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ABSTRACT: Fundamental studies have improved understanding interdispersed disordered globules in M pemulsion

of molecular-level properties and behavior in surfactant-oil-water Sl el e Fluctuation
(SOW) systems at equilibrium and under nonequilibrium § OlLdrop %, o ::b@\) o K
conditions. However, confusion persists regarding the terms &)‘%C{ &)\o>> & \%8
“microemulsion” and “curvature” in these systems. Microemulsion o/ O\ Qo yemulsmn 0
refers to a single-phase system that does not contain distinct oil or 0\0\0\\0 d é 7% *o %

water droplets but at least four different structures with globular o’dg’ ? ?C( ???? 6%0

domains of nanometer size and sometimes arbitrary shape. The Oll contlnulty — © £o Type W Il
significance of “curvature” in such systems is unclear. At high °’ in M gemulsion 4 OlLdrop =~ T ¢joseto W1

surfactant concentrations (typically 30 wt % or more), a single Fluciaton

phase zone has been identified in which complex molecular

arrangements may result in light scattering. As surfactant concentration decreases, the single phase is referred to as a bicontinuous
microemulsion, known as the middle phase in a Winsor III triphasic system. Its structure has been described as involving simple or
multiple surfactant films surrounding more or less elongated excess oil and water phase globules. In cases where the system separates
into two or three phases, known as Winsor I or II systems, one of the phases, containing most of the surfactant, is also confusedly
referred to as the microemulsion. In this surfactant-rich phase, the only curved objects are micellar size structures that are soluble in
the system and have no real interface but rather exchange surfactant molecules with the external liquid phase at an ultrafast pace. The
use of the term “curvature” in the context of these complex microemulsion systems is confusing, particularly when applied to merged
nanometer-size globular or percolating domains. In this work, we discuss the terms “microemulsion” and “curvature”, and the most
simple four-dimensional spatiotemporal model is proposed concerning SOW equilibrated systems near the optimum formulation.
This model explains the motion of surfactant molecules due to Brownian movement, which is a quick and arbitrary thermal
fluctuation, and limited to a short distance. The resulting observation and behavior will be an average in time and in space, leading to
a permanent change in the local microcurvature of the aggregate, thus changing the average from micelle-like to inverse micelle-like
order over an extremely short time. The term “microcurvature” is used to explain the small variations of globule size and indicates a
close-to-zero mean curvature of the surfactant-containing film surface shape.

B INTRODUCTION practical interest due to their stability, drop size, and
rheological properties.” ™

The use of SOW systems can be traced back to ancient
Sumerian civilization, where cuneiform records reveal their

The present article discusses the 50 years of evolution in the
handling of the formulation of surfactant-oil-water (SOW)
systems currently used in many different applications such as
detergency and other cleaning processes, foods, paints,
petroleum production, emulsion stabilization and breaking,
agrochemicals, pharmaceuticals, cosmetics, and even explo-
sives." The formulation of SOW systems involves variables that
influence the equilibrium properties, such as phase behavior, Received: January 26, 2023 0
adsorption, solubility and solubilization, surface and interfacial Accepted: February 21, 2023
tensions, and wettability.” It also involves the effects of these Published: March 2, 2023
systems on nonequilibrium heterogeneous mixtures, including

various types of dispersions, particularly liquid—liquid systems

like macro-, mini-, micro-, and nanoemulsions, which are of

application in the cleaning of wool through the removal of fat,
a process referred to currently as detergency. The science of
soap-making has evolved over the past 4000 years through trial
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and error, eventually leading to a better understanding of the
molecular mechanisms behind cleaning at interfaces. The study
of surface and interface science, including the physical and
chemical aspects of adsorption, wetting, adhesion, friction, and
mono- and bilayer films, has involved the investigation of
intermolecular forces in colloidal dispersions by renowned
scientists such as van der Waals, Keesom, London, Langmuir,
Debye, Huckel, Boltzmann, Derjaguin, Landau, Vervey,
Overbeek, Miller, Hirasaki, and others. Physicists including
Einstein and Smoluchowski also made important contributions
predicting Brownian motion through the study of molecular
fluctuations, which was later confirmed experimentally by
Perrin, who received a Nobel Prize for his work. These
fundamental studies have improved our understanding of the
forces at play at the molecular level and have led to the
development of the field of colloid and interface science, which
aims to provide a theoretical framework for practical
applications.

In the early 1900s, the introduction of new amphiphilic
molecules with polar groups other than those found in soaps,
such as ionic sulfate and sulfonate groups and nonionic
polyethoxylated chains, expanded the surfactant-based cleaning
formulations into a wide range of applications. These
molecules, which were less sensitive to precipitation by
polyvalent cations commonly found in washing water, were
no longer referred by their tension-reduction properties, like
“tensioactif” in French and “tenside” in German but were
definitively renamed surface active agents (surfactants) in
1950. This happened in industrial research centers, particularly
in the United States who started to publish not only knowledge
but also some know-how information, often in relation with
commercial products. Over the following half century, there
was significant growth in the surfactant business with a
divulgation increase through conferences on specific topics,
particularly enhanced oil recovery (EOR).

This expansion led to the publication, starting in the late
1970s, of over 200 books and encyclopedias and thousands of
articles with the contribution of numerous authors, not only
from the academy but also from industry. With very few
exceptions like the sometimes called “surfactant science bible”
written by Milton Rosen first in 1978 with 300 pages, and now
in its fourth edition with a doubled size,’ most of the review
books have been written by multiple authors, resulting in
discrepancies between different sources and even between
chapters within the same book. One of these discrepancies is
around the term “microemulsion” and the multiple meanings
of the word “curvature”.’”~'> As stated by Rosen in his
courses'’ and in the preface of his exceptional book on
practical applications of surfactants,'* these disagreements and
inconsistencies are probably due to the strong differences
existing between theoretical knowledge and practical know-
how. Rosen’s comments essentially mentioned that this
situation has reached the point where nobody can be a
specialist in both approaches at the same time.

The main issue is that since the 1990s the amount of
available information in both types of approaches became
excessive, as shown in a recent review,’ making it impractical
to review and assimilate all the available information in less
than three years of full-time study. Consequently, only a partial
formation could be carried out for individuals who are going to
be involved with the use or formulation of SOW systems, such
as tutorial activities with a limited time like 2—3 courses with
50—60 h per year. This presents a challenge for effectively
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teaching individuals about surfactants, colloids, and interfaces,
and many researchers in these fields are likely unaware of
important issues due to this information overload. This has
practical consequences for the field as a whole.

There are over 50 books with the term “microemulsion” in
the title, over 150 books that have at least one chapter with this
term in the title, and more than 500 journal articles that use
this term. However, many of these publications are limited to
theoretical concepts or applications and contain misleading or
nongeneralized comments, as well as repeated confusion. The
following list of ten works represents a carefully selected
bibliography for readers of this review to understand the
challenges surrounding the nomenclature and meanings of
microemulsion mesophase structures and curvature. Only
three of these were written by authors in a very consistent
way like the fundamental and practical basics in “surfactant
science and applications” by M. J. Rosen,” the “microemulsion
formulation review” by M. Bourrel and R. S. Schechter,"® and
the very recent tutorial screening on “emulsions, micro-
emulsions and foams” by D. Langevin,’ who included both
words emulsion and microemulsion in the title, thus clearly
indicating that they have different meanings. The other
selected books on “microemulsions” in their title were edited
by notable contributors like L. Prince,’® K. L. Mittal,"” M.
Fanun,'® P. Kumar and K. L. Mittal,'® C. Stubenrauch,*® L. E.
Scriven and K. L. Mittal,”' R. Zana,”* and J-N. Israelachvili.”®

These selected references include the most influential
opinions and some controversies on the topic of micro-
emulsion structures and curvature meanings in the last 50 years
from the most productive researchers on the topics who
presented talks at numerous conferences. L. Prince who
coauthored the first article proposing the term “micro-
emulsion”,”* included in the first chapters of his early book'®
a partially fair discussion about some disagreements regarding
the use of this term. This early text is worth reading,
particularly because it was relatively simple with much less
experimental techniques than recent works. The book from D.
Langevin® presents a review of concepts and advanced
experimental techniques, as well as an overview of current
models’ alternatives. It is worth noting that this remarkable text
clearly mentions that there are ongoing debates regarding the
use of the term “microemulsion” and the nature of the
mesophase structures.

In the present review, we address the misleading use of the
term “microemulsion” and the multiple meanings of the word
“curvature” depending on the adjective used to modify it. We
present a simple model for the structure of SOW systems at
the so-called optimum formulation, where highly specific and
useful properties can be found in both equilibrium and
dynamic situations, such as in emulsions.

While useful, the references cited in this review represent
only a small fraction of the vast literature on this subject in
review books and articles on the basic knowledge and know-
how from original contributions to critical advances. This does
not imply that all the not-cited publications are unsatisfactory
but that there is an overwhelming volume of published material
and that the purpose of this review is not a full review of
literature work that has been divulgated. Instead, this review
focuses on presenting the basic behavior of simple SOW
systems with sufficient information to understand how certain
inappropriate nomenclature has contributed to confusion in
the field.

https://doi.org/10.1021/acsomega.3c00547
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Bl BASIC PHASE BEHAVIOR AND OCCURRENCES IN
A SOW SYSTEM AT EQUILIBRIUM ACCORDING TO
WINSOR’S MOST SIMPLE MODEL

Oil and water are incompatible liquids that cannot be mixed
into a single phase, and this situation can be represented by the
Hansen solubility parameters (HSP) that numerically indicate
the difference in polarity of two substances.””*® The addition
of a third component type, i.e., an amphiphilic structure with
two different parts (and thus a double affinity), does not allow
using the HSP approach. Surfactants, referred to as C by the
Winsor original model,”” are molecules that at least contain a
polar group called “head” with some hydrophilic affinity to a
water phase (called Acy) and a nonpolar group, generally a
hydrocarbon called “tail” that has a lipophilic affinity for the oil
phase (called Acp). Consequently, surfactants may be soluble
in water because of their headgroup, in oil because of their tail,
or in both when the two affinities are more or less balanced.

Accordingly, surfactants can best satisfy their double affinity
positioned at the interface, and thus the surfactant interfacial
adsorption is the crucial feature. When the oil—water
interfacial area is fully covered, the extra surfactant separates
or, in most cases, goes to the phase having the higher affinity
for it.

However, since the surfactant always has a part that does not
present a good affinity for the oil or water phase, the usual
solubility as single molecules has often a (low) molecular
concentration limit, which is in general related to temperature
as the minimum Kraft point for ionic species or the cloud point
for nonionic ones.” For instance, above the Kraft point, the
ionic surfactant either precipitates or solubilizes under the
form of aggregates, known as micelle in water with typically
50—100 molecules and whose radius is about the size of the
amphiphile straight or bent tail, around 1-2 nm. The same
effect happens with the excess surfactant in oil with the
occurrence of the so-called inverse micelle structure that is
often smaller. This aggregation tends to remove the
incompatible part of the surfactant from the solubilizing
phase, at a concentration called the critical micelle
concentration (CMC), extensively described in the literature,
in particular in tutorial books or booklets.””® The CMC is
generally a small concentration but very dependent on the
surfactant structure, not only the tail length but also the
headgroup. For instance, it is about 0.008 mol/L in water for a
hydrophilic ionic surfactant like sodium dodecyl sulfate.
However, it is much lower, around 0.00006 mol/L, for another
water-soluble specie like dodecyl pentaethoxylate, because of
the importance of head structure on aggregation. Its decimal
logarithm decreases almost linearly with the number of carbon
atoms in an alkyl tail and also increases linearly as the ethylene
oxide number of an ethoxylated nonionic increases.””” The
CMC is also very sensitive to external effects of solubilization
in solution, like the salinity and hardness of the aqueous phase
and the temperature.

In the presence of both oil and water in the system, the
surfactant molecule has a preference in its partitioning and is
mostly in one of them. This occurs usually as a single phase
solution of micelles or inverse micelles, with the other (excess)
phase containing very low residual surfactant concentration at
or below the corresponding CMC.*

In a system containing surfactant in both water and oil, the
phase behavior is determined by the surfactant affinity balance
for one of the phases. Since the affinity is the negative of the
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chemical potential, it has to do with the molecular interactions,
attractive or repulsive. Winsor’' proposed the ratio of affinities
R = Acg/Acw as the numerical criterion, with an exact balance
of affinities of the surfactant in oil and water when R = 1. It was
a single term criterion like the empirical HLB value of the
surfactant® or the surfactant critical packing parameter CPP at
the interface,”” but many studies indicated that the interactions
at interfaces also involved different other terms to be
estimated, such as the oil nature, the brine salinity, the
temperature, and the pressure. In the early 1970s, the
commercial influence of enhanced oil recovery (EOR) led
petroleum companies and government/university R&D
institutes to rediscover Winsor’s previous work. They started
to consider the equivalence of the interaction ratio R = Aco/
Acw = 1 to a zero chemical potential difference written as the
so-called surfactant affinity difference SAD = Acq — Acy = 0.7

The calculation of the ratio or difference in affinity is
complex even in very simple cases, in particular because of the
many different phenomena and variables involved. Also, the
different assumptions concerning the interactions play a role,
sometimes in disagreements in some theoretical or exper-
imental approaches. It can be said that the considerable
published knowledge, even now, does not allow one to
accurately calculate a value of the chemical potential ratio or
difference and that the corresponding variables to be used in
the theoretical aspects are not easy to handle and measure.
Winsor’s proposal was the first suggestion using a set of several
practical formulation variables, while the other approaches are
dealing only with one descriptor of the system’s behavior.

The first representative parameter was called the surfactant
hydrophilic—lipophilic balance (HLB)** and represented the
proportion of the surfactant having a preferred affinity for
water, stronger than for oil, i.e., corresponding to a negative
SAD value. It was a very good name, but it was only calculated
with an approximate relation like the 1/5 of the wt % of the
poly(ethylene oxide) group for alcohol ethoxylates. The other
proposal known as the surfactant critical packing parameter
(CPP)* was an extension of the very early wedge theory™® that
used a representation of a conic association plug of surfactant
molecules with water and oil aggregated into a micelle, reverse
micelle, bilayer vesicle, or multilayer flat or curved liquid
crystal, and the so-called “microemulsion”. This last name was
a new nomenclature that produced a confusion because these
systems, particularly the bicontinuous type that does not
contain real independent oil or water small drops but domains
with arbitrary shape and curvature significance, logically
labeled “crazy mixed-up stuff” by Scriven in a chapter of his
book.”’ One of the confusions was also using the same
curvature meaning for the micellar surfactant aggregation (1—2
nm size) and an actual emulsion liquid drop (1000 or 10,000
times larger) for which the wedge theory cone model cannot
have logically the same influence, as mentioned by the author
Harkins in his original publication.”

In the 1970s, the reported practical variables in a crude oil
reservoir were very easy to understand and measure in a first
simple equivalent model. They were the water phase nature
(salinity of the brine S), the oil nature ACN (i.e., the number
of carbon atoms in a n-alkane) (or its equivalent EACN with
the same behavior), and the temperature and the surfactant
nature (e.g, its head and its tail).***” Some other variables
were known to be important candidates to participate in
describing specifications of a petroleum reservoir system, such
as pressure (downhole), and the composition (water/oil ratio

https://doi.org/10.1021/acsomega.3c00547
ACS Omega 2023, 8, 9040—9057
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WOR, which is not necessarily unity) and surfactant
concentration Cs, as well as alcohol type and concentration,
if present. Thus, it is evident that even in a very simplified case,
there were 8 variables, and thus using a single variable criterion
like in HLB or CPP is obviously not enough.

This was a puzzling situation in practice, and it is important
to understand how the problem was dealt with, according to
the high number of different formulation variables but with a
simple effect resulting only in the 4 different cases of SOW
systems’ phase behavior, as seen in Figure 1, first proposed in
the Winsor initial series’” and improved in his book’" and the
invited review in the first volume of chemical reviews.*®

i}o
969 Type WIII Type WIV
\\0
& g
Single
inverse surfactant
micelle phase

normal
micelles
S1

Type WI

Type Wil Bi-continuous

Microemulsion

Figure 1. Four different types of phase behavior of a SOW system
according to Winsor type I, type I, type III, and type IV. The system
eventually contains an alcohol cosurfactant and is at a proper
temperature that avoids surfactant precipitation.

Figure 1 indicates the 4 types of phase behavior in a
surfactant-oil-water system at a concentration higher than the
CMC, for instance 1—2 wt %. On the left are the two most
common cases when the surfactant (with eventually an
additional cosurfactant to avoid precipitation such as a short
alcohol) goes mostly to the water phase (type Winsor I with S1
normal micelles water solution) or to the oil phase (type
Winsor II with S2 inverse micelles oil solution). The excess
phases are completely transparent, with a very low surfactant
concentration below the CMC.

The bluish color indicates the phase that contains most of
the surfactant because dispersed structures are present, which
result in natural light side- or backscattering, like the usual blue
of the sky. The surfactant aggregate size, micelles, or other
structure may vary and produce more or less opacity
depending on the case. In the present review, a proper
situation is selected to attain easy visibility of the phase
containing the surfactant through a slight Tyndall effect, as
noted by Hoar and Schulman®” with the presence of ordinary
S1 micelles or S2 inverse micelles originally called “oleopathic
hydromicelles”.

In Winsor type WIII phase behavior, most of the surfactant
is in a so-called middle phase in equilibrium with two excess
phases (oil and water).

B USE OF THE NAME “MICROEMULSION” CAN
LEAD TO CONFUSION IN PRACTICE

The WIII type looks as the intermediate between type WI and
type WII, and is a very specific case as far as the formulation is
concerned, but it does not necessarily indicate a clear middle

Formulation (single variable) scan, e.g. Salinity increase

Type W |

Type W llI

Bi-continuous

slightly swollen S1 micelles p-em structure swollen S2 micelles slightly
swollen -~'—e 9 AR QIes My N == swollen
ﬁwr;grelles :;*ﬁ: ¢ e Ky LY :—:o:;/.;;..;;" W )( *8./ .’: % S2micelles
QP CL e %%t %L e in oil
YA a0 e 4o Po  “o%¢
e 2P G e oS4 B & } SAPS
10 nm

Figure 2. Formulation scan in a SOW system, increasing the water salinity from left to right with all other variables constant (SAD and HLD

increases from left to right).
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Single variable formulation scan (R or HLD)

Increasing interactions between surfactant and oil molecules (Aco - Aoo)

Increasing salinity, temperature (ethoxylated nonionics), surfactant alkyl tail length SAT

Increasing interactions between surfactant and water molecules Acw

Increasing oil (E)ACN, Temperature (anionics/cationics), surfactant head hydrophilicity (EON)

Figure 3. Summary of the variations of surfactant-oil-water (equilibrated and emulsified) system properties along a formulation scan. The arrows
indicate the optimum formulation, when variables’ effects on the interactions of the surfactant molecules with oil and water are equal.

phase structure characteristic. This phase is now generally
called “bicontinuous microemulsion” since Schulman proposed
the term “microemulsion”** and Scriven added the “bicontin-
uous” adjective to satisfy the found evidence.”” However, even
if it appears to be between WI and WII types, this WIII middle
phase cannot be logically represented as a mixture of micelles
and inverse micelles, as proposed recently,"’ since these
aggregates in WI and WII cases have different external solution
phases.

In type IV phase behavior, the percentage of the phase
containing the surfactant has increased to the whole volume. It
could be because there is more surfactant in the system or
because there is more solubilization of the excess water or/and
oil in the phase containing surfactant in any type case, in
particular in the WIII type.

It is not known whether the middle phase is a water or oil
solution and how much it contains of both and how, and this is
probably why Schulman and colleagues*” used at first the term
“transparent oil-water dispersion stabilized with soap and
alcohol” that corresponded to the evidence at their time.

Winsor’s 1948 original studies were meant to determine the
phase behavior change when there is a variation in one
formulation variable that alters the ratio R of interactions of
the surfactant with oil and water or its surfactant affinity
difference SAD.

Figure 2 shows the phase behavior of a surfactant-oil-water
system with a composition represented at the square point in
the SOW ternary diagrams (about 10—15% surfactant and at
unitary water/oil ratio). The surfactant and oil nature are
constant as well as the temperature and other conditions,
except for the salinity of the aqueous phase, which is increasing
from left to right, in what is called a continuous formulation
scan, here a scan of the water salinity. The effect of increasing
this variable is to reduce the interaction of the surfactant
headgroup with water (Acw), and thus the R ratio is higher, or
to augment the surfactant affinity for the oil, increasing SAD,
and corresponding to the same trend for the hydrophilic—
lipophilic deviation (HLD = SAD/RT****).

It is seen that in the middle of the scan, there is a salinity
range in which a WIII three-phase behavior is obtained in the
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test tubes. This corresponds to a Winsor SOW diagram with a
triangular three-phase zone (3¢)) surrounded by three biphasic
zones (indicated as 2¢), the extremely narrow one just below
the 3¢ triangle not being shown. This kind of representation
has been published in many places, and the reader not familiar
with it can check the literature.*~*’

The picture in Figure 2 indicates information that will be
used later, i.e., that the surfactant phase in WIII cases has a
much smaller volume than in the lateral WI and WII cases.
Thus, it contains a higher concentration of surfactant, whatever
the solubilization structure. It also indicates that the light
scattering is less, and this is important data since it certainly
indicates different aggregated arrangements in WIII surfactant
middle phase, which has not been commented on as far as the
authors know. The point is that this diminishing light
scattering cannot indicate a smaller micellar size since the
solubilization of oil and water in swollen micelles increases
from type WI to WIII and from type WII to WIIL

The test tubes scan also indicates the solubilization variation
in the surfactant phase in the type I and type II zones,
according to the remaining volume of the excess phases. The
schematic drawings below the diagram indicate the usually
proposed structure of the single phase containing most of the
surfactant, i.e., swollen micelles in type I and type II zones and
a so-called bicontinuous microemulsion structure in the type
IIT zone.

Figure 2 also indicates that for a unit water/oil ratio (WOR),
the salinity formulation corresponding to the center of the
WIII zone has the lowest 1¢ point (blue circle), ie. the
highest solubilization and the lowest interfacial tension
according to Chun Huh relation,”® and his calculation with a
simple flat structure model.*’

This central value of the WIII zone in the formulation scan is
the so-called optimum formulation for enhanced oil recovery
because it corresponds to the minimum tension as seen in
Figure 3, and thus has the best recovery found in the late 1960s
with surfactants.>® It is also called the optimum formulation for
emulsion breaking in processes such as crude oil dehydra-
tion”' " because of the corresponding emulsion stability
minimum shown in Figure 3.
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Figure 4. Winsor III typical diagram updated with the information accumulated in the past 40 years about the structural characteristics of the phase
containing the surfactant, and misleadingly called microemulsion, as if it simply were an emulsion with microdrops.

This trend of phase behavior change (WI > WIII > WII or
inverse) with a continuous variation of a formulation variable
was found to be qualitatively general by Winsor and the
following researchers, with any of the variables susceptible to
alter one interaction of the surfactant with oil and water (S,
ACN, T, P, SAT, EON...), and thus R, SAD, or HLD.>**#57%7

Figure 3 also shows the variation of two emulsion properties
that have a very specific interest in practice, i.e., the emulsion
type (indicated by the electrical conductivity) and the
emulsion stability (indicated as the time required to separate
a certain proportion of one of the phases of the system, for
instance 70% of the oil phase). The direction of variation of
the HLD formulation expression is indicated in the lower part,
according to the definition."”

However, many cases are more complex than the presented
example in the previous Figure 2 and should be appropriately
interpreted with some equivalence for practical applications
like mixture of surfactants, oils, and brines, the presence of
cosurfactants, the influence of the composition, etc. Over the
past 4S5 years, numerous publications have addressed these
complex situations. However, to remain at a basic under-
standing level, they will not be addressed here.

Figure 4 shows more information in the most complex WIII
type diagram at different compositions, not only at low
surfactant concentration and unit WOR at the square point in
Figure 2. Figure 4 indicates the influence of the surfactant
concentration (Sc) on the actual phase behavior. At high Sc
there is a single phase zone (1¢), and it is not only in the WIII
case shown. This happens in all diagram types seen in Figure 2,
and thus it can be said that a Winsor IV single-phase behavior
(see Figure 1) takes place in all cases at high surfactant
concentration. Nevertheless, the observation of a single phase
system in the upper part of the diagrams does not give the
proper information about the diagram type nor the molecular
arrangement mesostructure, which must be determined by
specific methods.”®>’
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The second issue to be considered with Figure 4 is that a
large enough range of WOR variation in a WIII diagram
produces the same type of transition as the formulation
variation around the optimum. For instance, a change from
right to left or the opposite, lower than point M (or slightly
higher than M), produces a scan WI > WIII > WII or WI >
WIV > WII, depending on the surfactant concentration.

The third issue is that the aggregation structure to solubilize
the surfactant molecules at high surfactant concentration may
be quite different from a spherical micelle with a 1-2 nm
radius. It happens not only for pure selected systems but also
in many practical cases. For instance, in a crude oil/brine
system, asphaltene molecules are very lipophilic surfactants
that associate first at very low concentrations in 3—4 molecules
small micellelike aggregates or as multimicelles much bigger,
known as clusters, when their concentration is higher. How
much higher depends on the maltenes nature (e.g,, paraffinic,
aromatic, with resins or naphthenic acids), temperature, and
pressure.””” % This variation of aggregate size and nature may
alter the interpretation of some measurements, particularly for
the size, shape, and curvature meaning of existing meso-
structures.

Figure 4 represents a combination summary of numerous
studies for many pure nonionic surfactant systems in the past
50 years by renown researchers such as Shinoda and
Kunieda,®* and later Kahlweit and Strey,”® with similarity
with previous studies carried out by peogle from industry
research on practical cases like EOR,°°™7° which were
published in completely different kinds of conferences and
journals, and with a different approach, in particular the
selected scanned variable. Additional confusion came from
arbitrarily changing the previously used logical terminology in
SOW systems, callinég the water A, the oil B, the surfactant
concentration y, etc. >

In most theoretical studies, the temperature is generally the
only formulation variable to be used. This has some
advantages, such as the possibility of increasing or decreasing
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it without making new systems, but also some inconveniences
such as the range limits, and the fact that temperature alters
essentially all interactions, thus many different effects are to be
discussed. On the contrary, the salinity only changes the
interaction of water with the surfactant head,®® or the
ethoxylation effect for the nonionic surfactants head
(EON).”" The oil ACN, which was the first to be historically
used for a formulation scan in the University of Texas group,””
compared with the interaction with the surfactant alkyl tail
length SAT, and resulted in a general equation for all cases,”” is
thus probably the simplest theoretical formulation scan.
Nevertheless, it must be noted that the results indicated in
Figure 4 are quite general for a WIII case and apply to most
variable scans and are thus consistent with the many
theoretical and practical publications.

Micelles in W or inversed micelles in O are located on the
left and right sides of the diagram at a low surfactant
concentration, but above the CMC. Their shape is mainly
spherical, exchanging surfactant molecules in permanence with
the saturated molecular solution. When more surfactant is
added, the number of micelles increases. For a pure surfactant,
there is essentially no change in the micellar arrangement, but
in some cases, other types of structured arrangements can be
formed and/or coexist. When the representative point enters
inside the diagram, i.e. in a zone with both water and oil
content, the micelles solubilize the lower content phase inside
and are then called swollen micelles because their size increases
(as seen in the drawings in Figure 2). This phenomenon
corresponds to the so-called solubilization, since it means some
apparent amount of oil is inside the micelles in the water
solution or some water is inside the inverse micelles in the oil
solution.

When the quantity of solubilized phase incorporated inside
the micelle becomes too large, an excess of this phase appears
in some zones of Figure 4. There is a two-phase behavior, i.e., a
swollen micellar phase that is saturated (and sometimes
misleadingly called microemulsion) and an excess phase. It is
indicated as O gem + W in the left 2¢) zone and W gem + O in
the right 2¢) zone.

Below these two diphasic zones (2¢), there is a triphasic
triangular zone (3¢) in the WIII diagram that separates in a
“central” surfactant-rich middle phase microemulsion (M)
having an aggregation mesostructure, and two O and W excess
phases. Above these three multiphase zones (2¢ and 3¢),
there is a large single-phase zone close to the upper boundaries
of the two-phase zones, which has also been called a
microemulsion. Nevertheless, it is essentially known that it
does not contain ultrasmall oil and water droplets, as proposed
by Schulman in 1959, or both micelles and inverse micelles,
as suggested by Acosta et al.”* This latter publication
introduced the same curvature term for micelles and drops,
when a “micellar curvature” or “microcurvature” term (used
later on here) would be clearer, even if it is still misleading
because there is no interface as in a real emulsion.
Consequently, it can be said that the structure of this middle
phase M, and the single phase found above it, is still uncertain
and depends on the interpretations of results with different
instrumental techniques or methods described in many
publications. The best review with many collaborators’
indicated weak and strong arrangements with more or less
rigidity or flexibility with different liquid crystal (LC) and
microemulsions labels.”® In the single-phase zone called 1¢,
microemulsion above M and bimodal curves, the actual
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structural changing of WOR or surfactant concentration will
eventually stay homogeneous with some variation in light
scattering but not up to the typical whitish aspect of classical
emulsions.

The conductivity variation from left to right in the Figure 4
diagram in the single-phase zone (1¢), from almost pure water
(SW side) to pure oil (SO side), seems to indicate a smooth
variation, and it could be seen as percolated micelles and
inverse micelles or merged micelles and merged inverse
micelles into what Scriven has called a bicontinuous structure’”
or microstructure.”® Other studies have indicated that liquid
crystal structures with more or less flexibility, depending on the
amount of oil or water inside, can occur with a more or less
organized arrangement with hexagonal, cubic, or lamellar
shapes.”” Such structure can have a network of slightly
organized surfactant molecule zones like cylinders or wormlike
cylinders, cubic arrangement, lamella, bent layers or bilayers,
vesicles, and completely disorganized shape domains of almost
pure water and oil zones, but not with spherical shape.

It can be said that there is a continuous transition in the
upper part of the (1¢)) zone, sometimes with a precipitate
formed as rigid crystal structures at very high surfactant
concentration, as indicated in Figure 4. When more oil and
water is added, moving downward in the triangular zone, there
are flexible liquid crystalline globular domains, whose size
decreases with dilution or becomes looser and more elongated
by percolation, thus resulting in a bicontinuous microemulsion.
This can be described simply as organized surfactant
molecules, simple or multiple films, surrounding more or less
elongated excess oil and water phase globules.

B EMULSIONS AND MICROEMULSIONS HAVE
QUITE DIFFERENT MICROSTRUCTURES

In microscopic studies performed in the past century, the
drops of the emulsions were mainly spherical (or only slightly
deformed when subjected to shear or dilation) in a size of
several micrometers. Mechanical stirring is usually required to
produce an emulsion from a SOW equilibrated system at some
surfactant concentration. Energy is required in emulsification
because it is linked to the increase in surface area with the yAA
term, that is significant unless the tension is extremely low, as it
happens close to optimum formulation. Spontaneous changes
tend to reduce the surface area and thus to coalesce separated
drops, making an ordinary emulsion not thermodynamically
stable, even if the breaking time scale can be very long.
Emulsions in SOW systems contain a water phase with high
electrical conductivity (in particular if it contains an electrolyte
or salt) and an oil phase that generally is not conducting. Thus,
depending on the type of external phase, the conductivity is
high or low. Microemulsions show smooth conductivity
variation in a formulation or WOR scan. In contrast, emulsions
exhibit a marked change in conductivity around the inversion
point, for instance, when it changes from O/W to W/O, at the
so-called phase inversion temperature (PIT)gO’81 in scans
performed with ethoxylated surfactants systems with the
temperature as the formulation variable. In numerous
Shinoda’s publications, there was no citation of Winsor’s
work published 15 years before, nor the name microemulsion
proposed by Schulman 10 years before. The only other study
mentioned by Shinoda’s group was the Griffin HLB single
variable concept.*” As far as the phase behavior was concerned,
it was shown not in a Winsor ternary diagram but in other
bidimensional diagrams, including the formulation variable
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temperature and the composition WOR," as will be discussed
later.

The microemulsion name and its relationship with other
variables such as salinity or surfactant type as in EOR were
only published in the 1980s, i.e., 30 years after Winsor’s work,
and just 2 years before Kahlweit and Strey’s group started to
extensively enter this scientific area insisting on the scanning
with temperature. This situation is noted here because
comparing different approaches probably started only at this
time, but still with temperature as the most used formulation
variable in theoretical studies.

As discussed in detail above, the microemulsion was a
confusing nomenclature incorporating the “emulsion” term,
because it is a single-phase system, indicated (1¢) in Figures 2
and 4, i.e.,, with no interface at equilibrium and thermodynami-
cally invariable. In other words, it can be said that the only
spontaneous changes are provided by the Brownian motion,
which takes place at the molecular level, i.e., around a very few
nanometers of thermal fluctuation.

At this size level, the only curved object is the micelle or
inverse micelle found in type I or type II surfactant phases,
with a shape close to a sphere. But micelles are water or oil
soluble and have thus no real interface and do not coalesce,
unlike emulsion droplets that are typically much larger.
Moreover, micelles are stable because they avoid the
precipitation of the surfactant. Additionally, micelles are always
exchanging surfactant molecules all the time and very fast.

In a different situation, emulsion drops are in the 1-10 ym
size with internal pressure higher than the external fluid as
indicated by the AP = 2y/R equation, where y is the interfacial
tension and R the radius of the sphere. When two drops are
bumping, the small one has a superior pressure and thus
coalesces sooner or later into the larger one. Consequently, the
drops tend to become larger until they are all coalesced in a
single phase. This does not happen with micelles because two
bumping ones do not coalesce to make a bigger single one.
There is no such pressure variation from the inside to the
outside of a micelle, the interfacial tension is not measured at
the micelle surrounding but at an interface. Micelles just can
appear or disappear depending on the surfactant molecules'
permanent quick exchange with the solvent/external phase.

As indicated in Figure 4, the actual objects in the
monophase zone (1¢)) can be far from spherical. A situation
that can also be deduced from the names proposed by Talmon
or Zemb such as “interdispersed domains tessellation” or
“disordered open connected cylinders” in studies linked with
light, X-ray, and neutron scattering.***> The deformation from
sphere is due to the presence of oil and water globules with
other shapes, sometimes variable from place to place as in
quasi-crystal structures filling the whole volume with multi-
faceted domains.*® In such cases, the word curvature that is
simple to understand for spherical drops or spherical micelles
is confusing to apply with stable thermotropic or unstable
lyotropic liquid crystals or microemulsion globular domains
that are more or less merged, as shown in Figure 5.8

A book containing amazing drawings concerning the
curvature of strange surfaces with saddle shape aspect has
been published by Hyde” as well as a review article on
mesozphases that the reader should check if the book is too
long.”® This clear article is enough to understand the confusion
on curvature concepts for dispersed globular objects found in
bicontinuous microemulsion and sometimes called a sponge
structure. It is worth noting that, in general, these structures
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Figure S. Bicontinuous shapes percolated-like and more or less
merged micelles and inverse micelles, sometimes called mixture of
wormlike elongated structures, as bicontinuous sponge shape, or
randomly interdispersed tessellations shown here in 2D and 3D space.

are not containing exactly repetitive shape domains, in
particular with a zero mean curvature splay saddle shape,
aspects already mentioned in Scriven’s original article”” with
their corresponding patterns®” and relation with low interfacial
tension.”

Other terms such as “surfactantless microemulsions” have
been confusedly used for systems where the so-called Ouzo
effect occurs.”””” It happens in certain mediterranean aperitifs
like the Greek ouzo and the French pastis containing a large
amount of a low molecular weight amphiphile, e.g., 40—45% of
ethanol, only about 1—2% of a terpenoid oil very insoluble in
water like anethole, and slightly more than 50% water. These
anis-flavored liquors are clear but become cloudy when excess
water is added. The mechanisms behind the effect are not fully
understood in particular because the oil phase is in a very small
amount, not at WOR close to unity as in typical micro-
emulsions in the center of a ternary diagram.””* Eventual
aggregates of molecules can create structures or a solution with
no structure at all that allows for the formation of a continuous,
transparent phase.”” The whitening of the ouzo or pastis drinks
when water is added may be just a solubility limit when the
ethanol content goes below 30%. These systems are often
referred to as surfactantless microemulsions,” ™"’ although this
can be misleading because they differ significantly from
traditional microemulsions formation,”® thus adding even
more confusion to the terminology.

B CURVATURE CONFUSION WITH BOTH
EMULSIONS AND MICROEMULSIONS

The name curvature has been used in emulsion systems with a
typically spherical interface in type I and type II cases with
drops of essentially pure oil or water liquids of about 1—10 ym,
eventually in a wider range in scales. In all cases, the natural
light scattering is very strong and the emulsions are very
opaque. Schulman selected the name microemulsion because
of the known trend that much smaller spherical objects exhibit
very little light s.cattering,24 particularly when smaller than 1/
10 of the wavelength, e.g,, 0.05 gm (50 nm), for the sunlight.
However, objects that are not spherical, particularly percolated
micelles or wormlike or cylindrical globules, can produce
inaccuracies and confusion about the curvature term meaning.

There are several issues producing inconsistencies with the
same term: (i) Understanding what is a curvature of a line in a
bidimensional space is simple because there is no alternative to
the center of curvature and the bending concept. In three
dimensions, it is not the case for a surface shape very different
from a sphere because the immediate feeling is that there are
variable curvatures, depending on how the surface is cut by a
plane to produce different 2D curved lines. The name “mean”
curvature requires at least two curvatures, i.e., two cuts of the
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surface, which are somehow arbitrary, mostly taken as coming
from the more curved and less curved 2D cuts, a choice that is
not evident. (ii) Looking at Figure 6, it is seen that a cylinder

cylinder catenoid cone cone
90° angle
between circles less than 180° exactly 180° exactly 180°
and threads of rotation of rotation of rotation

Figure 6. Not very evident concept of the curvatures and mean
curvature for a nonspherical shape. The right figure indicates that the
principal curvatures are not the most obvious ones, with the two cuts
by planes.

can be provided when attaching threads perpendicular to two
solid circles and that two significant curvatures are provided in
this case, by the circle (horizontal cut) and by any vertical cut
that results in straight lines that form the surface. These are the
so-called principal curvatures that result from perpendicular
cuts. Suppose one of the circles is rotated with respect to the
other. In this case, the surface is still produced by straight lines
forming a so-called catenoid, with one of them producing the
lowest surface area, i.e., the shape of a liquid interfacial film
between the two circles. On the other hand, when the rotation
of a circle is exactly half a full turn (180°), the surface is still
made with pure straight lines with a double cone shape. For
this case, the most logical understanding of the surface
curvature is from the circle size and the distance between the
circles. However, these are not principal curvatures obtained
by putting a vector perpendicular to the surface and rotating a
plane around the vector. One of the curvatures (the lowest
one) will be zero along a straight line and the other is an oval
or elliptic cut, which does not seem very significant or the
simplest.

Moreover, the problem of curvature significance is unlikely
when the surface is the interface of two immiscible fluids
phases. For instance, for a cylindrical liquid stream, the two
different curvatures are not happening but only temporarily. As
a faucet is opened an almost cylindrical stream of water is
produced with a diameter that decreases because of the gravity.
It then quickly becomes a series of droplets, with the radius
depending on several parameters, and showing a strange result
in which the surface area increases because of the work
produced by gravity motion.

The curvature has importance on the difference of pressure
on the two sides of an interface. The typical rising and curving
of the interface at the vertical wetted wall or a thin capillary
cylinder clearly indicates the meaning of the AP = pgh = 2y/R
equation at the interface. When two drops are bumping, the
difference in pressure inside them produces the small one
emptying in the large one by different mechanisms. When two
micelles are bumping, this does not happen. This is probably
because the micellar solution has no interface and no
difference in pressure between the inside and outside. In
fact, a micelle does not empty into another bigger one, i.e., they
do not coalesce. This is because micelles are surfactant
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aggregates, and what is in motion are the molecules exchanging
with the external solution or displacing their position in the
arrangement structure if there are not spherical aggregates.
Therefore, a microemulsion does not change with time but at
the molecular level keeping the same average balance of
interactions.

In a normal drop size, any shear will produce elongation,
thus the interfacial area and the pressure difference in the drop
will reestablish the spherical shape spontaneously when the
shear disappears. This will be a much shorter variation than the
interdrop film thinning as in the Marangoni effect
elasticity.””'*

The second confusion concerns the association of the
transparency-opacity with the microemulsion name and
domain size, spherical or different from it. For spherical
objects in the micrometers range, i, close to the light
wavelength, the opacity is reduced when the droplets are
getting smaller, and this is consistent with the use of the
microemulsion name. The issue is that this might be a
misperception because if the micelles get more swollen as it
happens when the formulation approaches the optimum in
type I and type II phase behavior then they become bigger and
are more likely to be more whitish (or less transparent)
because of light scattering.'’' However, it was seen in Figures 2
and 3 that this trend does not follow in the WIII zone in which
the surfactant-containing middle phase scatters less.

Nevertheless, for this middle phase microemulsion, the more
opaque or whiter it is, the higher the solubilization parameter
and the lower the interfacial tensions. This is seen in Figure 7,
showing the optimum test tubes in scans with different
surfactant-oil-water systems but with the same surfactant
concentration.

SP= 5.5
vy = 0.01

11.5 17
0.0025 0.001

20
0.0007

Figure 7. Optimum formulation for different systems but with equal
surfactant concentration of 15 wt % in the system and WOR ~ 1 in
the middle phase. Solubility parameter (SP) and interfacial tension y
in (mN/m) at optimum formulations of different scans are shown,
with quite different performance.

The interfacial tension value for the fourth (right) case is
very difficult to measure and quite approximate (+30%), but
the fact that it is more whitish than the third one clearly
indicates a lower tension and a higher solubilization (that is
very close to 100% of oil and water with only 15 wt % of
extended surfactant).

This kind of formulation is quite appropriate for EOR,
pharmaceutical creams, dehydration, and other practical cases.
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Figure 8. Changes in the phase behavior (¢B) aspect of the equilibrium system and stirred system (SS) to emulsify in formulation scan or WOR

scan that alters the surfactant affinity balance for oil and water phases.

low turbidity of middle phase microemulsion

very white emulsion

About 10 sec of time

>

Slow agitation of WIII system with oil+water+micro-emulsion to make a (O+W)/Macro-emulsion

Figure 9. Very slow and weak stirring of a WIII system at equilibrium that results in a three phase emulsion which is very white, i.e., having small O
and W micron-sized droplets in the M external phase, but, according to the light scattering in the initial picture, much larger droplets than the

swollen micelles or other mesostructures in M.'°

It is worth remembering that when increased performance is
produced, as seen in Figure 7, the range of the formulation
variable for having a WIII phase behavior is reduced, with the
solubilization parameter varying inversely to the HLD range of
WIII phase behavior."””~'"* It thus means that the exact
position of the optimum is extremely sensitive to the
formulation scan value.

The curvature concept with an usual emulsion is essentially a
temporary value, i.e., the inverse of the drop’s radius.
Consequently, it will change with time as well as with the
energy introduced to make the emulsion, e.g., the stirring
apparatus and work input. On the contrary, the curvature in a
microemulsion with very small domains is supposed to be a
constant independent of the formation story, and of the
stirring, whatever the mixing process. However, it depends on
the way the curvature is calculated. For a sphere, it is without
confusion, but for a domain that is not a sphere, it can be
confusing because it depends on the way the curvature is
defined as overall, partial, spontaneous, intrinsic, etc., or by a
formula which is not C = 1/R that is the only obvious one in
the two-dimension flat space. In one of the well-known
examples of the confusion, a so-called characteristic curvature
of a surfactant (CC) term is used,'” the curvature is defined
essentially from the oil/water solubilization at a WOR = 1. It is
obtained by calculating the ratio of the oil volume (equal to the
volume of water because WOR = 1) to the surfactant volume,
that is a layer on top of the spherical oil or water domain.

Vol or vol, ., = 4/3 aR® and vol; = 47R’L, where R is the
radius of the oil or water sphere and L is the thickness of the
surfactant layer.

The ratio, basically the performance of the WIII system with
equal oil or water solubilized in spherical domains (wrongly
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assuming that normal micelles an inverse micelles exist at the
same time), is SP = R/3L, where R is the radius of the spherical
oil or water domain and L is the thickness of the surfactant
layer around them.

For L = 1 nm, as is the case for dodecyl sulfate and a
measurement of solubilization performance SP = 5.5 and y =
0.01 mN/m, a radius of 15 nm is indicated. If SP = 17 and y =
0.001 mN/m, a radius of 50 nm is obtained, which is probably
as whitish as would be expected from a 0.2 ym nanoemulsion.
Thus, the opacity of the emulsion or microemulsion is not very
unique information.

Figure 8 indicates what happens when a SOW system from
different Winsor types is stirred because of a formulation scan
(left) or a WOR scan in a WIII diagram (right).

At each indicated point (a to f) of the triangular SOW
diagrams, there are two representations of test tubes, the left
(¢B) being the aspect of the equilibrated system and the right
one (SS) being the aspect of a just stirred system, ie., the
emulsified case. At the square or circular white points
indicating the composition-formulation of systems a, b, and
¢, the equilibrated and recently stirred systems exhibit the same
aspect, because there are single phases with objects too small
to result in a whitish color. Note, however, that if the M point
is not far away from the base of the triangle, a single phase
happens at a low surfactant concentration. But in any case, the
bluish color will be the same for the equilibrated and stirred
systems.

On the contrary, in the black points d, e, and f in the
polyphasic cases types I, II, or III, there are 2 or 3 phases,
resulting in the formation of emulsions with a whitish color
that are much whiter than the equilibrated surfactant
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microemulsions, whatever the surfactant is in oil, water, or
middle phase.

Figure 9 indicates how a slow agitation of a SOW system at
equilibrium at point “e”, in the lower part of the three-phase
triangle of a WIII type in the previous figure, produces a mini-
or macroemulsion. The characteristics of the process are (1)
the system is at the optimum formulation of the scan, and thus
at the minimum interfacial tension (a low one of about 0.005
mN/m, according to the solubilization parameter). (2) Even if
the agitation is very low and slow, a whitish mini- or
macroemulsion is produced with small O and W droplets in a
continuous phase which was the middle phase microemulsion
M, as soon as the small shearing produces some stirring. After
less than a minute, excess phase separations, i.e., an oil phase
and a water phase, appear at the top and lower part of the tube,
respectively. The return to the original aspect, ie., the
complete phase separation of both excess phases, requires
only 4—S min because the (macro) emulsions are very unstable
at optimum formulation.

B CONDUCTIVITY WITH SOME VARIATION VERSUS
FORMULATION OR WOR CHANGES IN
EMULSIONS AND MICROEMULSIONS

Information on the conductivity is easy to handle with an
emulsion with drops of one phase dispersed in the other
continuous phase. Emulsion conductivity is measured under
stirring, thus homogeneity to avoid separation of different
phases is attained because of different densities, and the
inversion is easy to detect with very quick conductivity change
over a very narrow range in the scan. Shinoda’s temperature
scan fairly showed this phenomenon in nonionic surfactant
system at the optimum formulation called the PIT.'"”

In the a-b-c scans in the previous Figure 8 right diagram, the
microemulsion conductivity varies from low to high, but
smoothly and continuously, with a much lesser jump than in
the d-e-f change.

Later Shinoda and Kunieda'”® found that the WIII case at
equilibrium was essentially at the same formulation as the PIT
but that it was theoretically something different. Thus, they
called it HLB-temperature as far as phase behavior was
concerned.

They did not say it, but they probably found out that a WIII
formulation was attained and that they were two cases, one in
the 1¢) zone and one in the 3¢) zone. When they were stirred,
the aspect of the first one (1¢ slight turbidity blue color) was
kept, while the 3¢ system was becoming extremely white as
seen in Figures 8 (in SS test tubes) and 9, i.e., it becomes a real
emulsion.

B EFFECT OF MICROEMULSION STRUCTURE IN THE
LOW STABILITY OF Wil EMULSIFIED SYSTEMS

As shown in Figure 10, stirring a SOW system with 2 or 3
phases produces an emulsion if the surfactant concentration is
lower than the M point. When the WOR is not far away from
unity then the external phase is the one containing the
surfactant as it was known to be through the so-called
Bancroft’s rule.

In a WIII case, the three-phase emulsion consists in drops of
excess water and excess oil in an external phase that is the
middle phase M. Thus, there are two emulsions, i.e., W/M and
O/M, and they break quickly at the same time but often one
quicker than the other depending on the formulation with

9050

o/w i Optimum i w/o
! Salinity 1
—_ ! |
g 05t & :
= i wm
% 4 1 1
g1t
2
& 1
3 1031 ! !
£ | :
© ! !
21024+ i |
5 i i
Q 1 1
& 1 L !
Lol i e N\ |
1
§ ‘om Pl wmijo
i 1
Wlie— :
wi ' | Wi Cwii
8 10 12 14

SALINITY in w % NaCl

Figure 10. Stability versus salinity scan for 2 phase emulsions, i.e,, O/
M and W/M, in the three-phase system zone with 2.5 wt % SDS
surfactant and WOR = 1.

respect to the optimum, as shown in the 1980s."%”"'* This is
indicated as a sum up in Figure 10, showing the stability of the
O/M and W/M emulsions where M is the middle phase and
the others the excess ones. If the three phases are left, both the
two excess phases are separated at the same time very similarly
as in both O/M and W/M cases.

Therefore, with a three-phase emulsion, the stability is
measured as the velocity of separation of excess phases, excess
oil in the upper part and excess water in the lower part.
However, observing the separation of oil in an O/M emulsion
or the water in the W/M indicates they are essentially the same
with both O and W drops elongated when moving in the
remaining emulsified center zone.

At salinity below the value corresponding to WIII zone, i.e.,
lower than § = 9.5%, the phase behavior is WI and the two-
phase emulsion is O/W. Above this value, the emulsion
becomes O/M, and its minimum is at a salinity slightly lower
(S = 10.5) than the center of the WIII range S = 11.3%, which
is indicated as the optimum by a black arrow. On the other
hand, at a salinity above the upper limit of the WIII zone (over
S = 13.5%), there is a WII phase behavior and a W/O
emulsion that becomes a W/M emulsion in the triphasic zone.
It is also seen that the minimum stability of the W/M emulsion
is found at S = 11.8%, slightly above the optimum formulation.

Thus, the optimum formulation where the interfacial tension
between excess O and excess W is minimum, is found at the
crossing point of the stability curves of the O/M and W/M
emulsions. Therefore, if a mixture of the three phases is stirred,
the formed emulsion separates both oil and water and the
figure curves can be drawn as in Figure 10.

It is worth noting that with very low interfacial tension
systems, the WIII range is not very wide, much less than the
current case where the minimum y is 0.0l mN/m. It must be
said also that in practice, with a lower tension minimum, it
could be much wider, with a quite different formulation for the
minimum stability. In other words, in a three-phase emulsion,
the excess water could be separated faster than the excess oil or
the contrary, and this is why both stability curves rise again
after passing by a minimum somewhere inside the WIII zone.

It is interesting to try to understand why the emulsion
stability is always much lower in the WIII zone, whatever the
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case. The following discussion is to explain that this is due to
the bicontinuous structure of the middle phase microemulsion
M, i.e., changes at the boundary between two and three-phase
formulation.

Figure 11 indicates the formation of emulsions by stirring an
equilibrated SOW system in the WI case that is very close to

Stirring flattened

I | Q mterface

ow wh|te approaching film
emulsion oil drops thinning

Formulation scan

el

Wil Wil Wil TypeWI

Figure 11. Stirring of an equilibrated type WI system to make an
emulsion and starting of emulsion breaking due to the interdrop film
thinning.

the boundaries with WIII, for instance, between the second
and third tubes in the salinity scan in the left picture.

The stirring can be carried out with the WIII case by taking
only the excess oil phase and the M phase, so there is always an
excess oil phase with practically no surfactant (ie., below
CMC) and an aqueous phase that contains most of the
surfactant. In the WI case, the water phase contains solubilized
oil inside swollen micelles, and in the WIII case, higher
solubilization happens in some structures, such as elongated
micelles or more complex aggregates.

As indicated before, in the WIII range the volume of the
middle phase is much less than in the surfactant containing
water in the very close WI case, with the same amount of
surfactant. This means that the surfactant concentration in the
middle phase M is much higher than in the water phase in WI,
typically S times in the present case. This occurrence produces
more micelles but also allows the micelles to touch and
probably to form other structures as elongated cylinder or
“worm-like micelles” by percolation or fusioning. It is logically
expected that at higher surfactant concentration, there will be
more micelles and thus more light scattering, but the evidence
is the opposite, as already seen in Figure 2 picture.
Consequently, it could be thought that the radius of the
worm micelles (like a twisted cylindrical structure) is smaller
than the spherical micelles and thus has a higher curvature and
less scattering.

The fact is that in the WIII case, the interfacial tension is
lower than in the WI case and this also favors the elongation,
since the related energy term, i.e., the product of the tension by
the area (yA), is reduced.

Figure 12 indicates these differences between the WI and
WIII types, even if the formulation variation is very small. The

change is just due to a considerable variation of the surfactant
concentration and interfacial tension low enough to increase
the surface area with a minimum energy input like the
Brownian motion, which has a consequence only at the
molecular level, i.e., 1-2 nm, not at a drop size level that is
100—1000 times larger.

Figure 12 indicates the change in structure in the surfactant-
containing phase close to the WI—WIII boundary. In the WI
case (left), the water contains a low concentration of micelles,
and the typical Marangoni elasticity tends to spontaneously
limit the surfactant phase film thinning because of the tension
gradient. In the WIII case (right), there is much more
surfactant available in the external phase and thus in the film,
often with elongated aggregates (like nonspherical micelles), so
that the adsorption at the interface is faster, and the tension
gradient disappears. Moreover, the lower tension close to
optimum is another reason to eliminate the tension gradient
and the elasticity of the film. A similar difference will happen
close to the WIII-WII boundary inverting the oil and water
roles.

Another interesting note is that with a bicontinuous
structure shape in the film structure, even temporary, some
short bypass can be readily available, as seen in the right figure.
Thus, coalescence becomes instantaneous because of the
difference in pressure between the drops of different sizes. The
amount of bypass probably depends on the exact position in
the WIII zone, and thus justifies the minimum of both
emulsion (O/M or W/M) cases slightly displacing one from
the other as seen in Figure 10.

Figure 13 indicates that in the simple bicontinuous case
(with similar size globules as in a perfectly symmetrical

Figure 13. Bicontinuous surface shape with fusioned spheres in three
directions with a zero or almost zero mean curvature domain shape
(left). Globular domain size is twice as large in the center figure than
in the right one, but with a higher solubilization and lower interfacial
tension, because the film thickness L is the same whatever the size of

the individual globule.

Schwartz structure), the volume of a single domain depends on
the third power of the globular size, proportional to R if it
were a sphere. In contrast, the surface area depends only on the
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Figure 12. Situation when two big oil drops approach with the formation of a film of water external phase that can resist thinning (as in WI type
formulation in the left figure) or very quickly breaks with a middle phase M film containing elongated aggregates (as in the WIII case close to the

WI boundary in the right figure).
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Change of microcurvature of surfactant aggregates by Brownian bumps

Figure 14. Rapid change of the spherical micellar aggregation with time in a case very close to optimum with Brownian motion altering the position
of the surfactant molecules in the micellar-like arrangement fluctuation. In general, at optimum formulation the aggregates will be nonspherical,
very flexible at very low tension, and more or less percolated, but the principle will be similar to this scheme that explains time and space
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bicontinuity.

second power R* of the globule size and on the thickness of the
surfactant layer L, i.e., a characteristic length like the surfactant
extension that varies with the tail. Comparing this structure at
different sizes, the relation between the unit volume and unit
surface is the same, but if the surface is covered with a
surfactant of characteristic length L, which is the same in both
globule sizes, the solubilization is not the same but depends on
the size of the unit globule, as is evident with a structure made
by cubes, cylinders, or spheres.

Consequently, even with the same structure with a zero
main curvature, the bigger size unity with lower C; and C,
principal curvatures in the center drawing produces a higher
solubilization performance SP and as well has a lower
interfacial tension at optimum formulation as discussed
elsewhere.”® This means that the mean curvature is not a
unique criterion to characterize the situation, at optimum
formulation when it is zero in all cases, whatever the surfactant,
oil, water, and temperature values. It will be the same with
varying the globular sizes with a distribution of domain shape
and size.

Thus, the surfactant characteristic curvature name CC
proposed some time ago'®® is not a surfactant characteristic
at all, and the performance index PERFIND is probably more
useful'** to make comparisons. Moreover, it is not a curvature
nor a microcurvature either because such a concept requires an
oil/water interface or at least a solvent to dilute a surfactant as
micelles or other aggregates, and the drops or micelle size
depends on other parameters than the surfactant descriptor, in
particular on the temperature, and water salinity including
different ions.""'

B A 4-DIMENSIONAL SPATIO-TEMPORAL
MICROEMULSION MODEL COULD BE SIMPLE TO
UNDERSTAND STRUCTURAL SHAPE
COMPLEXITIES HAPPENING CLOSE TO THE
OPTIMUM FORMULATION OF SOW SYSTEMS

This last section is dedicated to propose a 4-dimensional (4D)
spatiotemporal model of SOW simple systems at or close to
optimum formulation according to the information available.
This model will make it relatively easy to explain in tutorial
activities without the usual puzzling confusions, as it is found
in many detailed reviews, even recent ones with a lack of clarity
in the microemulsion and curvature terminology.'"”

The model consists in using, as the only mechanical energy
generation, the Brownian motion thermal fluctuations, i.e. the
bumping of the surfactant structures by water or oil molecules
about 10*? times per second. In accordance with the
experimental data following the small particles displacement
by microscope, the average Brownian motion is arbitrary and
quite reduced in energy, thus likely to have an effect only at the
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molecular level, like spherical micelles or other surfactant
aggregate structures. It means that it happens at the scale of a
very few nanometers, not at the usual macro-emulsion drop
size, which is typically millions of times bigger in volume or
mass. Consequently, with a very high number of Brownian
bumps, the actual result will be an average effect in time and in
space of changes at the 1—10 nm scale.

Figure 14 indicates the arrangement of surfactant aggregates
in a SOW system at or close to optimum formulation, shown
here as spherical micellar size happening at very low surfactant
concentration, but that could be occurring similarly with
nonspherical aggregates, as mentioned previously. The
Brownian bumping of the surfactant molecules in these
aggregates can slightly change their position and can result
in a change in the local “microcurvature” of the aggregate, thus
changing the average from micelle to inverse micelle for some
time, and occurring in longer times than the bump, but still
over an extremely short time. These micelles can be more or
less partially opened™ or incomplete, with no clear under-
standing on how to account for the curvature in the opened or
connected part. Consequently, the microcurvature can become
positive or negative from place to place, zero if no separation
surface, and during a very short time. Both kinds of micelles at
the same time, as proposed in Acosta’s model,'” are not
possible because both external phases would be required.
Therefore, in this case, it is the surfactant film located at the
oil—water limit that is practically the external phase. As has
been noted previously, the structures can be elongated, in
particular because of the low tension close to optimum, and
open in a percolated worm type of association by partial fusion
of neighboring micelles.

The series of pictures in Figure 14 indicates that this quickly
changing microemulsion structure presents a continuity of
both the oil and water phase not only in space, but also in time,
thus explaining the continuous conductivity variation from
type I to type II. This double property would be even more
evident in a 3-dimensional case.'"”’

As a consequence, making a difference with the names and
phenomena happening at the different size levels is not only
logical but also necessary to reduce the confusion.

For conventional emulsions, say with a radius of about 10
um (or in the extended 1—100 ym range), drops are produced
from an equilibrated SOW system by mechanical stirring,
resulting in a strong light scattering as in the whitish milk.
When the relative affinity of the surfactant for the oil and water
is changed by a formulation or WOR variation (i.e., passing
from a type WI zone to a type WIJ, or inversely) according to
the Winsor multivariable concept, the emulsion (kept stirred)
becomes inverted as was corroborated by the PIT name given
by Shinoda group in Japan.'® Other researchers in France have
published interesting data."'*'"
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Figure 15. (Left) The manifold and bifurcation aspects in catastrophe theory for a Gibbs free energy G model of the 6th order, i.e., with up to S
solutions to dG/dx = 0, including 3 minima and thus three phases at equilibrium.''® (Center) Several sections at different formulations (b) with
different surfactant concentrations (c) and WOR (d) comparing bifurcation plots and Winsor triangles. (Right) Cut out of multiphase zone cusps
with a scheme of the free energy plots in a Winsor III type situation. The (a) negative coefficient is what results in a double cusp manifold, and thus

a three-phase separation at optimum (when b = 0).

The supposed intermediate complex situation between the
WI and WII cases, more or less understood as a very unstable
mixture of the O/W and W/O emulsions, has been described
by a catastrophe theory occurrence with a so-called “butterfly”
manifold, with double cusp bifurcation, as explained in detail
elsewhere.'' """

Figure 15 shows the different sections of this model with a
potential of the sixth power. That is the simplest for Gibbs free
energy (Gpea(x) = x° + ax* + bx+ cx® + dx). It has up to three
minima, according to the ball in the hole analogy in the right
plot G(x) graphs and thus with the possibility of up to 3 phase
behavior. This G expression has 4 independent coefficients g,
b, ¢, and d, where the “a” negative coeflicient results in a double
cusp indicated in the ¢-d map in the left plot, similar to a
Winsor triangle diagram.''® The effect of “b” is the equivalent
to the generalized formulation, including T and P (i.e., HLD
from negative to positive). “c” is equivalent to the surfactant
concentration and d to the water—oil ratio.

Phase inversion of (macro)emulsion, like Shinoda’s PIT
process, are catastrophe theory changes with time, i.e., dynamic
phenomena with high energy by stirring (quick, irreversible,
with hysteresis). As far as the phase behavior is concerned, it is
an equilibrium situation with no time effect (continuous,
instantaneous, and reversible). It does not require external
energy, i.e., no stirring with the exception of Brownian motion,
i.e., a very low energy input that often requires time to reach
equilibrium, unless the formulation is at optimum, i.e., with a
very low interfacial tension, even a zero value.

The catastrophe theory model predicted a possible
hysteresis for the inversion due to a change in WOR far
from WOR = 1, as it is happening in practice.'"” Exceptional
hysteresis can take place for a formulation change,' ">’
probably because of delay in equilibration.'”" Catastrophic
phase inversion is also used to produce specific solutions, in
particular for viscous oil phases. **

For the microemulsion misleading name case, different
situations happen, and the term microcurvature will be
logically used to avoid confusion. The microcurvature is
justified by the close to zero mean curvature of the separation
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surface. However, it is attained as the difference between two
very high principal curvatures C; and C, in a splay saddle
structure, which is a very different situation from micelles
dispersion happening away from optimum. Also, for a
microemulsion to happen, the surfactant concentration must
be quite large to get a single phase, whatever the complex
structure. It is much higher than the typical concentration of
less than 1%, usually used to get a macroemulsion for many
applications.

For nanoemulsions,'*” i.e., very small-size emulsions with
interface and instability, it is better to keep them as normal
emulsions according to their properties even if the “nano” part
is not really appropriate because their droplets are, in general,
larger than 50—100 nm,"** ie, larger than the size of a
microemulsion domain, which is confusing since nanometer
means 10~ m and micrometer 107 m."*®

B CONCLUSIONS

This review presents arguments sustaining that what is called a
microemulsion is not a true emulsion and that the micro-
curvature is not the same as the usual curvature concept in
ordinary (macro)emulsions. Associating the term micro-
curvature with microemulsions may help to clarify the
distinction or may create more confusion if this review’s
comments are not properly understood.

A microemulsion does not contains drops but rather
surfactant aggregation structures with surfactant-oil-water
wedge elements at the molecular level, such as micelles, liquid
crystal, or more complex arrangements. Unlike macro-
emulsions, a microemulsion is a single phase and has no
oil—water interface, no pressure difference inside and outside
the structures, and is stable over time, not only because of the
absence of gravity effect but also because of some kind of mean
value with location and time fluctuations. At and close to the
so-called optimum formulation, it is bicontinuous and has no
internal nor external phase, making it distinct from an
emulsion, which is a dispersion of liquid drops in another
liquid external phase.
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The surface limit between oil and water domains in a
microemulsion was said to be a surfactant-rich monolayer or
bilayer with a close to zero curvature, ie., a flat shapelike
structure as in some liquid crystals. It was proposed that
diluting flat liquid crystals can provide a liquid dissolution. i.e.,
a single phase with dispersed objects having a zero curvature
that can be attained with a shape like a saddle with two
principal curvatures, which have different signs, and whose sum
is zero. This is a puzzling manipulation of concepts to
determine domains similar to almost spherical drops or
micelles. According to the current discussions, the domains
are of unknown shape, highly variable from place to place at a
given time, and along the time at a given place. Thus, the
overall microcurvature is a mean or average that could be
measured, maybe with a preference slightly positive or slightly
negative, even if it is a difference between two very high
principal curvatures like in micelle and inverse micelle cases
with a small radius.

Using the term “microcurvature” for microemulsion systems
could be a way to understand the differences and reduce
confusion.

Furthermore, a proper use of the wedge theory and packing
parameter with fluctuations when the interfacial tension is very
low (at the optimum) will allow one to explain that Brownian
motion is enough to provide the necessary fluctuations to have
a stable single phase average.

B AUTHOR INFORMATION

Corresponding Author
Jean-Louis Salager — Laboratorio FIRP, Universidad de Los
Andes, Mérida 5101, Venezuela; © orcid.org/0000-0003-
4495-7333; Email: JL.Salager@gmail.com

Authors

Ronald Marquez — Laboratorio FIRP, Universidad de Los
Andes, Mérida 5101, Venezuela; Present
Address: Laboratoire Physico-Chimie des Interfaces
Complexes, ESPCI Paris, TotalEnergies, Batiment
CHEMSTARTUP, RD 817, 64170 Lacq, France;

orcid.org/0000-0001-6003-7487

Miguel Rondén — Universidad Industrial de Santander,
Bucaramanga 680002, Colombia; ICP Ecopetrol, Piedecuesta
681011, Colombia

Johnny Bullén — Laboratorio FIRP, Universidad de Los
Andes, Mérida 5101, Venezuela

Alain Graciaa — Université de Pau et Pays de I’Adour, UMR
5150 TOTAL-CNRS-UPPA, BP 1155, Pau 64013 Cedex,
France

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c00547

Author Contributions

Conceptualization, writing, and original draft preparation, J.-L.
Salager. Writing, review, and editing, R. Marquez and J.-L.
Salager. Review and editing, Miguel Rondon, J. Bullon, and A.
Graciaa. All the authors have approved the final version of the
manuscript.

Notes
The authors declare no competing financial interest.

9054

B ACKNOWLEDGMENTS

The authors acknowledge the collaboration of Prof. Ana
Forgiarini and Prof. Raquel Antén for their comments on this
manuscript topics. TotalEnergies is thanked for partially
funding the second author’s Ph.D. research.

B REFERENCES

(1) Salager, J.-L.; Marquez, R.; Bullon, J.; Forgiarini, A. Formulation
in Surfactant Systems: From-Winsor-to-HLDN. Encyclopedia 2022, 2
(2). 778.

(2) Salager, J.-L.; Forgiarini, A.; Marquez, R. Extended Surfactants
Including an Alkoxylated Central Part Intermediate Producing a
Gradual Polarity Transition—A Review of the Properties Used in
Applications Such as Enhanced Oil Recovery and Polar Oil
Solubilization in Microemulsions. J. Surfactants Deterg. 2019, 22
(5), 935-972.

(3) Langevin, D. Emulsions, Microemulsions and Foams; Springer:
Gewerbestr, Switzerland, 2020, DOI: 10.1007/978-3-030-55681-5.

(4) Tadros, T. F. Rheology of Dispersions: Principles and Applications;
Wiley, 2010, DOI: 10.1002/9783527631568.

(5) Salager, J.-L. Emulsion Properties and Related Know-How to
Attain Them. In Pharmaceutical emulsions and suspensions; Nielloud,
F., Marti-Mestres, G., Eds.; Marcel Dekker: New Jersey, 2000; Vol. I,
pp 73—128.

(6) Rosen, M. J; Kunjappu, J. T. Surfactants and Interfacial
Phenomena; Rosen, M. ], Kunjappu, J. T, Eds; John Wiley &
Sons: New York, 2012; Vol. 62, DOI: 10.1002/9781118228920.

(7) Tartaro, G.; Mateos, H.; Schirone, D.; Angelico, R.; Palazzo, G.
Microemulsion Microstructure(s): A Tutorial Review. Nanomaterials
2020, 10, 1657.

(8) Tartaro, G.; Gentile, L.; Palazzo, G. Characteristic Length and
Curvature of the AOT/Brine/Squalane “Sponge” L3 Phases. JCIS
Open 2023, 9, 100077.

(9) Wennerstroem, H.; Olsson, U. On the Flexible Surface Model of
Sponge Phases and Microemulsions. Langmuir 1993, 9 (2), 365—368.

(10) Strey, R. Microemulsion Microstructure and Interfacial
Curvature. Colloid Polym. Sci. 1994, 272 (8), 1005—1019.

(11) Bordi, F.; Cametti, C.; Codastefano, P.; Sciortino, F.; Tartaglia,
P.; Rouch, J. Effect of Salinity on the Electrical Conductivity of a
Water-in-Oil Microemulsion. Prog. Colloid Polym. Sci. 1996, 100,
170—176.

(12) Fischer, J.; Porcar, L.; Cabral, J. T.; Sottmann, T. Shear-
Induced Sponge-to-Lamellar Transition in Bicontinuous Micro-
emulsions Evidenced by Microfluidic-SANS. J. Colloid Interface Sci.
2023, 635, 588—597.

(13) Rosen, M. J. The Relationship of Structure to Properties in
Surfactants. J. Am. Oil Chem. Soc. 1972, 49 (5), 293—297.

(14) Rosen, M. J.; Dahanayake, M. Industrial Utilization of
Surfactants: Principles and Practice; AOCS Press: Urbana, IL, 2000.

(15) Bourrel, M.; Schechter, R. S. Microemulsions and Related
Systems: Formulation, Solvency, and Physical Properties, 2nd ed.;
Editions Technip: Paris, France, 2010.

(16) Shinoda, K.; Kunieda, H.; Prince, L. Microemulsions, Theory and
Practice; Elsevier, Inc., 1977.

(17) Mittal, K. L. Handbook of Microemulsion Science and Technology;
Marcel Dekker, 1999.

(18) Fanun, M. Microemulsions: Properties and Applications; CRC
press: Boca Raton, 2009.

(19) Kumar, P.; Mittal, K. L. Handbook of Microemulsion Science and
Technology; Marcel Dekker: New York, 1999.

(20) Stubenrauch, C. Microemulsions: Background, New Concepts,
Applications, Perspectives; Stubenrauch, C., Ed.; John Wiley & Sons
Ltd: Oxford, UK, 2009, DOI: 10.1002/9781444305524.

(21) Scriven, L. E.; Mittal, K. L. Micellization, Solubilization, and
Microemulsions; Plenum Publishing Corp.: New York, 1977.

(22) Zana, R. Dynamics of Surfactant Self-Assemblies: Micelles,
Microemulsions, Vesicles and Lyotropic Phases; CRC press: Boca
Raton, USA, 2005.

https://doi.org/10.1021/acsomega.3c00547
ACS Omega 2023, 8, 9040—9057


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Louis+Salager"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4495-7333
https://orcid.org/0000-0003-4495-7333
mailto:JL.Salager@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ronald+Marquez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6003-7487
https://orcid.org/0000-0001-6003-7487
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Rondo%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johnny+Bullo%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alain+Graciaa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00547?ref=pdf
https://doi.org/10.3390/encyclopedia2020054
https://doi.org/10.3390/encyclopedia2020054
https://doi.org/10.1002/jsde.12331
https://doi.org/10.1002/jsde.12331
https://doi.org/10.1002/jsde.12331
https://doi.org/10.1002/jsde.12331
https://doi.org/10.1002/jsde.12331
https://doi.org/10.1007/978-3-030-55681-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9783527631568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/9781118228920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano10091657
https://doi.org/10.1016/j.jciso.2023.100077
https://doi.org/10.1016/j.jciso.2023.100077
https://doi.org/10.1021/la00026a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la00026a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF00658900
https://doi.org/10.1007/BF00658900
https://doi.org/10.1007/BFb0115774
https://doi.org/10.1007/BFb0115774
https://doi.org/10.1016/j.jcis.2022.12.125
https://doi.org/10.1016/j.jcis.2022.12.125
https://doi.org/10.1016/j.jcis.2022.12.125
https://doi.org/10.1007/BF02637577
https://doi.org/10.1007/BF02637577
https://doi.org/10.1002/9781444305524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(23) Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.;
Academic Press, 2011.

(24) Schulman, J. H.; Stoeckenius, W.; Prince, L. M. Mechanism of
Formation and Structure of Micro Emulsions by Electron Microscopy.
J. Phys. Chem. 1959, 63 (10), 1677—1680.

(25) Hansen, C. M. 50 Years with Solubility Parameters - Past and
Future. Prog. Org. Coatings 2004, 51 (1), 77—84.

(26) Hansen, C. M. Hansen Solubility Parameters: A User’s
Handbook, 2nd ed.; CRC Press, 2007, DOI: 10.1201/
9781420006834.

(27) Winsor, P. Hydrotropy, Solubilisation and Related Emulsifica-
tion Processes. Trans. Faraday Soc. 1948, 44, 376—398.

(28) Salager, J.-L. Surfactants in aqueous solution https://es.firp-ula.
org/wp-content/uploads/2019/07/E201A.pdf (accessed Dec 10,
2022).

(29) Schirone, D.; Tartaro, G.; Gentile, L.; Palazzo, G. An HLD
Framework for Cationic Ammonium Surfactants. JCIS Open 2021, 4,
100033.

(30) Marquez, N.; Graciaa, A.; Lachaise, ].; Salager, J. L. Partitioning
of Ethoxylated Alkylphenol Surfactants in Microemulsion-Oil-Water
Systems: Influence of Physicochemical Formulation Variables.
Langmuir 2002, 18 (16), 6021—6024.

(31) Winsor, P. Solvent Properties of Amphiphilic Compounds;
Butterworths Scientific Publications: London, UK, 1954.

(32) Rosen, M. J.; Wang, H.; Shen, P.; Zhu, Y. Ultralow Interfacial
Tension for Enhanced Oil Recovery at Very Low Surfactant
Concentrations. Langmuir 2008, 21 (9), 3749—3756.

(33) Salager, J.-L. Quantifying the Concept of Physico-Chemical
Formulation in Surfactant-Oil-Water Systems - State of the Art. Prog.
Colloid Polym. Sci. 1996, 100, 137—142.

(34) Griffin, W. Classification of Surface-Active Agents by” HLB”. J.
Cosmet. Sci. 1949, 1, 311-326.

(35) Harkins, W. D.; McLaughlin, H. M. The Structure of Films of
Water on Salt Solutions I. Surface Tension and Adsorption for
Aqueous Solutions of Sodium Chloride. . Am. Chem. Soc. 1925, 47
(8), 2083—2089.

(36) Velasquez, J.; Scorzza, C.; Vejar, F.; Forgiarini, A. M.; Antén, R.
E.; Salager, J. L. Effect of Temperature and Other Variables on the
Optimum Formulation of Anionic Extended Surfactant-Alkane-Brine
Systems. J. Surfactants Deterg. 2010, 13 (1), 69—73.

(37) Antén, R. E; Graciaa, A.; Lachaise, J.; Salager, J.-L. Surfactant-
Oil-Water Systems Near the Affinity Inversion, Part VIII: Optimum
Formulation and Phase Behavior of Mixed Anionic-Nonionic Systems
Versus Temperature. J. Dispers. Sci. Technol. 1992, 13 (S), 565—579.

(38) Winsor, P. A. Binary and Multicomponent Solutions of
Amphiphilic Compounds. Solubilization and the Formation,
Structure, and Theoretical Significance of Liquid Crystalline
Solutions. Chem. Rev. 1968, 68 (1), 1—40.

(39) Hoar, T. P; Schulman, J. H. Transparent Water-in-Oil
Dispersions: The Oleopathic Hydro-Micelle. Nature 1943, 152
(3847), 102—103.

(40) Scriven, L. E. Equilibrium Bicontinuous Structure. Nature 1976,
263 (5573), 123—125.

(41) Acosta, E. The HLD—-NAC Equation of State for Micro-
emulsions Formulated with Nonionic Alcohol Ethoxylate and
Alkylphenol Ethoxylate Surfactants. Colloids Surfaces A Physicochem.
Eng. Asp. 2008, 320 (1-3), 193—204.

(42) Bowcott, J. E.; Schulman, J. H. Emulsions Control of Droplet
Size and Phase Continuity in Transparent Oil-Water Dispersions
Stabilized with Soap and Alcohol. Zeitschrift fir Elektrochemie, Berichte
der Bunsengesellschaft fiir Phys. Chemie 1955, 59 (4), 283—290.

(43) Salager, J.-L. A Normalized Hydrophilic-Lipophilic Deviation
Expression HLDN Is Necessary to Avoid Confusions Close to the
Optimum Formulation of Surfactant-Oil-Water Systems. J. Surfactants
Deterg. 2021, 24 (5), 731-748.

(44) Salager, J.-L.; Graciaa, A.; Marquez, R. Analyzing the Surfactant
Classification Confusion through the HLD Formulation Equation.
JCIS Open 2022, 8, 100060.

9055

(45) Bellocq, A. M.; Bourbon, D.; Lemanceau, B. Three-Dimen-
sional Phase Diagrams and Interfacial Tensions of the Water-
Dodecane-Pentanol-Sodium Octylbenzene Sulfonate System. J.
Colloid Interface Sci. 1981, 79 (2), 419—431.

(46) Sottmann, T.; Strey, R. Ultralow Interfacial Tensions in
Water—n-Alkane—Surfactant Systems. J. Chem. Phys. 1997, 106 (20),
8606—8615.

(47) Salager, J.-L.; Antén, R. E.; Bullén, J.; Forgiarini, A.; Marquez,
R. How to Use the Normalized Hydrophilic-Lipophilic Deviation
(HLDN) Concept for the Formulation of Equilibrated and Emulsified
Surfactant-Oil-Water Systems for Cosmetics and Pharmaceutical
Products. Cosmetics 2020, 7 (3), 57.

(48) Huh, C. Interfacial Tensions and Solubilizing Ability of a
Microemulsion Phase That Coexists with Oil and Brine. J. Colloid
Interface Sci. 1979, 71 (2), 408—426.

(49) Huh, C. Formation of a Middle-Phase from a Lower or Upper-
Phase Microemulsion. J. Colloid Interface Sci. 1984, 97 (1), 201-219.

(50) Taber, J. J. Dynamic and Static Forces Required To Remove a
Discontinuous Oil Phase from Porous Media Containing Both Oil
and Water. Soc. Pet. Eng. ]. 1969, 9 (01), 3—12.

(51) Salager, J.-L.; Marquez, R.; Delgado-Linares, J. G.; Rondon, M.;
Forgiarini, A. Fundamental Basis for Action of a Chemical Demulsifier
Revisited after 30 Years: HLDN as the Primary Criterion for Water-
in-Crude Oil Emulsion Breaking. Energy Fuels 2022, 36 (2), 711-730.

(52) Salager, J. L.; Forgiarini, A. M. Emulsion Stabilization, Breaking,
and Inversion Depends upon Formulation: Advantage or Incon-
venience in Flow Assurance. Energy Fuels 2012, 26 (7), 4027—4033.

(53) Forgiarini, A.; Marquez, R.; Salager, J.-L. Formulation
Improvements in the Applications of Surfactant-Oil-Water Systems
Using the HLDN Approach with Extended Surfactant Structure.
Molecules 2021, 26 (12), 3771.

(54) Marquez, R; Forgiarini, A. M.; Langevin, D.; Salager, J.-L.
Breaking of Water-In-Crude Oil Emulsions. Part 9. New Interfacial
Rheology Characteristics Measured Using a Spinning Drop
Rheometer at Optimum Formulation. Energy Fuels 2019, 33 (9),
8151—-8164.

(55) Lemahieu, G.; Ontiveros, J. F.; Gaudin, T.; Molinier, V.; Aubry,
J. M. The Salinity-Phase-Inversion Method (SPI-Slope): A
Straightforward Experimental Approach to Assess the Hydrophilic-
Lipophilic-Ratio and the Salt-Sensitivity of Surfactants. J. Colloid
Interface Sci. 2022, 608, 549—563.

(56) Aubry, J. M.; Ontiveros, J. F.; Salager, J.-L.; Nardello-Rataj, V.
Use of the Normalized Hydrophilic-Lipophilic-Deviation (HLDN)
Equation for Determining the Equivalent Alkane Carbon Number
(EACN) of Oils and the Preferred Alkane Carbon Number (PACN)
of Nonionic Surfactants by the Fish-Tail Method (FTM). Adv. Colloid
Interface Sci. 2020, 276 (220), 102099.

(57) Ontiveros, J. F.; Pierlot, C.; Catté, M.; Salager, J. L.; Aubry, J.
M. Determining the Preferred Alkane Carbon Number (PACN) of
Nonionic Surfactants Using the PIT-Slope Method. Colloids Surfaces
A Physicochem. Eng. Asp. 2018, 536, 30—37.

(58) Fanun, M.; Wachtel, E.; Antalek, B.; Aserin, A,; Garti, N. A
Study of the Microstructure of Four-Component Sucrose Ester
Microemulsions by SAXS and NMR. Colloids Surfaces A Physicochem.
Eng. Asp. 2001, 180 (1-2), 173—186.

(59) Heil, J.; Clausse, M.; Peyrelasse, J.; Boned, C. Etude de Phases
Quaternaires Winsor IV. Diagrammes de Phases et Propriétés
Electriques. Colloid Polym. Sci. 1982, 260 (1), 93—95.

(60) Mullins, O. C. The Modified Yen Model. Energy Fuels 2010, 24
(4), 2179-2207.

(61) Goual, L; Horvith-Szabé, G.; Masliyah, J. H; Xu, Z.
Adsorption of Bituminous Components at Oil/Water Interfaces
Investigated by Quartz Crystal Microbalance: Implications to the
Stability of Water-in-Oil Emulsions. Langmuir 2005, 21 (18), 8278—
8289.

(62) Zhang, Y.; Siskin, M.; Gray, M. R.; Walters, C. C.; Rodgers, R.
P. Mechanisms of Asphaltene Aggregation: Puzzles and a New
Hypothesis. Energy Fuels 2020, 34 (8), 9094—9107.

https://doi.org/10.1021/acsomega.3c00547
ACS Omega 2023, 8, 9040—9057


https://doi.org/10.1021/j150580a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150580a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.porgcoat.2004.05.004
https://doi.org/10.1016/j.porgcoat.2004.05.004
https://doi.org/10.1201/9781420006834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1201/9781420006834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/tf9484400376
https://doi.org/10.1039/tf9484400376
https://es.firp-ula.org/wp-content/uploads/2019/07/E201A.pdf
https://es.firp-ula.org/wp-content/uploads/2019/07/E201A.pdf
https://doi.org/10.1016/j.jciso.2021.100033
https://doi.org/10.1016/j.jciso.2021.100033
https://doi.org/10.1021/la020199o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la020199o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la020199o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0400959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0400959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la0400959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BFb0115768
https://doi.org/10.1007/BFb0115768
https://doi.org/10.1021/ja01685a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01685a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01685a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11743-009-1142-6
https://doi.org/10.1007/s11743-009-1142-6
https://doi.org/10.1007/s11743-009-1142-6
https://doi.org/10.1080/01932699208943334
https://doi.org/10.1080/01932699208943334
https://doi.org/10.1080/01932699208943334
https://doi.org/10.1080/01932699208943334
https://doi.org/10.1021/cr60251a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60251a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60251a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60251a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/152102a0
https://doi.org/10.1038/152102a0
https://doi.org/10.1038/263123a0
https://doi.org/10.1016/j.colsurfa.2008.01.049
https://doi.org/10.1016/j.colsurfa.2008.01.049
https://doi.org/10.1016/j.colsurfa.2008.01.049
https://doi.org/10.1002/jsde.12518
https://doi.org/10.1002/jsde.12518
https://doi.org/10.1002/jsde.12518
https://doi.org/10.1016/j.jciso.2022.100060
https://doi.org/10.1016/j.jciso.2022.100060
https://doi.org/10.1016/0021-9797(81)90093-X
https://doi.org/10.1016/0021-9797(81)90093-X
https://doi.org/10.1016/0021-9797(81)90093-X
https://doi.org/10.1063/1.473916
https://doi.org/10.1063/1.473916
https://doi.org/10.3390/cosmetics7030057
https://doi.org/10.3390/cosmetics7030057
https://doi.org/10.3390/cosmetics7030057
https://doi.org/10.3390/cosmetics7030057
https://doi.org/10.1016/0021-9797(79)90249-2
https://doi.org/10.1016/0021-9797(79)90249-2
https://doi.org/10.1016/0021-9797(84)90287-X
https://doi.org/10.1016/0021-9797(84)90287-X
https://doi.org/10.2118/2098-PA
https://doi.org/10.2118/2098-PA
https://doi.org/10.2118/2098-PA
https://doi.org/10.1021/acs.energyfuels.1c03349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c03349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c03349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef3001604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef3001604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef3001604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules26123771
https://doi.org/10.3390/molecules26123771
https://doi.org/10.3390/molecules26123771
https://doi.org/10.1021/acs.energyfuels.9b01476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b01476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b01476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2021.09.155
https://doi.org/10.1016/j.jcis.2021.09.155
https://doi.org/10.1016/j.jcis.2021.09.155
https://doi.org/10.1016/j.cis.2019.102099
https://doi.org/10.1016/j.cis.2019.102099
https://doi.org/10.1016/j.cis.2019.102099
https://doi.org/10.1016/j.cis.2019.102099
https://doi.org/10.1016/j.colsurfa.2017.08.002
https://doi.org/10.1016/j.colsurfa.2017.08.002
https://doi.org/10.1016/S0927-7757(00)00744-5
https://doi.org/10.1016/S0927-7757(00)00744-5
https://doi.org/10.1016/S0927-7757(00)00744-5
https://doi.org/10.1007/BF01447681
https://doi.org/10.1007/BF01447681
https://doi.org/10.1007/BF01447681
https://doi.org/10.1021/ef900975e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la050333f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la050333f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la050333f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c01564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c01564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(63) Meza, L.; Alvarado, J. G Marquez, R.; Forgiarini, A.
Performance Evaluation of Demulsifier Using the Optimum
Formulation HLD Concept: A Practical Case Using Heavy Crude-
Oil Diluted in Naphtha or in Synthetic Aromatic Oil. SPE J. 2022, 27,
1856—1868.

(64) Kunieda, H.; Shinoda, K. Phase Behavior In Systems Of
Nonionic Surfactant/Water/Oil Around The Hydrophile-Lipophile-
Balance-Temperature (HIb-Temperature). J. Dispers. Sci. Technol.
1982, 3 (3), 233—244.

(65) Kahlweit, M.; Strey, R.; Busse, G. Microemulsions: A
Qualitative Thermodynamic Approach. J. Phys. Chem. 1990, 94
(10), 3881—3894.

(66) Reed, R. L,; Healy, R. N. Some Physicochemical Aspects of
Microemulsion Flooding: A Review. In Improved oil recovery by
surfactant and polymer flooding; Shah, D. O., Schecter, R. S., Eds.;
Academic Press: New York, 1977; pp 383—437.

(67) Wade, W.; Morgan, J. C; Schechter, R. S.; Jacobson, J. K;
Salager, J.-L. Interfacial Tension and Phase Behavior of Surfactant
Systems. Soc. Pet. Eng. J. 1978, 18 (04), 242—252.

(68) Salager, J.-L.; Morgan, J. C.; Schechter, R. S.; Wade, W. H,;
Vasquez, E. Optimum Formulation of Surfactant/Water/Oil Systems
for Minimum Interfacial Tension or Phase Behavior. Soc. Pet. Eng. J.
1979, 19 (02), 107—115.

(69) Bourrel, M,; Salager, J.-L.; Schechter, R. S;; Wade, W. H.
Formulation Optimum Des Systemes Micellaires Pour La Récupér-
ation Assistée Du Pétrole: Comparaison Des Tensioactifs Anioniques
et Nonioniques. Collog. Natx. CNRS “Physicochimie des Compos.
amphiphiles” 1978, 938, 337—343.

(70) Ramachandran, C.; Vijayan, S.; Shah, D. O. Effect of Salt on the
Structure of Middle Phase Microemulsions Using the Spin-Label
Technique. J. Phys. Chem. 1980, 84 (12), 1561—1567.

(71) Bourrel, M,; Salager, J.-L. L.; Schechter, R. S.; Wade, W. H. A
Correlation for Phase Behavior of Nonionic Surfactants. J. Colloid
Interface Sci. 1980, 75 (2), 451—461.

(72) Cash, R. L.; Cayias, J. L.; Fournier, G. R; Jacobson, J. K;
LeGear, C. A.; Schares, T.; Schechter, R. S.; Wade, W. H. Low
Interfacial Tension Variables. In Detergents in the Changing Scene;
American Oil Chemists’ Society, 1975.

(73) Salager, J.-L; Antén, R. E; Anderez, J. M.; Aubry, J.-M.
Formulation des micro-émulsions par la méthode HLD, Techniques
de llIngénieur, J2157, 2001 https://www.techniques-ingenieur.fr/
base-documentaire/procedes-chimie-bio-agro-th2/principes-de-
formulation-42489210/formulation-des-microemulsions-par-la-
methode-du-hld-j2157/, accessed 02/01/2023.

(74) Acosta, E.; Szekeres, E.; Sabatini, D. A.; Harwell, J. H. Net-
Average Curvature Model for Solubilization and Supersolubilization
in Surfactant Microemulsions. Langmuir 2003, 19 (1), 186—195.

(75) Kahlweit, M.; Strey, R.; Haase, D.; Kunieda, H.; Schmeling, T;
Faulhaber, B.; Borkovec, M.; Eicke, H. F.; Busse, G.; Eggers, F.;
Funck, T.; Richmann, H.,; Magid, L; S6derman, O.; Stilbs, P.;
Winkler, J.; Dittrich, A.; Jahn, W. How to Study Microemulsions. J.
Colloid Interface Sci. 1987, 118 (2), 436—453.

(76) Kahlweit, M.; Strey, R; Busse, G. Weakly to Strongly
Structured Mixtures. Phys. Rev. E 1993, 47 (6), 4197—4209.

(77) Scriven, L. E. Equilibrium Bicontinuous Structures. In
Micellization, solubilization, and microemulsions; Mittal, K. L., Ed,;
Springer, 1977; pp 877—893, DOI: 10.1007/978-1-4613-4157-4_23.

(78) Kaler, E. W.; Bennett, K. E.; Davis, H. T; Scriven, L. E. Toward
Understanding Microemulsion Microstructure: A Small-Angle x-Ray
Scattering Study. J. Chem. Phys. 1983, 79 (11), 5673—5684.

(79) Hyde, S.; Ninham, B.; Andersson, S.; Larsson, K; Landh, T,;
Blum, Z.; Lidin, S. The Language of Shape: The Role of Curvature in
Condensed Matter: Physics, Chemistry and Biology; Hyde, S., Ninham,
B., Andersson, S., Larsson, K., Landh, T., Blum, Z., Lidin, S., Eds,;
Elsevier Science B.V.: Amsterdam, 1997, DOI: 10.1016/B978-
044481538-5/50002-2.

(80) Shinoda, K.; Arai, H. The Effect of Phase Volume on the Phase
Inversion Temperature of Emulsions Stabilized with Nonionic
Surfactants. J. Colloid Interface Sci. 1967, 25 (3), 429.

9056

(81) Antén, R. E.; Castillo, P.; Salager, J.-L. Surfactant—Oil—Water
Systems near the Affinity Inversion. Part IV: Emulsion Inversion
Temperature. J. Dispers. Sci. Technol. 1986, 7 (3), 319.

(82) Shinoda, K. The Comparison between the PIT System and the
HLB-Value System to Emulsifier Selection. Nippon Kagaku Zasshi
1968, 89, 435.

(83) Shinoda, K.; Saito, H. The Effect of Temperature on the Phase
Behavior and the Types of Dispersions of the Ternary System
Composed of Water, Cyclohexane and Nonionic Surfactant. J. Colloid
Interface Sci. 1968, 26 (1), 70.

(84) Talmon, Y.; Prager, S. Statistical Thermodynamics of Phase
Equilibria in Microemulsions. J. Chem. Phys. 1978, 69 (7), 2984—
2991.

(85) Zemb, T. N.; Hyde, S. T.; Derian, P. J.; Barnes, L. S.; Ninham,
B. W. Microstructure from X-Ray Scattering: The Disordered Open
Connected Model of Microemulsions. J. Phys. Chem. 1987, 91 (14),
3814—3820.

(86) Bhide, P. M.; Bauer, Z.; Steer, D.; Mahanthappa, M. K.
Lyotropic Dodecagonal Quasicrystals in Ternary Amphiphile/Oil/
Water Microemulsions. In Bulletin of the American Physical Society
March Meeting 2022; Chicago, 2022.

(87) Figueiredo Neto, A. M.; Salinas, S. R. A. The Physics of Lyotropic
Liquid Crystals: Phase Transitions and Structural Properties; OUP
Oxford, 2005; Vol. 62.

(88) Hyde, S. T. Identification of Lyotropic Liquid Crystalline
Mesophases. In Handbook of Applied Surface and Colloid Chemistry;
Holmberg, K., Ed.; John Wiley & Sons: Berlin, Germany, 2001; pp
299-332.

(89) Knickerbocker, B. M.; Pesheck, C. V.; Davis, H. T.; Scriven, L.
E. Patterns of Three-Liquid-Phase Behavior Illustrated by Alcohol-
Hydrocarbon-Water-Salt Mixtures. J. Phys. Chem. 1982, 86 (3), 393—
400.

(90) Davis, H. T.; Scriven, L. E. The Origins of Low Interfacial
Tensions for Enhanced Oil Recovery. Proceedings of the SPE Annual
Technical Conference Exhibition, 1980; https://onepetro.org/
SPEATCE/proceedings/80SPE/All-80SPE/SPE-9278-MS/111194.

(91) Fischer, V.; Marcus, J.; Touraud, D.; Diat, O.; Kunz, W.
Toward Surfactant-Free and Water-Free Microemulsions. J. Colloid
Interface Sci. 20185, 453, 186—193.

(92) Klossek, M. L.; Touraud, D.; Zemb, T.; Kunz, W. Structure and
Solubility in Surfactant-Free Microemulsions. ChemPhysChem 2012,
13 (18), 4116—4119.

(93) Ganachaud, F.; Katz, J. L. Nanoparticles and Nanocapsules
Created Using the Ouzo Effect: Spontaneous Emulsification as an
Alternative to Ultrasonic and High-Shear Devices. ChemPhysChem
2005, 6 (2), 209—216.

(94) Aubry, J; Ganachaud, F.; Cohen Addad, J.-P.; Cabane, B.
Nanoprecipitation of Polymethylmethacrylate by Solvent Shifting:1.
Boundaries. Langmuir 2009, 25 (4), 1970—1979.

(95) Zemb, T. N.; Klossek, M.; Lopian, T.; Marcus, J.; Schéett], S.;
Horinek, D.; Prevost, S. F.; Touraud, D.; Diat, O.; Marcelja, S.; Kunz,
W. How to Explain Microemulsions Formed by Solvent Mixtures
without Conventional Surfactants. Proc. Natl. Acad. Sci. U. S. A. 2016,
113 (16), 4260—4265.

(96) Klossek, M. L.; Touraud, D.; Kunz, W. Eco-Solvents — Cluster-
Formation, Surfactantless Microemulsions and Facilitated Hydro-
tropy. Phys. Chem. Chem. Phys. 2013, 15 (26), 10971—10977.

(97) Iglicki, D.; Goubault, C.; Nour Mahamoud, M.; Chevance, S.;
Gauffre, F. Shedding Light on the Formation and Stability of
Mesostructures in Ternary “Ouzo” Mixtures. J. Colloid Interface Sci.
2023, 633, 72—81.

(98) Vitale, S. A; Katz, J. L. Liquid Droplet Dispersions Formed by
Homogeneous Liquid-Liquid Nucleation: “The Ouzo Effect.
Langmuir 2003, 19 (10), 4105—4110.

(99) Zamora, J. M,; Marquez, R; Forgiarini, A,; Langevin, D,;
Salager, J.-L. Interfacial Rheology of Low Interfacial Tension Systems
Using a New Oscillating Spinning Drop Method. J. Colloid Interface
Sci. 2018, 519, 27—37.

https://doi.org/10.1021/acsomega.3c00547
ACS Omega 2023, 8, 9040—9057


https://doi.org/10.2118/209577-PA
https://doi.org/10.2118/209577-PA
https://doi.org/10.2118/209577-PA
https://doi.org/10.1080/01932698208943639
https://doi.org/10.1080/01932698208943639
https://doi.org/10.1080/01932698208943639
https://doi.org/10.1021/j100373a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100373a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2118/6844-PA
https://doi.org/10.2118/6844-PA
https://doi.org/10.2118/7054-PA
https://doi.org/10.2118/7054-PA
https://doi.org/10.1021/j100449a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100449a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100449a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9797(80)90470-1
https://doi.org/10.1016/0021-9797(80)90470-1
https://www.techniques-ingenieur.fr/base-documentaire/procedes-chimie-bio-agro-th2/principes-de-formulation-42489210/formulation-des-microemulsions-par-la-methode-du-hld-j2157/
https://www.techniques-ingenieur.fr/base-documentaire/procedes-chimie-bio-agro-th2/principes-de-formulation-42489210/formulation-des-microemulsions-par-la-methode-du-hld-j2157/
https://www.techniques-ingenieur.fr/base-documentaire/procedes-chimie-bio-agro-th2/principes-de-formulation-42489210/formulation-des-microemulsions-par-la-methode-du-hld-j2157/
https://www.techniques-ingenieur.fr/base-documentaire/procedes-chimie-bio-agro-th2/principes-de-formulation-42489210/formulation-des-microemulsions-par-la-methode-du-hld-j2157/
https://doi.org/10.1021/la026168a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la026168a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la026168a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9797(87)90480-2
https://doi.org/10.1103/PhysRevE.47.4197
https://doi.org/10.1103/PhysRevE.47.4197
https://doi.org/10.1007/978-1-4613-4157-4_23
https://doi.org/10.1007/978-1-4613-4157-4_23?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.445688
https://doi.org/10.1063/1.445688
https://doi.org/10.1063/1.445688
https://doi.org/10.1016/B978-044481538-5/50002-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-044481538-5/50002-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9797(67)90051-3
https://doi.org/10.1016/0021-9797(67)90051-3
https://doi.org/10.1016/0021-9797(67)90051-3
https://doi.org/10.1080/01932698608943463
https://doi.org/10.1080/01932698608943463
https://doi.org/10.1080/01932698608943463
https://doi.org/10.1246/nikkashi1948.89.5_435
https://doi.org/10.1246/nikkashi1948.89.5_435
https://doi.org/10.1016/0021-9797(68)90273-7
https://doi.org/10.1016/0021-9797(68)90273-7
https://doi.org/10.1016/0021-9797(68)90273-7
https://doi.org/10.1063/1.437016
https://doi.org/10.1063/1.437016
https://doi.org/10.1021/j100298a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100298a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100392a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100392a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://onepetro.org/SPEATCE/proceedings/80SPE/All-80SPE/SPE-9278-MS/111194
https://onepetro.org/SPEATCE/proceedings/80SPE/All-80SPE/SPE-9278-MS/111194
https://doi.org/10.1016/j.jcis.2015.04.069
https://doi.org/10.1002/cphc.201200667
https://doi.org/10.1002/cphc.201200667
https://doi.org/10.1002/cphc.200400527
https://doi.org/10.1002/cphc.200400527
https://doi.org/10.1002/cphc.200400527
https://doi.org/10.1021/la803000e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la803000e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1515708113
https://doi.org/10.1073/pnas.1515708113
https://doi.org/10.1039/c3cp50636c
https://doi.org/10.1039/c3cp50636c
https://doi.org/10.1039/c3cp50636c
https://doi.org/10.1016/j.jcis.2022.11.060
https://doi.org/10.1016/j.jcis.2022.11.060
https://doi.org/10.1021/la026842o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la026842o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2018.02.015
https://doi.org/10.1016/j.jcis.2018.02.015
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(100) Marquez, R.; Forgiarini, A. M.; Langevin, D.; Salager, J.-L.
Instability of Emulsions Made with Surfactant—QOil—Water Systems at
Optimum Formulation with Ultralow Interfacial Tension. Langmuir
2018, 34 (31), 9252—9263.

(101) Tolosa, L. I; Forgiarini, A; Moreno, P.; Salager, J.-L.
Combined Effects of Formulation and Stirring on Emulsion Drop Size
in the Vicinity of Three-Phase Behavior of Surfactant-Oil Water
Systems. Ind. Eng. Chem. Res. 2006, 45 (11), 3810—3814.

(102) Graciaa, A.; Barakat, Y.; El-Emary, M.; Fortney, L.; Schechter,
R. S; Yiv, S.; Wade, W. H. HLB, CMC, and Phase Behavior as
Related to Hydrophobe Branching. J. Colloid Interface Sci. 1982, 89
(1), 209-216.

(103) Barakat, Y.; Fortney, L. N.; Schechter, R. S.; Wade, W. H.; Yiv,
S. H,; Graciaa, A. Criteria for Structuring Surfactants to Maximize
Solubilization of Oil and Water: II. Alkyl Benzene Sodium Sulfonates.
J. Colloid Interface Sci. 1983, 92 (2), 561—574.

(104) Salager, J.-L.; Manchego, L.; Mirquez, L.; Bullén, J;
Forgiarini, A. Trends to Attain a Lower Interfacial Tension in a
Revisited Pure Alkyl Polyethyleneglycol Surfactant—Alkane—Water
Ternary System. Basic Concepts and Straightforward Guidelines for
Improving Performance in Enhanced Oil Recovery Formulations. J.
Surfactants Deterg. 2014, 17 (2), 199—213.

(105) Acosta, E.; Yuan, J. S; Bhakta, A. S. The Characteristic
Curvature of Ionic Surfactants. J. Surfactants Deterg. 2008, 11 (2),
14S.

(106) Salager, J.-L. Stirring of a microemulsion system. https://firp-
ula.org (accessed 2023-01-12).

(107) Shinoda, K.; Saito, H. The Stability of O/W Type Emulsions
as Functions of Temperature and the HLB of Emulsifiers: The
Emulsification by PIT-Method. J. Colloid Interface Sci. 1969, 30 (2),
258—-263.

(108) Shinoda, K.; Kunieda, H. Conditions to Produce So-Called
Microemulsions: Factors to Increase the Mutual Solubility of Oil and
Water by Solubilizer. J. Colloid Interface Sci. 1973, 42 (2), 381—387.

(109) Milos, F. S.; Wasan, D. T. Emulsion Stability of Surfactant
Systems near the Three Phase Region. Colloids Surf. 1982, 4 (1), 91—
96.

(110) Antén, R. E.; Salager, J.-L. Emulsion Instability in the Three-
Phase Behavior Region of Surfactant-Alcohoi-Oil-Brine Systems. J.
Colloid Interface Sci. 1986, 111 (1), 54—59.

(111) Antén, R. E; Salager, J.-L. Effect of the Electrolyte Anion on
the Salinity Contribution to Optimum Formulation of Anionic
Surfactant Microemulsions. J. Colloid Interface Sci. 1990, 140, 75.

(112) Dufréche, J. F.; Zemb, T. Bending: From Thin Interfaces to
Molecular Films in Microemulsions. Curr. Opin. Colloid Interface Sci.
2020, 49, 133—147.

(113) Salager, J.-L. Rapid change of the spherical micellar
aggregation. https://firp-ula.org (accessed 2023-01-12).

(114) Pizzino, A.; Molinier, V.; Catté, M.; Salager, J.-L.; Aubry, J. M.
Bidimensional Analysis of the Phase Behavior of a Well-Defined
Surfactant (C10e4)/0il (n -Octane)/Water-Temperature System. J.
Phys. Chem. B 2009, 113 (50), 16142—16150.

(115) Ontiveros, J. F.; Pierlot, C.; Catté, M.; Molinier, V.; Salager, J.
L; Aubry, J. M. A Simple Method to Assess the Hydrophilic
Lipophilic Balance of Food and Cosmetic Surfactants Using the Phase
Inversion Temperature of C10E4/n-Octane/Water Emulsions.
Colloids Surfaces A Physicochem. Eng. Asp. 2014, 458 (1), 32—39.

(116) Salager, J.-L. Phase Behavior of Amphiphile—Oil—Water
Systems Related to the Butterfly Catastrophe. J. Colloid Interface Sci.
1985, 105 (1), 21-26.

(117) Salager, J-L. Phase transformation and emulsion on the basis
of catastrophe theory. In Encyclopedia of Emulsion Technology; Basic
Theory Measurement Applications; Becher, P., Ed.; Marcel Dekker:
New York, USA, 1988; Vol. 3, pp 79—134.

(118) Poston, T.; Stewart, I. Catastrophe Theory and Its Applications;
Pitnan: Boston, 1978.

(119) Silva, F.; Pefia, A.; Mifiana-Pérez, M.; Salager, J.-L. Dynamic
Inversion Hysteresis of Emulsions Containing Anionic Surfactants.
Colloids Surf, A 1998, 132, 221.

9057

(120) Marquez, L.; Graciaa, A.; Lachaise, ].; Salager, J.-L;
Zambrano, N. Hysteresis Behaviour in Temperature-Induced
Emulsion Inversion. Polym. Int. 2003, 52 (4), 590—593.

(121) Salager, J.-L.; Moreno, N.; Antén, R. E.; Marfisi, S. Apparent
Equilibration Time Required for a Surfactant-Oil-Water System to
Emulsify into the Morphology Imposed by the Formulation. Langmuir
2002, 18 (3), 607—611.

(122) Galindo-Alvarez, J.; Sadtler, V.; Choplin, L.; Salager, J. L.
Viscous Oil Emulsification by Catastrophic Phase Inversion: Influence
of Oil Viscosity and Process Conditions. Ind. Eng. Chem. Res. 2011, 50
(9), 5575—5583.

(123) Roger, K. Nanoemulsification in the Vicinity of Phase
Inversion: Disruption of Bicontinuous Structures in Oil/Surfactant/
Water Systems. Curr. Opin. Colloid Interface Sci. 2016, 25, 120—128.

(124) Sing, A. J. F.; Graciaa, A.; Lachaise, J.; Brochette, P.; Salager, J.
L. Interactions and Coalescence of Nanodroplets in Translucent O/W
Emulsions. Colloids Surfaces A Physicochem. Eng. Asp. 1999, 152 (1—
2), 31-39.

(125) Gauthier, G; Capron, L Pickering Nanoemulsions: An
Overview of Manufacturing Processes, Formulations, and Applica-
tions. JCIS Open 2021, 4, 100036.

https://doi.org/10.1021/acsomega.3c00547
ACS Omega 2023, 8, 9040—9057


https://doi.org/10.1021/acs.langmuir.8b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b01376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie060102j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie060102j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie060102j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9797(82)90134-5
https://doi.org/10.1016/0021-9797(82)90134-5
https://doi.org/10.1016/0021-9797(83)90177-7
https://doi.org/10.1016/0021-9797(83)90177-7
https://doi.org/10.1007/s11743-013-1534-5
https://doi.org/10.1007/s11743-013-1534-5
https://doi.org/10.1007/s11743-013-1534-5
https://doi.org/10.1007/s11743-013-1534-5
https://doi.org/10.1007/s11743-008-1065-7
https://doi.org/10.1007/s11743-008-1065-7
https://firp-ula.org
https://firp-ula.org
https://doi.org/10.1016/S0021-9797(69)80012-3
https://doi.org/10.1016/S0021-9797(69)80012-3
https://doi.org/10.1016/S0021-9797(69)80012-3
https://doi.org/10.1016/0021-9797(73)90303-2
https://doi.org/10.1016/0021-9797(73)90303-2
https://doi.org/10.1016/0021-9797(73)90303-2
https://doi.org/10.1016/0166-6622(82)80092-9
https://doi.org/10.1016/0166-6622(82)80092-9
https://doi.org/10.1016/0021-9797(86)90006-8
https://doi.org/10.1016/0021-9797(86)90006-8
https://doi.org/10.1016/0021-9797(90)90323-G
https://doi.org/10.1016/0021-9797(90)90323-G
https://doi.org/10.1016/0021-9797(90)90323-G
https://doi.org/10.1016/j.cocis.2020.06.001
https://doi.org/10.1016/j.cocis.2020.06.001
https://firp-ula.org
https://doi.org/10.1021/jp907261u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp907261u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2014.02.058
https://doi.org/10.1016/j.colsurfa.2014.02.058
https://doi.org/10.1016/j.colsurfa.2014.02.058
https://doi.org/10.1016/0021-9797(85)90342-X
https://doi.org/10.1016/0021-9797(85)90342-X
https://doi.org/10.1016/S0927-7757(97)00208-2
https://doi.org/10.1016/S0927-7757(97)00208-2
https://doi.org/10.1002/pi.1046
https://doi.org/10.1002/pi.1046
https://doi.org/10.1021/la010582d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la010582d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la010582d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie102224k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie102224k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cocis.2016.09.015
https://doi.org/10.1016/j.cocis.2016.09.015
https://doi.org/10.1016/j.cocis.2016.09.015
https://doi.org/10.1016/S0927-7757(98)00622-0
https://doi.org/10.1016/S0927-7757(98)00622-0
https://doi.org/10.1016/j.jciso.2021.100036
https://doi.org/10.1016/j.jciso.2021.100036
https://doi.org/10.1016/j.jciso.2021.100036
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

