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a b s t r a c t

In the present work, the influences of different types of electrolytes on interfacial dilational properties of
anionic surfactant sodium 4,5-diheptyl-2-propylbenzene sulfonate 377 and asymmetrical anionic Gemini
surfactant C12COONa-p-C9SO3Na in the absence or presence of 1500 ppm partly hydrolyzed polyacryl-
amide were studied at decane–water interface, respectively, by means of interfacial tension relaxation
measurements. The decay curves of interfacial tension were fitted by the summation of a number of
exponential functions. The dilational elasticity (er) and dilational viscosity component (ei) were calculated
by Fourier transform and displayed as Cole–Cole plots (plotting ei or ei/e0 as a function of er or er/e0 respec-
tively). The experimental results show that only single reorientation process dominates the interfacial
properties in the presence of any electrolyte for 1 � 10�6 mol L�1 377 solution, resulting form the more
compacted film by electrostatic screening. On the other hand, the contribution of reorientation process at
higher frequency decrease after the addition of NaCl and there exists no pure reorientation process in the
presence of CaCl2 or MgCl2 for Gemini surfactant because of the slight increase of interfacial concentra-
tion due to larger molecular size and strong steric hindrance between alkyl chains. The addition of poly-
mer can significantly modify the dilational properties of adsorbed surfactant layer due to the formation of
mixed adsorption film through hydrophobic interaction between polymer chain and alkyl chain of surfac-
tant molecule. The normalized Cole–Cole plots of surfactant-polymer films with different types of elec-
trolytes show the similar characteristic in general and no pure reorientation process can be observed
in any case.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

It is well known that crude oil plays an important role in provid-
ing the energy supply of the world among various sources of en-
ergy. At the end of water flooding, almost 65–70% of OOIP is left
in the reservoirs. In order to recovery additional oil by a chemical
flooding process, the capillary number, which determines the
microscopic displacement efficiency of oil, should be increased
by 3–4 orders of magnitude through reducing the interfacial ten-
sion (IFT) of oil ganglia from its value of 20–30 mN/m to
10�3 mN/m [1]. It has long been recognized that the IFT between
crude oil and chemical flooding solutions can be reduced to lower
than 10�2 mN/m by using an appropriate surfactant system. More-
over, surfactant-polymer flooding can expand volumetric sweep,
but also improve the wash oil efficiency, which is considered one
of the most commercial prospects in Enhanced Oil Recovery
(EOR) [2].

The physico-chemical environment of petroleum reservoirs can
influence the behavior of oil recovery processes and the main ele-
ments of the reservoir environment, such as the in-place oil and
water, the mineralogy, the geology/lithology and the temperature,
have been discussed in detail early [3]. Among these elements,
the interstitial water is the major factor controlled the behavior of
chemical flooding solutions. Certain chemical constituents in the
interstitial water can strongly influence the injection sequence of
the fluids, the longevity or attenuation of the flooding slugs, the effi-
ciency of the slug in mobilizing oil, the mobility of the chemical
flooding solutions. The concentration of both mono- and divalent
metal ions can affect the interfacial tension, viscosity and phase sta-
bility of the solutions. For an example, laboratory studies have
shown that the required large reduction in interfacial tension can
only be achieved in a very narrow range of slat concentration due
to the partitioning equilibrium of surfactant molecules between
the oil phase and the aqueous phase is sensitive to salinity [4].

The interfacial dilational rheological properties are believed to
be very important for controlling the stability of foams and emul-
sions, consequently dominate the formation of oil bank during
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flooding process and de-emulsification process [5–8]. Some rheo-
logical studies of water/crude oil or water/model oil interfaces
have been made to clarify the mechanisms involved as related to
EOR [9–21]. The rheological properties of these interfaces have
been found to be strongly dependent on the nature of solvent used
for dilution, the oil concentration, the asphaltene and resin concen-
trations, the resin to asphaltene ratio, and so on. However, practi-
cally little attention has been drawn to the effect of electrolyte on
the viscoelastic properties of adsorption layers of the flooding
systems.

Interfacial pressure relaxation method is a useful way to study
interfacial dilational properties of adsorption films, especially for
systems controlled by slow relaxation processes. This method has
been successfully employed in interfacial films formed by proteins
and polymers [22–24]. In the present work, aiming at the interfa-
cial phenomena occurring in EOR process, the influences of mono-
and divalent metal ions on the interfacial dilational properties of
different types of surfactants (anionic surfactant sodium
4,5-diheptyl-2-propylbenzene sulfonate 377 and asymmetrical an-
ionic Gemini surfactant C12COONa-p-C9SO3Na) and polymer
(partly hydrolyzed polyacrylamide HPAM) systems were studied,
respectively, by means of interfacial tension relaxation
measurements.

2. Theory

The Gibbs interfacial dilational modulus is defined by the sur-
face tension increase after a small increase in area of a surface
element:

e ¼ dc
d ln A

ð1Þ

It gives a measure of the interfacial resistance to changes in area.
Where e is the dilational modulus, c is the interfacial tension and
A is the interfacial area. The dilational modulus can also be defined
as a complex function which can be written as: [25,26].

e ¼ ed þ ixgd ð2Þ

where ed is the dilational elasticity or storage modulus and eg the
dilational viscosity component or loss modulus that represents a
combination of internal relaxation processes and relaxation due to
transport of matter between the surface and the bulk.

Interfacial tension relaxation experiments are a reliable way to
obtain surface dilational parameters, which uses small but fast axi-
symmetric trough or drop area expansion or compression to
slightly disturb the monolayer equilibrium(In general, the interface
was assumed to be equilibrated when the surface tension did not
change with time). This causes an interfacial tension jump and
then the interfacial tension will decay to the equilibrium again.

Phase angle h, describing the phase difference between dynamic
interfacial tension variation and interfacial area variation, is calcu-
lated according to.

tan h ¼ eg

ed
ð3Þ

For an instantaneous area change rising from DA(t) = 0 for t 6 0
to DA(t) = DA for t > 0, the values of e are obtained as a function of
the frequency by Fourier transformation (FT) of the interfacial ten-
sion decay obtained from the experiment by the following rela-
tionship [27–29]:

eðxÞ ¼ FTDcðtÞ
FTðDA=AÞðtÞ ¼

R1
0 DcðtÞ expð�ixtÞdtR1

0 ½DAðtÞ=A� expð�ixtÞdt
ð4Þ

where x is the angular frequency.

For a real system a number of relaxation processes may occur
and the decay curve would be expressed by the summation of a
number of exponential functions: [22,23].

Dc ¼
Xn

i¼1

Dci expð�sitÞ ð5Þ

where si is the characteristic frequency of the ith process; Dci is the
fractional contribution which that relaxation process makes to re-
store the equilibrium; n is the total number of the relaxation
processes.

And the dilational elasticity ed and the interfacial dilatonal vis-
cosity component xgd are given by

erðxÞ ¼ edðxÞ ¼
x

DA=A

Z 1

0
DcðtÞ sinðxtÞdt ð6Þ

eiðxÞ ¼ xgdðxÞ ¼
x

DA=A

Z 1

0
DcðtÞ cosðxtÞdt ð7Þ

Other parameters such as the tangent of phase angle, dilational
modulus etc. can all be obtained from these two parameters.

3. Experimental section

3.1. Materials

The surfactant sodium 4,5-diheptyl-2-propylbenzene sulfonate
(377) and the asymmetrical anionic gemini surfactant C12COONa-
p-C9SO3Na were synthesized by ourselves [30,31], as showed in
Scheme 1. The purity of the compounds was checked by elemental
analysis and 1HNMR spectroscopy. The critical micelle concentra-
tions (CMC), which are taken as the concentration at the point of
intersection of the two linear portions of the c-log C plot, are
1.27 � 10�4 mol/L and 1.10 � 10�4 mol/L for 377 and C12COONa-
p-C9SO3Na respectively. The polymer, partly hydrolyzed polyacryl-
amide Mo-4000, was supplied by Mitsubishi Corporation (Japan)
with hydrolysis of 25.0% and active content of 90.0%. Its viscosity
average molecular weight is about 22 � 106. Decane, A.R., was ob-
tained from Xingjin Chemical Reagent Ltd., Tianjin, China and used
as oil phase without further treatment. Sodium chloride, Calcium
chloride and Magnesium chloride were all A.R. and purchased from
Beijing Fine Chemical Industry Co., Ltd., China. Water used in the
experiments was distilled twice from potassium permanganate
solution.

3.2. Methods

The interfacial dilational viscoelasticity meter JMP2000A
(Powereach Ltd., Shanghai, China) which had been described else-
where [32], was employed. The apparatus is designed to monitor
the interfacial tension and area changes occurring on the instanta-
neous expansion of an interfacial film. After perturbation there is a
rearrangement of surfactant molecules to reestablish the equilib-
rium state, i.e., an interfacial relaxation occurs. The working prin-
ciple is similar to that of Lucassen and Giles. A Langmuir trough
consists of a pair of symmetrically oscillating PTFE barriers for
changing the interfacial area. The dynamic interfacial tension
was measured by the Wilhelmy plate method, using a PTFE plate
suspended in the middle of the trough area from a sensitive force
transducer. The water phase (90 mL) and oil phase (50 mL) was
poured into the trough successively and carefully. The Wilhelmy
plate should be completely submerged under the surface of the
oil phase. After 6 h of pre-equilibrium of the oil–water system,
the interfacial tension relaxation measurements were carried out
(the film was expanded about 10% in area by a sudden expand in
2 s). In the interfacial tension range of the studied systems, the
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