their fittings and had basically the polymer size as an
adjustable parameter. Their conclusion that the cylinder geome-
try better represents the behavior of linear polyelectrolytes is
corroborated by our work. Sodium association was not consid-
ered by Lee and Schlautman.36

It is planned to extend the present work to multicomponent
systems, involving dissolved aluminum ions, and to study the
adsorption of PAA onto the aluminum oxyhydroxide boehmite.
Future plans also include the variations of the PAA molecular
weight.

It is to be noted though that not only molecular weight affects
the deprotonation of PAA. Kawaguchi and Nagasawa37 have
titrated both isotactic and syndiotactic samples of PAA and found
them to be different; see Supporting Information, Figure SI1,
which indicates that our experimental raw data in 0.1 mol 3 kg

�1

NaCl coincide with the data reported for the isotactic sample
reported in the literature in the same ionic medium.37
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