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Study of Interaction between Sodium Dodecyl Sulfate and Polyacrylamide by
Rheological and Conductivity Measurements
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The interaction between sodium dodecyl sulfate (SDS) and nonionic polymer polyacrylamide (PAM) was
investigated by viscosity and conductivity measurements at 298 K. The experimental results show that the critical
aggregation concentration (CAC) value of SDS+ 1 % mass fraction PAM only decreases a little as compared
with the value of critical micelle concentration (CMC) of the surfactant SDS. The maximum viscosity of SDS+
1 % mass fraction PAM indicated that PAM chain extended at the binding site. When SDS concentration is
above the CAC, the viscosity of SDS+ 1 wt % PAM decreases reflecting the contraction of polymer PAM
chains. The free energy of polymer-bound micelle is negative, indicating a strong interaction between SDS and
PAM.

Introduction

Interactions between ionic and nonionic polymers and sur-
factants have been studied extensively in recent years from both
academic and practical viewpoints.1-4 These interactions are
relevant to biological systems and processes, and they have
applications in detergents, paints and coatings, cosmetics,
pharmaceuticals, tertiary oil recovery, and other industrial fields.
Therefore, an intensive effort has been made to characterize
the nature of these interactions as well as their impact on phase
separation, rheological, and interfacial properties with special
relevance to the various commercial applications.

While the interactions of nonionic polymers with ionic
surfactants are well-characterized by highly cooperative sur-
factant binding arising from hydrophobic interaction between
the bound surfactant ions,5-7 the situation in the oppositely
charged systems is more complex and behaves quite differently.
There is evidence of a specific binding mechanism involving
cooperative and noncooperative steps as well.8 The formation
of salt-like bridging between the opposite charges seems to be
responsible for starting the binding, as an “initiation process”,
while the nearest neighbor hydrophobic interaction between the
surfactant molecules bound onto the polymer stabilizes the
polymer-surfactant complexation, as micelle-like complex
structures (or aggregates) are formed. This cooperative binding
has been found to depend on a variety of factors, such as the
length of the surfactant ion carbon chain9-11 and the salt
concentration.12,13

Another interesting feature of the surfactant-polymer interac-
tion is the changes in the polymer conformation as a conse-
quence of surfactant binding. Fluorescence studies14,15revealed

a contraction of oppositely charged polymer-surfactant com-
plexes for the aqueous mixtures of poly(acrylic acid) and
alkyltrimethylammonium bromides before precipitation. They
found that intrapolymer complex formation occurs at low
polymer concentration, and in the limit of excess surfactant
concentration, strong chain expansion occurs due to the repulsion
between the bound micelle. Similar results16 were observed for
sodium hyaluronate/tetradecyltrimethylammonium bromide mix-
tures by viscosity measurements. A minimum of viscosity as a
function of surfactant concentration was found, which was
interpreted by an initial contraction followed by an expansion
of the polymer coil as a consequence of the intense micellar
binding.

Addition of polymers could effectively reduce the critical
micelle concentration (CMC) of surfactants and, thus, increase
the detergency. Surfactant molecules interact with polymers at
a critical aggregation concentration (CAC) forming micelle-
like clusters along the polymer chains. Below CAC, there is no
interaction between the surfactant and the polymer. CAC is used
as a marker to measure the strength of the binding interaction
between surfactant and polymer. Meszaros et al.17 studied the
effect of polymer molecular weight on the polymer/surfactant
interaction and concluded that the CAC does not depend on
the polymer molar mass if the polymer molar mass exceeds
8000.

The structure of soluble polymer-micelle complexes is of
interest for several reasons. Polymer-micelle complexes rep-
resent a degree of self-organization that is remarkable in purely
abiotic systems; surfactant molecules, organized in micelles are
bound within the domains of a polymer chain, which then may
or may not form a higher-order aggregate.18 In some cases, it
appears that a particular association state is much preferred, and
the way in which a combination of hydrophobic and electrostatic
forces leads to the stabilization of one particular structure has
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obvious relevance to the understanding of natural polymer
assemblies. A final question arises regarding the influence of
the relative sizes of the surfactant and the polymer. Polymer-
micelle complexes have been described as a “necklace of
beads”,18 a model that obviously breaks down when the micelle
size approached that of the polymer. It is interested to consider
whether there is a structural discontinuity in the region where
the ratio of micelle dimensions to polymer dimensions exceeds
unity and whether the overall structure depends on the absolute
or the relative sizes of the two macroionic species.

A central unanswered question is whether the oppositely
charged polymer-surfactant complexes, resembling those pro-
posed for complexes of poly(ethylene oxide) and SDS mi-
celles,19 exist under any conditions. Such complexes might then
undergo further association to form higher-order complexes. On
the other hand, complexes might always be multipolymer and
rather polydisperse. Considerations of this type are relevant to
the general question of how it is that stable complexes of finite
size are formed. Dynamic light scattering and rheological
measurement seems the best method to answer this question.

For the studied surfactant-polymer systems with opposite
charges, rheological measurement is seldom employed. This is
mainly attributed to the difficulty owing to the formation of
the insoluble surfactant-polymer complex salts (the surfactant
ion + the polyion) in conjoint presence of the soluble simple
salt made of the two oppositely charged simple ions dissociated
from surfactants and polymers, respectively. Indeed, the shear
behaviors of the SDS solution with the addition of two different
cationic polyelectrolytes were reported as “highly irreproduc-
ible” by Leung et al.,20 who instead proposed that the oscillatory-
type rheometer was necessary for further studies on the shear
behaviors in such systems.

The purpose of this work is an attempt to provide greater
understanding of the shear behavior of the ionic surfactant and
nonionic polymer system. SDS, an anionic surfactant, and a
nonionic polymer, PAM, are chosen for this work. The effect
of the shear rate on the rheological behavior and conductivity
of the surfactant-polymer solution is assessed. We focused on
polymer conformation change; the thermodynamic property and
interaction strength between surfactant and polymer was dis-
cussed.

Experimental Section

Materials. Sodium dodecyl surfate (SDS) with purity 99.5
% from Sigma was used without further purification. Polyacry-
lamide (PAM) with average molecular weight of 5 000 000 was
received from Aldrich. Water was deionized and Millipore
filtered by a Milli-Q system.

Methods.The rheology (viscosity) measurements of SDS+
1 % mass fraction PAM aqueous solutions were carried out at
298 K, using an automatic viscometer (programmable Brook-
field DV-II + viscometer) with spindle S18, shear rate from (0
to 264) s-1 (132 rpm), viscosity from (0.5 to 30) Pa‚s. The
viscosity uncertainty was within 0.5 % of full-scale range, and
the repeatability of measured viscosity was above 99.8 %. The
sample volume was 8.0 mL.

Conductivity of SDS+ 1 % mass fraction PAM aqueous
solutions with various SDS concentrations were carried out at
298 K, using the Oyster conductivity/temperature meter (EX-
TECH Instruments). We used (0.01 and 0.1) mol‚L-1 NaCl
solutions to calibrate the conductance cell. The conductivity
uncertainty was within 1.0 % of full-scale range, and the
repeatability of measured conductivity was above 99.5 %. The
balance used was AY120, which can measure up to 0.1 mg.

Results and Discussion

Viscosity of SDS+ 1 % Mass Fraction PAM Aqueous
Solutions.Table 1 lists the viscosity and conductivity of sodium
dodecyl sulfate (SDS)+ 1 % mass fraction polyacrylamide
(PAM) aqueous solutions with various SDS concentrations at
298 K.

The viscosity radiusRη based on a theory for spheres can be
calculated from the light scattering equation:21

whereη is the viscosity of the surfactant-polymer solution, and
A is a constant for the certain surfactant-polymer system. From
eq 1, it is clear that the higher the viscosity of surfactant-
polymer solution, the larger theRη value. The viscosity radius
is sometimes referred to as the equivalent hydrodynamic radius.
Though the viscosity radius cannot be calculated directly from
this equation, the relative value at different SDS concentration
shows the tendency of polymer chains changes. The viscosity
increases confirmed the increase of particle size of surfactant-
polymer solution.

The outcome of the surfactant bindings by electrostatic
attraction is normally a reduction in the viscosity of the system
and a loss of polymer solubility to the point of charge reversal.22

Macroscopically, the above events may lead to dramatic changes
in the viscosity of the system due first to the collapse of the
polymer coils, followed by a rapid expansion after charge
reversal has taken place.

Our experimental findings convincingly show that SDS
addition lowers the viscosity of surfactant-polymer aqueous
solution. Figure 1 shows the variation of the viscosity of SDS

Figure 1. Viscosityη of sodium dodecyl sulfate (SDS)+ 1 % mass fraction
polyacrylamide (PAM) aqueous solutions at 298 K.

Table 1. Viscosityη and Conductivity K of Sodium Dodecyl Sulfate
(SDS)+ 1 % Mass Fraction Polyacrylamide (PAM) Aqueous
Solutions at 298 K

mSDS η κ mSDS η κ

mmol‚kg-1 mPa‚s 10-2 m2‚s‚mol-1 mmol‚kg-1 mPa‚s 10-2 m2‚s‚mol-1

0 87.1 1.40 7.2 77.4 1.80
0.5 84.7 1.47 8.9 75.8 1.81
1.0 83.9 1.48 12.9 73.3 1.91
2.0 83.1 1.57 16.9 69.6 1.98
3.0 82.2 1.64 21.8 66.5 2.09
4.4 80.3 1.70 25.3 64.2 2.14
6.0 78.5 1.74 28.3 62.9 2.18
6.2 79.1 1.80 32.1 61.3 2.23
6.3 79.8 1.83 43.5 57.5 2.42
6.6 79.4 1.77 66.4 51.2 2.98
6.9 78.6 1.79

Rη ) (3Mη/10πNA)1/3 ) Aη1/3 (1)
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+ 1 % mass fraction PAM aqueous solutions versus SDS
concentrations at 298 K. The viscosity decreases with increasing
SDS concentration not so much at first, as SDS concentration
reaches 6.0 mmol‚kg-1. The reduced viscosity behavior should
be related to the formation of polymer-surfactant complexes,
resulting in a contraction of the polymer chains, due to the
gradual neutralization of their positive charges by the negative
surfactant heads.23,24 Then it increases within a narrow SDS
concentration range from (6.1 to 6.3) mmol‚kg-1. The relative
maximum viscosity corresponding to SDS concentration is CAC
of SDS+ 1 % mass fraction PAM, which indicated that SDS
and PAM complex began to be formed. Electrostatic attraction
between the charged micellar headgroup and polymer PAM
effectively reduces the headgroup repulsion in the bound micelle
and together with the enhancement of the hydrophobic effect
contribute to a reduction in the bound micellar free energy,
which results in the promotion of polymer-bound micelles at
lower surfactant concentration than in pure SDS solutions. The
CMC of SDS aqueous solution is about 8.5 mmol‚kg-1.25-27

The CAC value of SDS+ 1 % mass fraction PAM is almost at
the same magnitude, only little lower than the CMC of SDS.
The lower the value of CAC, the stronger is the interaction
strength between SDS and PAM. The formation of SDS+ PAM
complex lead to the expansion of polymer PAM chains and the
increase of viscosity at the binding site, which confirmed that
the polymer-micelle aggregate forms an extended structure at
the binding site. When SDS concentration is above the CAC,
the viscosity decreases again with increasing SDS concentration
significantly. With surfactant-to-polymer ratio larger than unity,
the SDS+ PAM complexes will be saturated with surfactant
and free micelles coexist with the complexes.28 This constitutes
the so-called “self-salt” effect exhibited by SDS and its
counterion and the effect of saturating PAM with SDS. Free
counterions and unassociated SDS micelles contribute to the
ionic strength of the solution that shields the increasingly SDS
+ PAM aggregates and counteracts any increase in viscosity.
Ultimately, the overall effect is a compact structure induced by
electrostatic screening and hydrophobic interaction and leads
to the reduction of viscosity and the formation of thermody-
namically stable solution. The free micelles of the surfactant
exist in the SDS+ PAM solutions, and the tails of the surfactant
molecules that adsorb onto the polymer reflect a contraction of
the polymer coil.

ConductiWity of SDS + 1 % Mass Fraction PAM.The
formation and dissociation of micelles was monitored by
conductivity measurement if the system was ionic. Figure 2

shows the conductivity of SDS+ 1 % mass fraction PAM
solutions with various SDS concentrations at 298 K. The
conductivity increases first with SDS concentration,then de-
creases a little within a narrow SDS concentration range, and
finally increases significantly again with increasing SDS
concentration. On the first stage, below the CAC, there is no
interaction between the surfactant SDS and the polymer PAM.
Na+ ion concentration increases with increasing SDS concentra-
tion, leading to the increase of the conductivity. The relative
maximum conductivity SDS value corresponds to the CAC value
of SDS + 1 % mass fraction PAM solution, which is 6.3
mmol‚kg-1, and agrees well with that obtained from viscosity
measurement. As the surfactant concentration exceeds the CAC,
the surfactant SDS starts to bind the polymer PAM. As the total
surfactant concentration increases, the bound amount rapidly
increases, which is accompanied by a slow increase of the
monomer surfactant activity until it reaches the critical micelle
concentration (CMC) of the surfactant SDS. Above this CAC
concentration within a narrow SDS concentration range, the
complexes of SDS and PAM are formed, the polymer may be
saturated with the surfactant, and the polymer chain extends
resulted in the decrease of absorbed negative charges on the
polymer chain leads to the decrease of Na+ ion concentration.
After this range, SDS concentration increases, free SDS micelles
are formed in the solution, and the monomer surfactant activity
increases leads to the increase of the conductivity of the solution.
The hydrophobic interaction between SDS and PAM is the main
contribution to the interaction where polymer PAM chains curl
and Na+ ion concentration increases abruptly, so the conductiv-
ity increases significantly.

Interaction Strength between Surfactant and Polymer.The
free energy of micellization∆Gmic in absence of polymer and
the free energy of aggregation∆Gaggin the presence of polymer
can be calculated using the following equations:29

whereK is the effective micellar charge fraction. For SDS,K
was found to be 0.85.29 We can derive the free energy per mole
of surfactant for the reaction: free micelle) polymer-bound
micelle, as

This quantity is a convenient measure of the interaction strength
between the surfactant and the polymer. The lower the value
of CAC, the stronger is the binding strength between surfactant
and polymer. The values of CAC obtained by viscosity and
conductivity in SDS+ 1 % mass fraction PAM aqueous
solutions at 298 K and the calculated∆Gps according to eq 4
are listed in Table 2.∆Gps of SDS+ 1 % mass fraction PAM
is a large negative value, indicating that the interaction between
surfactant SDS and nonionic polymer PAM is strong.

Conclusion
The interaction between surfactant SDS and polymer PAM

was investigated by viscosity and conductivity measurements.

Figure 2. Conductivityκ of sodium dodecyl sulfate (SDS)+ 1 % mass
fraction polyacrylamide (PAM) aqueous solutions at 298 K.

Table 2. Values of Critical Micelle Concentration (CMC), Critical
Aggregation Concentration (CAC), and Free Energy Change (∆Gps)
of Sodium Dodecyl Sulfate (SDS), SDS+ 1 % Mass Fraction
Polyacrylamide (PAM) Aqueous Solutions at 298 K

SDS SDS+ 1 % mass fraction PAM

CMC/(mmol‚kg-1) 8.5
CAC/(mmol‚kg-1) 6.3
∆Gps/(kJ‚mol-1) -1.2

∆Gmic ) (1 + K)RT ln C(CMC) (2)

∆Gagg) (1 + K)RT ln C(CAC) (3)

∆Gps ) ∆Gagg- ∆Gmic ) (1 + K)RT ln C(CAC/CMC) (4)
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The CAC value of SDS+ 1 % mass fraction PAM is at the
same magnitude of CMC of surfactant SDS and only decreases
a little. The PAM chain extended at the binding site due to the
increase of viscosity. Above the CAC, the viscosity of SDS+
1 % mass fraction PAM aqueous solutions decreasing with
increasing SDS concentration confirmed the shrinking of PAM
chains and formed a more compact structure. The interaction
between surfactant SDS and nonionic polymer PAM is strong.

Literature Cited
(1) Robb, I. D.Polymer/Surfactant Interactions; Marcel Dekker: New

York, 1981.
(2) Goddard, E. D. Polymer-surfactant interaction. Part II. Polymer and

surfactant of opposite charge.Colloids Surf.1986, 19, 301-329.
(3) Hayakawa, K.; Kwak, J. T. C. InCationic Surfactants: Physical

Chemistry; Rubingh, D. N., Holland, P. M., Eds.; Marcel Dekker: New
York, 1991.

(4) Goddard, E. D.; Ananthapadmanabhan, K. P.Interactions of Surfac-
tants with Polymers and Proteins; CRC Press: Boca Raton, FL, 1993.

(5) Xia, J. L.; Dubin, P. L.; Kim, Y. S. Complex formation between poly-
(oxyethylene) and sodium dodecyl sulfate micelles: light scattering,
electrophoresis, and dialysis equilibrium studies.J. Phys. Chem.1992,
96, 6805-6811.

(6) Zana, R. InPolymer-Surfactant Systems; Kwak, J. C. T., Ed.;
Surfactant Science Series; Marcel Dekker: New York, 1998.

(7) Glenn, K.; Bommel, A.; Bhattacharya, S.; Palepu, R. Self-aggregation
of binary mixtures of sodium dodecyl sulfate and polyoxyethylene
alkyl ethers in aqueous solution.Colloid Polym. Sci.2005, 283, 845-
853.

(8) Li, Y.; Choreishi, S. M.; Bloor, D. M.; Holzwarth, J. P.; Wyn-Jones,
E. Binding of sodium dodecyl sulfate to some polyethyleneimines and
their ethoxylated derivatives at different pH values. Electromotive force
and microcalorimetry studies.Langmuir2001, 16, 3093-3100.

(9) Hayakawa, K.; Santerre, J. P.; Kwak, J. C. T. The binding of cationic
surfactants by DNABiophys. Chem.1983, 17, 175-181.

(10) Malovikova, A.; Hayakawa, K.; Kwak, J. C. T. Surfactant-polyelec-
trolyte interactions. 4. Surfactant chain length dependence of the
binding of alkylpyridinium cations to dextran sulfate.J. Phys. Chem.
1984, 88, 1930-1933.

(11) Hayakawa, K.; Murata, H.; Satake, I. Conformational change of poly-
(L-lysine) and poly(L-ornithine) and cooperative binding of sodium
alkanesulfonate surfactants with different chain length.Colloid Polym.
Sci.1990, 268, 1044-1051.

(12) Hayakawa, K.; Kwak, J. C. T. Surfactant-polyelectrolyte interactions.
1. Binding of dodecyltrimethylammonium ions by sodium dextran-
sulfate and sodium poly(styrenesulfonate) in aqueous solution in the
presence of sodium chloride.J. Phys. Chem.1982, 86, 3866-3870.

(13) Hayakawa, K.; Kwak, J. C. T. Study of surfactant-polyelectrolyte
interactions. 2. Effect of multivalent counterions on the binding of
dodecyltrimethylammonium ions by sodium dextran sulfate and
sodium poly(styrene sulfonate) in aqueous solution.J. Phys. Chem.
1983, 87, 506-509.

(14) Chandar, P.; Somasundaran, P.; Turro, N. J. Fluorescence probe
investigation of anionic polymer-cationic surfactant interactions.
Macromolecules1988, 21, 950-953.

(15) Chu, D. Y.; Thomas, J. K. Effect of cationic surfactants on the
conformation transition of poly(methacrylic acid).J. Am. Chem. Soc.
1986, 108, 6270-6276.

(16) Herslof, A.; Sundelof, L. G.; Edsman, K. Interaction between
polyelectrolyte and surfactant of opposite charge: hydrodynamic
effects in the sodium hyaluronate/tetradecyltrimethylammonium bromide/
sodium chloride/water system.J. Phys. Chem.1992, 96, 2345-2348.

(17) Meszaros, R.; Varga, I.; Gilanyi, T. Effect of polymer molecular weight
on the polymer/surfactant interaction.J. Phys. Chem. B2005, 109
(28), 13538-13544.

(18) Dubin, P. L.; Vea, M. E. Y.; Fallon, M. A.; et al. Higher order
association in polyelectrolyte-micelle complexes.Langmuir1990, 6,
1422-1427.

(19) Cabane, B.; Duplessix, R. Neutron scattering study of water-soluble
polymers adsorbed on surfactant micelles.Colloid Surf.1985, 13, 19-
33.

(20) Leung, P. S.; Goddard, E. D.; Han, C.; Glinka, C. A study of
polycation-anionic surfactant systems.Colloids Surf.1985, 13, 47-
62.

(21) Flory, P. J.Principles of Polymer Chemistry; Cornell University
Press: Ithaca, NY, 1953.

(22) Myers, D.Surfactant Science and Technology; VCH: New York, 1988.
(23) Goddard, E. D.; Leung, P. S. InMicrodomains in Polymer Solutions;

Dubin, P., Ed.; Polymer Science and Technology, Plenum Press: New
York, 1982.

(24) Abuin, E. B.; Scaiano, J. C. Exploratory study of the effect of
polyelectrolyte surfactant aggregates on photochemical behavior.J.
Am. Chem. Soc.1984, 106, 6274-6283.

(25) Hai, M. T.; Han, B. X.; Yan, H. K. Investigation on interaction between
sodium dodecyl sulfate and polyacrylamide by electron spin resonance
and ultraviolet spectrum.J. Phys. Chem. B2001, 105 (21), 4824-
4826.

(26) Hai, M. T.; Han, B. X.; Yan, H. K.; Han, Q. Vapor pressure of aqueous
solutions of polyacrylamide+ sodium dodecyl sulfate with and without
NaOH.J. Chem. Eng. Data1998, 43 (6), 1056-1058.

(27) Hai, M. T.; Han, B. X. The solublization ofn-pentane gas in sodium
dodecyl sulfate-polyethyleneglycol solutions with and without elec-
trolyte. J. Colloid Interface Sci.2003, 267, 173-177.

(28) Fundin, J.; Hansson, P.; Brown, W.; Lidegran, I. Poly(acrylic acid)-
cetyltrimethylammonium bromide interactions studied using dynamic
and static light scattering and time-resolved fluorescence quenching.
Macromolecules1997, 30, 1118-1126.

(29) Lu, J. R.; Marrocco, A.; Su, T. J.; et al. Adsorption of dodecyl sulfate
surfactantswith monovalent metal counterions at the air-water
interface studied by neutron reflection and surface tension.J. Colloid
Interface Sci.1993, 158, 303-316.

Received for review September 6, 2005. Accepted May 18, 2006. The
authors are grateful to National Natural Science Foundation of China
(No. 29725308) for financial support.

JE0503655

Journal of Chemical and Engineering Data, Vol. 51, No. 5, 20061501


