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Interactions of polymers with salts are of primary importance in industry as well as scientific research. In
this paper, we focus on the system of poly(acrylic acid) (PAA) in concentrated sodium carbonate aqueous
solutions. From the results obtained by density, static/dynamic light scattering, conductivity, and rheometry,
the size/shape of single polymer chains, their effective hydrodynamic region, and the condensation of ionic
species were evaluated as a function of salt and PAA concentrations. The formation of special morphological
structures of PAA chains in solution and the resultant rheological behavior of the solutions were also examined.

Introduction

Polyelectrolyte solutions have a wide variety of applications
in industries. Charged polymers, for example, poly(acrylic acid)
or PAA, are normally used as stabilizers or thickeners to disperse
water insoluble components that would otherwise phase seg-
regate or precipitate. The addition of small amounts of ap-
propriate polyanion/polycation chains can achieve this goal and
stabilize the formulation. These polymers act as large macro-
ions that can help balance ionic charges in solutions. Their power
to stabilize the formula depends considerably on their conforma-
tion in the system, which is controlled by the interactions with
the solvents and surrounding electrolytes. The addition of any
small species of surfactant or salt can provide electrostatic and
hydrogen bonding, making the interactions more complex and
leading to phase instability as well as poor flow properties.

Previous theoretical and experimental work on the behavior
of specific polyelectrolytes in salt solutions has shown charge
screening of chain segments by local counterions.1-3 Under such
conditions, the intramolecular interactions would be reduced,
while the intermolecular interaction could cause4 ion condensa-
tion on the polymer backbone,5 inducing collapse-expansion
transition on the chains.3 The above findings, however, are based
on the oversimplified cases, for example, PAA in solutions with
salt like NaCl. More complex conditions exist when the salt
has strong interactions with the solvent and surrounding media
components, and there is a lack of systematic experimental
studies in this regard. The questions still remain as to how the
characteristic concentration (the dilute, semidilute, and the
entanglement regions) scales with the ionic strength in different
salt-polymer solution systems.1,6

This work is based on a model solution system that has a
wide variety of applications in the personal care industry, that
is, PAA + sodium carbonate + water.7-9 By measuring the
interference of sodium carbonate salt with PAA in aqueous
solutions using density, light scattering, and conductivity
methods, relevant information on size and shape of the single
polymer chains and their effective hydrate region as well as
the relative position of the polymer to salt can be evaluated.
The information obtained is useful for engineering applications
such as the fabrication of nanoscale fibers with a high surface-
to-volume ratio, nanoporous structures for biological scaffolds,

membranes for wastewater treatment, and the templates for
nanostructured assembly materials via micro extrusion/electro-
spinning.

Experimental Methods

The sample preparation and characterization techniques are
as follows.

1. Sample Preparation. Solutions of PAA were prepared by
dissolving different amounts (0.15 mg · cm-3, 0.3 mg · cm-3, 0.5
mg · cm-3, 2 mg · cm-3, 10 mg · cm-3, 20 mg · cm-3) of the
polymer in triple-distilled water. The molecular weight Mw of
polymers are 2000 (PAA2k), 450 000 (PAA450k), 1 000 000
(PAA1000k), and 4 000 000 (PAA4000k) (Sigma-Aldrich). Anhy-
drous sodium carbonate was then loaded into the above solutions
at concentrations of 0 mg · cm-3, 50 mg · cm-3, 110 mg · cm-3,
180 mg · cm-3, and 250 mg · cm-3. These solutions were
equilibrated for 24 h before further characterization.

2. Characterization Techniques. To check whether PAA is
swelling in presence of Na2CO3, the solution density was
measured as a function of PAA concentration at each sodium
carbonate level using an Anton Paar DMA 5000 density meter.
The Zimm plot of the system was acquired by static laser light
scattering using a standard Brookhaven BI 200SM goniometer,
which yields information on radius of gyration (Rg). The laser
light was produced from a model 95 ion laser generator (Lexel,
300 mW, 488 nm). The angular dependence of the excess
absolute time-averaged scattered intensity, known as the Ray-
leigh ratio Rvv(θ), was measured from solutions with a series
of very dilute PAA concentrations (e.g., 0.04 mg · cm-3, 0.09
mg · cm-3, 0.25 mg · cm-3, 0.48 mg · cm-3). Within this range,
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NA is the Avogadro constant, n0 is the solvent refractive index,
dn/dc is the increment in specific refractive index n with respect
to the polymer concentration c in a given solvent, and λ is the
wavelength of laser light in a vacuum.10,11 The dn/dc value was
obtained with a BI-DNDC differential refractometer from
Brookhaven Instruments Corporation.

The hydrodynamic radius (RH) is the radius of the polymer-
solvent-salt sphere that diffuses at the same rate as the PAA
molecule. The size of this sphere reflects the ability of a polymer* Corresponding author. E-mail address: ps24@columbia.edu.
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coil to affect its surrounding solution. RH is evaluated by
dynamic light scattering (DLS). The diffusion coefficient (D)
of the hydrated polymer coils is obtained by fitting the intensity
correlation curve using the CONTIN model, which further
enables the calculation of RH through the Einstein–Stokes
equation D ) (kT)/(6πηRH),12 where k is the Boltzmann
constant, T is the temperature, η is the medium viscosity.

The amount of free ionic species and their mobility in the
system was monitored with an Oakton CON 510 benchtop
conductivity meter (110/220 VAC, Cole Parmer). Before each
measurement, the instrument was calibrated with 5 Oakton
conductivity solutions. The rheological behaviors of suspensions
are influenced by the size and conformation of the polymer
chain, which depends on the relative locations of the salt species.
Therefore, the solution viscosity was measured with a Brookfield
PVS model rheometer at different temperatures.

Results and Discussion

The changes in density with PAA (Mw ) 450 000) concentra-
tion at both 0 mg · cm-3 and 250 mg · cm-3 Na2CO3 levels are
displayed in Figure 1. Pure polymer solutions show an increase
in density. The slope of this density increment was reduced by
the presence of 250 mg · cm-3 Na2CO3, indicating the possible
swelling of chains and their stronger interaction with surrounding
salt-water media. Solutions containing polymers of other
molecular weights behave similarly.

The radius of gyration (Rg), being the average radius of the
polymer coil cross-section from the center of the gravity,13

describes the conformation of the polymers and their interactions
with the solvent. Rg varies with salt concentration if the solvency
near the polymer chain is influenced by the ionic species of
salt. Figure 2a displays the salt effect on the polymer chain size
(Rg). For PAA450k, the coils remain roughly constant upon the
addition of sodium carbonate. When the salt concentration
reaches 180 mg · cm-3, Rg becomes larger, indicating the stronger
interactions between the chain segments and the surrounding
solvent or ionic molecules. This obeys the general polyelectro-
lyte chain behaviors in previous studies, which show that
polymer chains undergo chain collapse and re-expansion process
when the ionic strength of the media was elevated.3 Therefore,
180 mg · cm-3 is considered the collapse salt concentration Cz,
at which PAA450k chains pack themselves most efficiently. When
the salt level exceeds Cz, the polymer coils re-expand them-
selves, showing a higher affinity to the surrounding media. This
phenomenon is also observed for polymers with larger molecular
weights of 1 million and 4 million, with Cz being shifted to

less than 50 mg · cm-3 salt concentration range. Moreover, it is
also seen that larger molecules have larger Rg as compared with
smaller molecules at similar salt levels. A swell of the polymer
chain makes it easier for the chains to contact each other due
to the space limit in solution. Therefore, any contributing factors
that swell the polymer chains (i.e., an increment in salt levels
or polymer chains size) would make the system more crowded
with interpenetrated or entangled polymers. This can be tested
by measuring the hydrodynamic radius of the polymer chains.

The hydrodynamic radius, RH, is the size of the light scattering
center in solution. In pure polymer solutions, it is expected that,
with more polymer chains in the system, each chain’s effective
region shrinks a little with lower RH. The PAA-sodium system,
on the other hand, shows (Figure 2b) two distinct regimes on
the RH-PAA concentration curve. In the dilute solution regime,
RH remains roughly constant with polymer concentration. In the
more concentrated PAA regime, RH increases sharply with PAA
concentration CPAA. The slope of regime II depends on the
sodium carbonate loading, with an increase in salt level showing
steeper slopes. In general, larger PAA chains show higher RH

than smaller chains at the same salt level.
Since RH denotes the interaction volume of the polymer chains

in media, the above observations of the two regions indicate a
possible transition of the solvency conditions when solution gets
crowded with polymer chains. Below the transition point Ce

shown in Figure 2b, the insensitivity of RH to CPAA indicates

Figure 1. Changes in solution density with 450 000 PAA concentration
CPAA450k at b, 0 mg · cm-3 and 2, 250 mg · cm-3 salt levels.

Figure 2. Results from the static light scattering technique. (a) The radius
of gyration Rg of b, PAA450k; 9, PAA1M; and 2, PAA4M at different Na2CO3

levels (Csalt). (b) The hydrodynamic radius RH as a function of PAA
concentration CPAA for PAA1M and PAA4M. The dotted line indicates the
entanglement concentration Ce between regime I and regime II for PAA4M

at the 250 mg · cm-3 salt level. PAA4M: b, 0 mg · cm-3 salt; 2, 50 mg · cm-3

salt; 9, 250 mg · cm-3 salt. PAA1M: O, 0 mg · cm-3 salt; 4, 50 mg · cm-3

salt; 0, 250 mg · cm-3 salt.
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the isolated state of chains. Above the transition point (in regime
II), the fast RH progression denotes a larger area of influence
by the single polymer chain on its surroundings. Since this
change is due to the addition of more chains, it is reasonable to
consider Ce to be the critical polymer concentration at which
chain entanglement begins to play an important role. Ce gets
smaller with an increase in the salt level and molecular weight.
According to previous discussion, at Cz, the collapse salt
concentration, the PAA chains would pack themselves ef-
ficiently. This collapse does not cause any observable hydro-
dynamic radius change below the entanglement PAA concen-
tration Ce, where the RH curves at different salt levels almost
overlap each other (Figure 2b). When PAA composition gets
higher than Ce, divergence in RH would be observable regardless
of chain collapse.

The conductivity of the polymer solutions at different sodium
carbonate levels is shown in Figure 3. Pure PAA solutions
display a microsiemenz level increase in conductivity with
respect to CPAA in regime I, which is much less than the milli-
siemenz level shown by the salt/PAA/water mixtures. In the
entangled range (regime II), the increment with respect to CPAA

was lowered. This suggests a more confined situation when more
chains exist in the system, although the charged chain/segments
are still capable of moving freely under the electrical field of
the conductivity meter. In the presence of sodium carbonate,
the overall solution conductivity is seen to decrease with
polymer concentration, indicating a reduction in the number of
free moving ionic species or a decrease in their mobility. Thus,
polymers confine some ionic species locally in the solution. The
drop in conductivity is proportional to the polymer amount in
solution. It is also apparent that, although PAA2k has the same
number of monomers in the system as the larger molecules
(PAA450k, PAA1M, PAA4M), long chains are more efficient in
holding ions locally. This is in support for the necklace-like
chain model,14,15 which describes a polyelectrolyte as a chain
consisting of globules of densely packed thermal blobs of size
�T.16 Larger chains form more globules that can hold the ions
from solution. High salt concentration, for example, 250
mg · cm-3, leads to the saturation of the polymer globules, and
therefore, the slopes of the conductivity versus CPAA curves will
be relatively independent of the polymer concentration.

As stated previously, the ionic species collapse into the
globules and swell the polymer, which further lower the critical
entanglement concentration. In this case, the rheological be-

havior of the polymer solutions would be affected considerably
by salt. In Figure 4 we show the rheological behavior for
solutions containing 0 mg · cm-3 and 250 mg · cm-3 salt in the
polymer concentration regimes of I and II, along with the
molecular weight effects (Figure 4b). The overall shear viscosity
for PAA450k remains constant with respect to shear rates at both
salt levels. Larger chains (PAA1M and PAA4M), however, showed
a shear thinning behavior at high shear rates in regime II. This
is reasonable, since according to the conductivity results
obtained, larger molecules have a greater chance to form
globules, which would unfold during shear. Solutions in regime
I show little salt concentration dependence, as compared with
the solutions in regime II, which display a significant improve-
ment in shear viscosity at the 250 mg · cm-3 salt level. In other
words, the polymer shows a higher rheological sensitivity to
salt when they entangle. This actually suggests that the globular
structure does not actually exist at low PAA concentrations.

In Figure 5 we show the schematic representation of the PAA/
sodium carbonate/water system. Without salt, the PAA chains
behave like random coils consisting of only thermal blobs. The
addition of salt causes the expansion of the chain as well as the
formation of globular structures on the chain backbone, which
contains localized salt species. The swelling of polymers makes
it favorable for the chains to reach the entangled state. Larger
molecules (Figure 5b), with a similar amount of monomers but
a smaller number of chains, show lower critical polymer
concentrations of globule formation as well as chain intertwin-
ing. At a high enough temperature to break the globular
structures, more significant rheological performance changes

Figure 3. Conductivity k of PAA solutions at different Na2CO3 levels. 250
mg · cm-3 salt: b, 2000; 2, 450 000; 9, 1 000 000; f, 4 000 000. 50
mg · cm-3 salt: x, 2000; 4 with cross, 450 000; !, 1 000 000; g with cross,
4 000 000. 0 mg · cm-3 salt: O, 2000; 4, 450 000; 0, 1 000 000; g,
4 000 000.

Figure 4. Rheological behavior of solutions containing 0 mg · cm-3 and
250 mg · cm-3 Na2CO3 in the PAA concentration regimes of I and II as
shown in Figure 2b. 0 mg · cm-3 salt: O, 0.2 mg · cm-3 (a) PAA450k, (b)
PAA4M; b, 20 mg · cm-3 (a) PAA450k, (b) PAA4M. 250 mg · cm-3 salt: 0,
0.2 mg · cm-3 (a) PAA450k, (b) PAA4M; 9, 20 mg · cm-3 (a) PAA450k, (b)
PAA4M.
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might be expected in the high salt samples. This hypothesis
was tested, and the results from rheology measurement are
shown in Figure 6, which displays the shear viscosity versus
shear rate graphs for 20 mg · cm-3 PAA450k. Solutions of larger
chains (PAA1M and PAA4M) show similar rheological behavior

(Figure 6b). When there is no sodium carbonate in solution,
the globules do not form. Therefore, the viscosity response of
the pure polymer solutions to temperature is less significant as
compared with the solutions at high salt levels. On the other
hand, although it is easier to form the globules on larger
molecules, the severe entanglement and interpenetration of the
chains compromise the influence of the disassembly of the
globules under thermal input and shear conditions. As a result,
the percentage drop in shear viscosity with temperature is less
significant for larger molecules than smaller chains.

Theoretical predictions indicate a re-expansion only in the
case when the counterion is multivalent. This is based on the
oversimplified salt model, for example, CaCl2, in which
the anions do not interfere significantly with the solution
compositions.1-3 The PAA re-expansion detected in this study
with the monovalent sodium cation indicates that complex
anions like CO3

2- can also influence the morphology of polymer
chains, which could be attributed to their strong interaction with
the polymer and the solvent.

Conclusions

The sodium carbonate/PAA interaction in aqueous solutions
was studied using density, static/DLS, conductivity, and rheo-
logical techniques. It was found that high salt levels swell the
polymer more by causing the formation of globular structures,
which holds ions and increases the possibility of entanglement.
The entanglement of PAA depends on their molecular weight.
The morphological variation in turn influences the rheological
properties of the solution significantly.

Supporting Information Available:

Conductivity and rheological data, in tables. This material is
available free of charge via the Internet at http://pubs.acs.org.
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