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Abstract
The optimum formulation in a surfactant–oil–water (SOW) system is defined as
the physicochemical situation at which the surfactant adsorbed at the interface
exhibits exactly equal interactions for both oil and water. Identifying the opti-
mum formulation of SOW systems is crucial in various industrial applications,
ranging from pharmaceuticals to cosmetics and to petroleum issues like dehy-
dration and enhanced oil recovery. Multiple techniques are available to identify
the optimum formulation, often with its own advantages and limitations. In this
comprehensive review, we provide an in-depth analysis of the systematic use
of formulation scans to identify the optimum formulation in SOW systems. We
critically assess different methods, including conventional ones, such as phase
behavior observation, determination of the minimum interfacial tension from
equilibrated systems, and the localization of the minimum emulsion stability
using formulation scans. We also mention a new promising technique that can
be applied in practice, such as oscillating spinning drop interfacial rheology
(OSDIR) as well as others that allow an understanding of some structural fea-
tures of the domains present in the surfactant-rich phase in SOW systems.
Among these methods, dynamic light scattering (DLS), small angle scattering
(SAXS and SANS), nuclear magnetic resonance (NMR), X-ray microcomputed
tomography (Micro-CT), and differential scanning calorimeter (DSC), can be
found in the literature. Finally, we discuss potentially unusual behaviors that
can appear in complex systems, thus providing guidance on the selection of
the most suitable method tailored to the specific application.

KEYWORDS
dilational rheology, DLS, formulation scans, HLD, interfacial tension, NMR, optimum formulation,
phase transition, SAXS, surfactant/oil/water systems

INTRODUCTION

Surfactant–oil–water (SOW) systems are found in
numerous applications such as food, pharmaceuticals,

personal care products, paints, cleaning and detergency,
petroleum production, fuels, and wastewater treatment
(Salager, 2002; Salager, Marquez, Bullon, &
Forgiarini, 2022; Tadros, 2006). At low concentrations
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of surfactant, SOW systems at equilibrium exhibit three
distinct behaviors, as indicated by Winsor in its pioneer-
ing work, that is, Winsor I, Winsor II, and Winsor III
phase behaviors (Bourrel & Schechter, 2010). In the Win-
sor III case, at the optimum formulation (nowadays
described by the hydrophilic–lipophilic deviation, at
HLDN = 0), the interaction between the surfactant, and
the oil and water phases are exactly balanced, leading to
the so-called bicontinuous microemulsion system, as
explained by Scriven in 1976 (Bourrel & Schechter, 2010;
Salager, Marquez, Bullon, & Forgiarini, 2022;
Scriven, 1976; Winsor, 1954). Winsor initially described
this phenomenon in the 1950s and 1960s (Winsor, 1968).
Subsequently, the optimum formulation concept was intro-
duced in the mid-1970s at the minimum in interfacial ten-
sion for enhanced oil recovery (EOR) with surfactant
flooding techniques in the petroleum industry (Cayias
et al., 1975; Reed & Healy, 1977). Salager et al.
(Salager, 1977; Salager, Bourrel, et al., 1979) developed
the multivariable equation, known today as the
Hydrophilic–Lipophilic Deviation (HLD) (Salager, 1977;
Salager, Morgan, et al., 1979). It is well established that
the optimum formulation corresponds to a minimum in
interfacial tension, which is described in the situation of
HLDN equal to zero (Forgiarini et al., 2021; Marquez,
Meza, Alvarado, Johnny, et al., 2021; Salager et al., 2020;
Salager, Marquez, Delgado-Linares, et al., 2022). Other
system variables can also be used to identify the optimum
formulation, such as the maximum of the solubilization
parameter when a formulation scan is performed
(Huh, 1979; Salager et al., 2020; Salager, Forgiarini, &
Bull�on, 2013).

In 1979, Salager, Wade, and Schechter first pub-
lished the multivariable equation that described the
physicochemical formulation situation for ionic surfac-
tants (Salager, Morgan, et al., 1979). This was followed
in 1980 by Bourrel, Salager, Wade, and Schechter’s
publication of the multivariable equation for nonionic
surfactants (Bourrel et al., 1980). In 2000, Salager, Gra-
ciaa, et al. first published the equation known as the
HLD (Salager, Marquez, et al., 2000). In 2007, Queste,
Salager, Stray, and Aubry extended the relationship
between HLD and EACN of oils (Queste et al., 2007).
In 2008, Acosta published his initial work on HLD-NAC
with nonionic surfactants (Acosta, 2008). In 2009,
Kunz, et al. established the correlation between curva-
ture, packing parameter, and HLD (Kunz et al., 2009).
In 2020 Salager et al. revisited the HLD equation in its
original form, by using a unit coefficient in the alkyl
chain number (ACN) of the oil, introducing the so-called
normalized HLD or HLDN (Aubry et al., 2020; Salager
et al., 2020), which allows its use in surfactant mixtures
and understanding better the effect of each parameter
by using the surfactant contribution parameter (SCP)
(Salager, 2021; Salager, Graciaa, & Marquez, 2022;
Salager, Marquez, & Ontiveros, 2022). It is crucial to
note that there is some correspondence between HLD,

packing parameter and curvature, even if they are dif-
ferent concepts as noted by Kunz et al. (2009). This is
in controversy with some studies calling the surfactant
parameter in the HLD equation a “characteristic curva-
ture” (Acosta et al., 2008; Leng & Acosta, 2023), when
in other publications the surfactant parameter is said to
be different from a measure of curvature (Salager, Gra-
ciaa, et al., 2022; Salager, Marquez, Rond�on,
et al., 2023). Tartaro et al. (2023) measured the curva-
ture of a SOW system, clearly showing that the curva-
ture not only depends on the surfactant but also on
other variables such as the type of oil and temperature.

Determining the optimum formulation and applying
the HLD equation can be straightforward for simple sys-
tems. However, for more complex systems, additional
variables such as surfactant concentration and the
water–oil ratio must be considered (Ontiveros
et al., 2013; Salager et al., 2020). This is particularly rel-
evant when using ternary SOW diagrams or when alter-
ing the formulation or surfactant concentration. Other
representations, such as the “fish diagram,” can provide
further insights into these systems, related to solubiliza-
tion (Queste et al., 2007; Salager et al., 2020), which
was found to have a relationship with interfacial tension
according to the Chun Huh correlation (Huh, 1979).

At the point where HLDN equals zero, there are dif-
ferent measurements that can help to determine the opti-
mum formulation. These include the phase behavior of
the SOW systems, which can be assessed by measur-
ing the volumes of the phases. When the quantities of oil
and water phases solubilized in the surfactant-rich mid-
dle phase are considered, the optimum formulation can
be identified (Marquez, Ant�on, et al., 2019; Pouchelon
et al., 1980; Tartaro et al., 2023). Since the late 1970s, it
has been observed that in model systems with pure ionic
surfactants and pure oil phases, an equal partitioning of
the surfactant between the oil and water excess phases
is achieved at the optimum formulation (Salager, 1977;
Salager, Morgan, et al., 1979; Wade et al., 1978). How-
ever, this is only the case for model systems because of
a possible activity coefficient different from unity in real
cases, in particular ethoxylated species. When more
complex systems are studied, for instance, those involv-
ing a mixture of non-ionic surfactants or anionic surfac-
tants that contain some impurities, the partitioning can
be close to one between the two excess phases in the
WIII case, but not exactly one (M�arquez et al., 1998; Sal-
ager, M�arquez, et al., 2000; Salager et al., 1995). Con-
sequently, the use of surfactant partitioning to determine
the optimum formulation has not been widely adopted,
as most of the real systems used in industry involve sur-
factant mixtures or oils that are not entirely pure.

Recent publications have also introduced other vari-
ables, such as interfacial elasticity, where a minimum is
reached at the optimum formulation (Marquez, Forgiar-
ini, Fern�andez, et al., 2018; Marquez, Forgiarini, Lange-
vin, & Salager, 2018; Zamora et al., 2018). This is also
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related to certain properties of the emulsified system,
such as the minimum stability (Ant�on & Salager, 1986;
Marquez et al., 2023; Marquez, Bullon, Forgiarini, &
Salager, 2021; Marquez, Forgiarini, et al., 2019; Mar-
quez, Meza, Alvarado, Johnny, et al., 2021). These tech-
niques can be further extended with the use of other
measurements that allow describing certain structural
features of the domains present far away and around
HLDN = 0, among them, dynamic light scattering (DLS)
and small angle scattering (SAXS and SANS)
(Fukumoto et al., 2016).

The optimum formulation has several important
applications in the physical chemistry of surfactant sys-
tems. One of these is the enhancement of solubility of
certain substances, which is useful in various contexts.
Another crucial application is in the creation of stable
emulsions (far away from HLD = 0) or in the destabili-
zation of existing emulsions (exactly at HLD = 0). Fur-
thermore, surfactants can be characterized and
optimized to modify and improve various processes.
These are just a few of the uses of the optimum formu-
lation in the context of surfactant systems, although
one of the most widely used ones is the characteriza-
tion of surfactants through the determination of the sur-
factant contribution parameter in the HLDN equation,
particularly for new surfactants, such as biobased and
biosurfactants.

Herein, we review diverse methods to identify the
optimum formulation in SOW systems. Section Revisit-
ing the methods to identify the optimum formulation is
necessary to determine the SCP of biobased and bio-
surfactants discusses the need to revisit the methods to
identify the optimum formulation to characterize bio-
based and bio-surfactants. In Section
The optimum formulation concept, we aim to introduce
the optimum formulation concept and comprehend the
complexities of SOW systems. In Section-
Winsor R ratio and HLD correlations, we discuss how to
accurately quantify the changes in chemical potential
with a multivariable linear equation, considering the
effects of physicochemical formulation parameters. The
concepts of the bicontinuous microemulsion, the formu-
lation scan and formulation-composition map are pre-
sented in Sections The bicontinous microemulsion
concept, Formulation scans: A systematic method to
determine the optimum formulation in SOW systems,
and Two-dimensional formulation-composition maps
and the standard transitional inversion line. In Section-
Optimum formulation detection methods, various
methods to determine the optimum formulation are pre-
sented, along with a discussion of the advantages and
disadvantages of each method. In Section Phase behav-
ior and minimum interfacial tension to detect the opti-
mum formulation, we present some of the most used
methods since the end of the 1970s, including the phase
behavior and the minimum interfacial tension of equili-
brated SOW systems. In Sections Minimum emulsion

stability and viscosity to detect the optimum formulation,
Electrical conductivity of the emulsion, and Oscillating
spinning drop interfacial rheometer, we discuss mea-
surements of emulsion properties to determine the opti-
mum, such as the minimum stability, viscosity, electrical
conductivity, and the dilational modulus measured with
the Oscillating Spinning Drop Interfacial Rheometer
(OSDIR). In Section Complementary techniques that
allow understanding of some structural features of the
sow system around the optimum, we examine comple-
mentary methods to understand some structural features
of microemulsions, with Section Light scattering
methods focusing on light scattering methods such as
DLS, and Small Angle X-Ray Scattering (SAXS).
Sections Nuclear magnetic resonance to
Differential scanning calorimetry discusses alternative
approaches such as Nuclear Magnetic Resonance
(NMR), x-ray micro-computed tomography (Micro-CT),
and differential scanning calorimetry (DSC). The review
concludes in Section Complex cases for the determina-
tion of the optimum formulation with final comments
around complex behaviors, accuracy and application of
some of the reviewed techniques, and a Conclusions
and Perspectives Section.

Revisiting the methods to identify the
optimum formulation is necessary to
determine the SCP of biobased and bio-
surfactants

In order to meet stringent environmental regulations
and promote sustainability goals, industries are trying
to reduce their reliance on conventional surfactants
derived from fossil fuels. Instead, they are exploring the
integration of new generation surfactants, such as bio-
based surfactants and biosurfactants (Hayes
et al., 2019; Ortiz et al., 2022). The latter offer a com-
pelling alternative to synthetic surfactants due to their
reduced carbon footprint (Evonik, 2021; Kashif
et al., 2022). As an example, substituting 1 metric tonne
(Mt) of a typical ethoxylated surfactant with 1 Mt of
sophorolipids, which are glycolipid biosurfactants, can
result in a reduction of �1.5 Mt of CO2 emissions per
metric ton of surfactant used (Bettenhausen, 2022).
Nevertheless, according to cradle-to-grave analysis,
first generation biosurfactants may not necessarily pro-
vide a significant improvement over other surfactant
types in terms of sustainability (Bettenhausen, 2022).
This is because first-generation biosurfactants are often
derived from agricultural feedstocks, which can have a
negative environmental impact if not managed properly.
Factors such as land use, water consumption, and
potential competition with food crops need to be care-
fully considered in assessing the overall sustainability
of biosurfactant production (Kashif et al., 2022). On the
other hand, biobased polyethoxylated surfactants are
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being promoted as environmentally friendly, renewable
and with low levels of 1,4-Dioxane (Croda, 2023). Ethyl-
ene oxide produced from biomass fermented into etha-
nol is carbon negative with a value of 0.6 kg of CO2 per
kg of ethylene oxide, but this number does not account
for greenhouse gas emissions from growing the bio-
mass (Bettenhausen, 2022).

Emerging biosurfactants, generally found in the form
of complex mixtures, exhibit properties that are not
completely predictable or well-understood, particularly
when compared to their fossil fuel-derived synthesized
counterparts (Hayes et al., 2019; Nguyen &
Sabatini, 2011). For instance, biosurfactants that are
currently being studied often underperform in applica-
tions requiring low interfacial tension or high solubili-
zation (Kashif et al., 2022). The production costs
associated with biosurfactants remain higher than
those of their synthetic counterparts. This cost differ-
ential is primarily driven by the complexities involved
in their extraction and purification processes (Gaur
et al., 2022). To mitigate the economic challenges of
biosurfactant production, researchers have shifted
toward the utilization of lower-cost raw materials such
as agricultural residues or agro-industrial waste.

There are only a few examples in the literature
reporting surfactant contribution parameters (SCP) of
biosurfactants (Nguyen & Sabatini, 2009). Given these
factors, it becomes crucial to revisit the characterization
methods to determine the surfactant parameters of new
families of surfactants accurately. These include
methods to determine the optimum formulation and to
measure the SCP (also called γ or β) in the
Hydrophilic–Lipophilic Deviation (HLD) correlation or
the Phase Inversion Temperature PIT-slope parameter
(Aubry et al., 2020; Salager et al., 2020). Such parame-
ters also enable tuning properties to formulate emul-
sions for specific applications (Delforce et al., 2023).

The optimum formulation concept

Research on the formulation of SOW systems can be
traced back to the mid-20th century. One approach
considered to understand the changes in formulation
involves comprehending the changes in chemical
potential that occur in these systems (Aubry
et al., 2020; Langevin, 2020; Lemahieu et al., 2022;
Salager, Forgiarini, & Bull�on, 2013). However, this is a
challenging task, as it requires careful consideration of
several compensating effects by each element of the
system or by interactions with each other. Griffin’s HLB
was one of the first methods proposed to quantify the
hydrophilic and lipophilic balance of surfactants with a
single number (Griffin, 1949, 1954), but it is based on
arbitrary assumptions and does not account for certain
trends and variables such as temperature, salinity,
among other characteristics of the system.

Winsor proposed the basic concepts of physicochemi-
cal formulation 70 years ago to correlate the phase behav-
ior of SOW systems with the relative interactions of the
surfactant molecules adsorbed at the interface with oil and
water (Winsor, 1954; Winsor, 1968). While Winsor’s model
describes in a simple way how the surfactant, oil, and
water interactions affect the physicochemical formulation,
its application can be complex in practice (Langevin, 2020;
Salager, Forgiarini, M�arquez, et al., 2013; Salager, Mar-
quez, & Ontiveros, 2022). According to Winsor’s model,
SOW systems can be classified into three types of equil-
ibrated systems: Winsor I (R = Aco/Acw <1), Winsor II
(R = Aco/Acw >1), or Winsor III (R = Aco/Acw = 1),
based on the ratio R of surfactant (C) molecules affinities
for oil (O) and water (W), where Aco and Acw are the
molecular interactions between the adsorbed surfactant
molecule and the nearby oil and water molecules. Win-
sor I systems correspond to type S1 micellar aggrega-
tion of surfactant molecules, eventually with some oil
molecules solubilized inside, in what is called a swollen
micelle. Winsor II systems correspond to type S2 inverse
micelles, that is, the opposite structure of aggregation of
surfactants in the oil phase, eventually with some
water solubilization in their core (Israelachvili
et al., 1976; Nagarajan, 2002). Winsor III systems, in
which the interactions between surfactant and oil and
water are equal, exhibit a three-phase behavior with a
middle phase (Bourrel & Schechter, 2010;
Scriven, 1977), which have been represented by Scri-
ven as a bi or tri-continuous structure with very com-
plex shapes containing oil and water fluctuating
domains, looking as arbitrary “sponge” geometry or
other unusual models (Scriven, 1976, 1977). While
this phase has been commonly referred to as
“microemulsion,” it is noteworthy that there are no
emulsion droplets present (Reger et al., 2012;
Scriven, 1976, 1977) nor micrometer size objects, and
consequently, the term is probably misleading as dis-
cussed by several researchers (Salager, Marquez,
Rondon, et al., 2023) including one of the coauthors of
Schulman initial paper (Prince, 1977).

In the 1970s, the rising price of crude oil led to
research and development efforts aimed at increasing
the final oil recovery above the typical 30% of the origi-
nal oil in place (OOIP) after waterflooding (Bansal &
Shah, 1977). It was found that the capillary trapping of
oil could be eliminated by significantly reducing the
Interfacial Tension (IFT) below 0.001 mN/m (Cash
et al., 1977; Cayias et al., 1976; Miller et al., 1977;
Shah & Schechter, 1977). This was happening in the
R = 1 case reported by Winsor (Marquez, Forgiarini,
Langevin, & Salager, 2018; Salager, 1977; Salager,
Bourrel, et al., 1979). This led to the study of the opti-
mum formulation using a set of formulation variables,
including (i) the salinity of the aqueous phase (brine)
(Puerto & Gale, 1977), (ii) the nature of the crude oil
(Salager, 1977), (iii) the temperature of the system
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(Shinoda & Sagitani, 1978) (these three related to the
physicochemical characteristics of the petroleum reser-
voir and its fluids), (iv) surfactant type (Bourrel
et al., 1980; Salager, Morgan, et al., 1979), and (v) type
and concentration of cosurfactants (Salager, Bourrel,
et al., 1979). These variables could be adjusted based
on the reservoir conditions, as well as the desired prop-
erties of the SOW system.

Winsor R ratio and HLD correlations

The original R relationship provides a basic understand-
ing of the formulation issues involved in phase inversion
but is difficult to use in practice due to the complexity of
determining the interaction parameters Aco and Acw. In
1957, Davies introduced a correlation between the HLB
value and the partitioning of surfactants between water
and oil phases: HLB�7 = 0.36 ln (CW/CO) (Davies, 1957),
based on the free energy transfer of a surfactant molecule
from water to oil (Equation 1):

ΔGW!O ¼RTln
CW

CO
, ð1Þ

in which the CW and CO are the surfactant concentrations,
often supposed to be as their activities in water and oil,
respectively, because of near unity activity coefficients.
Shinoda later used this correlation to explain the linear
relationship between the change in phase inversion tem-
perature (PIT) and ethyl oxide number (EON) of nonionic
polyethoxylated surfactants (Shinoda, 1967).

In the early 1980s, the surfactant affinity difference
(SAD) was originally defined as the difference between
the negative standard chemical potential of the surfac-
tant in the oil phase (μ0*) and the corresponding term
for the water phase (μW*), that is (Equation 2) (Marquez
et al., 1995; Salager, 1996),

SAD¼�μ�O� �μ�W
� �¼ μ�W�μ�O: ð2Þ

Assuming that the activity coefficient is unity, which
can be explained by the low surfactant concentration
found in the excess phases of Winsor type III systems
(i.e., CMC in the aqueous excess phase), then the
equilibrium between the water and oil phases can be
written in terms of the chemical potentials of the surfac-
tant (Equation 3) (Marquez et al., 1995):

μW ¼ μO ¼ μ�WþRT ln
CW

CW refð Þ
¼ μ�OþRT ln

CO

CO refð Þ
, ð3Þ

in which the asterisk denotes the standard chemical
potentials, whereas the subscript ref represents the

concentration references. If the partition coefficient
between the aqueous and oil phases is defined as
K¼CW=CO, then (Equation 4):

RTlnKþconstant¼ μ�O�μ�W ¼ΔG W�Oð Þ ¼�SAD: ð4Þ

The constant is the partition coefficient between the
two reference states. The value of this constant does not
matter since it does not change with the formulation vari-
ables that influence the standard chemical potentials.

The SAD is based on the difference between the
numerator and denominator of the R relationship,
R = Aco/Acw = 1, that could be then expressed in an
equivalent way as (Equation 5):

SAD¼Aco –Acw¼0: ð5Þ

The SAD has the advantage of being easier to calculate
than other formulation semi-empirical equations because it
involves the summation and subtraction of chemical poten-
tial terms rather than their ratio (Salager, 1996; Salager
et al., 2020). Then, at the end of the 1990s, the concept of
HLD was introduced as a generalized formulation dimen-
sionless criterion (Salager, 1977; Salager, M�arquez,
et al., 2000), which can be expressed as (Equation 6):

HLD¼SAD
RT

¼� ΔG W�Oð Þ
RT

¼ 1
RT

μ�W�μ�O
� �¼ lnKþconst

ð6Þ

in which R is the ideal gas constant and T is the tempera-
ture in Kelvin. The partition coefficient K = CW/CO, and
the constant term (const), on the right side of the equa-
tion, correspond to the reference parameters chosen for
the equation (e.g., Tref = 25�C, ACNref = 0, etc.).

The term LnK can be correlated with the formulation
variables, in a linear relationship very similar to HLD
expression (Salager, 1996), by measuring the partition
coefficient with different systems varying the type of oil,
surfactant characteristics, alcohol content, brine salinity,
and temperature. This approach works for ionic surfac-
tants but it is completely different for nonionics which can
present a distribution of molecular weights and partition-
ing can occur, thus, making it difficult to calculate the
coefficients of the K expression (Marquez et al., 1995;
Salager, M�arquez, et al., 2000). Therefore, the change in
the optimum formulation is made with two formulation
changes in the HLD equation through formulation scans
(Salager, 2021; Salager et al., 2020; Salager, Forgiarini, &
Bull�on, 2013), as will be shown in the following section.

The bicontinuous microemulsion concept

When dealing with SOW systems, the phase equilib-
rium situations described by Winsor represent merely a
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portion of the observable phenomenology. Liquid crys-
talline phases can be found even at low surfactant con-
tent and depending on the order of component addition
and mixing procedure, meaning that they might not be
at a real equilibrium. Winsor’s WIII case involves true
liquid phases: aqueous solution, oil solution and a liquid
phase containing substantial quantities of water, oil,
and almost all the surfactants.

The term microemulsion was introduced by Schul-
man et al. (1959) to define any thermodynamically
stable, transparent, isotropic, liquid SOW system.
Being transparent, the oil and water domains in the
microemulsion must have sizes at least 10 times
smaller than the visible light wavelength. The mea-
surement of the self-diffusion coefficients of water
(Dw), oil (Do), and surfactant (Ds) is likely to be the
most straightforward way to assess the middle phase
structure (Lindman et al., 2020). In the case of a
swollen micelle WI solution, Ds ≈ Doil < < Dw, while in
the case of a swollen inverse micelle WII solution
Dw ≈ Ds < < Doil. In the case of a bicontinuous middle
phase, the diffusion coefficients of the three compo-
nents are uncorrelated, but water and oil have diffu-
sion coefficients of the same order of magnitude as
those of pure components (Tartaro et al., 2023). In
the case of bicontinuous microemulsions
(at HLD = 0), there is no defined geometrical param-
eter describing the shape of the domains.

There is a body of knowledge with diverse explana-
tions and models on the bicontinuous microemulsions
subject, and there are uncertainties in relation to these
models and interpretations. While not detailed herein, the
different proposed models can be explored in the litera-
ture (Bourrel & Schechter, 2010; Hyde et al., 1997;
Langevin, 2020; Salager, Marquez, Rond�on, et al., 2023).
In one of the models proposed by De Gennes, the degree
of flexibility of the surfactant film can be described by a
correlation length ξ (Tartaro et al., 2023). Such a correla-
tion length can be measured by SAXS experiments, and
it can be evaluated from the water and oil volume
fractions and the amount of surfactant. According to the
publication by Jouffroy et al. (1982), a bicontinuous micro-
emulsion can be described using a lattice model of cubes
of size ξ randomly filled by water and oil. Interestingly,
techniques such as SAXS allow obtaining structural infor-
mation of the microemulsion, indicating that at the opti-
mum formulation, the correlation length ξ reaches a
maximum for the bicontinuous microemulsion. The maxi-
mum in ξ corresponds to the state in which the middle
phase solubilizes equal amounts of water and oil (Tartaro
et al., 2023). Numerous publications have explored the
concept of bicontinuous microemulsion, each with varying
assumptions. Therefore, a comprehensive review of the
existing literature is necessary to gain a more complete
understanding of the topic (Gradzielski et al., 2021; Hyde
et al., 1997; Scriven, 1977).

Formulation scans: A systematic method
to determine the optimum formulation in
SOW systems

Formulation scans are a widely used technique for sys-
tematically altering the physicochemical interactions
between surfactant, oil, and water in SOW systems.
These scans involve changing variables that can affect
the formulation, such as salinity, surfactant (head and
tail) type, oil alkane carbon number ACN, temperature,
and pressure (Ghosh & Johns, 2016; Pouchelon
et al., 1980; Salager et al., 2010; Salager, Forgiarini,
M�arquez, et al., 2013). While effectively used to identify
the optimum formulation, this technique can be very
time-consuming if not performed wisely. Consequently,
unidimensional scans, which consist in altering a single
variable at a time, can serve as an efficient means to
identify the optimum formulation at a minimum interfa-
cial tension (Aubry et al., 2020; Cayias et al., 1976;
Sottmann & Strey, 1997).

Ternary SOW diagrams have been found to change
with the multivariable formulation, which can be regarded
as a six variable equation, and can be described mathe-
matically with a single generalized expression recently
proposed (Aubry et al., 2020; Forgiarini et al., 2021;
Salager, 2021; Salager et al., 2019, 2020), the so-called
Normalized Hydrophilic–Lipophilic Deviation (HLDN) that
has the same ACN variation unit in all cases (Equation 7)
(Aubry et al., 2020; Salager et al., 2020; Salager, Forgiar-
ini, M�arquez, et al., 2013):

HLDN ¼SCP or PACNð Þ�ACNþkS LnS or kS Sð Þ
�kACA�kT T�Trefð Þ�kp P�Prefð Þ

¼0, ð7Þ

where the ksLnS or ksS terms are used when ionic or
nonionic surfactants are present in the system, respec-
tively. ACN is the alkane carbon number when the oil is
an n-alkane or EACN when it is another oil (Queste
et al., 2007), S is the salinity expressed as wt%/vol% of
NaCl, CA is the alcohol concentration (wt%/vol%), T is
the temperature (�C) and P the pressure (atm). The
numerical value for the constants kS, kA, kT, and kp can
be found elsewhere (Salager, 2021). The HLDN sim-
plifies the HLD equation by dividing it by the coefficient
kACN of the ACN variable. This allows the surfactant
parameter for both anionic and nonionic surfactants to
have the same reference (σ and α�EON from ionic and
ethoxylated nonionic surfactant HLD equations, respec-
tively) and be expressed as a Surfactant Contribution
Parameter (SCP or PACN; Aubry et al., 2020;
Ontiveros et al., 2018), for ionic or nonionic surfactants.
The HLDN equation is useful to determine the optimum
formulation of simple SOW mixtures and understand
complex systems, as in the case of enhanced oil
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recovery, detergency, dewatering, or emulsification
applications, where surfactant mixtures are often nec-
essary (Salager, Forgiarini, M�arquez, et al., 2013).

In a SOW system, slight changes in the formulation
can result in a shift in the phase behavior at the same
composition point in a ternary diagram (Figure 1). This
can lead to a change in the optimum formulation, which
is typically characterized by a minimum tension or a
three-phase behavior with equal amounts of excess
phases. Figure 1 depicts the changes in the ternary dia-
gram when the formulation (e.g., salinity) is altered.
Surfactants tend to partition preferentially to one of the
phases, such as the water phase at low salinity or
the oil phase at high salinity. The optimum formulation
is usually attained when the surfactant forms a third
intermediate (middle) phase with bicontinuous structure
(Salager, Forgiarini, et al., 2002).

The previous Figure 1a is the representation in 2D
of the ternary diagram. Then in Figure 1b, we observe
the changes within the Winsor III middle zone as a
function of formulation, WOR, and surfactant

concentration in a 3D diagram. The middle phase is
attained at different values of the formulation variable,
depending on the surfactant, oil, and water ratios. It is
worth noting that the optimum value of the formulation
variable is influenced by the WOR and surfactant con-
centration. This is important for different applications,
including enhanced oil recovery (EOR), in which the
typical WOR is in the range of 3–4, and crude oil dehy-
dration, in which the WOR is �0.1–0.2, as well as in
food, cosmetics, and paints, in which the WOR may
vary significantly from one to another (Wasan &
Mohan, 1977).

Although WIII equilibrated systems at optimum for-
mulation have been traditionally characterized by a
minimum interfacial tension and a three-phase behavior
at a fixed surfactant concentration and oil-to-water ratio,
several reports show that a number of other character-
istic properties can be taken into account (Figure 2),
such as a minimum in dilational interfacial rheology
(Marquez, Forgiarini, Fern�andez, et al., 2018; Marquez,
Forgiarini, Langevin, & Salager, 2018), emulsion

F I GURE 1 (a) Variation on the Winsor ternary diagram when a formulation change occurs (salinity here, but also occurring with
temperature, ethyl oxides number EON, alkyl chain number ACN, etc.). (b) The morphological changes and the variation in the Winsor III
triphasic zone in a surfactant–oil–water (SOW) system upon changes in formulation, surfactant concentration and WOR. At different composition
points the morphology of the system can change according to the formulation and WOR: At a surfactant concentration bellow the x point
bicontinuous (Winsor III) microemulsions can be attained, while over that point a monophasic phase is formed.
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electrical conductivity jump (Salager et al., 1982), mini-
mum in emulsion viscosity (Salager, MiñanaPerez,
et al., 1983) and stability (Salager, Miñana-Pérez,
et al., 1983; Vinatieri, 1980), light transmission and
backscattering, among others (Ant�on et al., 1986;
Lemahieu et al., 2021; Miñana-Pérez et al., 1999;
Pierlot et al., 2016, 2019; Rout et al., 2012; Salager
et al., 1990; Salager, Miñana-Pérez, et al., 1983).
Some of these methods used the close relation
between the phase behavior at equilibrium and the
emulsion morphology when these systems are agitated
to relate the optimum formulation of the equilibrated
systems to the phase inversion of the corresponding
emulsions (Pizzino et al., 2007, 2013; Schirone
et al., 2022). In addition, other phenomena occur at a
distance from HLD = 0, for example, minimum droplet
size and stability (Ant�on & Salager, 1986;
Salager, 2000; Tolosa et al., 2006). Although the situa-
tion at HLD = 0 is often associated with minimum

interfacial tension and maximum solubilization in the
middle phase, the actual value can vary according to
the specific formulation and system conditions. There-
fore, the interfacial tension and other variables (shown
in Figure 2c–f) can be influenced also by other factors
including surfactant concentration, oil and water proper-
ties type of salt (Vera et al., 2020), oil type (Ontiveros
et al., 2013), and temperature (Salager, Forgiarini, &
Bull�on, 2013; Salager, Forgiarini, M�arquez,
et al., 2013).

Two-dimensional formulation-composition
maps and the standard transitional
inversion line

A formulation-composition map (Miñana-Pérez et al., 1986)
is a graphical representation of the relationship between
a formulation variable (HLD) and the water or oil fraction

F I GURE 2 Property changes near the optimum formulation (HLD = 0). (a) Interfacial tension, (b) emulsion type and inversion, (c) emulsion
stability, (d) droplet size, (e) viscosity, and (f) dilational modulus.

F I GURE 3 Formulation-composition map showing the different zones where normal and inverse emulsions are found. A� and C� zones
indicate normal O/W emulsions, while A+ and B+ represent inverse emulsions. B� and C+ are called the abnormal zones, where multiple
emulsions can be formed. The somber zone in the middle represents the three-phase behavior zone. The black line in the center represents the
transitional emulsion phase inversion, and the slashed line represents the catastrophic inversion line. The right panel depicts a schematic
representation of the macroemulsion morphology when the test tube systems are agitated.
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that influences the properties of an emulsion, such as its
morphology (oil-in-water or water-in-oil), droplet size, vis-
cosity, and stability. The formulation-composition map
can be divided into six regions based on the HLD value
and the water or oil content (i.e., A�, B�, C� and A+, B+,
C+), as shown in Figure 3.

When the WOR value is close to the unity, the phys-
icochemical formulation determines the emulsion mor-
phology and is referred to as “normal.” The almost
horizontal inversion branch (black line) follows the opti-
mum formulation from conductivity, indicating that the
emulsion’s morphology is determined by the properties
of the mixture in this region (i.e., A� and A+). The
almost horizontal dashed line is the tension minimum
that is more or less at the center of the three-phase
zone. A change in the morphology of a “normal” W/O
emulsion (in B+C+) from one side of the HLD = 0 zone,
to the other side of “normal O/W emulsion (in A�C�),”
is called a “transitional inversion.” However, when the
HLD value is slightly higher than zero (for W/O emul-
sions), or slightly less than zero (for O/W emulsions)
and the internal phase content is quite high or quite
low, the emulsion is considered “abnormal,” that is con-
trary to the normal expectation and it may exhibit multi-
ple emulsion characteristics (in B� and C+). The
inversion line’s vertical and sometimes slanted
branches on the map mark the transition from normal to
abnormal emulsions, referred to as “catastrophic” due
to its sudden occurrence. In other words, when HLD is
significantly greater or less than 0, the normal emulsion
becomes W/O or O/W, respectively, until a high propor-
tion of the internal phase is reached. Beyond this point,
the emulsion inverts and becomes “abnormal.” The
butterfly catastrophe model (Salager, 1985, 1988)
explains both types of emulsion inversion based on the
properties of the mixture and the composition of
the surfactant and water–oil ratio. It is widely accepted
as the most accurate model for understanding the com-
plexity of emulsion inversion (Salager, Marquez,
et al., 2000). It is seen in Figure 3 that the fact that the
solid and dashed line are not coinciding exactly pro-
duces some confusion to determine what is the
HLD = 0 location.

One concept that has been extensively studied in
the context of emulsion stability is the standard inver-
sion line. The transitional inversion locus represents
the boundary between stable and unstable emulsions
and can be used to predict the conditions under which
an emulsion will undergo inversion. The first article in
which the term “standard” inversion frontier or line
appeared delineated the sets of conditions that result in
an O/W and a W/O region on an appropriate
formulation-composition map (Salager, Marquez,
et al., 2000; Salager, Miñana-Pérez, et al., 1983). Sur-
factant composition and concentration can also affect
the position of the inversion boundary through surfac-
tant partitioning between the phases and alteration of

the distribution of lipophilic and hydrophilic oligomers at
the droplet interface (Galindo-Alvarez et al., 2011).

OPTIMUM FORMULATION DETECTION
METHODS

The most common method used to identify the optimum
formulation involves preparing a series of test tubes
with different formulations, shaking them gently, and
then observing which one causes an excess phase
(W or O) to separate the fastest. It is a measurement of
the immediate instability of one emulsion produced. It
must be said that it is not a scientific method with a
number to quantify but an almost instantaneous guess.

This conjecture is advantageous because the opti-
mum formulation is typically located at or very close to
the point at which an excess phase starts to appear,
which corresponds to the stability minima in Figure 2,
indicating the lowest stability for O/W and W/O emul-
sions (Ant�on & Salager, 1986; Marquez, Forgiarini,
Langevin, & Salager, 2018), or for both at the same rate
in fortunate cases exactly at HLD = 0. However, it
should be noted that although this method is simple
and easy to measure, the underlying phenomena are
complex (McClements, 2007; Tolosa et al., 2006), and a
thorough understanding of formulation principles
and surface properties become relevant
(Langevin, 2020; Salager, 2006).

Previous studies have also demonstrated that the
apparent equilibration of the emulsified system occurs
very rapidly, often immediately, near the optimum for-
mulation (Salager, Moreno, et al., 2002). This separa-
tion does not depend on the water-to-oil ratio (WOR) or
surfactant concentration (unless a viscous liquid crystal
phase is formed). The undisputable determination of
optimum formulation is performed with the minimum
interfacial tension measurement, which is detailed in
Section Phase behavior and minimum interfacial ten-
sion to detect the optimum formulation. The optimum
formulation is also determined indirectly by the stability
or viscosity measurement of agitated systems (Pizzino
et al., 2013) (Section Minimum emulsion stability and
viscosity to detect the optimum formulation). Electrical
conductivity (Section Electrical conductivity of the emul-
sion), the minimum in interfacial dilational modulus
(Section Oscillating spinning drop interfacial rheome-
ter), and other complementary techniques that allow
understanding some structural features of the SOW
system around the optimum, such as wave scattering
techniques: DLS and small angle scattering (SAXS and
SANS) (Section Light scattering methods), NMR, X-ray
microcomputed tomography (Micro CT), and differential
scanning calorimeter (DSC) (Section Nuclear magnetic
resonance). The advantages and inconveniences of
each method and the particular cases are discussed.
Table 1 presents a summary of each method reviewed
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in the present work, the variable measured, principle,
and interval of measurements, advantages, and
limitations.

Phase behavior and minimum interfacial
tension to detect the optimum formulation

The detection of the optimum formulation for enhanced
oil recovery (EOR) is often based on the measurement
of the minimum interfacial tension at equilibrium
(Figure 4), which corresponds to the desired increase
in capillary number and displacement of crude oil. This
measurement is considered the most relevant for the
purpose of the application. However, obtaining this
measurement can be a time-consuming process, as it
requires allowing for equilibration over 1–2 days and
the stabilization of low interfacial tension over minutes
or hours when low diffusing species are in the mixture,
such as polymeric surfactants or with crude oils con-
taining a large percentage of asphaltenes that are
heavy lipophilic surfactants. In certain cases, the inter-
facial tension may stabilize quickly, particularly in the
presence of cosurfactants such as sec-butanol, which
slightly affects the optimum formulation (Marfisi
et al., 2005). Therefore, certain variables may contrib-
ute to rapid mass transfer in addition to the HLDN = 0

condition, including: (1) surfactant concentration with-
out reaching the Winsor IV region (Rond�on-Gonzaléz
et al., 2006), which is the point where a homogeneous
single phase system appears, and (2) the use of
C3 C5 alkyl chain alcohols (Kim & Wasan, 1996).

According to the solubilization performance in a
SOW system and the formation (or not) of a microemul-
sion bicontinuous middle phase with a large volume,
the visual method to determine the optimum at the
occurrence of equal solubilization of oil and water can
be measured (or not) (Marquez, Ant�on, et al., 2019;
Marquez, Forgiarini, Langevin, & Salager, 2018;
Salager et al., 1982). In this section, we will describe
two cases, on the one hand, the case where a low sur-
factant concentration and a small volume of middle
phase is attained, and on the other hand, the case
where a large volume of microemulsion middle phase
is present.

The case of a small volume of microemulsion
middle phase

We will begin this section by describing how to deter-
mine the optimum formulation with interfacial tension
measurement, when there is a low surfactant concen-
tration and very little microemulsion middle phase. In
Figure 5, a formulation scan of the sodium dodecyl ben-
zene sulfonate (SDBS)/cyclohexane/brine system
shows that the optimum formulation is attained at a
salinity of 3.4 wt%, which was determined with a mini-
mum of interfacial tension in Figure 5 right panel, and
as evidenced with the HLDN equation (Equation 8).

HLDN ¼ kSLn Sð ÞþSCP or PACNð Þ�
EACNþkT T �25ð Þ, ð8aÞ

HLDN ¼6:25Ln Sð Þþ �3:75ð Þ�3:5
þ �0:0625ð Þ 30�25ð Þ

¼0, ð8bÞ

where ks = 6.25, SCP = �3.75, and kT = �0.0625 for
sodium dodecyl benzene sulfonate, and EACN = 3.5
for cyclohexane, and T = 30�C. When the salinity at
optimum formulation, S = 3.4 wt%, is substituted in the
equation, HLDN = 0 is satisfied.

The challenge with these types of systems is that
the microemulsion middle phase volume is very small
due to the very low surfactant concentration (Marquez,
Forgiarini, Langevin, & Salager, 2018). This is often the
case in practical applications such as crude oil dewa-
tering, enhanced oil recovery, and even detergency
and cosmetic applications with low surfactant concen-
tration restrictions due to cost reduction considerations
(Marquez, Forgiarini, et al., 2019; Marquez, Meza,

F I GURE 4 Properties of equilibrated systems at optimum
formulation: Minimum interfacial tension, which corresponds to the
maximum solubilization WOR = 1, according to Chun Huh relation
(Huh, 1979).
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Alvarado, Bull�on, et al., 2021). Therefore, in cases
where a small amount of microemulsion middle phase
is formed, the optimum should be measured by the
minimum of interfacial tension (Salager, Forgiarini, &
Bull�on, 2013), or in some applications such as crude oil
dewatering, with the minimum of emulsion stability
(Delgado-Linares et al., 2016).

Measuring low interfacial tension typically requires
the use of specialized equipment such as a spinning
drop tensiometer, and in practice, may involve multiple
devices. For example, the Wade and Schechter Labo-
ratory at the University of Texas had 25 such devices in
the 1970s, which allowed them to generate over a hun-
dred data points in a single day (Wade et al., 1978).

At water-to-oil ratios (WOR) very different from unity
and at variable surfactant concentrations, partitioning of
the surfactant species may occur, as in the case
of commercial ethoxylated surfactants (Graciaa
et al., 1987). Therefore, ensuring that the interface is at
the optimum critical condition is crucial, as leaving the
(partial) equilibration in a spinning drop tube can result
in rapid or slow changes in tension or even complete
solubilization of the drop due to the transfer of surfac-
tant. Previous studies have shown that systems without
alcohol reach equilibrium at lengthy times, exceeding
4 h, while systems with alcohols such as sec-butanol
reach equilibrium in a shorter period (often less than
1 h) (Marquez, Ant�on, et al., 2019; Marquez, Forgiarini,
Langevin, & Salager, 2018). This rapid exchange of
surfactant at the optimum formulation, in which there is
virtually no resistance to mass transfer by diffusion in
the presence of sec-butanol, can affect emulsion stabil-
ity, with the system containing sec-butanol having lower
stability when compared with the system without alco-
hol (Marquez, Meza, Alvarado, Bull�on, et al., 2021;
Zamora et al., 2018).

The case of a large volume of microemulsion
middle phase

Conversely, when the surfactant concentration is suffi-
ciently high and the system exhibits high performance
and solubilization, a large volume of microemulsion
middle phase can be attained (Figure 6) (Marquez,
Ant�on, et al., 2019). In this case, we present a formula-
tion scan of a sodium dodecyl sulfate (SDS) surfactant/
kerosene/brine system, with 3% n-pentanol alcohol. It
is evident that a large microemulsion volume system
can be attained at 5.2 wt% NaCl. This suggests that
the volume of the excess phases can be measured.
Consequently, when the water-to-oil ratio equals 1, the
point at which both phases are equally solubilized in
the middle phase microemulsion can be determined
visually, or even with other instrumental measurements
such as NMR or Micro-CT, particularly when non-
transparent systems are involved. Therefore, in this
case, where a large volume of middle phase is attained,
from a practical point of view, it is better to determine
the optimum visually, rather than performing lengthy
interfacial tension (IFT) measurements. When three
phases are present IFT measurements should be per-
formed carefully, for example, separating the bottom
and top phases of the tubes, without extracting the mid-
dle phase to attain accurate measurements (Ant�on &
Salager, 1986; Marquez, Ant�on, et al., 2019).

Minimum emulsion stability and viscosity
to detect the optimum formulation

It has been observed that emulsion stability and viscosity
tend to be low at the optimum formulation (Boyd
et al., 1972). This phenomenon was first observed in the

F I GURE 5 Left: Phase behavior of the SDBS/cyclohexane/brine system at 0.02 wt% surfactant, T = 30�C. Right: Interfacial tension
minimum found at the optimum formulation (3.4 wt% NaCl) when measured with the spinning drop apparatus. Two cases are presented, the first
when no sec-butanol is added to the system and very small solubilization is attained as indicated in the left panel figure. The second system
contains 1 wt% sec-butanol, which generates higher solubilization and thus, a lower interfacial tension, according to Chun Huh relation
(Huh, 1979). Source: Figure reproduced from Marquez, Forgiarini, Langevin, and Salager (2018).
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1970s and 1980s through the use of formulation scans
(Miñana-Pérez et al., 1986; Salager et al., 1982). It has
been demonstrated to occur for both oil-in-water (O/W)
and water-in-oil (W/O) emulsions, as well as for oil-in-
water-in-oil (O/W/O) systems (Ant�on & Salager, 1986).
The low lifetime of emulsions at the optimum formulation
has been discuted extensively in previous publications
(Ant�on & Salager, 1986; Salager, Marquez, Delgado-
Linares, et al., 2022; Marquez et al., 2018).

Winsor and Shinoda (Shinoda & Saito, 1969;
Winsor, 1948, 1954) and other authors have noted that
emulsion stability tends to decrease as the SOW sys-
tem approaches the optimum formulation. However, it
was only through several articles reporting formulation
scans (Salager et al., 1982; Vinatieri, 1980) that a sys-
tematic relationship between the minimum stability of
the emulsion and the optimum formulation was found.
This relationship was further corroborated in subse-
quent studies (Graciaa et al., 1982; Milos &
Wasan, 1982; Salager et al., 1982), including a mea-
surement of the stability of the two-phase emulsion in
the three-phase behavior, which was demonstrated by
Ant�on and Salager (1986) as two minima of stability
very close to the center of the WIII zone. High instability
at the optimum formulation was justified from funda-
mental studies (Al-Sabagh, 2002; Kabalnov &
Wennerström, 1996; Kiran & Acosta, 2015;
Ruckenstein, 1996).

On the other hand, the minimum viscosity of an emul-
sion can be attributed to concurrent phenomena. While
the viscosity of the internal phase does not significantly
affect the overall viscosity of the emulsion, the internal
phase content plays a significant role (Pierlot et al., 2016;
R�amirez et al., 2002). The emulsion formulation may also
affect viscosity, particularly when approaching the so-
called optimum formulation (Figure 7). Indeed, when the

interfacial tension is low, the droplets within the emulsion
tend to elongate, leading to a reduction in the interactions
among them. As a result, the viscosity of the emulsion
decreases, and a minimum viscosity is observed at the
optimum formulation, irrespective of the formulation vari-
able (e.g., EACN, salinity, nature of the surfactant; Sala-
ger, Miñana-Pérez, et al., 1983).

In Figure 8, we present additional examples of high-
performance systems with low surfactant concentra-
tion, where the minimum interfacial tension can be used

F I GURE 6 Left: Interfacial tension minimum found at the optimum formulation (5.2 wt% NaCl) in the SDS/Kerosene/Brine system at 1 wt%
surfactant and 3 wt% n-pentanol, T = 30�C, when measured with the spinning drop apparatus. Right: Phase behavior of the system. The large
solubilization that is attained is evidenced by the very low interfacial tension, according to Chun Huh relation (Huh, 1979). Source:
Figure reproduced from Marquez, Ant�on, et al. (2019).

F I GURE 7 Minimum emulsion stability and viscosity for
emulsions near optimum formulation. In the right figure gdpl stands
for grams per deciliter, units used in the 1980s in practice,
corresponding to wt%/vol%. Source: Adapted from Ant�on and
Salager (1986).
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to determine the optimum formulation, as well as the
minimum in emulsion stability (Marquez, Forgiarini,
Fern�andez, et al., 2018). It is evident that in this case, a
cyclohexane/brine system with either an extended
anionic surfactant or an ethoxylated nonionic surfactant
can achieve a very low interfacial tension at a low sur-
factant concentration of 0.1 wt%. It is crucial to highlight
that the significant decrease in interfacial tension that
occurs at the optimum formulation can be on the order
of three orders of magnitude in this system with a high-
performance surfactant, while the determination of the
minimum by emulsion stability requires more precision.
Emulsion stability can be very low around the optimum
formulation and thus, the differences can be within the
margin of error of the measurement and finding the
exact point of the optimum can be challenging.

Electrical conductivity of the emulsion

The electrical conductivity of the emulsified SOW sys-
tem presents a change at the optimum formulation. In
the most simple case, conductivity presents low values
when W/O emulsions are formed (in the order of μS/m at
HLD > 0) and high values when O/W emulsions are
obtained (in the order of mS/m at HLD <0) (Salager
et al., 1982). Several theoretical equations have been
developed to predict the electrical conductivity of two and

three-phase systems, given specific volume fractions and
conductivities of the phases (Lee et al., 2003; Lee &
Lim, 2005). However, it is currently not possible to use
electrical measurements alone as a universal method for
determining the morphology of the dispersed phases.
This is because the conductivity depends largely on the
conductivity of the external phase, and multiple morphol-
ogies may exhibit similar electrical conductivities. There-
fore, it is necessary to use additional experimental
methods in order to identify the morphologies that may be
present in a system (Allouche et al., 2004; Johnson
et al., 1994; Smith et al., 1994; Smith & Lim, 2000). Phase
inversion may coincide with the minimum interfacial ten-
sion in the WIII zone in some cases, although this may
not always be the case, even if the samples are preequili-
brated and at WOR = 1. In Figure 9 it can be observed
that the minimum of stability does not match exactly with
the inversion indicated by the conductivity of the emul-
sion. Factors such as salinity, temperature, or pH could
be at the origin of this delay (Salager et al., 1982), and will
be discussed in a follow-up publication.

Oscillating spinning drop interfacial
rheometer

The OSDIR is a technique proposed by Slattery et al.
(1980) (Slattery et al., 1980) and experimentally

F I GURE 8 Left: Interfacial tension minimum found at the optimum formulation of the anionic or nonionic surfactant/cyclohexane/brine
system at 0.1 wt% surfactant when measured with the spinning drop apparatus. T = 30�C. Right: Emulsion stability of the system measured as
the time required for 50% of the volume of the aqueous phase after emulsification with an ultraturrax apparatus for 30 s.
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developed recently (Zamora et al., 2018), which oper-
ates with a principle similar to the spinning drop tensi-
ometer, in this case, with an oscillating rotational
speed. It is employed to measure interfacial dilational
modulus of SOW systems, and it is particularly useful
to measure the interfacial rheology modulus of systems
at or near the optimum formulation (HLD = 0) (Figure
10). The dilational modulus, denoted as E, obtained
with the OSDIR is equivalent to the Young modulus,
which in a two-dimensional context, includes both com-
pression and shear contributions (Zamora et al., 2018).

The OSDIR requires the appropriate selection of
droplet volume, rotational speed, and oscillation ampli-
tude to perform a precise measurement within a rea-
sonable timeframe (Marquez, Bullon, Forgiarini, &
Salager, 2021). This is particularly significant when
dealing with systems that require long equilibration
times, such as those containing high molecular weight
or polymeric surfactants, which is the case in petroleum
dewatering, typically associated with low interfacial ten-
sion (Marquez, Meza, Alvarado, Bull�on, et al., 2021).
The interfacial rheological measurement has been
proven to be related to emulsion stability at the opti-
mum formulation. In this case, the oscillation frequency
(ω) can be set at 0.1 Hz to match the characteristic time
scale of the phenomenon of emulsion breaking
(Marquez, Forgiarini, Langevin, & Salager, 2018). In

contrast, a frequency sweep can be performed from
ω = 0.015 to 0.25 Hz for a broader study of the system
response to a frequency change.

The interfacial dilational modulus (E) can be
expressed by equation (Equation 9; Zamora et al., 2018):

E¼A0
Δγ
ΔA

ð9Þ

where Δγ represents the change in the interfacial ten-
sion, ΔA is the variation in the drop area, and A0 is the
initial interfacial area of the drop.

The measurements with the OSDIR have shown
systematically that at HLD = 0, very low values of the
dilational moduli and interfacial viscosity are attained,
and thus, the optimum formulation can be identified
(Marquez, Forgiarini, Fern�andez, et al., 2018). This is
particularly important because it explains the very deep
minimum in emulsion stability at optimum formulation
(Marquez, Forgiarini, et al., 2019). We have identified a
connection with interfacial rheology, specifically in cases
in which low tension and Gibbs-Marangoni effects
become negligible (Marquez, Forgiarini, Fern�andez,
et al., 2018; Marquez, Forgiarini, Langevin, & Salager,
2018). In the past, the relationship between interfacial rhe-
ology and thin film stability has been extensively studied
(Maru & Wasan, 1979; Tambe et al., 1995; Tambe &
Sharma, 1991; Wasan et al., 1979; Wasan &
Mohan, 1977). However, our recent research on the influ-
ence of formulation on interfacial rheology has definitively
demonstrated that the moduli are extremely low at opti-
mum conditions, which explains the strong coalescence
and resulting low stability of the emulsion at this point
(Marquez, Forgiarini, Fern�andez, et al., 2018; Marquez,
Forgiarini, Langevin, & Salager, 2018). This occurs proba-
bly because the diffusional mass transfer is very fast at
HLDN = 0 (Marquez, Ant�on, et al., 2019; Marquez,
Forgiarini, et al., 2019; Marquez, Meza, Alvarado, Bull�on,
et al., 2021).

In this case, Figure 10 right panel presents the
stability of the emulsion, measured as the separation
of the aqueous or oil phase over time. It can be
observed that outside the WIII zone, highly stable
emulsions are achieved, and the dilational modulus
is at least an order of magnitude higher than close to
the optimum formulation. It can be said in different
words that at the optimum, the interfacial modulus is
extremely low, and emulsion stability decreases by
three orders of magnitude when compared to emul-
sions outside the optimum formulation. This is signifi-
cant for tailoring products where emulsion stability is
a required property, such as in cosmetic emulsions or
paints. Conversely, for systems for applications such
as enhanced oil recovery or crude oil emulsion break-
ing, it is crucial to work near or at the optimum formu-
lation, where a very low dilational elasticity and
emulsion stability are attained.

F I GURE 9 Inversion point measured with conductivity in an
emulsified SDS/n-pentanol/C6H6 C7H16/brine system and the
corresponding emulsion stability. In some complex cases the
conductivity of the emulsion might not coincide exactly with the minimum
stability, the advantage is that conductivity can be measured in a short
time and a continuous way with the so-called dynamic phase inversion
method. Source: Adapted from Salager et al. (1982).
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COMPLEMENTARY TECHNIQUES THAT
ALLOW UNDERSTANDING OF SOME
STRUCTURAL FEATURES OF THE SOW
SYSTEM AROUND THE OPTIMUM

Complementary techniques, such as light scattering
methods, are increasingly being used to understand some
structural features of SOW systems around the optimum
formulation. These methods, which include DLS, small
angle x-ray scattering (SAXS), and small angle neutron
scattering (SANS), provide valuable insights into the size,
shape, and morphology of these systems. On the other
hand, NMR, x-ray micro-computed tomography (micro-
CT), and DSC allow understanding changes in a formula-
tion scan, such as identifying the zone around the opti-
mum. However, their use in precisely determining the
optimum formulation is limited. This is because the opti-
mum formulation is a specific point, and while these tech-
niques can help understand the region around the
optimum, pinpointing its exact location can be
challenging.

Light scattering methods

Scattering techniques, such as light scattering (DLS),
x-ray (SAXS), or neutron (SANS), have been used to
obtain quantitative information regarding the size, shape,
and morphology of microemulsions. These techniques
operate by directing a beam of radiation onto the sample
and measuring the intensity and angle of the scattered
beam. The scattering phenomenon arises from the inter-
action of the radiation with regions of varying refractive
index (light scattering), electron density (x-ray scattering),
or nuclear composition (neutron scattering).

Dynamic light scattering

DLS is a technique that can be used to analyze the size
of structures near the optimum formation in a SOW sys-
tem. It achieves this by determining the hydrodynamic
radius, which can be extracted from measurements of
the diffusion constants of the diluted dispersed phase
(droplets) undergoing Brownian motion. DLS is advan-
tageous as it utilizes simple equipment and requires
short experimental times (Lemyre et al., 2010; Silva
et al., 2007), although the interpretation of the data can
be complex. The dynamics of microemulsions can be
studied using a DLS setup by passing a laser beam
through the phase of interest. The fluctuations in the
intensity of the scattered light are collected as a func-
tion of time G2 q, tð Þ, and from the measured fluctuations
the autocorrelation function of the intensity can be
derived using the Siegert relation (Equation 10;
Eyssautier et al., 2012):

G2 q, tð Þ¼ αþβg1
2 q, tð Þ, ð10Þ

in which case α and β are a baseline and the coher-
ence factor, q ¼ 4πn sin θ

2

� �
=λ0

� �
and t represent the

scattering vector and time, n and λ0 are the refractive
index of the medium and the radiation wavelength in
vacuum.

For monodispersed systems, the dynamic behavior
can be described using a normalized field autocorrela-
tion function g1 q, tð Þ, which is expressed as a single
exponential decay (Equation 11)

g1 q, tð Þ¼ exp �Γtð Þ: ð11Þ

F I GURE 1 0 Left: Interfacial dilatational modulus minimum found at the optimum formulation (5.2 wt% NaCl) when measured with the
OSDIR. Right: Minimum emulsion stability measured with the volume separated of the phases (water or oil) after emulsification in a formulation
scan in an SDS/Kerosene/Brine system at 3 wt% surfactant and 3 wt.% n-pentanol, T = 30�C, Frequency = 0.1 Hz.

18 JOURNAL OF SURFACTANTS AND DETERGENTS

 15589293, 0, D
ow

nloaded from
 https://aocs.onlinelibrary.w

iley.com
/doi/10.1002/jsde.12703 by C

ochrane France, W
iley O

nline L
ibrary on [03/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The diffusion coefficient of the particles is defined
as D¼Γ=q2, where Γ is the exponential decay rate and
q is the scattering vector, and in the case of hard
spheres dispersed in solution, with no interactions
under the influence of Brownian motion, the hydrody-
namic radius RH of a sphere given by the Stokes-Ein-
stein equation as (Equation 12):

D¼ κT=6πν0RH , ð12Þ

in which κ, T , and ν0 are the Boltzmann constant, tem-
perature, and viscosity of the solvent.

Fukumoto et al. (2016) investigated the dynamics of
microemulsions formed with sodium dodecyl benzene-
sulfonate, isobutanol, brine, and decane, at different
salinities through DLS. To that end, the authors calcu-
lated the hydrodynamic radius for Winsor I and Winsor
II systems formed by swollen micelles. However, for
Winsor III systems, this parameter is not suitable. The
authors calculated the diffusion coefficient D for all
phases obtained by performing a formulation scan of
the SDBS/decane/isobutanol/brine system from 3 to
8wt% NaCl, noting that the calculated D of a Winsor III
system does not represent the diffusivity of the compo-
nents in the middle phase, but corresponds to the char-
acteristic time of the dynamics. By plotting D of
microemulsion aqueous, middle, and oil phases against
salinity, the authors found that the value of D in the mid-
dle phase reached a maximum value near the optimum
salinity, 52 g/L, (Figure 11) and attributed this behavior
to topological changes and the smaller domain size.
The results obtained in this research for D of the middle
phases were consistent with those reported in the liter-
ature (Shukla et al., 2004) and proved the efficacy of
the DLS technique in quantifying the optimum salinity.

There are some limitations of the technique in practice.
DLS assumes that the system is monodisperse and
there is low sensitivity to large particles. Furthermore,
samples with high viscosity may not provide reliable
results, and opaque systems have limitations, even if a
backscattering configuration is used.

Small angle scattering

In small-angle x-ray scattering (SAXS), the scattering
profile obtained at low angles is analyzed by fitting it to
appropriate models. This allows for the extraction of
information about the shape, size, and nanostructure
of scattering elements present in microemulsions
(Berti & Palazzo, 2014). To investigate microemulsion
structures on the desired scale (greater than 10 nm),
scattering angles smaller than 1� are typically used.
SAXS is employed in determining the shape and size of
microemulsion droplets by leveraging the disparity in the
x-ray scattering abilities of the oil and water phases. This
characteristic is frequently applied to estimate the radius
of the confined phase in oil-in-water (O/W) or water-in-oil
(W/O) swollen micelles (Blochowicz et al., 2007; Roshan
Deen & Pedersen, 2008).

Using several experimental techniques, Fukumoto
et al. (2016) examined the physical properties and mor-
phologies of microemulsions formed with sodium dode-
cyl benzenesulfonate, isobutanol, brine, and decane.
Among those techniques, SAXS proved to be effective
in the characterization of microemulsion systems mor-
phology and composition. The SAXS spectra for the
microemulsions at different brine concentrations is
shown in Figure 12. A single broad peak was identified
for the scattering curves of microemulsions at 40, 52,
and 64 g/L salinities, which is characteristic of bicontin-
uous microemulsions (Chen et al., 1990), while for the
O/W at 30 g/L and W/O at 80 g/L Winsor I and Winsor
II systems, no characteristic peak was observed. The
solid line for the scattered intensity I qð Þ of the Winsor I
system at 30 g/L (shown in Figure 12) was calculated
by the authors from the Guinier approximation (van
Blaaderen & Vrij, 1992).

The authors used the Teubner and Stray (T-S)
model to fit the scattered intensity I qð Þ for the bicontinu-
ous microemulsions at 30, 40, 52, and 64 g/L
(Teubner & Strey, 1987), and thus obtained the physi-
cal parameters for the domain size d, and the correla-
tion length ξ, which were in the same range as those
reported in the literature (Chen et al., 1991; Teubner &
Strey, 1987).

On the other hand, for the 80 g/L microemulsion,
the Guinier fitting did not agree with the measurements
since there was no plateau in the spectra, and therefore
no line was drawn. As shown in Figure 12, good agree-
ment between the SAXS measurements and the
fitted line from the model is found in the q range below

F I GURE 1 1 Diffusion coefficients of microemulsions formed with
sodium dodecyl benzenesulfonate, isobutanol, brine, and decane at
different salinities reach a maximum around the optimum salinity
52 g/L. Source: Adapted from Fukumoto et al. (2016).
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0.07 Å
�1
. Remarkably, for the bicontinuous microemul-

sion systems (Winsor III), the domain size d showed a
minimum, and the correlation length ξ a maximum at
the optimum formulation, 52 g/L. SAXS seems a pro-
spective technique that proves to be effective for the
optimum formulation and surfactant parameter (SCP)
quantification in the HLD equation, although access to
a SAXS system is required. Measurements can be
lengthy and subjected to certain precautions, as indi-
cated in Table 1.

Other techniques, such as SANS allows to gain
information on the size and shape of the structures
formed in the surfactant-rich phase (Gradzielski
et al., 2021; Hellweg, 2009; Prévost et al., 2017). How-
ever, systems with low contrast could potentially limit
the amount of information obtained from the scattering
data. Moreover, the interpretation of SANS data can be
complex and may require a deep understanding of both
the experimental technique and the system being stud-
ied. The complexity increases in practical cases, mak-
ing the observation more challenging and the
measurement requires significant resources, including
neutron sources. This is probably why there are only a
handful of works where formulation scans have been
performed with SANS to gain information on the struc-
ture of the microemulsion and not to identify the opti-
mum formulation (Choi et al., 2002; Gradzielski
et al., 2021).

Nuclear magnetic resonance

NMR has been extensively used to provide structural
information on microemulsion systems by measuring

the self-diffusion coefficients of the different compo-
nents of such complex mixtures (Fur�o, 2005;
Lindman et al., 2020), including the surfactant rich
phases at equilibrium around the optimum
formulation.

This technique, regarded as non-invasive, versatile,
precise, and fast, allows to differentiate between dis-
continuous (called type WI and WII) and bicontinuous
(type WIII) microemulsions, as well as determining
whether a swollen micellar system around the optimum
is normal (HLD < 0) or inverse cases (HLD > 0) type.

This is possible because the self-diffusion coeffi-
cients of the oil- or water-continuous phase in swollen
micellar system are similar to those of the bulk liquid.
Simultaneous high diffusion coefficients of both compo-
nent solvents indicate the presence of bicontinuous
structures at HLD = 0, and a significant change in the
diffusion properties of one solvent indicates the transi-
tion from bicontinuous to swollen micellar systems at a
distance from the optimum. Two main NMR experi-
ments are used: relaxation and self-diffusion studies.
Of these two, self-diffusion studies have been exten-
sively used to characterize microemulsion systems (Lif
et al., 2009; Lindman et al., 1980), even if there is no
really an interface but a dispersion of aggregates in a
single phase. On the other hand, relaxation studies
have fairly been conducted on microemulsions due to
the low sensitivity of this technique to inter-object
interactions.

In a recent study, Herrera et al. (2021) applied an
innovative approach to extract compositions and fol-
low the kinetics of microemulsion formation (Herrera
et al., 2021). The authors used a high-resolution T1-
weighted relaxometry imaging NMR system to
access 1D-composition profiles of cosurfactant, oil
and brine in Winsor I, and II swollen micellar systems
and Winsor III bicontinuous microemulsions. The
results obtained from this technique are comparable
to those reported in the literature (Bellocq
et al., 1980; Pouchelon et al., 1981). Figure 13
depicts the NMR profiles obtained for SDS/n-butanol/
NaCl brine/Toluene systems at different salinities, as
a function of the height of the testing tube, during
each formulation step.

This technique could be employed to determine the
optimum formulation based on the quantification of
NMR profiles of the different phases present in the
microemulsion systems. This method presents several
advantages, such as giving access simultaneously to
oil, brine, and co-surfactant compositions; it is non-
destructive, relatively fast, reproducible, and can be
employed to quantify opaque/dark systems. However,
one of the significant drawbacks is the limited quantifi-
cation for components at concentrations below 4% vol
% and requires a contrast in T1-relaxation time and/or
hydrogen index between each system component
(Herrera et al., 2021). While NMR requires specialized

F I GURE 1 2 SAXS spectra of microemulsions formed with
sodium dodecyl benzenesulfonate, isobutanol, brine, and decane at
different salinities. Winsor I system at 30 g/L, Winsor III at 40, 52 and
64 g/L, and Winsor II at 80 g/L. The SAXS measurements were fitted
by the Teubner and Stray (T-S) model or the Guinier equation (solid
lines). The dashed line represents the power of law of q�4. Source:
Reproduced from Fukumoto et al. (2016).
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equipment and expertise, the data it provides often jus-
tifies the associated time and cost in the case of very
complex phases, such as opaque ones that are difficult
to measure with other techniques.

X-ray micro-computed tomography

The micro-CT method is based on transmitting x-ray
radiation through a sample. Radiographies of the
samples are acquired over time and displayed in
levels of grays (Unsal et al., 2019; Figure 14). The
absorbance of the sample is dependent on the atten-
uation coefficient, μi , volume fraction, φi , of each com-
ponent i in the system, and the thickness of the
transmitting medium, x, and varies according to the
Beer–Lambert law.

The brine distribution can be easily extracted from
this technique due to a contrast in attenuation coeffi-
cients of water and the other components of the sys-
tem. The volume fraction of the brine along the testing
tube can be calculated from Equation 13, with Xbrine hð Þ,
the volume fraction of brine at height h of the testing
tube, Ioil and Ibrine the reference intensities for oil and
brine (Herrera et al., 2022).

Xbrine hð Þ¼ ln Ioilð Þ� ln Isample hð Þ� �

ln Ioilð Þ� ln Ibrineð Þ : ð13Þ

One of the major limitations of this technique is that
no significant contrast is observed for the reference
surfactant-water system and water alone, limiting the
detection of the surfactant in the different phases. How-
ever, the micro-CT is substantially reliable in quantify-
ing the relative distance in the tube of the different
phases present in a three-phase system, therefore
proving useful to measure the volume fraction of each
component.

The results obtained by x-ray micro-CT for microe-
mulsion systems have been compared to other tech-
niques, such as NMR, and good agreement is found in
terms of volume fraction for the different phases.
Although, the results obtained from both techniques
exhibit disparities for systems far from the optimal salin-
ity (1 to 7 vol%).

In a recent article, Borji et al. (2022) showed that
the classical visual phase-behavior tests might be mis-
leading since coloring of the aqueous-phase can occur
due to even minor contamination of water with crude
oil, which makes the water phase optically indistin-
guishable from the oil phase (Borji et al., 2022). In that
sense, micro-CT scanning is objective and quantitative
regarding phase composition and can provide informa-
tion about the optimum concentration in agreement with
classical experiments.

F I GURE 1 3 Volume fractions of each component at different salinities, for Winsor I, Winsor II and Winsor III SDS/n-butanol/NaCl brine/
Toluene systems obtained from NMR profiles. T = 25�C. Source: Reproduced from Herrera et al. (2021).

F I GURE 1 4 Micro-CT radiography of an equilibrated SDS/n-
butanol/NaCl brine / Toluene microemulsion at optimal salinity (left).
T = 25�C. Conversion of gray profiles from the radiography to brine
volume fractions along the testing tube. Source: Reproduced from
Herrera et al. (2021).
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Differential scanning calorimetry

The DSC has been used to characterize the morphol-
ogy of emulsions (Clausse et al., 2005). In a classical
DSC experiment, regular heating and cooling cycles
are applied to an emulsion at temperatures that are
within the freezing and melting points of the dispersed
droplets.

Dalmazzone et al. (2009) used DSC to character-
ize the phase behavior of emulsified systems, and
were able to deduce relevant information, such as
type of emulsion, amount of water, presence of solute,
stability, and droplet size from the thermograms
(Dalmazzone et al., 2009; Fukumoto et al., 2018).
Studies have demonstrated a correlation between the
water morphology and the temperature at which micro-
emulsions crystallize, as the likelihood of ice nucle-
ation is directly proportional to the volume of water.
Reports show that the smaller the water volume, the
lower the freezing temperature. Fukumoto et al.
(2016) investigated the physical properties and mor-
phologies of microemulsions formed with sodium
dodecyl benzenesulfonate, isobutanol, brine, and dec-
ane, through DSC. The heat flow profiles of the micro-
emulsions at different salinities are shown in
Figure 15.

Three characteristic behaviors are observed for the
microemulsion systems during the cooling process
(Figure 12). The heat flow profiles for the systems

containing salinities of 30 and 40 g/L display two sharp
positive peaks around �20�C. This indicates the pres-
ence of water in a mm3 volume scale and is expected
for the 30 g/L system since the microemulsion is Win-
sor I type, in which eventually oil swollen micelar aggre-
gates are dispersed in a continuous water phase. For
the 40 g/L system, which contains a bicontinuous mid-
dle phase structure (Winsor III), it might be thought that
the size of the water channels in the microemulsion are
so large that there is no peak shift despite the bicontin-
uous structure formation, but that was not the case.

Instead, a phase separation of water and oil domains
surrounded by a continuous surfactant film coating
occurred as the authors confirmed it. This phase separa-
tion did not occur for salinities of 52 and 64 g/L. Second
peaks were also observed for these two systems around
�35�C, corresponding to decane crystallization. In addi-
tion, third peaks were detected between �45
and � 40�C and attributed to NaCl crystallization. The
microemulsion at optimum salinity (52 g/L) exhibited only
one crystallization peak, supporting that water and oil
crystallization are happening together.

A small sharp peak was observed at �32�C for the
64 g/L microemulsion, following the characteristic peak
for decane crystallization, indicating the presence of
water in a volumetric scale of μm3 in the bicontinuous
middle phase. For the Winsor II system, 80 g/L salinity,
a single peak at �35�C, was shown, attributed to the
decane crystallization. Since this system is an oil solu-
tion of eventually swollen inverse micelles, it is
expected that the surrounding decane induces the crys-
tallization of water droplets and therefore, the single
peak corresponds to the freezing of water and decane
simultaneously.

COMPLEX CASES FOR THE
DETERMINATION OF THE OPTIMUM
FORMULATION

While the methods mentioned in the previous
section may yield accurate results for preequilibrated
systems before emulsification, inconsistencies can still
be found if some surfactant/cosurfactant transfer
between phases has to happen. In Figure 16 system,
sec-butanol and surfactant are initially introduced in the
oil phase, and the optimum formulation is at
S* = 0.45 wt% from the phase behavior in an equili-
brated system after 24 h of contact (Salager, Moreno,
et al., 2002). The emulsion inversion also happens at
the same formulation without any contact time, that is,
the equilibration can occur instantly at or close to the
optimum formulation in the WIII phase behavior
(0.45 < S < 0.50). However, slightly away from optimum
(e.g., S < 0.40), the contact time required to produce an
apparent pseudo-equilibration (tAPE) is nonzero and it

F I GURE 1 5 Heat flow profiles of microemulsions formed with
sodium dodecyl benzenesulfonate, isobutanol, brine, and decane at
different salinities. Winsor I system at 30 g/L, Winsor III at 40, 52, and
64 g/L, and Winsor II at 80 g/L. Source: Reproduced from Fukumoto
et al. (2016).
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increases as the formulation departs from optimum. This
is consistent with an analysis suggesting that the
pseudo-equilibration time is very short probably due to
an increased surfactant mass transfer in the presence of
the middle phase with a bicontinuous structure (Fillous,
Cardenas, et al., 1999). It means that if the surfactant/
cosurfactant is introduced in the water phase, a similar
far from optimum zone with a long preequilibration will
also happen above S = 5 wt%. Consequently, it can be
said that the determination of the zone with a zero tAPE
may be a way to determine the optimum formulation.
Nevertheless, the corresponding experiences are
extremely long and the methods are not attractive, even
with simplified cases (Cardenas et al., 2001; Fillous,
C�ardenas, et al., 1999).

The effect of oil viscosity on the
formulation versus composition map

The coincidence between emulsion phase inversion
and the minimum interfacial tension in the WIII zone
occurs when the formulation-composition WOR dia-
gram has an inversion line and a three-phase horizontal
zone. However, this may not always be the case, as
the inversion zone is often tilted (as already indicated in
Figure 3) in one direction or the other (Ant�on
et al., 1986), and the HLD formulation and system com-
plexity appear to be the main factors influencing this
approximative coincidence. For example, a decrease in

surfactant concentration can result in the B� zone
becoming larger, causing the transitional inversion line
to become very slanted, as depicted in Figure 17 for a
relatively simple SOW system. On the other hand, an
increase in the oil phase’s viscosity can also lead to the
transitional inversion line becoming slanted or disap-
pearing at high viscosities (Figure 18). These types of
systems, which are characterized by low surfactant
concentration of less than 1 wt% and high viscosity, are
often found in applications such as crude oil dewatering
and cosmetics. Therefore, it is important to study spe-
cific systems in detail, as general trends have not yet
been fully understood.

Electrical conductivity measured in
emulsified preequilibrated systems can
present coincidence (or not) with the
WIII zone

Understanding the phenomena that occur outside the
transitional inversion driven by changes such as
temperature, salinity, and other factors, unrelated to
curvature changes, is crucial. For example, when the
water–oil ratio (WOR) is different or far away from unity.

An example of this complex behavior is presented
in Figure 19, where previously preequilibrated systems
that are emulsified present changes in conductivity
according to the water-to-oil relationship (WOR). These
figures indicate that, for the SDS/kerosene/brine/n-
pentanol system, the emulsion conductivity coincides
with the Winsor III zone exactly at WOR = 1 (fw = 0.5),
but outside this zone, the change in emulsion conduc-
tivity occurs not exactly at the middle of the Winsor III
zone or even outside. Therefore, it is crucial to deter-
mine the circumstances under which emulsion inver-
sion may be influenced by factors such as temperature,
salinity, and others. In particular, the speed at which
these changes occur can significantly affect the pro-
cess, potentially leading to substantial hysteresis or
delays. To avoid these issues, a comprehensive
assessment of the impact of variables such as surfac-
tant concentration, WOR, oil viscosity, and others on
the emulsion inversion process is required. These
aspects are not obvious and will be dealt with in a
future publication.

Final comments on methods to detect
optimum formulation according to
accuracy and application

After Winsor’s work 70 years ago, it was clear that the
way to determine the “optimum” formulation to produce
a three-phase behavior occurrence (as in a Winsor III
diagram) was through a formulation scan. Winsor and

F I GURE 1 6 Change in preequibration time when a system is
nearing optimum formulation. The salinity is shown as a function of
the contact time (tc) to attain a normal morphology of the emulsion.
Near HLD = 0 at 0.45% NaCl the preequilibration time is effectively
almost zero hours. Source: Adapted from Salager, Moreno,
et al. (2002).
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other researchers pointed out that certain intervals can
be established for the three-phase systems, in which
very low interfacial tensions and a high solubilization of
oil and water might occur, or poor solubilization with
higher interfacial tensions (Barakat et al., 1982, 1983).
In the first case, the accuracy to determine the optimum
was good and the data collected from the WI and WII
“lateral” systems could be extrapolated to approxi-
mately guess the optimum, for instance, by measuring
the volume of the phases in the WIII range, that is, by
looking at the O and W equal solubilization in the mid-
dle phase. This was often accurate for systems con-
taining ionic surfactants and short alkanes. On the
other hand, for systems containing large volumes of
WIII phase, systems containing nonionic surfactants,
and long-chain alkanes, it was not easy to measure the
optimum by a simple linear relationship between two
formulation variables.

There was also some discrepancy between the
different types of detection of the optimum detection
in the scan, as the center of three phase behavior,
the minimum tension, the minimum emulsion

stability, or the conductivity variation. Some discrep-
ancies also arise for the accurate detection of the
optimum, with different authors considering different
parameters. The inaccuracy could also come from
the fact that the “middle” of a three-phase behavior
range is not clear with a logarithmic scale used for a
salinity formulation scan or for the emulsion electri-
cal conductivity. The accuracy is also altered by the
system performance, that is, the intensity of varia-
tion close to optimum. In other words, it can be said
that with a very narrow three-phase range that is
associated with a very deep minimum tension, the
determination of the exact optimum position could
be easy, even if the actual tension measurement is
not very easy. On the contrary, with a very wide
three-phase behavior range, the determination of
the optimum somewhere in the three-phase range
could be inaccurate, and more measurements of the
tensions are required, with an increased experimen-
tal cost (Barakat et al., 1982; Klaus et al., 1983;
Salager et al., 2017) but with improved data on the
system robustness.

F I GURE 1 7 Variation of the
inversion locus when surfactant
concentration and WOR are changed.
Source: Adapted from Silva et al. (1998).

F I GURE 1 8 Variation of the inversion
locus in a formulation versus composition
map in which the inversion line changes with
viscosity making the transitional line almost
disappear. SDS 0.02 M, n-Pentanol 4.7 vol%,
kerosene-lube oil mixture, brine (NaCl).
Source: Adapted from Salager et al. (1990),
Salager, Miñana-Perez, et al., (1983).
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Equilibration of the SOW system before the mea-
surement of a property is theoretically important, but in
practice, the experiment time must be as short as pos-
sible, thus, some compromise is needed. If the equili-
bration at the interface is far from being reached,
inaccuracy could happen with respect to the theoretical
expectation concerning the interfacial adsorption, the
interfacial tension, the mass transfer, the emulsion type
and inversion, and so forth. If the process used is
dynamic, like a continuous variation in formulation as
changing temperature (used mainly for theoretical
research) or adding a component, or producing a
composition variation like dilution, delays in pseudo-
equilibration at interface through some mass transfer
can result in hysteresis and sometimes wrong
interpretations.

On the contrary, it can be said that experiments per-
formed with original systems very close to the optimum
formulation are very quickly equilibrated, that is, a few
seconds or minutes. Thus, the body of knowledge and
know-how developed around formulation indicates that
the optimum formulation determination process should
be performed in two steps. This first one is a very quick
and quite inaccurate trial (with only a few experiments)
to very approximately determine the optimum formula-
tion zone, and then a second approach with good accu-
racy in a narrow range very close to optimum.

However, it could be insufficient in some cases, as in
the injection of an EOR liquid stream in a petroleum
reservoir with very different temperature, pressure, and
salinity values, as well as a quite different water/oil ratio
and thus partitioning of mixtures. Thus, the researchers
and authors experience in the past half century is
essential for the knowledge that has been brought to
be available, although with some arbitrary or voluntary
confusions, and that any new user of this knowledge
must be able to see the trends and understand divulga-
tion of the know-how by reading the literature wisely.

This remark is critical because it has been shown in
different ways that the optimum found through a con-
ductivity change or a three-phase behavior occurrence,
or a minimum tension could be consistent only in some
cases. For instance, only at a specific WOR, often
close to unity, with a very strong discrepancy below or
above it (Lemahieu et al., 2022; Marquez et al., 2003).

Consequently, it happens that it is of utmost impor-
tance that the application of the different techniques for
the determination of the optimum formulation must be
checked for their generalized validity if some of the for-
mulation or composition variables are changed.

The last comment of this review article will be that
this situation is too often occurring in the area of SOW
systems, as mentioned in the preface of Milton Rosen
applied book: The basic principles involved in surfactant

F I GURE 1 9 Complex cases in which the
conductivity changes inside or outside the Winsor
III behavior zone. It can be seen that only at WOR
exactly equal to 1 (fw = 0.5) the change in
conductivity and Winsor III zone perfectly
coincide. Source: Adapted from Salager, Miñana-
Pérez, et al. (1983).
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utilization are often obscured by the mathematics, and
too far away from real-life applications (Rosen &
Dahanayake, 2000).

CONCLUSIONS AND PERSPECTIVES

The optimum formulation in SOW systems can be
determined more or less accurately by using different
techniques, among them phase behavior, interfacial
tension, and interfacial dilational modulus of equili-
brated systems, as well as emulsion properties like sta-
bility, conductivity, and viscosity. While these methods
have been used to determine the optimum formulation
(at HLD = 0), in some cases, there have been discrep-
ancies in the detection of the optimum in the scan, such
as the center of three-phase behavior and the minimum
interfacial tension with the minimum emulsion stability,
or the conductivity variation. The techniques used after
the system has reached the equilibrium allow measur-
ing the optimum accurately, while in the cases mea-
sured in emulsified systems, complex phenomena can
occur outside the equilibrium. This has to do with the
preequilibration of the SOW system before the mea-
surement of a property, which is theoretically important,
but in practice, the experiment time must be as short as
possible for cost reasons. Thus, phenomena related to
interfacial adsorption, mass transfer, the emulsion type
and inversion can occur in these cases. These complex
cases of emulsion inversion will be discussed in exten-
sion in a future publication.

Multiple complementary techniques can be used in
determining some structural features in a SOW system
formulation scan. Scattering techniques, which provide
nanostructural information in ambient conditions, have
been used in some examples to characterize various
types of cases from single phase so-called swollen
micelle systems WI or WII or bicontinuous microemul-
sions WIII type. SAXS has demonstrated effectiveness
in identifying optimum salinity and providing insights
into the structure of single phase microemulsion sys-
tems, while DLS has proven its value in studying the
dynamics of the middle-phase so-called bicontinuous
microemulsions. Although scattering techniques are
excellent in extracting structural information, their main
weakness is in the area of capturing information about
dynamic processes at very short time scales, and thus
to determine the optimum formulation understood as
exactly the minimum tension occurrence. On the other
hand, high-resolution T1-weighted relaxometry imaging
NMR systems have shown promising results in study-
ing the kinetics of microstructure formation, thus, identi-
fying the composition of the phases, including the
middle phase. Micro-CT has proven effective in quanti-
fying the thickness of various phases present, despite
the difficulty in detecting the surfactant in different
phases. This method relies on high-tech equipment

and may not be applicable in all cases. Finally, DSC
analysis has shown a correlation between the morphol-
ogy of the phases and the temperature at which colloi-
dal structures crystallize into a separated solid. This
analytical technique is useful when precise temperature
control and detailed analysis of phase transformations
are necessary. As these methods develop further, they
might be used more frequently, although their applica-
tion is currently limited to specialized cases.

Different cases of so-called microemulsions con-
tinue to be the subject of academic and industrial
research still with some semantics confusion (Salager
et al., 2020; Salager, Graciaa, & Marquez, 2022; Sala-
ger, Marquez, Rondon, et al., 2023), extending beyond
their initial recurring theme of enhanced oil recovery
(EOR). They have become associated with the “opti-
mum formulation” concept and are now being used in
increasingly demanding applications that require more
sustainable components and innovative formulations.
The use of ionic liquids (Kunz et al., 2012), supercritical
fluids like CO2 (Eastoe et al., 2012), non-aqueous
microemulsions (Bourrel & Schechter, 2010; Schubert
et al., 1992), and other types of oil/water systems high-
light the need to perform research on the application of
the same techniques used for the typical SOW systems
(Prévost et al., 2017; Vitale & Katz, 2003; Zemb
et al., 2016). Systems consisting of oil and water solubi-
lized as a homogeneous phase thanks to hydrotropes
(i.e., short alcohols) are an example (Gradzielski
et al., 2021; Kunz et al., 2016). Even if the structures
are different from so-called bicontinuous microemul-
sions, interfacial tension presents also a minimum and
conductivity, DLS, NMR, and SAXS are tools that allow
understanding the solubilization phenomena.

In the context of formulation, the HLD concept will
continue to play a pivotal role. The challenge of adapt-
ing the HLD equation to complex systems involving
components such as two immiscible oils, ionic liquids,
or supercritical fluids could lead to significant advance-
ments in rational formulation. Additionally, the substitu-
tion of fossil-derived by biobased or biosurfactants will
require a thorough determination of surfactant parame-
ters for these new products that are becoming impor-
tant in the market and in companies. There are almost
no results on biobased or biosurfactants surfactant con-
tribution parameter (SCP or PACN) within the HLD
framework. In order to perform the task of characteriz-
ing all the surfactants that are entering into new lower
carbon footprint products, revisiting the methods to
determine the optimum formulation for complex sys-
tems is crucial.
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