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Abstract

Solubilization of dodecanol–limonene binary oil mixtures has been studied in saturated Winsor type I and III sodium dihexyl sulfosuc-
cinate microemulsions. The systems showed different oil solubilization behavior below and above dodecanol volume fraction 0.2. Below
0.2 dodecanol volume fraction regular Winsor type microemulsions formed. The oil solubilization was characterized in this concentration
range by the optimum salinity and the maximum characteristic length. Dodecanol showed Langmuirian-type surface excess adsorption at the
vicinity of the surfactant layer. Variation of the optimum salinity and middle phase characteristic length with increasing dodecanol concen-
tration could be linked to changes in the dodecanol surface excess. These relationships were used to develop new mathematical models for
the optimum salinity and characteristic length as a function of oil phase composition. Both models yield excellent agreement with the data.
Above dodecanol volume fraction 0.2 regular Winsor type III microemulsions are not formed. Therefore our new models are not applicable
in this concentration range.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Solubilization of polar and nonpolar oil mixtures in mi-
croemulsions can be encountered in surfactant-enhanced
aquifer remediation (SEAR) processes for various reasons.
Oil contaminants at a remediation site are likely oil mixtures
of both polar and nonpolar (e.g., hydrocarbons, aromatics,
chlorocarbons, ketones, etc.) components[1–4]. Polar oil
(e.g., dodecanol) may also be introduced intentionally into
a surfactant solution as an additive in order to increase sol-
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ubilization of hydrophobic oil contaminants[5–8]. Solubi-
lization of single-component oils and oil mixtures containing
similar oil components has been well studied[9–13]. In con-
trast, oil mixtures with polar and nonpolar components have
received much less attention. In the present study, we in-
vestigate the solubilization of binary mixtures of polar and
nonpolar oils in microemulsions formed using an anionic
surfactant.

To assess the remediation performance of SEAR, it is
necessary to know how much oil is solubilized in the mi-
croemulsion[4,9–12]. However, comparing two microemul-
sions is difficult, because solubilization depends on a num-
ber of factors[13], including the type/concentration of oil,
surfactant, additives (electrolyte, alcohol), and temperature.
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Salager suggested[14] comparing the solubilization ability
of different microemulsions at a common reference point.
For this purpose, a convenient reference point is the optimum
formulation. At the optimum formulation equal volumes of
oil and water are solubilized, the solubilization parameter
is at a maximum, and the interfacial tension between the
oil/microemulsion and water/microemulsion phases reaches
a minimum. Therefore two items of information are needed
to characterize microemulsions: (a) the set of independent
formulation variables (e.g., composition and temperature)
that is necessary to produce the optimum formulation, and
(b) the solubilization capacity of the surfactant at the opti-
mum formulation[15,16].

In this study, NaCl additive is used to fine-tune the sur-
factant formulation to reach optimum. The concentration of
NaCl at which the optimum formulation is achieved is called
the optimum salinity[16]. The characteristic length[17] at
the optimum formulation gives information about the solu-
bilization ability of the surfactant. The characteristic length
is essentially equal to the average radius of the oil droplets
in direct (o/w droplet type or Winsor type I) microemulsions
and the average half thickness of the oil (or water) domain
that can be correlated to the surfactant layer in bicontinuous
(Winsor type III) microemulsions at the optimum formula-
tion.

Both optimum salinity and optimum characteristic length
depend on the type of oil to be solubilized, if all other con-
ditions are kept constant. To decide whether a surfactant
could efficiently solubilize a specific oil mixture, knowledge
is necessary of these two parameters as a function of the
oil phase composition. Our objective in this research is to
study and model the dependence of the optimum salinity and
characteristic length at optimum oil phase composition with
polar/nonpolar oil mixtures.

2. Model development

2.1. Background

In order to find the optimum formulation experimentally
for an oil/ionic surfactant pair at a fixed temperature, detailed
phase behavior studies are carried out[9,18–20]. Optimum
salinity for a single-component oil can be calculated using
the surfactant affinity difference (SAD) concept, introduced
by Salager et al.[14–16]. For anionic surfactants SAD is
given as

SAD

RT
= µ∗,o

s − µ∗,w
s

(1)= lnS − K · EACN− f (A) + σ − aT �T,

whereR is the gas constant,T is the absolute temperature,
µ

∗,o
s and µ

∗,w
s are the standard chemical potentials of the

surfactant in the oil and in the water, respectively,S is the
salinity,K is a constant depending on the type of the surfac-
tant, EACN is the equivalent alkane carbon number of the

oil, f (A) is a function which depends on the alcohol,σ is a
constant which depends on the surfactant, andaT is the coef-
ficient of the temperature effect on the SAD. At the optimum
formulation SAD= 0, and the optimum salinity is given as

(2)lnS∗ = K · EACN+ f (A) − σ + aT �T .

Baran et al.[21] proposed an optimum salinity model for
oil mixtures using the pseudocomponent assumption for the
oil. When the pseudocomponent assumption[13,22,23] is
valid, the oil behaves in a collective way. The composition
of the solubilized oil is equal to the initial oil phase com-
position. If there is excess oil phase in equilibrium with the
microemulsion, the solubilized oil composition and the ex-
cess oil phase composition are equal. The EACNmix of the
oil mixture is computed by applying a linear mixing rule,

(3)EACNmix =
∑

i

xi · EACNi ,

where EACNmix and EACNi are the equivalent alkane car-
bon numbers of the mixture and componenti, respectively,
andxi is the mole fraction of componenti in the oil mix-
ture. Combining Eqs.(2) and (3)yields the expression for
the optimum salinity of the oil mixture

(4)lnS∗
mix =

∑
i

xi · lnS∗
i ,

whereS∗
i is the optimum salinity of the single component

oil i.
One finds however, that the solubilized oil composition

deviates from the initial oil composition when the polarity
and/or molecular volume of the oil components are differ-
ent [24,25]. For these mixtures, the pseudocomponent as-
sumption is not valid, and it is not clear how the mixture
optimum salinity should be computed. The experimentally
determined optimum salinity has also been found to deviate
from the one predicted by Eq.(4).

To our knowledge, a mathematical model to predict the
middle phase characteristic length of oil mixtures as a func-
tion of oil composition has not been proposed. However, in-
stead of the characteristic length, the optimum solubilization
parameter has been used to describe the oil solubilization
ability of the surfactant in the SEAR related literature. For
example, an optimum solubilization parameter model for oil
mixtures has been developed and used in UTCHEM[26].
UTCHEM is a multiphase, multicomponent flow simulator
developed at the University of Texas at Austin. The solubi-
lization parameter is defined as the solubilized oil volume
per unit volume of surfactant[11–16]. Similarly to the char-
acteristic length it provides information about the solubiliza-
tion ability of the surfactant. It is a linear function of the
mixture EACN[26],

(5)β(S) = s(S) · EACNmix + h(S),

whereβ(S) is the solubilization parameter at salinityS and
s(S) andh(S) are salinity-dependent empirical parameters,
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