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The interactions between acrylamide—acrylic acid copolymers and alkalinoearth cations were studied by
many different techniques, as functions of various parameters: composition of the copolymer and
distribution of the acrylic units along the chain; pH; temperature; ionic strength. In a first step, the phase
diagrams were established and reveal ranges of polymer and salt concentrations where phase separation
occurs. In a second series of experiments, the change in the chain conformation and the aggregation
phenomena were investigated by viscosimetry and light scattering. It sorts out that at low enough polymer
and salt concentrations (inside the solubility domain), it is possible to get a variation of the intrinsic viscosity
of the polymer as a function of calcium concentration and charge parameter of the polymer consistent with
previous literature results obtained in the presence of sodium if a binding term depending on the nature of
the ion is taken into account. At higher polymer and calcium concentration, high Huggins constants and
large increases of scattered intensity reveal the formation of aggregates, which are attributed to
intermolecular bridges. The third series of experiments (conductimetry and densimetry) were carried out
to characterize the ion—polyion interactions. Finally, the phase separation is discussed in light of the other

results, using some simple association models. © 1997 Elsevier Science Ltd.
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INTRODUCTION

The changes in the conformation of polyelectrolytes
with the ionic strength are not rather well understood.
On the other hand, the precipitation and gelation
phenomena induced by the presence of multivalent
counterions in polyelectrolyte solutions have been the
object of few theoretical predictions, and there is a lack
of reliable data on the phase diagrams of such systems.
This is due to the specificity of the ion—polyion
interactions. Nevertheless, this problem has been
1nvest1gated in the years since 1960 by several
authors®®. A set of experimental studies about the
stability of the sodium polyacrylate (PAA) towards
alkalinoearth cations led Ikegami and Imai’ to consider
two main types of phase separation, so-called:

Type H: where H means that a high salt concentratlon
is required to induce the polymer precipitation. Flory’
has developed a model which takes into account the
decrease of the electrostatic free energy when the ionic
strength of the medium increases. The critical salt
concentration C; at the phase separation is expected to
be independent of the polymer concentration C, and
increasing function of the temperature. The system
solubilizes by heating.

Type L: where the precipitation is observed for low

* To whom correspondence should be addressed
+ Present address: Unité de Chimie des Interfaces, Place Croix du Sud
2/18, 1348 Louvain-La-Neuve, Belgium

values of C; corresponding to the stoichiometry with
respect to the number of charged groups belonging to the
polymer (for example, one Ca?" per COO™ for PAA).
In this case, C; does vary with temperature, and is
proportional to C,,.

These two types of phase separation describe
extreme behaviours. Type H is observed when the
specific interactions between the ions and the polyions
can be neglected, for example in the case of very weakly
charged polglelectrolytes in the presence of multivalent
counterions” or in the case of strongly charged
polyelectrolytes in the presence of monovalent counter-
ions!®. The second type describes the behaviour of
strongly charged polymers which specifically interact
with counterions®”

In fact, it is well known that a wide range of
behaviours can be observed according to the charge of
the polyion, the pH, the temperature, the mean ionic
strength and the nature of the counterions. Moreover,
some cations, particularly ionic species derived from
aluminium, chromium and iron are able to induce not
only a phase separation but also gelatlon in aqueous
solutions of synthetic polyelectrolytes =18 "1t must be
noted that the aqueous solutions of natural polycar-
boxylates such as pectates and alginates can gelify
by addition of alkalinoearth cations ™ .

We have undertaken a systematic study of the phase
separation and gelation of acrylamide—acrylic acid copoly-
mers (AM-AA) in the presence of different
cations'' ~192'=2* In the case of polyelectrolytes interactions
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Table 1 Characteristics of the polymer samples: 7 is the fraction of
acrylic acid; MMM and AAA are the fractions of acrylamide and
acrylic acid triads respectively

T AAA MMM Efora =1
ADI10 0.015 - 0.04
ADI17 0.07 - 0.81 0.202
AD27 0.17 - 0.65 0.49
AD37 0.27 0.02 0.48 0.78
AD60 0.36 0.34 0.43 1.04
Hl 0.17 0.5 0.49
H2 0.30 0.2 0.867
H3 0.36 0.08 1.04
H4 0.50 0.02 0 1.44

with alkalinoearth catlons some preliminary results have
already been published”?*, showing interesting behaviours
with intermediate features between H and L types of
precipitation that is to say that precipitation occurs on
heating the system, redissolution appears in excess of salt,
and the samples prepared by alkaline hydrolysis (samples
H) and the copolymerization (AD samples) behave
differently. These samples mainly differ in the distribution
of the monomers along the chain, which can be character-
ized by nuclear magnetic resonance (n.m.r. . The fractions
of triads MMM and AAA are much higher in the case of
copolymers. It is indeed well known that alkaline hydrolysis
obeys an auto-retarded kinetics, and leads to polymers
where the carboxylate groups tend to be isolated along the
chain®®~?. On the other hand, and according to the pH of
the reaction, the copolymers are more or less blocky. This
block distribution corresponds to the presence along the
chain of strongly charged parts which could affect the cation
binding. More recently, similar types of phase diagrams
have been described for other systems’® and several
theoretical approaches are now in progress’ . This
strengthens the interest for this kind of studies.

This paper gives a complete description of the
influence of alkalinoearth cations on the stability of the
AM-AA copolymers in aqueous solutions under various
conditions of pH, ionic strength and temperature. The
effect of the molecular weight has been verified. The ion—
polyion interactions are studied by viscosimetry, con-
ductimetry, densimetry and light scattering. A rough
model based upon simple association equilibrium laws
is proposed in order to explain the phase separation
throuzgh the theoretical apgroaches developed by Axelos
et al.”” and Wittmer ez al.

EXPERIMENTAL
Samples

Two series of AM—-AA copolymers were used in this
study:

e a series obtained by alkaline hydrolysis of a poly-
acrylamide sample (PAM ADI10) supplied by Rhone-
Poulenc Ind., and prepared by photopolymerization*
(samples H1 to H4);

e a series of copolymers obtained by direct photocopo-
lymerization of acrylamide and acrylic acid (Rhone-
Poulenc Ind.): AD17, AD27, AD37, AD60.

All these samples were carefully characterized by '
and 'H nm r., elemental analysis and potentromemc
titration® The values of the average molar fraction 7, of
acrylic acid and the fraction of acrylate (AAA) and
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acrylamide (MMM) triads are given in Table I. The
molecular weight determmed by light scattering was
found to be around 5 x 10° daltons for all the samples.

In order to investigate the influence of the molecular
weight, some of the samples were degraded by ultrasonic
absorption by using a generator Mullard 3100 (power
ranging from 6 to 16 W) in aqueous solutrons (0.5M NaCl,
polymer concentration ¢, = 5 x 1073 gml_ ).

The series H was only used under the form of sodium
salt. The copolymers of the AD series are available as
sodium salts; they were also purified by precipitation in
ethanol-methanol mixtures and a part of them was
acidified by stirring their aqueous solutions with an
excess of ionic exchangers, again precipitated and then
dried under vacuum at 40°C. Some acid samples were
neutralized by calcium hydroxide in order to obtain
calcium salts. The polymer solutions were prepared at
least 48h before experiments, and homogenized by
gentle stirring at room temperature.

These polymers are characterized by their average
dimensionless charge density parameter £ given by*>

o2
§= (ﬁ)/h ()

where the numerator is the Bjerrum length (7.14,& in
water at 25°C) and b which is the average spacing
between two charges assuming a statistical distribution
of the charges is calculated by b = 2.79/a7 (« being the
ionization degree of the carboxylate groups).

Methods

Turbidimetry. Weighted quantities of salts, under the
form of dry powder, were successively added in polymer
solutions and the turbidity was measured with a spectro-
photometer Shimadzu UV240 at 700 nm. We have veri-
fied that the addition of the salt, under the form of a
solution, lead to the same results.

Viscosimetry. Two viscometers were used:

e an automatic capillary v1sc051meter 7 with an average
shear rate of about 1500s~'. In most cases, this does
not correspond to a Newtonlan behaviour of the
solutions studied.

e a low shear viscosimeter from Contraves (LS30)
equipped with the 1TIT device.

Both apparatus were thermostated at +0.05°C for
20°C < T< 40°C and at £0.1°C for T >40°C.

Densimetry. An automatic densimeter of the Kratky
type and equipped with a home-built cell was used to
determine the specific volume of the solutions™® The aceu-
racy on the density measurements is +5 x 10~ gml_
when the temperature is regulated at +0.01°C.

Conductimetry. The conductivity was measured with
an automatic B221 A Wayne Kerr brldge at 1592 Hz by
using a Tacussel cell (constant= 1cm™ ). The measure-
ments were made as for turbidimetry after each addition
of dry salt. The equilibrium was reached after approxi-
mately 15nm. The vessel was thermostated at +£0.1°C.

Light scattering. Light scattering measurements were
performed with a home-built apparatus® of the
Scheibling-Wippler type in a scattering angle range
between 30° and 150°.
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Figure 1 Variation of the turbidity of a solution of polymer H3
as a function of CaCl, concentratlon, for different conoentranons
of NaCl: [NaCl]— Omoll™! (®), [NaCll=005moll™" (A),
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Figure 2 Critical salt concentrations C; as a function of pH when it is
adjusted w1th NaOH (@) or Ca(OH)2 (d) for AD60 polymer
(Cp, =107 3gmol™)

Free salt polymer solutions were prepared at a given
polymer concentration and carefully cleaned by filtration
and ultracentrifugation at 15000 rpm for 4h. On the
other hand, a concentrated calcium chloride (CaCl,)
solution was also centrifuged and small aliquots were
added in the polymer solution contained in the light
scattering cell. The scattering intensity was recorded as a
function of time after each salt addition.

RESULTS
Phase diagrams

Typical turbidity curves were obtained (Figure 1), by
adding chloride salt to the polymer solution, as done

previously. Two critical concentrations can be deter-
mined:

e the lower one, C;, at which the turbidity abruptly
increases. It corresponds to the onset of the polymer
precipitation.
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Figure 3 Variation of C;' as a function of C;;, for polymers: H3 (Q);
H4 (W), AD27 (¢); AD37 (@); AD60 (A)

o the higher one, C;*, at which the turbidity recovers its
initial value (free salt solution) and which indicates the
polymer redissolution. As later discussed this unex-
pected behaviour has already been described 22,23,40
and also observed in the cases of sodlum polyacrylate
in the presence of sodium iodide*' and of polystyrene
sulfonate in the presence of trivalent cations3!.

Salts of alkaline metals. In the absence of salt, all the
samples are insoluble in water at pH < 3.

Under their acid form and with increasing amount of
NaCl, the onset of precipitation, C; is very high (around
1 M) and increases upon heating. This behaviour is close
to a precipitation of type H and reflects the competition
between the proton and the Na* ions in their affinity for
the carboxylate groups.

No phase separation is observed with these polymers
when taken under their sodium salt form (pH around 8)
if an excess (up to 6 N) of alkaline halides (NaCl, NaBr,
KCl) is added. Nevertheless, the co-ion seems to have
some influence since AD60 solutions become turbid
for a concentration of sodium fluoride higher than 0.8 M.
Kagawa and Fuoss*' have also pointed out that
potassium iodide has a much higher salting out effect
on PAA than KCL

Salts of alkalinoearth metals. (1) pH effect: Figure 2
represents the evolution of the C; value for AD60 in
the presence of calcium chioride for solutions neutralized
at various pH with sodium or calcium hydroxides.

At pH > 12, the precipitation of the calcium hydro-
xide occurs. At lower pH, C; decreases when the pH
increases. The behaviour is different from that already
described for PAA or polymethacrylic acid (PMA) in
the presence of copper. In these cases, the Surves
C! = f(pH) pass through a maximum at pH 5*>**. A
given mixture of polymer—copper successively phase
separates and becomes again homogeneous and trans-
parent with pH increases. (i) Effect of the ionic strength.
In Figure 1, the turbidity is plotted as a function of
CaCl, concentration for various constant concentra-
tions of NaCl. By addition of NaCl in a two phase
system, one recovers an homogeneous solution. Fora H
sample, the presence of NaCl improves the polymer
solubility since C; is shifted towards higher values and
C¥* towards lower values. Moreover, the maximum of
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Figure 4 Variations of R" = C{/C;, (a) and R"" = ({"/Cj; (b) as a
function of temperature; in (a): AD17 (O); AD27 (A); AD60 (W); H4
(0); in (b) H4 (O); AD60 (W)

turbidity decreases: for 1M NaCl the precipitation
phenomenon is completely hindered by NaCl. The same
behaviour is qualitatively observed with the AD
samples, but the results show a lower solubility of

AD samples with respect to the H ones. (iii) Influence of

the linear charge density and concentration of the
polymer. Figure 3 gives the variations of C as a
function of Cj,, which corresponds to the molar
concentration of carboxylate groups in the solution,
for two samples of type H and three samples of type
AD, in pure water at 25°C (Cj, = C,, - 1000 - a x 7/ M|,
where M, is the molecular weight of the monomer, and
« 1s taken as equal to 1):

o the stability decreases when the average charge of the
polymer increases, for both series of polymers. This is
consistent with the variation of C; vs pH underlining
the competition of the divalent cation vs the proton for
the caboxylate groups.

e however, the behaviour of the two types of polymers
differs when considering for the same values of ', and
7 the values of C;: it is much higher for H polymers
than for the AD ones. Besides, the shape of the curves
is almost linear for H polymers and they tend to
exhibit a minimum for AD polymers.

If one considers the ratio R* = C;/Cj, it appears that
R tends to values close to 0.5 or even lower, when G,
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Figure 6 Turbidity curves of samples H3 (a) and AD60 (b), with
7=0.36, of various molecular weights. (a) M, =5x 106 (O);
M, =1x10° (W); M, =152x10° (#), (b) M, =5x 10° (O
M, =2.8x10° (M); M, = 1.3 x 10° (®)

increases. Then, the phase separation of concentrated
polymer solutions requires only about one (or less) Ca>*
cation per two COO™ groups. This type of curve
indicates that the phase separation in our case belongs
neither to type L nor to type H, and corresponds to an
intermediate behaviour.

The variation of R™ = C{"/Cj, with the different
parameters also indicates that the stability is improved



by decreasing 7 and is higher for H polymers than for
AD copolymers (see Figure 4). This explains why this
redissolution phenomenon was never observed with PAA.
Finally, C3” is almost independent on Cp and the ratio R™
is always very high (50-500). (iv) Influence of tempera-
ture. Heating homogeneous polymer solutions in the
presence of CaCl, results in a phase separatlon R and
R™ are, respectively, a decreasing and an increasing
function of the temperature (Figures 4a and 4b). This
means that the solubility of these polymers is strongly
affected by heating. At the opposite, as described by
Tkegami and Imai’, R* does not depend on T, for the
PAA/Ca®" system. This independence of C; is consid-
ered by these authors as characteristic of the precipita-
tion of type L, as well as the low values of C;. We
observe with our polymers a precipitation which does
not exactly belong to the type L, although the C? values
are also very low. Our results are in fact quite consistent
with those of Ikegami and Imai’ since the absolute
values of the average slopes of R* and R** vs T increase
when 7 increases. Figure 5 shows the phase diagrams in
three dimensions 7, C;, 7, at constant C,. The surface
behind which the phase separation occurs, is obtained
from an interpolation procedure of the experimental
results. (v) Effect of the molecular weight. Figure 6 shows
the turbidity curves of samples of various molecular
weight obtained by ultrasonic degradation of H3 and
ADG60 of 7 = 0.36. In the case of polymers derived from
AD60, phase separation occurs at the same C; values,
whatever the M,,. On the other hand, the solubility of H
samples seems to be higher when M,, decreases. This
result is particularly interesting because it emphasizes
the role played by the distribution of the charge on the
relative proportion of intra- and inter-molecular binding
of the cations. The formation of intermolecular bridges,
preponderant in the case of H samples, requires a
polymer concentration higher than the critical concen-
tration of chain overlapping Cp, which is a decreasing
function of M,. For the lower molecular weight (of
about 10%), the concentratlon used in the experiment
reported in Flgure 6 (10~ gml 1) is lower than C; and
the binding of Ca’* on two carboxylates belongmg to
two chains cannot occur. On the other hand, if the
precipitation is mainly due to the fixation of Ca’** on
two adjacent groups along the chain, which is probably
the case of AD samples, the onset of phase separation is
expected to depend less drastically on molecular weight.
(vi) Effect of the method of preparation of the polymer
samples. The differences in behaviour between samples
prepared by alkaline hydrolysis (H samples) and by
copolymerlzatlon (AD samples) have already been
pointed out??, and are well illustrated by several of
the results discussed above. Even if these samples have
the same molecular weight and polydispersity, they
differ in the distribution of the monomers along the
chain, as shown in Table 1. The block distribution in the
case of AD, whxch is related to the copolymerization
parametcrszs’4 > induces the presence along the chain
of strongly charged parts where the cation binding is
probably favoured. This well explains the lower
solubility of copolymers, if the ion binding is the
origin of phase separation. Some potentiometric studies
have also shown the role played by the distribution of
the monomersZ26:4647 . (vi1) Eﬁ”ect of the nature of cation.
Table 2 gives the values of C; and C;* obtained with
magnesium, calcium, barium, and manganese chlorides
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Table 2 Values of critical salt concentrations at prec1p1tauon (Cs")
and dissolution (C{*} for the AD60 polymer (cp =107 >gmi™"y, in pure
water, as a function of the nature of the cation

Mgz+ Ca2+ Ba2+ Mn2+
C: (moll'l? 0.015 0.015 0.009 0.005
C{ (moll™) 0.57 1.30 1.40 oo
3
6010 F
0
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Figure 7 Variation of the reduced vxsoosnty asa function of C for the low
calcium concentrations: AD60 C =10 gm!™! (l) H3,C, =107 Soml!

(#): ADS), C, = 10° Yeml™ O LN 103 gml! (O); AD27,
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Figure 8 Variation of the reduced viscosity as a function of C; for the
high calcium concentrations at C, = 107" gml™ . AD17 (m); AD27
(®); AD37 (A); AD60 (®)

for AD60 (C, = 1073 gmi™"). The following scale of
selectivity is obtalned for C; and C{™ respectively:

Mg** = Ca®" > Ba?" > Mn?*

Mg** < Ca®" < Ba’" < Mn**

This is in agreement with the observations made by
Tkegami and Imai® for partially neutralized polyacrylic
acid. When the distance between the charges along the
macromolecular chain is low (sodium polyacrylate or
polymethacrylate) the selectivity is less pronounced than
for the weakly charged polyelectrolyte. In the latter case,
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Table 3 Intrinsic viscosity [] and Huggin's constant (K'), at various
salt concentrations for AD samples characterized by different charge
parameters (£): 3A: for NaCl; 3B: for CaCl, addition

Sample C, (NaCly mol 1™’ ) (mlg 1y K’
(a)
AD60 0.10 1725 0.34
a=0.1 0.25 1485 0.39
£=0.104 0.50 1340 0.35
0.75 1300 042
1.00 1245 0.4%
2.00 11758 0.49
AD60 0.10 2050 0.33
a=0.15 0.25 1625 0.45
£=0.153 0.50 1470 0.4
0.75 1375 0.46
1.00 1310 0.47
2.00 1215 0.53
AD17 0.10 2310 0.29
a=1 0.25 1832 0.35
£=10.202 0.50 1563 0.37
0.75 1460 0.36
1.00 1382 0.41
2.00 1265 0.53
AD60 0.10 2605 0.35
a=025 0.25 2000 0.43
£ =10.257 0.50 1632 0.43
0.75 1545 0.48
1.00 1453 0.46
2.00 1297 0.54
AD27 0.10 3842 0.35
o= 0.25 2710 0.38
£=0.490 0.50 2154 0.46
0.75 1903 0.38
1.00 1768 0.41
2.00 1477 0.51
AD37 0.10 4800 0.28
a=1 0.25 3300 0.34
£=10.780 0.50 2530 0.36
0.75 2200 0.42
1.00 2010 0.35
2.00 1620 0.45
AD60 0.10 5558 0.32
a=1 0.25 3834 0.39
£=1.04 0.50 3021 0.44
0.75 2443 0.48
1.00 2203 0.54
2.00 1730 0.52
(b)
AD6D 0.005 1817 1.04
a=0.1 0.01 1588 1.22
£=0.104 0.02 1428 1.05
0.04 1322 112
ADS0 0.005 2113 Ry
=015 0.01 1805 1.05
£=0.153 0.02 1585 1.04
0.04 1427 1.21
ADL7 0.005 2367 1.03
a=1 0.01 1987 1.45
£=10.202 0.02 1702 1.02
0.04 1518 0.98
ADGO 0.005 2658 1.55
=025 0.01 2178 1.68
£=0.257 0.02 1850 1.13
0.04 1604 1.65
AD27 0.005 3684 1.70
a=1 0.01 2923 1.73
£ =0.490 0.02 2332 1.66
0.04 1940 1.48
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Table 3 Continued

€, (NaCl) moll !

Sample =
AD37 0.005 4308 1.71

a =1 0.0l 3320 1.10
£=10.78 0.02 2617 1.10
0.04 2133 1.50

AD6O 0.005 4638 1.80

o =1 0.01 3529 1.20
£=1.04 0.02 2783 1.60
0.04 2238 1.10

this distance is much higher, and the size of the cation
plays a more important role. The transition metal ions
induce more easily the polymer precipitation, since C5 is
lower than for alkalinoearth cations*.

We have described in detail the phase precipitation
phenomenon, and tried to sort out the driving factors. In
the next section, we would like to discuss the changes of
macromolecule conformation and the aggregation pro-
cess, through viscosity and light scattering measure-
ments. Finally, a quantitative explanation of such
phenomena requires the knowledge of the constant of
the ion--polyion association and of the nature of the
complex. We will discuss in the last part the results of
conductimetric and densimetric measurements.

Chain conformation and aggregation

Viscosity. In the first series of experiments, the
reduced viscosity, 7.4, of the polymer solutions at con-
stant C, was measured, as a function of the CaCl, con-
centration, at 25°C. These measurements were made
using a capillary viscosimeter. In fact, these solutions
of strongly expanded high molecular weight polymers
are non-newtonian. Then the data correspond to the
shear-thinning regime, and can be only qualitatively
discussed and used with an aim of comparison of the
various polymers.

In the range of the lower CaCi, concentration
(C, < C7), comparative measurements of AD and H
polymers confirm the differences observed according to
the method of preparation. Figure 7 shows indeed that
neq of H3 solutions is higher than that of AD60
solutions, at low C,. We have also observed that this
gap decreases when 7 decreases.

In a more extended range of C,, up to C;", 7,.q passes
through a minimum for all the samples (Figure 8). This
result is consistent with the resolubilization behaviour
discussed above. Curves exhibiting a minimum are
observed for the lower value of 7 as well, when phase
separation does not occur at 25°C, meaning that the
polymer conformation changes in the same way even in
the absence of precipitation.

In a second series of experiments, the low shear
viscosity was measured at constant concentrations of
NaCl and CaCl, as a function of C,,. The variations of
Nred =/ (Cp) were found to be linear. The values of the
intrinsic viscosity [n] and of the Huggins constant, K’,
are reported in Table 3. Let us note that we varied the £
parameter by changing either 7 (various AD samples) or
« (AD60 sample). K’ ranges from 0.35 to 0.55 with
NaCl, while it increases from 1 to 1.8 when CaCl,
concentration increases. This clearly indicates the
formation of aggregates in the presence of Ca*" cations
through intermolecular bridges. Since this aggregation



phenomenon must disappear when the polymer con-
centration is low enough to make the bridge formation
1mprobable one could expect that even in the presence
of Ca’*, the values of 5,4 extrapolated at C, =0
represent the conformation of the isolated polymer coil
in interaction with these cations.

Light scattering and viscosimetry experiments on
variably ionized acrylamlde/sodlum acrylate copolymers,
made by Reed et al.*, yielded apparent electrostatic
per51stence lengths and intrinsic v1sc081ty varying both as
the inverse square root of the ionic strength 7% and
linearly with £. In the limit of zero polymer concentra-
tion, the equivalent hydrodynamic radius Ry was found
to be independent of ionic strength, whereas the radius of
gyration, (Sz)l/ 2 varied strongly according to the
following expression:

(SHY? — (S0*)'/? = [(Mb/3m)(350¢/1°%)])'/*  (2)

where M is the molecular weight of the polymer, m = 71 is
the mass of monomer and b= 2.56 A is the contour
distance between monomers. (So®)'/? is the radius of
gyration of the homologue non-hydrolysed polymer
(polyacrylamide), and 7 is the ionic strength of the
solution, calculated from:

22 Cip
I= ZE M] +—~ (3)

where [M] is the molar concentration of each ion M, and

z its charge. [77; was therefore found to be a linear
functlon of (%) by Reed et al®, but the curves
corresponding to the different AD did not superimpose
well.

The plots (not shown) of ([7] —[n]o) vs &/1'/%, for both
the NaCl and CaCl, are linear. [n], is the intrinsic
viscosity of the nonhydrolysed poyacrylamlde of the
same molecular weight [r], = 1000mlg~', calculated
from the expression of Frangois et al.>°,

Mo = 9.3 x 107°M3%™ (mlg™) (4)

The linearity of the function is verified but the slopes A4 of
the curves are higher in presence of NaCl than with
CaCl, and decrease in both cases when the charge
parameter £ increases as:

) — o = AET™'? (5)

The fact that the curves are not superimposed indicates
that £ and I are not the only parameters which affect the
ion—polyion interactions. Moreover, all the curves
extrapolate at [n] —[g], =0, constituting a further
argument to think that [n] reflects the conformation of
the isolated coil.

Kowblanski and Zema® measured the activity
coefficients v for Na* ions, in partially hydrolysed
polyacrylamide solutions, varying £ parameter, at
ionization degree o= 1. Neither the Manning®**® nor
Iwasa and Kwak® theory adequately described the
behaviour of counterions over the entire range of
charge densities they investigated. Such approaches
predict an abrupt change in the variation of ~ with £
when € =¢,, £ being a critical value above which
condensation of the counter ions on the polymer takes
place. The values of £, are 1 and 0.5 for monovalent and
dlvalent counter ions respectively. Kowblanski and
Zema! observed a strong decrease of v when ¢ increases
even for £ < & and suggested that condensation occurs

51
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below as well as above £.. An empirical linear relation-
ship between the square root of the polyelectrolyte
charge density and the measured counterion activity
coefficients was demonstrated by these authors, to hold
over both sides of &, the Manning’s critical charge
parameter defined as |z|™' They gave the following

relations fosr1 5I;Ia and Ca2 ion activity coefficients
respectively”™
yNa* = (0.96 — 0.42¢!/%) (6)
~Ca®* = (0.43 — 0.26¢/?) (7)

The plot (not shown) of the slopes 4 (equation (5)), vs
the activity coefficient, using g values calculated from
equations (6) and (7) for Na* and Ca’" ions respec-
tively indicates that the 4 parameter increases linearly
with the activity coefficients and, interestingly enough,
the relations are the same for sodium and calcium ions.
Starting from th1s idea of ion condensation, Kow-
blansky and Zema>* demonstrated a semi-empirical law
for the variation of [n] for the partially hydrolysed
polyacrylamide in the presence of NaCl, expressed as:

] = [nlo + kéyNa* (8)

The term k¢ is viewed as the viscosity due to the
hypothetical maximum electrostatic expansion of the
polyion of charge density £ in the absence of any
counterion—polyion interactions. Replacing in equation
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(8) vNa" by its expression (6), gives a term (.42 k{‘z”'2
which represents the reduction of k€ due to interaction of
the polyion with its monovalent counterions. Kow-
blansky and Zema® obtained linear correlation, going
through the origin, for ([} — [n],)/¥YNa™ versus £ The
values of k, determined as the slopes of these plots, were
shown by these authors, to linearly increase with the
inverse square root of the simple salt concentration.,
establishing therefore an expression similar to the one
derived in our case:

= k'eyrV? (9)

|

UIRRUIN
The constant & we obtain is equal to 2743mlg
including calcium ions. The value obtained by Kow-
blansky et al. is 690ml g~ ! for sodium ions alone, but for
polymers of smaller molecular weight (1.5 x 10). Indeed,
to generalize expression (9), the molecular mass must be
taken into account:

)~ o = C*M - &y 17 (10)

The results of Kulkarni and Gundiah®*~° reported together
with the data obtained by Koblansky and Zema™
Schwartz and Frangois®. Truong®® and I(heradmand59
show that the slope k' varies linearly with the molecular
weight (figure not shown).

Figure 9 shows the variations of intrinsic viscosity as a
function of temperature for AD 10, 17, 37 and 60.
sodium salt polymers in presence of 0.25 M NaCl (Figure
9a) or 0.04 M CaCl, (Figure 9b), at pH 8. [n] increases
with the temperature for low values of 7 (< 0.17) in both
cases of added salts; for high values of (> 0.17) the
intrinsic viscosity decreases when temperature increases,
in the presence of calcium. For the lower charge
parameters, this behaviour is in fact reminiscent of that
described for the unhydrolysed polyacrylamide. It was
indeed shown that the # point of the PAM in aqueous
solution is about —8°C, which means that the second
virial coefficient and the macromolecular dimensions are
increasing functions of the temperatureSO. Therefore, we
can assume that the temperature dependence of the
viscosity of the hydrolysed polymers is due to two
antagonistic effects: the increase of solvent quality with
respect to the non ionic part of the chain and the decrease
of the virial associated with the ionic part and due to the
cation binding. For the lower values of 7, the first effect
dominates, while the second one becomes preponderant
for the higher charge parameters. These results are
consistent with the turbidity measurements which show
that the polymer stability decreases with the tempera-
ture. The potentiometric results obtained by Rinaudo
and Milas®® for carboxylmethyl-cellulose in the presence
of calcium, also indicated an increase of Ca’" fixation
when the temperature increased.

These viscosimetric investigations lead to the follow-
ing important conclusions:

o As expected from the solubility studies, the interac-
tions between the calcium ions and the polyions are
stronger when the distribution of the charges tends to
be sequential, as in copolymers AD. This effect affects
the viscosity.

e The resolubilization at high CaCl, concentration is
correlated with an increase of the reduced viscosity.

o The intrinsic viscosity determined by extrapolation of
Tred at Cy, = 0 reflects probably the conformation of
the isolated coils and its variation with £ and J can be
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directly related to a degree of cation binding expressed
through the activity coefficient of these cations.

o The viscosity sharply drops in the presence of calcium,
in agreement with the loss of solubility.

e The Huggins constant is much higher in the presence
of calcium than with sodium. This suggests the
presence of swelled aggregates and the following
light scattering experiments were made to verify this
assumption.

Light scattering. Light scattering experiments were
carried out under the same conditions as the viscosity
measurements, in the presence of NaCl and CaCl,.

For NaCl, the results confirm the variations of the
radius of gyration versus & - I %3 (relation (2)).

In the case of CaCl, two different behaviours were
observed. For the AD sample of lower degree of
hydrolysis, a classical Zimm plot was obtained with an
almost linear dependence of KC, /AT as a function of the
square scattering vector ¢> (K is an optical constant and
AT is the difference between the scattered intensity of the
solution and that of the solvent). In thlS case (AD17) the
slope of the curves KC,/Al = f(q %) decreases when
CaCl, is added in the solutions, while the extrapolation
at g = 0 does not vary with C,. This means that CaCl,
induces the collapse of the chains, but does not provoke
their aggregation.

On the contrary, for the higher degree of hydrolysis
the light scattering results clearly demonstrate the
formation of particles of high molecular weight. Figures
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10a and 10b show the evolution of KC,/Al =f(q %)
as a functlon of time for the AD60 sample
(C, =10 gml 1y after addition of CaCl, (0.024 M),
at two different temperatures. Very soon after the
addition of CaCl,, the downward curvature of the q
dependencies of the scattered intensity indicates the
presence of polydisperse aggregates. At time greater
than 960 min, at 25°C, the scattered intensity changes
no more, the angular dependence becoming linear. At
equ1hbr1um the average molar mass of the particles
is (60 + 10) x10°% (approximately ten times the initial
molecular weight) and (100 £ 20) x 10° at 25°C and
40°C respectively. The average radius of gyration
reaches values of the order of 6000 + 1000 A at 25°C
but of only 1400 +200A at 40°C. These values are
approximate, since the data correspond to values of ¢
out of the Guinier range, and the development of the
P(q) function P(q)-l—l—q( 2)/2 has to be used.
These results are in agreement with the viscosimetric
behaviour. One may assume that aggregates of almost
the same molecular weight are formed when
concentration increases at each temperature, while
these dimensions are much lower at higher tempera-
tures.

Ion—polyion interactions

Conductimetry. Conductimetry can be used in order
to detect a strong interaction between ions and polyions,
since the binding of the cations is expected to result in a
loss of conductivity.

Figure 11 allows us to compare the variations of the
specific conductivity « as a function of CaCl, concentra-
tion in the absence and in the presence of sample AD60.
In polymer free solutions, the curve is almost linear, and
its slope, Py, is approximately equal to the sum of the
equivalent conductivities of Ca?* and CI”. In the
presence of ADG60, two regions can be distinguished:

(a) C, < C; where the slope P is significantly lower than
P,. This corresponds to the binding step,

AM-AA copolymers: J. Frangcois et al.

Table 4 Values of critical salt concentrations (C;), calculated
fractions of Ca®* bound to the polymer (m) and carboxylate groups
linked to a Ca®* ( f ), as determined by conductimetry for the AD60 and
37 samples, at various polymer concentrations. In the last column, are
given the values of the association constant deduced from these results

Sample  C, Cp C: C, m f Ky

AD60 1.1 54 15 34 0.37 0.47 7.8x10*
22 10.6 13 3.6 - - -
33 16.3 11 7.5 0.46 043 1x10*
4.1 20.3 11 8.5 0.55 0.46 12x 10

5 247 12 9 0.67 049 12x10*
AD37 33 1.1 20 5.5 028 028 62x10°
4.0 13.9 16 6 032 028 5x10°

8.6 29.7 19 625 071 0.30 6x10°

(b) C, > Ci, where the slope recovers the value of P,.
The breakdown of the cure is generally attributed to
the saturation of the polymer by the cations.

Table 4 shows that C; is significantly lower than C;
when C, and 7 are low. This means that the phase
separation occurs for salt concentrations higher than that
required for the polymer saturation under these conditions
while for the higher Cp and 7, the two phenomena
coincide. The slope obtained for C, < C; decreases when
C,, increases. This indicates that a part of the cations Ca>*
are bound by the polymer, and suggests that this fixation is
ruled by an equilibrium law. The ion binding is not
surprising for AD60 since the value of the Manning
charge parameter 5,3 8 (¢ = 1.01) is much higher than the
critical threshold of divalent cation condensation,
& =0.5.

However, the Ca’" binding appears even for sample
AD27 of £ = 0.49. One must conclude that the precipita-
tion of these polymers is due at least partially to a cation
binding, despite their relatively low charge parameter.
This observation is consistent with the results of
Kowblansky and Zema 51,53 o who have shown that the
activity coefficients of Na™ and Ca®' in the aqueous
solutions of polymers of type H are much lower than
those predicted by Manning. The presence of charged
sequences along the chain may explain the discrepancies
between the experiments and theories which consider the
polyelectrolyte as a uniformly charged line. As a matter
of fact, these conductivity measurements confirm the role
played by the ionic binding in the precipitation of these
polymers.

Using simple arguments developed by Ikegami and
Imai’, it is possible to obtain an order of magnitude of
the fraction of Ca’" ijons bound by the polymer
(m = Cgpound/Cs) from the ratio P/ Py; for C; < C;:

]

P__ mM (11)

Py _)‘Ca“ + Ao
where Ay, A2+ and Aq- are the equivalent conductiv-
ities per charge of the polyanion, per Ca** and per CI~
respectively. Some results are gathered in Table 4.
Parameter m increases when C, and 7 increase and
always remains lower than unity. Ikegami and Imai
have found m = 1 for PAA. From the values of m, the
fraction , /, of carboxylate groups which are bound to a
Ca?* ion can also be estimated. In Table 4, the values of
f obtained for C, = C; are given. fis also lower than 1,
and since the polymer is assumed to be saturated for
C, > C., this means that phase separation occurs when
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the carboxylate groups are not all neutralized. As
discussed later, these measurements allow us to
determine an order of magnitude of the binding
constant.

Figure 12 shows the temperature dependencies of x of
a CaCl, solution (concentration ¢, ), of a AD60 solution
(concentration C,,) and for a mixture containing polymer
and salt at concentration Cp and C, respectively. Besides,
the upper curve in this figure was calculated for the
mixture by assuming the additivity of the contribution to
the conductivity of each component. The experimental
curve lies below the calculated one and its slope is
significantly lower. This result reveals an enhancing of
the binding by heating, and is consistent with the loss of
solubility at high temperature.

Densimetry. Den51metry has been dpphed with suc-
cess in the past® to the study of the ion—-polyion
interactions, because it allows precise characterization
of the perturbations in the hydration shell of the ionic
species associated with the binding. Indeed, if the addi-
tivity of the partial specific volumes of each constituent
is assumed, the specific volumes v, and v, of a polymer
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solution free of salt (CaCl,) (expression (12)) and of a
polymer solution with added salt (expression (13))
respectively, one can write:

U] = Welle + WU (12)
Uy = weFve + woFug + wpu, (13)
with Fo et (14)

We + W + Wy

we. and w, are the concentrations in gg ' of water and
salt in solutlon (12), wp is the concentration in gg~ ! of
polymer in solution (13), and v, v and v, are the specific
volumes of water, salt and polymer respectively. If the
additivity is not verified, the measured specific volume
(12), v3, will differ from v, and the slope of vy = f(w)
will be lower than that of v, = f(w,) (in absolute value).
The discrepancy can be related to the number »n of
hydration molecules released when ion binding occurs.

nmw M (ve — vp)
M;

18 the partial specific volume of water molecules inside
the hydration shell, lower than v,. A positive value of
13 - 11 indicates a release of some hydratlon molecules
Moreover if the difference, v, — v, (0. 36mlmol ! for
Ca*™) and m are known, it is possible to determine n. A
value of n = 6 has been obtained for sodium acrylate in
the presence of CaClz, which means that this cation loses
its hydration shell®
The vanations of vy are reported in Figure 13 for the
different polymer concentrations, and can be compared
with the variation of v;. Relations (12) and (13) show
that, in the absence of interactions, the slopes of v, and
v, must be equal. The results can be rationalized by
distinguishing two different parts in the curves: for
C, < C! and C, > C; where the absolute values of the
slopes of vy are lower, and equal to that of uv,
respectively. The values of C! should be in agreement
with the values of C;, measured by conductimetry (see
above), since the water release is only expected in the
concentration range where the binding occurs. Never-
theless, the effects measured by densimetry are very small
and, for AD60, the estimated number of released water
molecules is about three, to be compared with six in the
case of PAA. Moreover, n decreases when 7 decreases,
and, interestingly enough, the value of n found for the H3
sample is 1, which confirms the weaker interactions of
the hydroly51s products with Ca®*

(15)

Uy —th =

DISCUSSION

Our experimental results stressed the fact that the phase
separation of acrylamide—acrylic acid copolymers or
hydrolysed polyacrylamides in the presence of divalent
cation salts do not obey the general laws described in the
literature.

The critical salt concentrations Cg, at the threshold of
precipitation are lower than those predicted by the H
type model; they are a function of polymer concentra-
tion, and increase with temperature and when the salt
concentration increases. However, for some values of the
polymer concentration, hydrolysis ratio and tempera-
ture, the C; values are higher than the values corre-
sponding to the stoichiometry of the L type precipitation
model.
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Figure 14  Fits of the solubility limits with equation (16) for AD37 (O)
and AD27 (B)

In short, our results show that there is a shift from the
H type to the L type of behaviour when one of the
following parameters increases: the polymer concentra-
tion; the added monovalent salt; the hydrolysis ratio; the
temperature. This shift is also observed when the fraction
of triad sequences of carboxylate groups increases in the
backbone of the polymer.

We would like to propose an attempt to explain the
phase diagram from a simple approach.

Phase diagrams

The systems obtained by the interactions between Jons
and polyions may be outlined, as already proposed®®, by
writing the free energy as a sum of three terms due to the
contributions of the uncharged units (acrylamide units in
this case), the ionized units (dissociated acrylate units) and
the acrylic acids units neutralized by the divalent cation
(COO,Ca). Under our experimental conditions, we can
neglect the units bearing acid function (COOH). The
fraction of neutral units is (1 — 7), and several studies on
the polyacrylamide suggest that their contrlbutxon to the
second virial coefficient in water is positive®. The fraction
of ionized units is 7(1 —f), where f is the fraction of
carboxylate functions complexed by a divalent cation
and their contribution to the virial is positive and
proportional to 1/1, I being the ionic strength of the
medium. Finally, the virisl associated to the complexed
units is assumed to be strongly negative. Then, a given
fraction f* of these units is required to minimize the free
energy and get the phase separation. Axelos et al® have
demonstrated that the following relation can be obtained
between ¢; and f*, G, (or 7C})

* C *
vt 09

2K Cip(1 = 1)

Such an expression is based upon some approximations:

C; =

e The pH is high and the ionization equilibrium of the
carboxylate functions can be neglected. The phase
diagrams of Figure 3 were established under these
conditions.

e The interactions between the carboxylate groups and
the divalent cations lead only to the formation of
bicomplexes, according to the following equilibrium:

2[CO07| + [Ca2+] E2 [(C00),M] (17)

AM-AA copolymers: J. Frangcois et al.

¢ The polyelectrolyte effect is neglected since the charges
are assumed to be uniformly distributed in the bulk. It
has been shown that such an hypothesis is reasonable
for polymer concentrations higher than the over-
lapping critical concentration (in the semi dilute
regime)! !~ 131617

Equation (16) means that for a strongly charged
polymer and/or for a high value of the complexation
constant, C; must be a linear function of Cj;, since the
second term vanishes. This corresponds to the phase
separation of type L. For lower values of K}, or 7, C; will
be a decreasing function of Cj; at low ¢,y (second term
predominant) and becomes an increasing linear function
of Cpy at h1gher Cip (ﬁrst term predominant). Then a
minimum of C{ vs Cj; is expected as observed in the cases
of copolymers of the AD series. Figure 14 shows that

equation (16) indeed allows us to fit quite well the
solubility limit of AD60 and AD37, with K;, = 8 x 10*,
f =085 and K, = 10°, f* = 0.95 respectively. The
value of f* is higher for AD37 than for AD60, which is
consistent with our hypothesis, the positive contribution
of the acrylamide units preventing precipitation. Thus,
this simple model seems to be able to give a rather good
account of the phase separation phenomenon with
calcium ions at room temperature and in the absence
of other salts.

From this model, it is also possible to understand at
least qualitatively several behaviours described above.

The equilibrium constant Ky, may be written as:

Ky, = Ky exp(—3«lg) exp (— %) (18)

where /g is the Bjerrum length and K is the screening

length:
S
2

(19)

The introduction of the screening length in the
complexation constant expresses the fact that interac-
tions between divalent 1ons and polyions are screened
out at high ionic strength®?. This well explains why a
resolubilization of the polymer is observed when a large
excess of CaCl, or NaCl is added to the system. For a
high enough screening length, the critical amount of
complexes cannot be reached and the polymer remains
soluble.

Equation (19) is also of the Arrhenius type, and if the
activation energy AH, is positive, the complexation will
be favoured by heating. If the critical value f* is not
temperature dependent, its value is reached for a lower
concentration of divalent cations when 7 increases, and
the phase separation must occur sooner. The thermal
effect on the polymer stability can be simply explained in
this way, and this is consistent with the results of the
conductivity as a function of temperature.

It must be pointed out that we consider the virial of the
neutral units as varying slightly with different para-
meters, which is probably not correct. Moreover, only
formation of bicomplexes are taken into account, while
in other theoretical work®?, the formation of mono-
nuclear complex is also considered. In this respect, it
is interesting to remark that the behaviour of the
copolymers of the H series cannot be explained by our

K2 = drly (Cip(2 —f) + Crnacr + 2G5 + 4(Cs
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oversimplified model. Indeed, equation (16) cannot fit
the solubility limits shown in Figure 3 obtained with
polymers of the H series. Let us remember that the main
difference between the two series of polymers consists in
the distribution of the acrylic units. Then, the formation
of bicomplexes may be favoured by the high fraction of
carboxylate diads in the case of copolymers of the AD
series, while in the H series, where the carboxylate tend
to be isolated, mainly monocomplexes may be formed.
However, we did not get satisfactory results, by applying
to our systems the theory of Wittmer ef al.”*, which
considers the monocomplexes.

Finally, it was interesting to compare the values of Ky,
which allows us to fit the solubility limits with equation
(16) and those which can be deduced from the
conductivity measurements (7able 4). If one value
obtained for AD60 at the lower polymer concentration
1s excepted, conductivity leads to lower Ky, values. This
gives the limits of our model. Indeed, the hypothesis
according to which /™ is constant is equivalent to
considering that practically all the divalent cations
added in the solution are bound by the polymer up to
its saturation, which corresponds to a very high K|
constant. Then, none of them can contribute to
increasing the ionic strength of the medium, and
consequently lower the virial associated with the
remaining charged monomers. If this is not the case,
the f* value must decrease continuously with the Ci.
since a lower fraction of complexed units will be
necessary to get a zero value for the virial coefficient.
Moreover, the anions of the divalent salt also have an
ionic strength effect, which is not taken into account in
our model.

CONCLUSION

This work gives a lot of information on the behaviour of
acrylamide and acrylic acid copolymers in aqueous
solution in the presence of alkalinoearth cations. The
phase diagrams were established under various condi-
tions of temperature and ionic strength. One of the most
interesting features of these diagrams consists of the
existence of two-phase separation limits at low and high
salt concentrations. This behaviour is comparable with
that obtained by adding an excess of monovalent salt
with respect to the divalent one. The whole set of results
concerning this precipitation phenomenon can be
roughly understood through a rude model based on a
simple calculation of the free energy of the system, and
assuming that the polyion—ion interactions mainly result
in the formation of a bicomplex. Nevertheless, some
differences between the constant of formation of the
complexes, which allows a fit of the solubility limits, and
those obtained more directly by conductivity measure-
ments illustrate the limits of our oversimplified model.
Moreover the interesting role played by the distribution
of the monomers units along the chain is not taken into
account.

Besides, the variation of the chain dimension in the
limit of zero concentration were studied by viscosimetry.
A universal law was obtained, sodium and calcium ions
introducing a term of counterion activity determined by
Kowblansky and Zema. At higher concentrations, the
addition of divalent cations provokes the formation of
large aggregates.
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