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Abstract

This report reviews the progress in Enhanced Oil Recovery (EOR) through surfactant injection over the past half century 
from 1974, with a specific focus on the role of the multivariable Hydrophilic-Lipophilic Deviation (HLD) formulation equation 
in different expressions. This equation has been instrumental in optimizing surfactant formulations for EOR, enabling the 
fine-tuning of surfactant types and properties to match specific reservoir conditions like brine salinity, crude characteristic, 
temperature and even pressure. This short assesment discusses the evolution of surfactant types, and their impact on EOR 
efficiency for a given reservoir specifications. It highlights the role of intramolecular and intermolecular mixing in surfactant 
performance, and the benefits of using a multivariable HLD equation to predict and optimize the injected formulation. 
Furthermore, it explores the challenges and solutions related to surfactant adsorption, aggregation, precipitation, and effect 
on phase behavior and interfacial tension, and how these factors have to be considered when using surfactants for EOR 
projects. This review aims to address the existing gaps in the literature, such as the complex effects of surfactant mixtures 
with insensitivity to temperature and injected composition (amphiphilic concentration and water/oil ratio) that make difficult 
to propose a unified approach for different petroleum reservoirs. It concludes a discussion on the state of the art and future of 
surfactant EOR, emphasizing the need for continued research and collaboration across academic and industrial sectors.

Keywords: Surfactant Injection; Microemulsion; Enhanced oil recovery; HLD equation

Abbreviations: HLD: Hydrophilic-Lipophilic Deviation; 
EOR: Enhanced Oil Recovery; OPEC: Organization of 
Petroleum Exporting Countries; OOIP: Original Oil in 
Place; SOW: Surfactant-Oil-Water; CMC: Critical Micelle 
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Introduction

The EOR Concept Started in the Mid 1970s

The global petroleum production experienced a 
significant reduction in 1973 due to the actions of the 

Organization of Petroleum Exporting Countries (OPEC), 
leading to a threefold increase in crude oil prices within a 
single week. The following years, the price stabilized at 
approximately $35 per barrel. This price was high enough 
for oil companies to consider new recovery methods with 
an extra cost of several dollars per barrel ($/Bl), something 
impossible at the 1970’s price of 3-5 $/Bl. With this new 
economic situation, the target of the so-called enhanced oil 
recovery (EOR) methods was to considerably increase the 
recovery of original oil in place (OOIP) twice or three times 
above the typical 25-30% attained by water flooding.
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This new economic landscape stimulated substantial 
investment in research and development within both 
academic institutions and private research centers in most 
industrialized countries.

The early diagnostic indicated that the crude oil was 
trapped within pores by capillary phenomena that could be 
eliminated or significantly reduced, by quite improving water 
flooding yield through miscible or very low interfacial tension 
displacements using appropriate surfactant formulations. 

Achieving miscibility of both oil and water in a 
single phase system typically involves a high surfactant 
concentration (i.e., at least 20-25%), which can result in a 
prohibitive cost. Hence, the attainment of a low interfacial 
tension with a relatively low surfactant concentration (e.g. 
around 1%) emerged as the most attractive alternative for 
the future as far as a potential high ultimate recovery (40-
50% in the swept zone) was concerned. However, such an 
achievement involves very complex phenomena, and as 
a consequence, it required the development of extensive 
research targeting at the recovery of crudes oil left in the 
reservoir after the usual secondary water flooding, in 
particular by injecting a surfactant system solution [1]. 

While other alternative methods have been proposed 
[2,3] the present review is dedicated to EOR methods 
involving surfactants, often associated with alkaline 
substances and polymers to improve the flow conditions 
through the porous media in a reservoir.

This work highlights the advancements that have been 
made in the field of surfactant aqueous solution injection 
from 1973 to now, while also identifying the areas where 
still more research is needed. In Section 1 an introduction 
to the EOR concept is presented. Section 2 discusses the 
advancement of surfactant injection methods over the past 
50 years, i.e. from 1974 to now. It highlights the evolution of 
surfactant flooding, from its initial development to the latest 
advancements, including a discussion on the various factors 
that influence its effectiveness, such as the type of surfactant 
used, the properties of the reservoir, and the injection 
strategy. Section 3 presents a comprehensive overview on the 
formulation and performance of surfactant mixtures that are 
necessary in practice. It discusses the individual behavior of 
each species in a mixture and how this can affect the overall 
performance of the surfactant. It includes a detailed analysis 
of the factors that influence the formulation effects, such as 
the type of surfactant mixture used, the characteristics of 
the oil and water, and the composition, i.e. the surfactant 
concentration and water-to-oil ratio WOR. 

In comparison to other studies [4-8], this review 
provides an updated analysis to the year 2023 of the different 

surfactant injection methods. It also discusses the limitations 
and challenges associated with each method, including the 
ones associated with synergies in optimizing the performance 
of surfactant mixtures. Furthermore, it highlights the need 
for more research in certain areas, such as very complex 
surfactant mixture systems with insensitivity to temperature 
and concentration, and the fact that recent research indicates 
that surfactant EOR is more environmentally friendly when 
compared to other EOR methods such as steam or hot water 
injection [9].

First Studies on Formulation of SOW Systems 
for EOR from 1974 to 1979

The pioneering studies on surfactant systems conducted 
between 1974 and 1979 focused on the attainment of an 
ultralow interfacial tension between oil and water, e.g. with 
a typical value below 0.001 mN/m. This value is essentially 
100-1000 times lower than the usual result reached with a 
detergent formula with soaps, since the Sumerians invention 
4500 years BC.

A proper formulation to reach this particular occurrence 
of a very low interfacial tension minimum was found to 
correspond to a physicochemical situation in which the 
surfactant molecules adsorbed at interface exactly produce 
the same interactions with both the oil and water phases. 

This equal affinity concept was rediscovered in the mid-
1970s, building upon earlier studies on the phase behavior 
of surfactant-oil-water (SOW) systems proposed by Winsor 
around 1950 [10] that are summarized below.

Background

Winsor’s Phase Behavior Approach (1948 to 
1954)

All surfactant molecules inherently have an amphiphilic 
structure, characterized by a hydrophilic (i.e., water 
loving) group and a lipophilic (i.e., oil loving) group, and 
consequently, they are not in a completely favorable situation 
in either a water or an oil phase. The global affinity balance of 
the surfactant for the water or oil phase depends on the so-
called formulation variables, which can alter the surfactant 
interactions with both water and oil. For instance, when the 
salinity of the water phase increases, the surfactant can pass 
from being water loving to oil loving.

This kind of very general change is depicted in Figure 
1, where the surfactant interaction with the water phase 
decreases as the brine salinity increases from left to right.

This change is attributable to the tendency in water 
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(respectively oil) of the surfactant tail (respectively head) to 
be extracted from the bulk phase through self-association in 
micelles (respectively inverse micelle). Micellar structures 
are essentially colloidal surfactant aggregates that allow to 
solubilize the surfactant molecules in a favorable situation, 
such as a single phase containing a solvent, either water 
(below S=1.5% in Figure 1 case) or oil (above it). This is 
indicated in the aspect of Figure 1 test tubes, where the 
opacity of water or oil phases is produced by the light 
scattering on swollen colloidal micelles or inverse micelles.

Figure 1: Variations of interfacial tension γ  and phase 
behavior along a formulation (salinity) scan with increasing 
salinity from left to right. C12OXS is a commercial dodecyl 
orthoxylene sulfonate surfactant with linear tail and the 
iso paraffin is a commercial mixture of linear and branched 
alkanes with around 10 carbon atoms.

At sufficiently high surfactant concentrations to allow 
the formation of micelles, the surfactant molecules have 

in general a preference to go to water or oil as a solution 
of micellar aggregates, thus resulting in two phases at 
equilibrium for the system. These consist of a micellar 
solution containing most of the surfactant and an excess 
phase, which is essentially pure oil or pure water. 

In a very particular case, the chemical potentials of the 
surfactant in the oil and water phases are exactly the same, 
i.e., there is a perfect equivalence of interactions between 
the surfactant and the oil and water molecules. This balance 
leads to a minimum interfacial tension, often with a third 
(middle) phase in equilibrium with both excess water and 
excess oil. In this occurrence seen in Figure 1 at S= 1.5 wt.%, 
the surfactant molecules are then in a “satisfied” situation so-
called optimum formulation (i.e., in a free energy minimum). 
They are located in a very complex bicontinuous structure 
related to the so-called liquid crystals, containing both liquids 
in a single phase, so-called microemulsion by Schulman [11]. 
It must be stressed that such a term is quite misleading 
because it is not really an emulsion with tiny drops, nor a 
micrometer size structure as explained by Scriven, who gave 
arguments to call it “crazy mixed up stuff” [12], an amazing 
term which is pretty descriptive of the reality. Since the 
microemulsion name has been used by many people in the 
past 70 years, we will still use it to avoid confusion, but we 
specifically keep it only for the bicontinuous structure middle 
phase seen at S =1.5 wt.% salinity in Figure 1.

 
In the late 1940’s and early 1950s, Winsor published 

comprehensive studies on the phase behavior of surfactant-
oil-water (SOW) ternary systems and introduced the so-
called R ratio of the interactions of the adsorbed surfactant 
at the interface with the oil (ACO) and water (ACW) molecules 
(Figure 2) [10]. “A” refers to the affinity (negative chemical 
potential), “O” and “W” to the corresponding oil and aqueous 
phase, and “C” to the surfactant film coating at interface. 

CO CWR = A / A  (1)

Figure 2: Winsor R ratio definition Aco/Acw and flat interface location of oil molecules and surfactant tails in the usual 
hexagonal molecular arrangements.
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Winsor pioneering work [10,13] demonstrated that 
the phase behavior of the system at the low surfactant 
concentration region was linked with the R value. When 
R is less than (or greater than) unity, the surfactant 
exhibits stronger interactions with water (or oil), and thus 
predominantly partitions into the water (or oil) phase. In these 
phases, it forms the corresponding S1 micelles (respectively 
S2 inverse micelles) with remaining oil (respectively water) 
excess phase having a very low concentration below the 
so-called critical micelle concentration. These R<1 and R>1 
unbalanced situations correspond to surfactant-oil-water WI 
and WII ternary diagrams depicted in Figure 3.

When the interactions between the surfactant and the 
oil and water phases are exactly equal (R=1) and are high 
enough to be above the critical micelle concentration (CMC), 
a three phase behavior (WIII) occurs, with a middle phase 
arrangement (related to liquid crystal structures) able to 
satisfy equal affinities.

However, the so-called lamellar liquid crystals are 
gels or highly viscous liquids, which are not welcomed in 
a displacement process such as in EOR. Consequently, the 
so-called liquid bicontinuous microemulsion alternative is 
required, producing enough molecular disorder. This state 
can be attained by introducing branching or bending in the 
tail or by mixing surfactants with different tails and head 
groups, or using surfactants and cosurfactants species like 
alcohols with quite different sizes.

Figure 3: The three types of Winsor ternary diagrams 
with illustrated phase behavior in the surfactant low 
concentration region. 

The Aco and Acw interactions depend on the nature and 
structure of the surfactant and oil molecules, as well as the 

substances that could alter the water phase polarity, such 
as electrolytes. It also depends on temperature and, to some 
extent, pressure. All these characteristics are considered 
as formulation variables and their effects are studied 
by changing only one of them at the time, while keeping 
all others constant. Such a so-called one-dimensional 
formulation scan results in the variation of the numerator or 
denominator of R, generally in a monotonous way, so that R 
increases or decreases, eventually passing through R =1, a 
situation which could be very easily detected by a minimum 
tension or an observation, as seen in Figure 1. 

Consequently, an experimentally appropriate 
formulation scan comprises a series of systems in which 
the composition and formulation are the same with the 
exception of the value of a single formulation variable that 
changes from one tube to the next. The test tube series in 
Figure 1 upper part indicates the aspect of such a scan with a 
transparent oil phase.

Winsor’s studies, interpreted according to this 
formulation scan approach [13], indicated that all 
formulation variables were able to produce a scan from WI 
to WII or vice-versa, with a WIII three phase behavior case 
as the intermediate.

Depending on the effect of the variable on the 
interactions, i.e., on the numerator and denominator of R, the 
phase behavior transition would take place in one direction 
or the other. The experimental evidence in Figure 1 indicates 
that the transition is WI → WIII → WII by increasing brine 
salinity. The same would occur by increasing surfactant alkyl 
tail length, temperature (nonionics), or the hydrophobicity 
of alcohol co-surfactant (longer tail). Conversely, it is WII → 
WIII → WI variation if increasing alkane length, surfactant 
head hydrophilicity, temperature (ionics), hydrophilicity of 
alcohol co-surfactant (shorter tail) [13].

The key to the enhanced oil recovery issue is that the 
center of the WIII phase behavior range in a formulation 
scan is associated with a minimum interfacial tension, often 
an ultralow one [14]. Such a low tension condition results 
in a capillary number higher than 10-3, which is sufficient 
performance to produce the oil displacement as discussed 
elsewhere [14,15].

When there are three phases, there are actually three 
tensions, the one between the microemulsion middle phase 
and each of the excess phase, γMO and γMW, and the one between 
the two excess phases γWO  [14]. In general, the interfacial 
tension considered representative of the phenomenon is the 
crossing point between the curve γMO and γMW. Theoretical 
considerations on nonionic surfactants and on what happens 
with the third tension γWO may be found elsewhere [16-18].
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Interfacial Tension and Solubilization in 
Microemulsion to Measure Performance from 
1980 to 2000s

Since the lowest interfacial tension corresponds 
to the highest compatibility of oil and water due to the 
surfactant adsorbed at their interface, it also corresponds 
to the maximum solubilization [17,19,20]. This refers to 
the maximum quantity of oil and water cosolubilized in the 
middle phase microemulsion per unit amount of surfactant. 
The solubilization parameter SPw (respectively SPo) is the 
ratio of the amount of water (respectively oil) per amount 
of amphiphile (i.e., surfactant eventually with alcohol 
cosurfactant) in the microemulsion middle phase. In general, 
the amount is measured in volume. The so-called optimum 
formulation is attained when SPw=SPo=SP*, i.e., when the 
microemulsion middle phase contains equal quantities of 
water and oil [14].

The reasons for this coincidence between low interfacial 
tension and high solubilization were demonstrated by 
using a simple lamellar liquid crystal model [21,22]. In fact, 
this equivalence has been expressed by Chun Huh simple 
relationship between tension and solubilization parameter 
as γSP2 = constant = 0.30±0.05 mN/m [21]. This coincidence 
has been corroborated numerous times over the past three 
decades [23-27].

Another way to measure the performance is through the 
height of the multiphase region in a ternary surfactant-oil-
water diagram [14,23,28], i.e., the concentration of surfactant 
CS, eventually with alcohol cosurfactant as CS+A, required 
to reach the single phase region at equal proportions oil 
and water. The amphiphile concentration (CS+A) needed to 
reach complete miscibility in a microemulsion phase (at 
equal volumes of water and oil) is found to be minimum at 
optimum formulation as shown in Figure 4. 

Figure 4: Measurement of the multiphase height at a 50/50 volume ratio of oil and water.

Below this minimum, there is a three phase region, as 
seen on the right part of Figure 4. This is also observed in 
the so-called fish diagram proposed (after a 90° rotation) 
by Kahlweit and Kunieda schools [29-32] for nonionic 
surfactants with temperature as the formulation scale.

When the amphiphile is a mixture of several surfactant 
species or of a surfactant and cosurfactant, with quite 
different characteristics (e.g., one very hydrophilic and the 
other very lipophilic) the gamma shape zone gets twisted 
and the optimum formulation, which is the center of the 
three phase region, becomes slanted. In other words, the 
optimum formulation depends on the amphiphile mixture 
concentration, and this has been shown to be due to the 
individual fractionation of the different species between the 
phases and the interface [33].

While this results in some complexity, it does not change 
the principle, i.e., the fact that the best surfactant solubilization 
performance is attained at optimum formulation where 
the minimum tension takes place. In the twisted case, the 
optimum formulation is also measured at the lowest point 

of the 1φ  region, according to the arrow that indicates the 
lower single phase microemulsion representative point in 
Figure 4 lower right map. 

A performance index (PERFIND) [34] of a surfactant-oil-
water system has been evaluated as the cologarithm of the 
minimum tension (in mN/m) in a formulation scan. 

PERFIND=-log γ*  (2)

This approximate relationship indicates that a system 
with an interfacial tension at minimum 10-2 mN/m (or 10-3 
and 10-4) has a PERFIND of 2 (or 3 and 4), respectively.

Numerical Correlations to Attain an Optimum 
Formulation from 1978 to 2023

Winsor’s achievements showed that the condition to 
attain a minimum tension in a scan could be expressed as 
R=1, i.e., as a single condition which cumulates the effects 
of many formulation variables. However, the variations 
of R with the formulation variables cannot be expressed 
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accurately from Winsor’s approach, and the regular solution 
theory is not suitable to describe a system containing such 
incompatible substances as oil and water. Consequently, 
when a numerical result to predict optimum formulation 
is needed, the approach to handle Winsor R concept with 
actual formulation variable values was through an empirical 
measurement. 

Systematic studies to identify the occurrence of an 
optimum formulation were developed by using formulation 
scan experimental procedures. In the one-dimensional scan 
technique, one formulation variable is continuously changed 
and the phase behavior is monitored as described elsewhere 
[35]. In order to analyze the effect of two variables and their 
interaction, a second dimension is introduced in a so-called 
bi-dimensional scan technique [35-37].

The principle of a bi-dimensional scan can be briefly 
explained using as example the case in which water salinity 
and oil alkane carbon number are the two variables to be 
tested together [35,37]. The starting point is a system at 
optimum formulation (Figure 5), in which the interactions 
(indicated by arrows) between the surfactant and both 
phases are equal. The first change step consists in increasing 
the salinity. The ion screening effect between the surfactant 
head group and the water molecules reduces the interaction 
on the water side, and consequently, the R denominator 
decreases, and R increases to becomes R > 1 (Figure 5). Then 
the compensation change takes place to alter the interaction 
the other side, i.e., by increasing ACN, which reduces the 
numerator of R, until the exact balance of interactions is 

attained again, i.e., R =1 and WIII behavior is exhibited again 
(Figure 5), but this time with smaller interactions in both 
sides as indicated by equal but thinned arrows.

Figure 5: Two steps using two different variables to depart 
from optimum formulation by increasing salinity and to 
return to it by increasing alkane length.

Such a compensation study has been carried out by 
detecting optimum formulation by maximum performance, 
i.e., minimum tension (Figure 6), maximum solubilization 
parameter SP (Figure 6 center left) or minimum multiphase 
height CS+A (Figure 6 center right) versus the scanned 
formulation variable (S) at different values of the second 
formulation variable (oil ACN). The optimum formulation 
corresponds to R = 1 at the center line of the WIII phase 
behavior zone on a bi-dimensional map indicated in Figure 
6 right plot.

Figure 6: Series of one-dimensional formulation (S) scans at different ACN to generate a bi-dimensional scan (right) or the 
comparison of three performance criteria. 

In such a two-steps bi-dimensional procedure, the first 
variation exactly opposes the second one, and the formulation 
value changes in S and ACN may be said to be equivalent 
and opposite. This results in exact data on the effect of the 
different variables that may be translated into a numerical 
relationship with two (or eventually more than two) variables. 
Thousands of experiments carried out for many systems 
have resulted in general correlations for the attainment of 
an optimum formulation which could be written as follows 
45 years ago for basic systems containing surfactants and 

eventually alcohol co-surfactants, but with simple liquids, 
i.e., sodium chloride brine and n-alkane. The relations are 
linear because the MacLaurin first order approximation 
is very accurate for a mathematical coincidence explained 
elsewhere [38]. The very original equation dealt with the 
effects of the following typical variables in EOR formulation: 
water and oil characteristic, surfactant and co-surfactant 
effects as well as temperature. Later, other variables were 
added, but they are not needed for the present explanation 
that must be as simple as possible.
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In S – k CAN +σ – f(A) - aT(T-25) =0 (3)
for anionic or cationic surfactant systems [37,39]

b S-k CAN+α-EON-Φ(A)+cT (T-25)=0  (4)
for polyethoxylated nonionic surfactants systems [40]

In these equations coming from experimental evidence, 
S is the aqueous phase salinity expressed as wt.% NaCl, 
ACN is the alkane carbon number to specify the oil, α  
and β  ( β  = α - EON) are parameters depending of the 
surfactant head and tail groups, f(A) and Φ (A) represent 
the co-surfactant effects depending on an eventual alcohol, 
and T is the temperature. Original symbols b, k, aT and 
cT are positive constants depending of the system type, 
particularly the surfactant head group. k was found to be 
0.17 for alkylbenzene sulfonate, 0.10 for alkyl sulfate, 0.19 
for alkyl trimethyl ammonium cationics, and 0.05 for alkyl 
polypropoxy sulfates, 0.15 for alcohol ethoxylates, and 
0.30 for polyglycerol surfactants. It is worth noting that 
the arbitrary unit coefficient in front of LnS and of σ , α  
and EOΝ has been the source of a confusion which will be 
discussed later.

It is worth noting that the different k values depending 
on the surfactant head group, has been stubbornly negated 
in spite of experiment evidence in some publications from 
Acosta’s group and some review authors who did not check 
the literature. Today, it is understood that this statement of 
non-variation of k was even worse, because the meaning 
of k was not the same for different cases of equations. For 

instance, in equation (3) k = ∂LnS/∂ACN and in [4] it is k = 
∂EON/dACN that actually have different meanings. 
 

The parameter β  (=α  - EON) was found to decrease 
linearly with the number of ethylene oxide groups (EON) 
in the head group, where a represents the contribution of 
the surfactant n-alkyl tail length SAT also reported as the 
surfactant tail alkyl carbon number SACN [40,41].

For all types of surfactants, the parameters σ /k and β
/k have been found to increase linearly by 2.2 (± 0.2) units 
per carbon atom added in a linear tail group. This is certainly 
due to the actual 2:1 relation between the number of alkane 
molecules and surfactant molecule tails in the usual dual 
hexagonal adsorption organizations on the interface oil side, 
as shown in Figure 2 [42].

Some values of the original parameters can be found 
in Table 1, and more data has been published elsewhere 
[12,37,39,40,42].

Other relationships, less general than equations [3] 
and [4], are available for specific systems [18,31,32,43,44], 
particularly by the introduction of a concept related 
to curvature [45,46], which is essentially equivalent, 
but somehow confusing because of a misnomer name 
“characteristic curvature” [46] that is not characteristic of a 
surfactant and that is not a curvature as discussed elsewhere 
[38,47,48].

Experimental values of some characteristic parameters: α, β, k, b, aT, CT

Surfactant σ or β ∗ k aT or cT
0 2.25x SACN

k k
σσ

= +
SACN 

surfactant 
n-alkyl carbon 

number
iso-C12 benzenesulfonate Na salt -1,6 0,16

↑
0,01

↓
0,02
0,02

↑
0,04 – 0,08

↓

iso-C12 o-xylenesulfonate Na salt -0,6 0,16

C12 carboxylate Na salt +0,5 0,16 Salt characteristic parameter (% -1)
nonionic surfactants

C12 sulfate Na salt -2,4 0,10 Salt NaCl KCl CaCl2

C12 ammonium chloride (pH = 3) -3,0 0,10 0,13 0,09 0,10

f(A) = m CA -0,8 0,17 Alcohol parameter m 
concentration CA in wt%

f(A) = m CA
φ(A) = m CA

C12 trimethylammonium chloride -3,6 0,19 Alcohol Ionic Nonionic
iso-C8 phenol ethoxylate +1,2 0,15 1 or 2 propanol 0 -0,2
iso-C9 phenol ethoxylate +1,5 0,15 2-butanol +0,05 -0,05

C12 alcohol ethoxylate +0,9 0,15 1-butanol +0,3 / 0,5 +0,3 / 0,4
C14 alcohol ethoxylate +1,6 0,15 Isopentanol +1,0 +0,6

iso- C13 alcohol ethoxylate -0,7 0,15 1-pentanol +1,1 +0,7
* β = [α – EON] calculated for EON = 5 1-hexanol +4,0 +1,1

Table 1: Some data on the original correlation parameters and constants.
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It is worth noting that the temperature effects for ionic 
and polyethoxylated nonionic surfactants have opposite 
signs. For ionic surfactants, an increase in temperature 
tends to increase their affinity for water, i.e., the left term 
of equation (3) diminishes. Conversely, for ethoxylated 
or propoxylated nonionics, the polyether chain tends to 
dehydrate with increasing temperature.

The magnitude of the temperature effect is generally 
much less significant for ionic surfactants than for nonionics. 
It is aT = 0.01 °C-1 for sulfate and sulfonate anionics, 0.02 
°C-1 for ammonium salt cationics, and cT = 0.04 to 0.08 °C-1 
for ethoxylated nonionics, depending on the degree of 
ethoxylation and on temperature, for reasons discussed 
elsewhere [49].

Complex so-called extended surfactants, containing 
a short polyethylene oxide or polypropylene oxide 
intermediate between their alkyl tail and their ionic group, 
tend to exhibit a dominant trend following their nonionic 
nature (the temperature coefficient has a positive sign), but 
with a lower effect due to the opposite ionic contribution 
[50-52].

The left side term of these expressions (3) and (4), which 
is zero at optimum formulation, has been shown to represent 
the surfactant affinity difference (SAD), i.e., the variation of 
standard chemical potential per surfactant molecule when it 
passes from oil to water phase. It is thus no wonder that being 
an energy term, it could be split in additive contributions 
instead of a ratio [49,53], i.e. as SAD = ACO - ACW.

Its dimensionless equivalent, known as the Hydrophilic 
Lipophilic Difference or Deviation from optimum HLD (= 
SAD/RT) [49] is a generalized formulation expression that 
describes the physicochemical situation as a deviation from 
the state of perfectly balanced affinities, i.e., from Winsor’s 
unit R condition. It is thus a scale that allows to compare 
properties with completely different formulation variable 
values. The following equations are as follows, in this case 
for simple systems without any alcohol contribution, so that 
the f(A) and φ  (A) term are zero.

( )TSAD/RT = HLD = ln S - k ACN +  - a T -25α  (5)

( )TSAD/RT = HLD = b S - k ACN +  + c T-25β  (6)

In recent years, another normalized expression called 
HLDN was proposed to have the same unit coefficient before 
the term related to the effect of the oil contribution, which 
seems to be the same in all surfactant cases [47,48,54,55].

This also eliminates confusion caused by the previous 
expressions (3) and (4), in which the k ACN term was mixing 
up the effect of the alkane oil length (ACN) and the surfactant 

head group (affecting k).

Such a normalized expression HLDN could be written 
as follows in equation (7), or with an even more complete 
correlation introducing the effects of alcohol co-surfactants, 
of the polypropylene oxide number PPO, of the pressure, of 
the WOR and the surfactant concentration and tail branching, 
which are not mentioned here to avoid unnecessary 
complications. Actually, the effects of the non-mentioned 
variables are included in the SCP term that is the only one 
that is not measured independently as the oil carbon number, 
the brine salinity or the temperature.

( ) ( )N S S T refHLD = SCP- EACN + k LnS or k S  ± k T-T  = 0  (7)

In this normalized equation, SCP is the “surfactant 
contribution parameter”, either α /K or β /K according 
to the previous expressions (5) and (6). ACN is the alkane 
carbon number when the oil is an n-alkane, or the equivalent 
EACN when it is another oil [56], S is the salinity expressed 
as wt./v% of NaCl, T is the temperature (°C). The numerical 
value for the constants kS and kT can be found elsewhere 
[55]. The HLDN is thus the hydrophilic-lipophilic deviation 
equation (3) or (4) divided by the coefficient k of the ACN 
variable. This allows the surfactant parameter for both 
anionic and nonionic surfactants to have the same reference 
(σ and α – EON from ionic and ethoxylated nonionic 
surfactant HLD equations, respectively) and to be expressed 
as a Surfactant Contribution Parameter (SCP or PACN 
[54,57]) as the same term for all cases. For instance the SCP 
for surfactant parameter has been found to increase as 2 units 
(±10%) per additional carbon in its n-alkyl tail, whatever the 
surfactant [38], so that HLDN equation is quite general and 
expressed with the same ACN unit for SCP and it thus allow 
to compare the contribution of different surfactants and of 
other variables as S, ACN and T in the formulation [34].

The HLDN equation is useful to determine the optimum 
formulation of simple SOW mixtures and understand 
complex systems, as in the case of enhanced oil recovery, 
detergency, dewatering, or emulsification applications, 
where surfactant mixtures are often necessary [58]. The 
proper handling of the HLD expressions is quite important 
in practice because it allows to numerically diagnose the 
physicochemical situation of a system and to predict not 
only the change in formulation needed to attain a minimum 
interfacial tension in a multivariable space, which is what 
this report is concerned with. It also allows to calculate HLD 
as the departure from optimum formulation to predict the 
attainment of emulsion properties such as stability or drop 
size, as discussed elsewhere [59-64].

It also allows to make comparisons in the same 
formulation yardstick. For instance, (Figure 7) performance 
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index data plotted against HLD changes through different 
variables, exhibit strong similarities. It is clear for instance 
that the formulation range that produces the proper low 
interfacial tension performance is extremely narrow, 
regardless of the selected scan formulation variable, and 
that a deviation of more than 0.1 HLD unit from optimum 
formulation would produce a serious penalty in performance. 
This is why good formulation accuracy in the reservoir 
conditions is critical in enhanced oil recovery processes.

This generalized HLD scale allows to take into account 
differences. For instance, for the lauryl ethoxylate surfactant 
(Figure 7 fourth plot) the cT temperature coefficient is about 
twice as much as for the carboxymethyl lauryl ethoxylate 
(Figure 7 third plot), which has a head group containing 

both anionic and nonionic parts and is thus less sensitive to 
temperature. Plotting both data with the same temperature 
scale would suggest a difference in formulation range which 
does not exist. 

The generalized HLD expression allows to characterize the 
contribution of each component in the system formulation, 
i.e., the naturally occurring oil and water, as well as the 
substances to be selected and added to attain the sough after 
result. The simple relations shown above for NaCl brine and 
n-alkane have been extended to realistic systems in which 
the compounds are not pure substances but mixtures with 
intermediate characteristics, which nevertheless are not 
changing necessarily in a linear way.

Figure 7: Performance index (PERFIND) variations close to optimum formulation versus different scan variables but plotted 
in HLD scale.

The Handling of Surfactant Mixtures and 
Studies on Formulation Performance from 1970 
to 2000s

Surfactant mixtures can be handled as single substances 
[65] or as more or less complex combinations [66,67]. 
Opposite trends with two different surfactants can be used 
to reach some insensitivity, for instance, to temperature 
effects [68]. However, the issue is that surfactant mixtures 
often exhibit fractionation phenomena due to the individual 
behavior of each species, and consequently, they do not keep 
a constant interfacial formulation when the concentration or 
water/oil ratio changes [69-71]. This nonlinear effect may 
be translated into specific relations to calculate or at least 
estimate some characteristic parameter of the mixture.

Generalized formulation relationships have become 
more comprehensive in the last 40 years, because a large 
amount of data has been available to deduce or estimate 
the equivalent alkane carbon number EACN for non-alkane 
hydrocarbons [72-75], with fairly specific data on the effect 
of the molecular structure of the oil [56,57]. Equivalent 

salinity may be calculated or estimated in some cases when 
NaCl is not the electrolyte [54,76-80]. The effect of the pH on 
systems containing pH sensitive surfactants like fatty acids 
or amines has been described as similar to other formulation 
variables, though with an extremely nonlinear variation 
probably due to the fact that the pH is a logarithm scale. This 
understanding will be useful in dealing with enhanced oil 
recovery with alkaline components added to the surfactant 
systems as a way to reduce the cost [67,81-84].

As far as the performance in attaining a low interfacial 
tension is concerned, comparisons should be performed 
between systems at optimum formulation when R=1 or 
HLD=0 in both cases. However, such a comparison cannot 
be carried out by changing a single variable, as would 
be desirable to deduce a clear effect of such variable. 
Consequently, the resulting minimum tension increase or 
decrease cannot be said to be due to a single variable effect 
but to those of (at least) two concomitant variable changes. 

The basic trends to improve the performance were 
proposed in Winsor’s pioneering work, and corroborated 
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during the basic EOR studies in the 1970’s and early 1980’s. 
Some features have been found in the 1980-2000 decades, 
often outside the petroleum application purposes, when the 
EOR urgency had been diminishing with the return to an 
excess in production and a lower crude oil price.

The state of the art concerning the trends that are likely 
to improve performance, as recently summarized [85-87], 
has been corroborated by the current formulas, which have 
been empirically selected as the best from trials and error, 
and will be discussed later on.

Increasing Interactions on Both Sides 
According to Winsor’s Premise

After introducing the R ratio of the surfactant interactions 
for the oil and water phases, Winsor stated that the first 
condition to attain a maximum performance was to secure a 
unit interaction R (Figure 8a) in a formulation scan.

Thereafter, Winsor proposed a premise to improve the 
performance, as discussed below. The condition R = N/D 
= 1, which characterizes the attainment of an optimum 
formulation, may be achieved in different ways, for instance 
as R = 1/1 or R = 5/5, i.e., with two equally small or equally 
large interactions. Concerning the influence of the actual 
value of the numerator and denominator, Winsor stated that 
the performance should be improved when the interactions 
per unit interfacial area are increased on both sides of 
interfaces (and of course kept equal) and vice versa. This 
premise was systematically confirmed 20 years later [37,40] 
by studying double changes in formulation, which started 

at a R = 1 case and ended at another R = 1 case, eventually 
with another numerator and denominator values. The first 
double effective change was the one previously shown in 
Figure 5, i.e., an increase in both the interaction of surfactant 
with water (by decreasing salinity), and with the oil phase 
(by decreasing the alkane ACN). This double effect due to 
formulation variables independent from the surfactant is 
indicated by the arrows in Figure 8b.

The same phenomenon was reported with two 
surfactants having completely different structures but with 
exactly the same R = 1 balanced interactions condition, 
for instance, C12OSO3Na and C18CH(COONa)NHCONH3, the 
second one being bulkier, hence having stronger interactions 
on both sides of the interface [88]. This double change in 
surfactant structure indicated by arrows in Figure 8c is 
essentially equivalent to thickening the interfacial layer 
through which the polarity shifts from polar (water) to non-
polar (oil).

Similar double changes on N and D exhibit a performance 
effect that depends on the change in interactions between the 
surfactant and the oil and water phases. If the two changes 
with opposite effects in formulation alter one the numerator, 
and the other the denominator, the final (equal) values of N 
and D would be different from the initial (equal) ones, and a 
performance variation will be found.

The typical double changes which have been tested 
with changes on different sides of the interface are shown in 
Table 2, which summarizes the results found in the literature 
[23,28,89,90].

Figure 8: (a) Maximum performance in a formulation scan is attained at optimum formulation when R = 1. Different 
performance improvements at optimum formulation: (b) Increasing the interactions on both sides by changing oil and water 
characteristics. (c) Increasing the interactions on both sides by changing surfactant characteristics. There are three ways to 
increase the interaction of the surfactant tail with oil without producing surfactant precipitation: (d) branching; (e) bending 
with double bound; (f) double tail.
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Variable 1 Variable 2 PERFIND

Salinity ↓

ACN ↓

Increase ↑

Surfactant tail length ↑
Alcohol tail length ↑

Concentration of lipophilic alcohol ↑

Surfactant head group more hydrophilic 
(e.g. EON ↑ )

ACN ↓
Surfactant tail length ↑

Alcohol tail length ↑
Concentration of lipophilic alcohol ↑

Salinity ↓
surfactant head group more hydrophilic (e.g. EON ↑ )

Constant →concentration of hydrophilic alcohol ↓
ACN ↑ Surfactant tail length ↑

Temperature (ionics) ↑
a Salinity ↑ Constant → or slightly ↓

a Surfactant tail length ↑ Constant → or slightly ↑

Temperature (nonionic) ↑

b ACN ↑
Decrease ↓b Surfactant head group more hydrophilic (e.g. EON ↑)

c Surfactant tail length ↓

Table 2: Effect on performance of concomitantly changing two variables, but keeping an optimum formulation Source a[14]; 
b[36]; c[91].

Conversely, if the two changes with opposite effects 
in formulation alter the same side of the interface, only N 
or D will be changed back and forth, and will return to the 
initial value (since the other is not changed). In this case the 
performance should not be altered [38,47]. However, some 
slight variation may be noted if one of the changes alters 
not only the interaction between one surfactant molecule 
and a phase, but also the surface area occupied by a single 
surfactant molecule, as it is the case with a change in tail 
branching or ramification.

The proportion of two alcohols changes [48] (at same 
total concentration and with everything else constant) to 
maintain optimum formulation f(A) = cst results in a constant 
performance (PERFIND). Note that this is interesting 
because the selection of the alcohol could depend on some 
other consideration.

The most complex situation to decide upon is when the 
introduced changes are altering different effects, as does 
the temperature, which could produce a change not only in 
interactions, but also in the interfacial adsorption density. In 
such a case, only an experimental measurement will give the 
right answer.

Other specific tendencies have been reported for some 
particular surfactants and are worth noting. The presence of 
benzene ring enhances the partitioning of the surfactant into 

oil and tends to lower the cosolvent requirement. Alkane/a-
olefin sulfonates exhibit an excellent performance and are 
quite effective at high salinity. However, they produce liquid 
crystal gels and thus require alcohol co-surfactant or a higher 
temperature. Their tail branching seems to have no large 
effect on formulation, contrary to the case for alkyl benzene 
sulfonates [90,92-94].

Increasing both sides of the surfactant is probably the 
best way to boost the performance, but there is a limit. The 
increase in the lipophilic tail is always limited by solubility 
problems in water, particularly with linear alkyl groups that 
cannot be longer than C16-C18. Precipitation occurrence 
may be avoided or at least reduced in several ways.

The simplest one is to introduce some branching 
either as lateral methyl groups in the tail resulting from the 
polymerization of propylene or butylene, or by having double 
bonds, or by placing the head group in an internal position of 
a linear hydrocarbon chain, so that a double tail ramification 
is formed (Figure 8 d-e-f). However, it should be taken into 
account that branching or ramification in the tail results in 
other effects like a reduction of gel formation [95], but it also 
can decrease performance. 

In another study by Graciaa, et al. [23], a C18 linear tail 
corresponds to a higher performance at optimum than the 
diC9 ramified tail, i.e., there is some apparent inconsistency 
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with the previous case. This means that the actual N or 
D should be written as Winsor did, i.e., as the interaction 
per unit area of interface. A ramification does increase the 
interaction of the tail with oil per molecule, but it makes 
the tail bulkier and there are less molecules per unit area, 
and thus a compromise between the two tendencies is what 
leads to the best. Another way to avoid precipitation is to 
use a tail or a part of the tail with a less hydrophobic or a 
slightly hydrophilic substitute to a pure hydrocarbon, such as 
a polypropylene oxide chain, as will be discussed next. 

Intermolecular Mixing of Different 
Substances at Interface

Another way to circumvent the precipitation problem 
is to use a mixture of several amphiphilic molecules at the 
interface, instead of a single species [96,97]. If one of the 
molecules is quite hydrophilic and the other quite lipophilic, 
their preferred positions are rather on one side and on the 

other of the interface. 

Hence, in their combination, the first one increases the 
reach on the water side of the interface and the other is doing 
the same on the oil side, as indicated by the vertical arrows in 
Figure 9a. This arrangement also reduces the ionic or steric 
repulsion between neighboring head groups, and allows a 
better molecular packing at the interface. This results in a 
better interaction per unit surface area, as indicated by the 
horizontal arrows, and consequently, this is a second reason 
for the performance to increase [11,97,98].

This is why mixing is a very general way to improve 
performance through a favorable situation often referred 
to as synergy between the mixture species. Moreover, the 
packing at interface is often denser when the species which 
are mixed are broadly distributed, because they can pack 
together better (Figure 9b), and this is why it is often said 
that the more complex the mixture, the better it is for EOR. 

Figure 9: Different ways of improving the surfactant performance by intermolecular mixing: (a) mixing hydrophilic and 
lipophilic species increases the surfactant reach in both phases, produces a denser packing and generally increases performance. 
(b) broad range mixture improves packing. (c) a small amount of adsorbed diblock long copolymer boosts interactions. (d) less 
repulsion or more attraction between neighboring head groups improves packing. (e) branching, ramification and unsaturation 
reduces packing. (f) alcohol cosurfactants reduces packing, particularly branched ones.

This is not always true, and some exceptions can be 
found if a considerable interaction overrides the likely 
mismatching. This is the case of the impressive performance 
boost produced by adding a very small amount of balanced 
diblock copolymer to a conventional surfactant [99,100]. 
The scheme of the attained synergy shown in (Figure 9c) is 
since the polymeric molecules are isolated from one another, 

i.e., they are diluted by the overwhelming proportion of 
conventional surfactant molecules. Nevertheless, they 
are anchored at interface and because of their very large 
hydrophilic and lipophilic parts, they considerably extend 
the reach of the amphiphilic mixture into the water and oil 
phases.
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Mixing species whose molecules attract each other 
generally results in a denser interfacial packing and an 
improved performance. As seen in Figure 9d, this is the case 
of the well-known mixture of alkyl ether sulfates with a 
distribution of polyethylene oxide spacer lengths. This is also 
the situation of an anionic-nonionic combination because 
of the polyethylene oxide chain wrapping around the ionic 
head. In the combination of anionic and cationic species [67] 
(or amphoteric substances) the packing is very effective, but 
it could be extreme, eventually too dense if some moderating 
feature or additive is not present to pull apart the surfactant 
molecules and to avoid the precipitation or the formation of 
very viscous structures. However, this is also a feature to be 
handled with caution, because effects which tend to reduce 
the precipitation or the formation of gel such as double bond, 
branching or ramification in the tail group of the surfactant 
(Figure 9e), tend to decrease the packing density [101] and 
thus to penalize the performance. 

Small amphiphiles like alcohol cosurfactants are often 
used to prevent the formation of liquid crystal gel mesophase, 
as well as for some other reasons in EOR processes, like a 
reduction in surfactant adsorption or a decrease in fluid 
viscosity. However, their use brings two main disadvantages 
as far as EOR performance is concerned.

First, alcohols tend to pull apart the surfactant molecules 
adsorbed at the interface and thus reduce the packing 
density (Figure 9f). Secondly, their small head and short tail 
reduce the average interactions of the amphiphile mixture 
with both phases, i.e., a penalty as far as performance 
is concerned. The alcohol cosurfactants with the most 
significant performance loss are isopropanol, sec-butanol, 
or ter-pentanol, which are more likely to adsorb at oil-water 
interface, and whose branching increases their interfacial 
occupancy, thus reducing even more the surfactant packing 
[88]. Other cosurfactants than common alcohols have been 
studied and are sometimes interesting candidates as useful 
additives [102].

It is worth noting that packing could be altered in some 
other way by merging neighboring molecules that could 
normally repel. Double chain sulfosuccinate compounds [96] 
and gemini surfactants are more likely to pack more and 
thus to lower the tension [101,103]. All these different and 
amazingly complex features definitively show that mixing is 
a potential key to improvement, provided that the formulator 
knows how to open the door with the key.

Because of the synthesis mechanisms, polyethoxylated 
nonionic surfactants are mixtures that contain widely 
different oligomers, and most of the time exhibit enough 
disorder to avoid the formation of liquid crystals at 
optimum formulation. A wide range variety of species 

also takes place with anionic surfactants of the sulfate/
sulfonate type when the hydrophobic part comes from a 
refinery cut, for instance for petroleum sulfonates. Using 
olefins with random positioning of the double bound as the 
hydrophobic part, could result in a very different species 
from the physicochemical point of view. Mixing commercial 
surfactants produce even wider mixtures and can display 
extended reach and increased packing features favorable to 
enhanced performance, according to the previous discussion 
with the lipophilic linker role [98].

However, this favorable trend also exhibits a limit beyond 
which the performance tends to go down with the mixing of 
very different species. This is due to the so-called fractionation 
effect which has been studied in detail elsewhere particularly 
for polyethoxylated nonionics [33,69,104,105]. For instance, 
when the mixture contains a too lipophilic surfactant, e.g., a 
nonionic with only 2 EO groups, this species exhibits a very 
strong tendency to migrate into the oil phase. Because of this 
selective partitioning, this surfactant is no longer available to 
adsorb at interface whose mixture formulation changes. The 
same preferential fractionation takes place with sulfonated 
anionics, but this time with the very hydrophilic species 
going into the water phase [104].

As a consequence of the fractionation and partitioning, 
mixing very different surfactants may lead to an improved 
performance as far as the interfacial amphiphile is concerned, 
but it also drives a large portion of the surfactant into the 
bulk phases, where it is lost for interfacial formulation 
purpose [71].

If a very lipophilic amphiphile, e.g., dodecanol, is added 
to a system, it does not adsorb to participate to the interfacial 
mixture with a surfactant [88]. Instead, it is mostly found to 
be segregated in the oil phase close to the interface because 
of Van der Waals long range forces. 

This kind of slightly polar oil has been called lipophilic 
linker [98,106,107], and has been shown to extend the reach 
of the surfactant hydrophobic tail into the oil phase, indicated 
as a lipophilic linker LL in Figure 10a. It is worth noting that 
such linker does not really adsorb at the interface, and is 
consequently a different mixing feature than the typical 
cosurfactant effect which has been discussed before. 

As a matter of fact, the lipophilic linker does not play 
a role in the attainment of the R = 1 condition at interface 
for the surfactant, i.e., it does not require a change of the 
hydrophilic part, and does not alter the surfactant packing at 
interface. However, it enhances the performance as shown in 
Figure 10-b plot that indicates the effect of different alcohol 
chains. The alcohol is a co-surfactant up to n-heptanol or 
n-octanol (white dots) and then becomes a lipophilic linker 
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for longer n-alcohol (black dots), which are not migrating 
significantly to the interface.

Figure 10b clearly shows that the performance steadily 

increases with a longer extension of the combination of 
surfactant together with linker without any change in the 
surfactant head group indicated as EON in Figure 10b [107].

Figure 10: (a) Lipophilic and hydrophilic linkers locations in the bulk close to interface. (b) Lipophilic linker performance 
when alcohol chain is longer than 7-8 carbon atoms.

The segregation of the lipophilic linker in an oil layer 
close to interface [108] widens the transition zone thickness 
by making the oil layer close to interface slightly polar. Of 
course, the lipophilic linker is lost into the bulk phase but 
its segregation close to interface limits this penalty and a 
significant effect is seen at very low concentration in oil [98].

A similar effect proposed to take place in the water 
phase, was called hydrophilic linker, although with less 
performance improvement [109]. Then, the concomitant use 
of both lipophilic and hydrophilic linkers as shown in Figure 
10a was found to result even better [110]. The improvement 
through the mixture feature was found to be significant by 
mixing lipophilic linkers [107].

Intramolecular Mixture and Extended 
Surfactants from the 1980s to Present 
Times

The first intramolecular mixtures for surfactants to be 
used in EOR was not really designed to generate a mixture 
synergy, but rather to attain an intermediate compromise 
between anionic species, which are likely to precipitate 
at high salinity, and polyethoxylated ones, which become 
lipophilic at high temperature [111,112]. The principle 
of reaching a temperature insensitivity by mixing anionic 
and nonionic surfactants [68,113] could be also applied to 
intramolecular mixture species called extended surfactants 
[114].

The small amount of ethylene oxide groups between the 
tail and anionic head produces different effects [95,115,116]. 
The first one is, of course, to increase the hydrophilicity of 
the surfactant, thus allowing to increase the tail length, 
though sometimes with at least a double bound to avoid the 
precipitation or the formation of structures, but resulting 
in a significant boost of the performance index [117]. Of 
course, the proper intermolecular mixtures of species with 
a different number of ethylene oxide intermediate would 
also facilitate the packing as shown in Figure 9-d. It is worth 
noting that this is not done on purpose but by the random 
ethoxylation mechanism. A ramified tail of the Guerbet type 
hydrophobe is also an alternative solution which eliminates 
the co-surfactant requirement [118].

Similar species of ethoxylated anionic surfactants with 
a carboxylate head group are found to be sensitive to pH, 
as could be sought in some circumstances [116]. If a strong 
salt tolerance is required because of the presence of divalent 
cations a long polyethylene oxide chain is required. Surfactant 
containing a few propylene oxide groups, eventually with a 
few ethylene oxide groups, were proposed to increase the 
nonionic characteristic, and also because they were found 
to reduce the formation of gel and thus to avoid the use of 
alcohol [119], as well as being less adsorbed [120].

A similar kind of surfactant has emerged independently 
from pharmaceutical application studies in the late 1980s 
when it was understood why the lipophilic linker was 
effective in enhancing solubilization, particularly of polar 
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oils. They were called extended surfactant structure, and 
they were designed to accumulate all the advantages of the 
previously discussed features without some drawbacks. The 
argumentation to build up such a proper structure was as 
follows.

First, it had to be a single molecule that is compelled 
to go and stay at interface, like a mixture of surfactant and 
lipophilic linker that cannot fractionate and be partially lost 
into one of the bulk phase.

Secondly, the combined molecule had to be longer 
than a conventional surfactant to boost its performance by 
increasing the reach on both sides of the interface, but not 
with a long hydrophobic part that could precipitate. In order 
to mimic the improved solubilization efficiency attained with 
the lipophilic linker role of generating a slightly polar zone 
in the oil bulk phase close to interface, a somehow polar 
lipophilic spacer (polypropylene oxide —PPO—chain) was 
placed between the conventional hydrophilic and lipophilic 
groups (Figure 11) [74,121], eventually with about 1-3 
ethylene oxide connection added to easily attach the ionic 
head, and facilitate the packing as for alkyl ether sulfates.

The polypropylene oxide spacer, which is lipophilic 
but slightly polar, was found to have the first 2-3 propylene 
oxide groups somehow water wet [51], a situation that 
produces some twisting [114] in the hydrophobic tail close 
to interface, as shown in Figure 11. This adds up to the lateral 
methyl group branching to produce enough disorder in the 
tail to avoid the formation of gel, and consequently, this 
kind of structure does not need the addition of alcohol co-
surfactants, as was found earlier [121].

Figure 11: Extended surfactant arrangement at interface.

This polypropylene oxide spacer is nevertheless globally 
lipophilic, and thus it is in the oil phase. Consequently, it 
drives the completely hydrophobic hydrocarbon group part 
further away from interface and increases the interactions 
on the oil side. However, the considerable increase in the tail 

length, which could be three or four times longer than the 
usual C12 alkyl, is attained without precipitation. 

This extreme elongation results in a good performance 
index boosting by 2-3 times, and an exceptional 10 times 
better than the conventional surfactant performance with 
polar oils like triglycerides. For this reason, many studies 
have been developed recently to apply these properties 
to cleaning purposes and solubilization of polar oils 
[51,114,117,121,122]. They have been also tested for 
petroleum applications different from EOR but this time with 
a long polypropylene oxide chain as the spacer [48,123,124]. 
This very long extension requirement, which has not been 
mentioned in the EOR literature and patents, might become 
an important characteristic in the near future, for instance 
with heavy oils. In effect, it has been recently shown that the 
long extension is associated with the higher solubilization 
[125] and lower interfacial tension [126] with higher ACN 
hydrocarbons, contrary to the usual trend. This exceptional 
effect is catching attention because it is a way to circumvent 
a problem that is still pending in heavy crudes as well as 
viscous paraffin cosmetics and pharmaceuticals.

Recent research has demonstrated that extended 
surfactant structures function similarly, albeit with certain 
modifications consistent with the general trends. This has 
been corroborated with a variety of head groups other than 
sulfate, such as carboxylate or phosphate, as well as galactose, 
polyglucoside, polyethylene oxide and their combinations, 
with linear and branched tails, and with spacers from a 
small intermediate link to the main part of the molecule 
[87,127-131]. Additionally, other research groups have 
studied its phase behavior [132,133], sometimes referring 
to them as graded surfactants [134,135], there is still a 
significant amount of research dedicated to the properties 
and applications of these extended surfactants. Nevetheless, 
some general trends have been found and explained in the 
literature. It may be said that Winsor’s premise regarding 
the concomitant increase of head and tail groups to boost 
performance seems to apply to extended surfactants too, 
with clear advantages over the conventional techniques of 
molecular enlargement and intermolecular mixing, e.g., there 
is no precipitation, no fractionation, and an intramolecular 
mixture synergy is exhibited.

Early studies in extended surfactants pioneering work 
Miñana-Pérez [136] indicated that they blend with other 
(conventional) surfactants according to the usual linear 
mixing rules [65,67] as far as the formulation is concerned. 
However, the performance of the mixture uniquely depends 
on the proportion of the extended surfactant when the 
conventional surfactant does not exhibit a significant 
solubilization if used alone, as with polar oils [137]. This 
is quite an interesting situation because it means that the 
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formulation and the performance can be handled separately. 
Although these mixing rule characteristics were clearly 
published [137], and later corroborated [138], they appear 
as if they were innovations in patents that curiously do not 
cite the academic original divulgations [139,140].

A final word on this topic is that although the first so-
called extended surfactant species were produced by Seppic 
for application in microemulsion to mimic the lipophilic 
linker effect in order to solubilize polar oils, the actual 
first surfactant species containing a polypropylene oxide 
intermediate were produced 20 years before in relation to 
oil recovery [119]. A patent for an alkyl PPO-PEO-anionic 
was taken by the Exxon group working in EOR [141], though 
with only a very few PO, e.g., a maximum of 10 PO groups. 
Condeavista, which was taken over by Sasol, produced 
Alfoterra products with highly branched tails, but short 
spacer too. Nevertheless this short spacer was not enough to 
produce the performance trend inversion previously noted, 
i.e., a higher performance with higher alkanes.

What became the main performance for the so-called 
extended surfactants for other applications, i.e., the high 
solubilization and low interfacial tension with polar oils, 
particularly natural triglycerides, was not mentioned either 
in the first papers and patents which were dedicated to EOR. 
Hence, the main idea behind this kind of molecule for use in 
EOR at this time was probably to make it an anionic surfactant 
more salt tolerant, and with less probability of formation 
of a liquid crystal gels or precipitate, because of the less 
hydrophobic polypropylene oxide part of the tail, with some 
methyl branching or Guerbet ramification. These substances 
were also said to be incorporated in EOR applications to 
overcome the chromatographic type separation in the 
formation [141]. Shell also produced similar substances and 
currently commercializes them under the name Enordet 
A/J/C/H series. In recent reviews on EOR such alkoxylated 
surfactants with a short polypropylene oxide chain are 
systematically mentioned as important ingredients [25-
27,142]. An academic study on this kind of product, with a 
low amount of propylene oxide but a very high tail branching 
provided by a Guerbet alcohol radical, was carried out in 
Texas [143] at the same time than the classical extended 
surfactants with a long polypropylene chain in France and 
Venezuela [74,121,137], but in mutual ignorance.

Current State of the Art and Near Future to 
Enhance Performance in Practical Cases

In the studies conducted over the past decade during 
the resurgence of interest in EOR, extended surfactants have 
been often included in complex mixtures because they were 
empirically found to contribute to a better performance with 
a low surfactant concentration process.

A few significant reviews [25,87,142] recently 
indicated that there is still an extreme variety of proposed 
substances and mixtures, and that the current formulation 
decisions are likely to be taken from available experience 
and a few empirical tests rather than through a systematic 
optimization using a clear cut know-how. Consequently, an 
effort of understanding and verification is necessary before 
launching a high scale project [144,145].

A curious situation is that the information produced 
by scientists and technicians in different applications areas 
has not been scrutinized as a whole to try to understand the 
extreme complexity of the phenomena. This might be partly 
due to the fact that the expertise available in the scientific 
world, i.e., academic and industrial specialist who worked 
together more than 30 years ago in the first EOR drive, has 
vanished and has not been rebuilt as a similar effective 
cooperation. The main advice that could be suggested to 
speed up the starting of oil production by EOR is to put 
together all the available know-how on surfactant physical-
chemistry and on inter- and intra-molecular mixing rules 
to attain reasonably secure optimization procedures. This 
would mean to select, organize and use all the available 
knowledge and know-how and to create a clever policy to 
reduce the competition level, as was done in the 1970s when 
industrial businesses and governments understood that 
none of the largest petroleum companies could solve the 
problem alone.

This is particularly important because several crucial 
problems still need to be solved as soon as possible, and 
they are not always close to a solution. Fortunately, most of 
them have been considered recently and a fair diagnostic has 
indicated that a solution could be available sooner or later, 
maybe with some optimistic forecast as far as the alkaline 
flooding is concerned.

In what follows, a first screening of the available 
experience would indicate the different alternatives and what 
are the different compromises which have to be adjusted 
[146]. The formula which are said to be efficient in EOR [25] 
are deduced by experience to be mixtures of surfactants with 
several characteristics previously mentioned as the keys to 
improve the performance: 
• long branched tail or double (twin) tail olefin or alkane 

sulfonates [92]. 
• extended surfactant with a polypropylene oxide spacer 

chain and a sulfate head, typical anionics as alkyl aryl 
sulfonates [120,142,143].

• internal olefin sulfonates as mixtures including 
hydroxyalkene sulfonate species [147], with eventually 
a few ethylene oxide groups to improve salt tolerance 
[27,11,148]. 

• a definite ramification and branching to reduce or avoid 
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the formation of gels, up to Guerbet alcohol double tail 
hydrophobes [143] (with EO & PO).

Table 3 indicates the ingredients suggested recently to 
integrate high performance surfactant mixtures according to 
recent cases of presentations or discussions in congresses.

Alkyl benzene sulfonate ABS T- Φ -SO3- 
Alpha olefin sulfonate AOS T-CH=CH-CH2- SO3- 

 including hydroxy sulfonate T-CH(OH)-CH-CH2-SO3-
Secondary alkane sulfonate SAS T1-CH(SO3-)T2

Internal olefin sulfonate IOS T1-CH=CH-CH(SO3-)T2

 including hydroxy sulfonate T1-CH(OH)-CH-CH2(SO3-)T2 
Alcohol ethoxy sulfate AES T-O-[CH2-CH2-O]n-SO3- 

Alcohol ethoxy sulfonate AES T1-O-[CH2-CH2-O]n-O-CH(T2)CH2SO3-
Extended surfactant (propoxy-sulfonate) T-O-[CH(CH3)-CH2-O]m-SO3-

 including ethoxy group T-O-[CH(CH3)-CH2-O]m-[CH2-CH2-O]n SO3-

Table 3: Principal surfactant species recommended as components of high performance mixtures for EOR (T = surfactant tail 
alkyl group, often branched or ramified).

These proposed mixtures sometimes contain co-
surfactants, particularly branched ones like sec-butanol, 
iso-butanol, or ter-pentanol, which do not significantly alter 
formulation. These co-surfactants have been known since 
1975 to produce disorder, avoid the formation of viscous 
gel or precipitate with anionics, and speed up equilibration. 
However, most of the time they decrease the performance 
by reducing the surfactant interfacial density [87,88]. 
Nevertheless, co-surfactants are also known to have some 
favorable effects, as improving long tail surfactant solubility 
and reducing their adsorption [149]. It is worth noting that 
the compromise to find is not obvious because the required 
disorder-making branching or ramification feature to attain 
surfactant reduced adsorption and higher water solubility 
could be less expensive when generated in the tail of the 
surfactant by polymerizing propylene or by using a Guerbet 
alcohol as T hydrophobe in Table 3.

There remain difficulties and some attempts to remove 
them, but they are at a level of complication not to be 
discussed here, but just mentioned. They refer to the fact 
that for both performance and cost reasons, used practical 
formulas would certainly contain a mixture of surfactants, 
and eventually co-surfactants as well as polymers. In such 
cases, different phenomena are likely to alter the behavior 
of some of the components in a different way than for 
others. Thus, some separation mechanisms (like ionization 
alteration, precipitation in the aqueous bulk, phase transfer 
to the oil, adsorption on solid) are likely to change the actual 
available formulation at interface.

Consequently, any spontaneous or inescapable 
formulation shift is unwelcomed and should be avoided 

or at least reduced or limited, or even better, if possible, 
compensated by some opposite phenomenon. Basic 
publications can be found on the precipitation of ionic 
surfactant at high salinity [150,151] or of ethoxylated 
surfactants at high temperature [50,51] that could be 
reduced using alkoxydes as polyglucosides [130,131]. 
Adsorption should be reduced not only for cost reasons but 
also for unwanted chromatographic separations of surfactant 
mixtures that result in formulation shifts [104,152-155]. 
Some cheap surfactants like lignin derivatives could be used 
to save adsorption costs or extra negative charge on the rock 
surface and reduce the anionic surfactant adsorption.

The pH can modify the HLD of acid molecules like asphaltenes 
and might be an additional adjustment for cheaper flooding 
as done in many cases [82,84], sometimes with retrograde 
trend [156-158] or much wider three phase behavior zones 
[67]. Other electrolytes effects have been reported also 
[77,159] but with no clear classification for the cation effect.

Conclusions

The current know-how on the attainment of ultralow 
tension for enhanced oil recovery resulted from a series 
of advances that have been reached through conceptual 
and empirical research efforts. It started in 1948 with the 
Winsor’s R concept to the development of a numerical 
multivariable correlation in 1978, which was later 
refined into the Hydrophilic-Lipophilic Deviation (HLD) 
formulation equation proposed in 2000. This equation 
has been instrumental in elucidating many trends with a 
reasonable degree of accuracy. However, in real complex 
systems, the understanding of the physical chemistry and 
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phenomenology linked to the phase behaviour is not always 
completely satisfactory to allow exact predictions. It is 
evident that further targeted research is necessary to refine 
the corresponding knowledge and develop a robust know-
how that can be applied to efficient processes dealing with 
the current wide variety of surfactant-oil-water systems, 
not only for EOR applications but also for other industrial 
processes.

Despite the comprehensive nature of this review, there 
are certain limitations that need to be acknowledged. One 
of them is that while the HLD equation has significantly 
advanced our understanding, there are still gaps in the 
literature and areas where our comprehension is not entirely 
satisfactory for accurate predictions. Looking forward, there 
is a clear need for further research to refine our knowledge 
and develop more sustainable EOR methods [160-167]. This 
includes exploring the application of emerging technologies 
in surfactant injection and assessing its environmental 
impact. Recent reports indicate that chemical EOR presents 
much lower CO2 equivalent emissions than steam or hot 
water injection [9]. Additionally, there are some reports 
including machine learning approaches to EOR, although 
the role of generative artificial intelligence in optimizing 
EOR processes could be crucial in the short time. It is 
important to continue improving EOR techniques to ensure 
that petroleum extraction becomes more efficient and more 
environmentally friendly and serves as a tool to support the 
energy transition.
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