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Abstract The interaction between
Poly(acrylic acid) and barium ions is
analyzed using potentiometric
(barium specific electrode) and
conductometric titrations. At full
ionization of the polyelectrolyte, in
the presence of M` counterions
(M`"Li`, Na` and K`), the
binding ratio [Ba2`]

"06/$
/C

1
on the

chain is determined, showing no
significant difference between the
three alkali ions. When the added
Ba2` concentration does not exceed
0.2]C

1
, all barium ions bind with the

polymer, i.e. none can be detected in
the solution with the barium selective
electrode. Assuming that monovalent
counterions divide the electro-
statically condensed and
‘‘atmospheric’’ ions and using
Eisenberg plots of the conductivity
excess, the experimental data allows
to calculate the distribution of the
different acrylic species on the fully

deprotonated chain (free carboxylate
groups, bound groups with M` and
with Ba2` ions). Assuming the
formation of a bidentate Ba(COO)

2
species and taking into account that
part of the remaining groups bind
with M` ions, the calculated
complexation constant (log K

#
"6.5)

is satisfactorily independent of the
complexation ratio. The displacement
ratio of M` ions by attaching Ba2`

ions is also calculated, showing
interestingly a continuous decrease
between 1.4 and 0.9 as r increases. The
latter result is attributed to the change
of the averaged electrostatic potential
of the chain, in relation with the
binding of barium ions.
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Introduction

Interactions between counterions and polyelectrolytes are
a relevant phenomenon in a number of applications. As an
example polyelectrolytes are used as additives in cement
pastes to control the rheological properties and the setting
behavior [1], in concentrated suspensions of particles to
ensure the dispersion stability and the fluidity of the sys-
tem [2], in many industrial processes such as selective
floculation, mineral flotation and used water clarification

[3], etc. In all cases, there is much evidence that the
polyelectrolyte performance can be profoundly altered by
interacting ionic species. This is particularly true for solu-
tions containing high salt concentrations and when multi-
valent counterions (e.g. Ca2`, A13`, La3` SO2~

4
, PO3~

4
,

etc.) induce precipitation of the polymer, gelification of
the system or increase in the adhesion between mineral
surfaces [4].

Our interest aims at the comprehension of the effect
of dissolved ions in the adsorption of polyelectrolytes
on inorganic materials. In the case of anionic polymers

K
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(e.g. poly(acrylic) and poly(sulfonic) acids) it is well
established that multivalent cations increase considerably
the adsorption on particles [5—7]. The cations effect in
however limited in the concentration range where the
polymer remains soluble and where the cations act as
a bridge between the negative sites of the surface and
the negative functional groups on the macromolecule.
The last point suggests that the bridging process depends
on the relative affinity of the cations for the polyelectrolyte
and the surface. It also depends on the coordination
number of the metal/ligand complex. If M2` ions form
strongly bound bidentate species, no positive charge re-
mains to bind the polymer with the surface sites. In the
latter case, the retention of the polyelectrolyte by the
particles relates more to precipitation than to adsorption
phenomena.

Due to the wide field of theoretical and practical
interests, extensive investigations have been made of the
interaction between small ions and polyelectrolytes. Con-
sidering only weakly acidic polymers such as poly(acrylic
acid) (PAA) and poly(methacrylic acid) (PMA), the effect of
salts on the ionization properties has been largely ana-
lyzed, producing affinity series for cations on the basis of
their influence on the ionization constants [8]. Much less
is established concerning the binding of metallic ions with
the functional groups. Studies divide between two princi-
pal approaches. One was introduced by Manning [9]
which postulates that counterions of different valency are
considered either electrostatically bound (condensed) to
the polymer or free in the bulk. The other one considers
that counterions bind specifically with the carboxylic
groups, forming definite complex species. In the latter case,
the coordination number and the intrinsic complexation
constants vary between different studies, which may be
derived from differences in the experimental design or in
theoretical assumptions. Both the formation of bidentate
[10, 11] and monodentate [12] calcium/acrylate ligand
complexes have been proposed. According to the latter
study, Cu2` and Pb2` ions form bidentate or monoden-
tate species with the carboxylate functional groups, de-
pending on the binding ratio. Barium counterions have
not been examined as much as calcium, magnesium and
transition cations in the presence of carboxylic polymers.
For Ba2`, Koda [13] reports a simple electrostatic inter-
action with PAA, different from Cu2`, Zn2` and Mn2`

which bind chemically with the acrylate groups.
The present study deals with the complexation proper-

ties of polyacrylate salts (PAM) with barium ions. A com-
bination of conductometric and potentiometric (using
a barium specific electrode) titrations have been used to
study the Ba2`/M` exchange ratio (M`"Li`, Na`, K`)
and to determine the unbound carboxylate groups at full
ionization of the polymer chain. Conductometric titrations

of the polyacid are also made with the three MOH alkali
to examine the interaction of M` ions with the chain in
terms of condensation phenomena as defined in the Man-
ning theory [14]. In order to proceed with the calculation,
several approximations are discussed. Finally, assuming
the formation of a bidentate ligand complex, the com-
plexation constant is calculated. The latter appears satis-
factorily independent on the complexation ratio.

Definitions

Generalities on polyelectrolytes

For a given degree of neutralization, a, the charge density
parameter m of a polyelectrolyte is defined as follows
[14, 9]:

m"
al

B
b

, (1)

where l
B
is the Bjerrum length, a is the degree of neutraliza-

tion of the polymer, b is the average charge spacing along
the polymer chain (2.5]10~10 m for fully ionized polyac-
rylic acid [15]).

l
B
"

q2

Dk¹
"7.1 As in water at 298 K , (2)

where q is the elementary charge, D is the bulk solvent
dielectric constant, k is the Boltzmann’s constant and ¹ is
the temperature in Kelvin.

The degree of neutralisation, a, is the ratio between the
number of neutralized acrylate groups and the total num-
ber of monomer groups on the polyion

a"
[—COO~]

[—COOH]
505

, (3)

where [—COOH]
505
"C

1
: concentration of monomer

groups.
According to the Manning theory [14], counterions

are free in the solution, i.e. they fully contribute to the bulk
conductivity, up to the critical value m"1/ DZD, where Z is
the counterions valency.

Definition of the conductivity excess [16, 17]

The excess of conductivity K
E

due to the complexation of
barium ions on PAM is equal to the total conductivity
K

T
of the PAM/BaCl

2
solution minus the initial conduct-

ivity of alkali polyacrylate K
10-

(without any addition of
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barium chloride) and the conductivity of BaCl
2

in pure
water K

B

K
E
"!(K

T
!K

B
!K

10-
) . (4)

The negative sign is conventional in order to obtain posi-
tive values of K

E
. The expressions of K

T
, K

B
and K

10-
are

given below:

K
T
"f

B!
C

B!
j
B!
#2C

B!
j
C-
#f

1
C

1
j
1
#f

M
C

1
j
M

, (5)

K
B
"C

B!
(j

B!
#2j

C-
) , (6)

K
10-

"f 0
M
C

1
(j

1
#j

M
) . (7)

By combining Eqs. (4)—(7) K
E
may be expressed as follows:

K
E
"C

1
(j

M
#j

1
)( f 0

M
!f

M
)#C

B!
(1!f

B!
)(j

B!
#2j

1
) (8)

Where C
i
, j

i
and f

i
are, respectively, the concentration, the

equivalent molar conductivity at 25 °C and the free frac-
tion of the i species. f 0

M
is the fraction of free alkali ions in

a pure solution of PAM and f
1

is the fraction of ionized
carboxylic groups bound neither with Ba2` nor with M`.
Comparison between the experimental and calculated
conductivities is made using the two state-approximation
where ions are considered to be either bound to the poly-
mer or free in the bulk solution. In the first case, they
are imperceptible in conductometric measurements, in
the second case, they undergo no influence of the polyion
and behave as regular electrolyte [18]. The first term on
the right-hand side of Eq. (8) is related to the gain in
conductivity due to the release of alkali ions from the
polymer, whereas the second term is due to the loss of
conductivity because of the binding of barium ions by the
polyion.

Materials and methods

Polyacrylic acid (PAA) of 5100 g mol~1 molecular weight
was supplied as a sodium salt powder containing less than
15% w/w of water. Purification of the salt was made by
dissolution/precipitation using successively water and ad-
dition of methanol. A gel permeation chromatographic
analysis of this polymer exhibits a Gaussian distribution of
the molecular weight centered at 5100 g mol~1 and a de-
gree of polydispersity equal to 2.10. The pH of a 1% w/w
solution of the precipitated powder is between 6.0 and 8.0.
Preparation of the polyacrylic acid solution was made by
ions exchange, using the above sodium salt (PANa) and
a cationic resin (Amberlite IRN-77). The resin was added
into the PANa solution until the pH reaches a constant
value of about 3.

All electrolytes (sodium, lithium, potassium hydroxides
and barium chloride) were analytical grade reagents and
were used without further purification. Water was purified
by a Millipore Milli-Q purification system. Its conductiv-
ity was about 1 kS cm~1.

All conductometric analyses were performed using
Knick 702 conductometer with a Schott LF1100T cell
including a PT1000 thermal probe. The cell constant
(0.96 cm~1) was periodically checked and calibrated with
a 10~2 mol dm~3 sodium chloride solution. Potentiomet-
ric titrations of free barium ions were performed with an
Elit 081 Ionic Selective Electrode (ISE) combined with
a calomel electrode. Calibration was made before each
experiment with 10~4 to 10~2 mol dm~3 barium chloride
solutions at pH 9 and ionic strength 0.3 mol dm~3 NaCl.
pH, free barium concentration and conductivity measure-
ments were accomplished under a nitrogen stream and at
25 °C.

Solutions of alkali polyacrylate of varying charge
density were prepared from the stock PAA solution
by adding the corresponding alkali hydroxide (MOH)
solution. The total concentration of acrylic groups was
determined by full titration of the initial PAA solution
using sodium hydroxide and a Crison micropH pHmeter.

Complexation of barium ions by alkali polyacrylate

The conductivity or the ISE electrode potential (depending
on the nature of the analyses) were measured in 150 ml of
alkali polyacrylate solution (C

1
"7]10~3 M) after

every addition of 500 kl of 0.15 mol dm~3 barium chloride
solution. The conductivity, K

B
, of 150 ml of water

containing the same aliquots of BaCl
2

was added, was
also measured in order to calculate the conductivity
excess. The initial pH of the PAM and BaCl

2
solutions

were set at 9 with alkali hydroxide so that the polymer
was fully neutralized (at pH 9, the degree of neutralisation
of PAM equals 1 and no alkali hydroxide is in excess).
Finally, the conductivity of sodium polyacrylates of
different molecular weight (from 2100 to 170 000 g mol~1)
was measured at pH 9 in order to determine the
size influence of the macroion on its equivalent molar
conductivity.

Neutralization of polyacrylic acid

pH and conductivity were measured during the titration of
150 ml of a polyacrylic acid solution (C

1
"7.67]

10~3 mol dm~3) using 1N alkali hydroxide solutions (lith-
ium, sodium or potassium hydroxide).
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Results

Complexation of barium ions by sodium polyacrylate

Figure 1 represents the concentration of barium ions
bound to the polymer versus the free Ba2` concentration.
The bound fraction of Ba2` ions is calculated from the
difference between the added and the free barium ions
concentrations. The latter is obtained by ISE measure-
ments. The experiment was made as described previously,
using a PANa solution at pH 9. As found elsewhere [19],
there is no detectable free barium ions at low concentra-
tion. The ratio of bound barium ions to acrylic monomers
levels off at a value of 0.42.

Using the same titration procedure, conductivity data
versus r"[Ba2`]

!$$%$
/C

1
present two straight lines with

an intercept point close to r"0.50 (Fig. 2). The initial
conductivity of the sodium polyacrylate solution is equal
to 0.316 mS cm~1. The change of slope is attributed to the
end of the barium ions complexation with PANa [10] and
to the formation of a white precipitate in the solution. To
interpret the conductivity results in terms of bound frac-
tions of monovalent and divalent cations onto the polyion,
it is more convenient to consider the excess of conductivity
K

E
as defined by Eq. (8). The latter gets rid of the initial

conductivity of the solution and the contribution of unex-
changeable ions (chloride ions). It accounts explicitly for
the variation of conductivity due to the Ba2`/PAM inter-
actions [9, 16]. Figure 2 presents also the plot of a BaCl

2
solution conductivity (Eq. (6)) and the conductivity excess
obtained as described by Eq. (4). K

10-
is given by the

intercept of K
T

at zero barium concentration. K
E

is zero at
r"0 because f 0

M
"f

M
and C

B!
"0 (see Eq. (8)). At the

intersection point of the two sections of K
T
, K

E
levels off

Fig. 1 Complexation curve of barium ions onto PANa at pH"9
and C

1
"7]10~3 mol dm~3 measured by ionic selective electrode

Fig. 2 Conductivity of PANa (C
1
"7]10~3 mol dm~3) and water

solutions when adding BaCl
2
. r is the ratio between the concentra-

tion of Ba2` added and C
1

because no more interaction takes place between PANa
and Ba2`. Actually, as said above, the polyelectrolyte
precipitates.

Conductivity of alkali polyacrylate in the presence
of divalent cations

Conductometric titrations with barium chloride solutions
were also performed using PALi and PAK solutions. Re-
sults were totally similar in shape to that using PANa but
with different conductivity values at a given value of
r when using the three different alkali hydroxides. The
whole data are presented in Fig. 3 using Eisenberg plots
[20]. It gives the molar conductivity of the solutions
(S cm2 per mole of monomer groups) for different values of
r (from zero to 0.50) as a function of the equivalent molar
conductivity of the alkali ions used. All experiments were
performed with the same PAM concentration which is
7]10~3 M. Figure 3 shows a linear dependence of the
total molar conductivity of alkali polyacrylate solutions as
a function of the alkali counterion’s equivalent molar
conductivity [20]. This has been shown to apply when no
specific binding of the counterions takes place with the
polyelectrolyte [13]. The plots in Fig. 3 also show that this
rule applies at any concentration of barium ions, but with
different slopes (from 0.49 to 0.96) and intercepts
(22.22—87.63 S cm2 mol~1) which we shall discuss in the
next section.

Neutralisation of PAA

Figure 4 shows the conductometric titrations of polyac-
rylic acid solutions with alkali hydroxides. The molar
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Fig. 3 Total conductivity of PAM solutions against the equivalent
molar conductivity of the corresponding alkali counterions (Li`,
Na` or K`). Curves are carried out with increasing concentration of
barium chloride (r"0 to 0.50)

Fig. 4 Evolution of the total conductivity of a PAA solution during
its neutralization by LiOH, NaOH and KOH (C

1
"7.67]10~3 M)

conductivity first decreases from the initial value
15 S cm2 mol~1 (for C

1
"7.67]10~3 mol dm~3) due to

the neutralization of free protons produced by the self-
ionization of the polyacid [21, 22]. The conductivity then
increases smoothly, exhibiting three distinct and roughly
linear sections (zone I, II and III). The first one develops
between a"0.10 to about 0.50, the second one, above
a"0.50, has a lower slope and the third one, strictly
linear, corresponds to a titrant excess [23].

The change in slope is formally set at the titrant con-
centration C*

B
, corresponding to the intersection of the

extrapolated linear parts of the conductivity curves in
domains I and II. The values of C*

B
differ slightly between

the three alkali hydroxide. They are given in Table 1 to-
gether with the corresponding values of the ionisation
ratio a*.

Discussion

Stoichiometry of the barium/PANa complexation
(ISE analyses)

The vertical slope at the beginning of the curve of Fig. 1
indicates that barium ions present a strong affinity for
acrylate groups [24]. Furthermore, the ratio between the
concentrations of bound barium ions and carboxylate
groups at the plateau gives the apparent stoichiometry of
the complexation reaction. Thus, the Ba2`/PANa com-
plexation seems to be bidenate as the ratio between the
bound Ba2` concentration and C

1
is close to 0.50 (0.42) at

the plateau. This result was also obtained with the system
Ca2`/PAA [10, 24]. The lack of sensitivity of ISE analyses
does not allow the measurement of equilibrium concentra-
tions of free barium ions at low complexation ratio. How-
ever, in the barium concentration range where enough
accuracy is obtained (between 2]10~5 and 10~4 M of free
barium concentration), the Ba2`/PANa complexation
constant K

#
can be evaluated, assuming bidentate species

and the following definition:

K
#
"

[(—COO)
2
Ba]

[—COO~]2 [Ba2`]
. (9)

This approach implies that the sodium/carboxylate
interactions are not taken into account and all ionized
carboxylate groups are considered free for binding.
Experimental data lead to Log K

#
between 8.0$0.1 and

8.5$0.1 in the range of free Ba2` concentrations at equi-
librium [Ba2`]

&3%%
"1.74]10~5—6.38]10~5 mol dm~3.

This value compares well with the other data in the litera-
ture using the same procedure. As an example, Log K

#
equals 5 and 8 for the binding with PAA of Ca2` and
Cu2`, respectively [12]. It is clear however that a more
precise approach should consider that part of the ionised
groups actually bind with monovalent ions, the remaining
part being free or bound with Ba2` ions. ¼hen additional
Ba2` ions bind with the polyion, they displace some of the
pre-condensed monovalent counterions. Analysis of such an
ion exchange has been also described in the literature
[17, 25].

Conductometric analyses

The conductometric measurements (Fig. 2) confirm the
formation of bidentate species as r is close to 0.50 at
the onset of the conductivity excess plateau, like with
ISE analyses. It may be noticed that, at the onset of full
complexation, r is slightly lower than 0.50 (r"0.45).
Ludwig [26] and Geffroy [27] found a similar result for
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the calcium/polyacrylate binding (r"0.36). We explain
this value slightly below the 1/2 stoichiometry by the fact
that some acrylic groups are not available for bonding
with divalent cations due to the lack of chain’s flexibility
and also on account of steric matters. Although some
acrylate groups do not bind with barium ions, the poly-
electrolyte precipitates, indicating that alkali ions prob-
ably balance the remaining electrical charge. Precipitation
of divalent cations/polyacrylate molecules is a well-known
phenomenon, caused by the hydrophobic property of the
fully neutralized polyelectrolyte [10]. In order to deter-
mine the effective complexation constant, it is necessary to
evaluate the fractions of bound barium ions and free
carboxylate groups i.e., 1!f

B!
and f

1
, respectively. This is

done using Eq. (8) and a few assumptions allowing the
calculation of f 0

M
, f

M
and j

1
. Therefore, the following

sections will be devoted to the determination of these
parameters and hence of the Ba2`/PAM complexation
constant. For that purpose, as explained later, we will also
assume the formation of a bidentate ligand complex
Ba(COO)

2
.

Determination of f 0
M

f 0
M

is the fraction of free counterions M` in a solution of
fully neutralized polyelectrolyte at zero divalent ions con-
centration. A method to estimate f 0

M
is to use the Man-

ning’s theory of ions condensation onto polyelectrolytes
[14]. On this ground, condensation of monovalent
counterions occurs at a threshold value m"1, which cor-
responds to a"0.36 in the case of polyacrylate [28].
A discontinuity is therefore predicted in the polyacid con-
ductometric titration curve at m"1. Considering the con-
ductivity data in Fig. 4, we may assume that the change of
slope between zone I and II indicates the beginning of the
condensation phenomenon. At this point, the free M` ions
concentration reaches a maximum and constant value up
to full neutralization of the polyacid. Table 1 shows
that experimental threshold values range very closely for
the three monovalent ions Li`, Na` and K` between 0.46
and 0.51, which is significantly higher than predicted by

Table 1 Fractions of free alkali counterions in a polyacrylate solu-
tion and the threshold value of charge density at which condensation
occurs

Lithium Sodium Potassium

C
1

[mol dm~3] 7.67]10~3 7.67]10~3 7.67]10~3
C*

B
[mol dm~3] 3.85]10~3 3.52]10~3 3.92]10~3

f 0
M
"a* 0.50 0.46 0.51

m (at a"a* ) 1.25 1.14 1.27

Manning theory, but close to Ludwig [26] and De Jong
[16] data. The discrepancy between theory and experi-
ments may be attributed to an underestimation of the
b value (see previous section). It is also important to realise
that Manning’s theory holds for a line charge, which may
not fit perfectly with a real macromolecule containing dis-
crete charged groups at small separation. In the following
part of the paper, we shall use the common value
f 0
M
"0.47$ 0.02 for the three alkali ions.

Determination of f
M

The fraction f
M

of free M` ions in the bulk can be deter-
mined as a function of the barium concentration at full
neutralization of the polyelectrolyte (pH"9) using Eq. (5).
By dividing K

T
by C

1
, we obtain the total molar conduct-

ivity, K
T
:

K
T
"f

M
j
M
#rf

B!
j
B!
#2rj

C-
#f

1
j
1

. (10)

Equation (10) shows that the slope of K
T

versus j
M

gives
f
M

under the assumption that f
M

does not depend on the
nature of M`, i.e. there are no specific interactions of the
alkali ions with the polyion. Practically, as shown by
Fig. 3, Eq. (10) applies fairly well, producing f

M
at different

values of r and the corresponding intercepts B (r). From
Eq. (10), when j

M
"0:

B(r)"(rf
B!

j
B!
#2rj

C-
#f

1
j
1
) (11)

f
M

values are plotted in Fig. 5 as a function of r. At r"0,
f 0
M
"0.49, which is very coherent with the value found

previously ( f 0
M
"0.47). At full complexation, f

M
is slightly

less than 1 ( f
M
"0.96 for r"0.50) which indicates a resid-

ual binding of alkali ions with the polyelectrolyte. Note
that this result is qualitatively consistent with the binding
ratio lower than 0.50 for barium ions. Actually, the precipi-
tated polymer should be composed of —(COO)

2
Ba groups

and few —COOM groups. This result is confirmed by
Geffroy [27] who found 6% of residual Na` ions on the
precipitated calcium polyacrylate by Atomic Absorption
Spectroscopy analyses.

Determination of j
1

Several methods are available to calculate the molar con-
ductivity j

1
of polyacrylic acid from the previous measure-

ments. The simplest one is to use the conductivity data at
pH 9 and Eq. (7) [29] that we may write for sodium
counterions

j
1
"

K
10-

!C
1
f 0
N!

j
N!

C
1
f 0
N!

. (12)
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Fig. 5 Variation of the free fractions of acrylate groups, f
1
, alkali, f

M
,

and barium, f
B!

, ions in an alkali polyacrylate solution where barium
chloride is added

Fig. 6 Variation of the equivalent molar polyacrylate conductivity
against the mean molecular weight of the polymer

Using f 0
N!
"0.47, j

N!
"50.9 S cm2 mol~1 [30], K

10-
"

0.316 mS cm~1 and C
1
"7]10~3 mol dm~3, we get

j
1
"45.15 S cm2 mol~1.
j
1

may also be derived from the intercept, B (r), of the
first line of Fig. 3 (for r"0, B(r)"22.22). In that case, it is
clear that B(r)"f

1
j
1

(see Eq. (11)). Furthermore, as there
are only monovalent cations on the solution, the fraction
of ionized carboxylate groups f

1
is equal to the fraction of

free alkali ions ( f
1
"f 0

M
"0.47). Thus, we obtain j

1
"

45.7 S cm2 mol~1 which is fairly consistent with the value
found above.

It has been established that the molar conductivity of
large polyelectrolytes does not vary with the molecular
weight [20, 29]. The conductivity increases however for
small molecules and oligomers as shown in Fig. 6 for five

sodium polyacrylate salts with molecular weight varying
between 2100 and 170 000 g mol~1. The data of Fig. 6
have been obtained by single measurements of the PANa
salts conductivity at pH 9 and using the same values as
above for C

1
, f 0

M
and j

N!
. We see that j

1
increases con-

siderably from 30 S cm2 mol~1 for M
8
550 000 g mol~1

to about 70 S cm2 mol~1 for M
8
"2100 g mol~1. This

j
1
value for high degrees of polymerization of polyacrylate

was also found by Ikegami [24]. For small polyelec-
trolytes, Benegas found between 46 and 49 S cm2 mol~1

for 26 000 g mol~1 polymethacrylate [31]. Some other
works are in accordance with these values [20, 29].

The range of polymer concentrations employed in all
these experiments is sufficiently narrow (7.0$0.5)]
10~3 mol dm~3, to assume that the variations of j

1
with

c
1
is negligible. Nevertheless, it is essential to keep in mind

that the molar conductivity would be sensitive to large
variations of the polymer concentration [16, 17, 23].

Determination of K
#

In order to calculate the Ba2`/PAM complexation con-
stant K

#
, the last step consists in determining f

1
and f

B!
as

a function of the barium concentration ratio r. For that
purpose, we shall assume the formation of a bidentate
ligand complex Ba(COO)

2
, which gives for f

1
the follow-

ing identity:

f
1
"f

M
!2r (1!f

B!
) (13)

Namely, the number of unbound carboxylate groups equal
the number of free alkali ions minus twice the number of
complexed barium ions. f

B!
can be calculated from the

intercept B (r) of the Eisenberg plots and the combination
of Eqs. (11) and (13):

f
B!
"

B
(r)
#2r(j

1
!j

C-
)!j

1
f
M

r(j
B!
#2j

1
)

. (14)

The plot of f
1
in Fig. 5 shows a monotonous, almost linear

decrease between f
1
"0.47 (r"0) to f

1
"0.14 (r"0.50).

As expected from ISE measurements (Fig. 1), f
B!

is zero i.e.,
Ba2` ions are totally bound up to r values between 0.20
and 0.25. Then, f

B!
increases continuously up to 0.18 at

r"0.50.
Finally, the complexation constant K

#
can be cal-

culated from its basic expression (Eq. (9)), since all the
terms are now known:

K
#
"

C
B!

(1!f
B!

)

(C
1
f
1
)2C

B!
f
B!

. (15)
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Fig. 7 Variation of the logarithm of the Ba2 /̀PAM complexation
constant, K

#
, with r

Figure 7 shows the variation of the logarithm of K
C

with r.
The first two values of Log K

#
(for r"0.00 and 0.07)

cannot be calculated because f
B!

equal zero. The com-
plexation constant shows a fairly stable value in the range
6.50$0.25 which attests a strong affinity of Ba2` ions for
acrylate groups in the polymer. This result also demon-
strates that the binding of barium ions does not depend on
the electrostatic potential of the polymer chain. In the
latter case, considering that the reaction free energy sums
up the chemical and electrical terms, we would have the
following identity for the experimental complexation con-
stant:

K
#
"e~(DG%91@RT)"e~(DG#)*.`DG%-)@RT , (16)

where DG
#)*.

is a purely chemical term and DG
%-

is an
electrical term which may be identified to — 2FW

#)!*/
,

where ‘‘2’’ is the electrical charge number of barium ions
and W

#)!*/
is the mean electrical potential of the chain.

W
#)!*/

certainly varies with the complexation ratio, we
therefore conclude that DG

%-
is negligible in comparison

with DG
#)*.

. In addition, our calculation is consistent with
the formation of a bidentate ligand complex when using
the site binding mode approach [26, 32, 33]. In the present
work, the calculated Log K

#
values differ by about two

units between conductometric and ISE measurements.
The conductometric result seem however more reliable as
it takes into account the binding of monovalent counter-
ions in the evaluation of free carboxylate groups.
Miyajima et al. [12, 34] studied the complexation of vari-
ous cations onto polyacrylic acid. They calculated the
constants for the calcium and cadmium/polyacrylate inter-
actions and found Log K

#
, respectively, equal to 5.0 and

7.5 with a"1 and I"10~2 M. The value found for the
Ba2`/PAM complexation constant in our study is thus in
very good agreement with these other works as cadmium

is known to be a better complexing ion than barium which
is in turn more complexing than calcium. It is also interest-
ing to compare the present value of Log K

#
with those

obtained using simple monomeric species. As an example,
values were given for the association constant of Ba2` with
glycinate (Log K

1
"0.77), oxalate (Log K

1
"2.33) and ci-

trate ions (Log K
1
"3.00) [35] with K

1
"(BaP(n~2)~)/

(Ba2`)(Pn~), where (Pn~) and (BaP(n~2)~) are the concen-
tration of the free and bound ligand molecules and n is the
ligand’s valency. ºsing the same definition for the com-
plexation constant in the Ba2`/PAM system, considering
moreover that a binding site P contains two carboxylate
groups P"(CH

2
CHCOO~)

2
and n"2, K

1
for PAA reads:

K
#
"

C
B!

(1!f
B!

)

[(C
1
f
1
)/2](C

B!
f
B!

)
. (17)

Calculations give log K
1
"4.0$0.1, which fits very well

with the series above since the binding strength is known to
increase with the number of binding sites [35].

Calculation of the total conductivity of the BaCl
2
/

PAM system

To control the coherence of all the parameters derived
from the conductivity equations, the total conductivity of
the solution (Eq. (5)) has been calculated at full neutraliza-
tion as a function of r. It is seen from Fig. 8 that the
calculated result compares very well with the experimental
data taken from Fig. 2. In our view, the quality of the fit
and the constancy of the complexation constant legitimate
the main assumptions used in the work i.e., the formation
of Ba(COO)

2
species, the presence of non active alkali ions

in conductivity measurements and the constancy of j
1

in
the whole titration range.

Distribution of carboxylate species and M/Ba
displacement ratio

Knowledge of the different f
i
values allows the calculation

of the concentrations of the three species formed in the
course of barium titration of a fully neutralized polyacrylic
molecule, namely free carboxylate groups (COO~), com-
plexed groups (Ba(COO)

2
) and alkali bound groups

(COOM). Figure 9 presents the three roughly linear plots
of the respective concentrations as a function of r.

From the previous curves, it is also possible to calcu-
late the M /̀Ba2` displacement ratio i.e., the amount of
displaced alkali ions in comparison to that of bound
barium ions. It is seen from Table 2 that the displacement
ratio decreases almost linearly from 1.36 to 0.92 when
r varies from 0 to 0.5. Values less than 2 show indeed that
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Fig. 8 Comparison of the experimental values (see Fig. 2) and the
calculated ones from Eq. (5) of the total conductivity of
a PANa/BaCl

2
solution

Fig. 9 Distribution of COO~, COOM and (COO)
2
Ba species con-

centration along the complexation of PAM by Ba2`

Table 2 M`/Ba2` displacement ratio along the complexation of
PAM by Ba2` at pH"9

r 0.07 0.14 0.21 0.29 0.36 0.43 0.50
f
M
/[Ba]

"06/$
1.36 1.21 1.20 1.10 1.06 1.00 0.92

the release of alkali ions does not result from a simple
exchange of ions on the binding sites, but is more likely to
occur from a decrease of the mean potential of the poly-
electrolyte.

Conclusion

Conductometry can be a useful technique to study the
ions/polyelectrolyte interactions and especially the release
of monovalent counterions by the binding of divalent ions
onto polyion. In this way, it has been shown that barium
ions form bidentate complexes with alkali polyacrylate.
The conductometric measurements and calculations lead
to the fractions of released alkali counterions, bound bar-
ium ions and ionized carboxylate groups and allow one to
calculate the complexation constant, K

#
, of the Ba2`/

PAM interactions. Log K
#

is found to be equal to
6.50$0.25 which is in good agreement with other studies
on ions/polyion binding. Furthermore, the fraction of non-
condensed alkali counterions in a polyacrylate solution
found by this method is equal to 0.47$0.02 which is
slightly higher than the predictions of the Manning’s the-
ory. Finally, the conductometric feature of polyelectrolytes
is pointed out by the calculation of the polyacrylate equiv-
alent molar conductivity, j

1
. This parameter is found to be

dependent on the polyion’s degree of polymerization. For
the polyacrylate studied (DP"54), j

1
has been found

equal to 45 S cm2 mol~1 which is in accordance with liter-
ature’s values.

References

1. Pierre A, Mercier R, Foissy A, Lamarche
JM (1989) Ads Sc Technol 6(4):
179—246

2. Dupont L, Couchot P, Foissy A, Mottet
B (1997) J De Chim Phys 94:1257—1273

3. Levine S, Friesen WI (1987) In: Attia YA
(ed) International Symposium on Floc-
culation in Biotechnology and Separ-
ation Systems, 1986, San Francisco,
USA, Elsevier, Amsterdam

4. Berg JM, Claesson PM, Neumann RD
(1993) J Colloid Interface Sci 161:182

5. El Attar Sofi Y, Carquille C, Lamarche
JM, Foissy A (1990) Progr Colloid
Polym Sci 82:43

6. Dupont L, Foissy A, Mercier R, Mottet
B (1993) J Colloid Interface Sci 161:455

7. Dupont L, Foissy A (1996) Colloids Sur-
faces A: Physicochem Eng Aspects
110:235—248

8. Gunnarson G, Gustavsson H (1982)
J Chem Soc Faraday Trans I 78:
2901—2910

9. Manning GS (1996) Ber Busenges Phys
Chem 100(6):909—922

10. Franiois J, Truong ND, Medjahdi G,
Mestdagh MM (1997) Polymer 38(25):
6115—6127

11. Axelos M, Mestdagh M, Franiois J
(1994) Macromolecules 27:6594—6602

12. Miyajima T, Mori M, Ishiguro S (1997)
J Colloid Interface Sci 187:259—266

13. Koda S, Nomura H, Nagasawa M (1983)
Biophys Chem 18:361—367

14. Manning GS (1978) Quart Rev Biophys
II 2:179—246

15. Moss WF, Spencer HG, Savirsky GB,
Riedl MC (1991) Polymer 32(8):
1504—1509

16. De Jong HG, Lyklema J, Van Leeuwen
HP (1987) Biophys Chem 27:173—182

17. Van Leeuwen HP (1990) Colloids Surfa-
ces 51:359—369

18. Gonzales-Mozuelos P, Olvera De La Cruz
M (1995) J Chem Phys 103(8):3145—3157

1096 Colloid & Polymer Science, Vol. 276, No. 12 (1998)
( Steinkopff Verlag 1998



19. Shimizu T, Minakata A (1981) Biophys
Chem 14:333—339

20. Eisenberg H (1958) J Polym Sci 30:
47—66

21. Kawaguchi S, Yekta A, Winnik MA
(1995) J Colloid Interface Sci 176:
362—369

22. Parsonage E (1996) J Colloid Interface
Sci 177:353—358

23. Nagaya J, Homma M, Tanioka A,
Minakata A (1996) Biophys Chem
60:45—51

24. Ikegami A, Imai N (1962) J Polym Sci
56:133—152

25. Satoh M, Kawashima T, Komiyama J
(1991) Polymer 32(5):892—896

26. Ludwig H, Loebel KH (1996) Ber Bun-
senges Phys Chem 100(6):863—868

27. Geffroy C (1997) PhD thesis, Université
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