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Recent Developments on Surfactants
for Enhanced Oil Recovery
This review discusses surfactants used for chemical flooding, including surfactant-polymer flooding and alkali-surfactant-polymer flooding. The review, unlike most previous reviews in the
field, has a surfactant focus, not a focus on the flooding process.
It deals with recent results, mainly from 2010 and onward. Older
literature is referred to when needed in order to put more recent
findings into a perspective.
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Neueste Entwicklungen bei Tensiden für die Enhanced Oil
Recovery. Dieser Übersichtsbeitrag behandelt Tenside, die zum
chemischen Fluten verwendet werden, einschließlich TensidPolymer-Fluten und Alkali-Tensid-Polymer-Fluten. Im Gegensatz
zu den meisten früheren Übersichtsbeiträgen auf diesem Gebiet
konzentriert sich diese Übersicht auf die Tenside und nicht auf
den Flutungsprozess. Sie befasst sich mit neueren Ergebnissen,
hauptsächlich aus den Jahren 2010 und später. Bei Bedarf wird
auf ältere Literatur verwiesen, um neuere Ergebnisse in eine
Perspektive zu setzen.
Stichwörter: Enhanced oil recovery, Tensidflutung, Mikroemulsion, Winsor-System, Grenzflächenspannung

1 Introduction

Due to improved drilling techniques and to expectations of
raising oil prices, there has been a renewed interest in enhanced oil recovery during the last decade. Many methods
exist to increase the yield of oil beyond what can be achieved
by just injecting water into the reservoir. They are collectively referred to as enhanced oil recovery (EOR) or tertiary
oil recovery and they include chemical EOR, thermal EOR,
hydrodynamic EOR and gas EOR. This review deals with
one of the chemical EOR techniques: the use of surfactants
to increase the recovery of oil from reservoirs. The surfactant, or surfactants, can be the sole chemical used for the
purpose. However, in the majority of cases the surfactant is
combined with some other chemical such as a polymer and/
or alkali. The use of a combination of surfactant and polymer is called surfactant-polymer (SP) flooding and the addi1
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tion of alkali, such as sodium hydroxide or calcium carbonate, gives alkali-surfactant-polymer (ASP) flooding.
One purpose of adding alkali is that the base generates
salts of naphthenic acid from the oil, which means that a
surface-active species is formed in situ. Simple inorganic
salts, such as sodium carbonate, sodium bicarbonate or sodium hydroxide, are commonly used as alkali source but
ammonia [1] and \organic alkali", such as ethanolamine
[2], ethylene diamine [3] or polyoxypropylene diamine [4] offer advantages in reservoirs that contain gypsum, CaSO4 ·
2H2O. Gypsum (and also anhydrite, CaSO4) precipitates as
CaCO3 in the presence of carbonate ions. The use of sodium
metaborate as alkali source is another way of circumventing
the problem of precipitation in high salinity reservoirs since
metaborate sequesters divalent cations [5, 6]. It has been
shown that for very acidic crude oils, i. e. those that contain
a high proportion of naphthenic acids, the surfactant may be
entirely replaced by alkali in combination with a cosolvent,
such as isobutanol or propoxylated isobutanol [7]. Trials have
also been made without any addition of alkali, i. e. SP flooding, see for instance Zhu et al. [8].
Thus, the use of surfactants for EOR goes under different
headings such as chemical flooding, SP flooding or ASP
flooding. Surface active agents can also be generated in situ
by microorganisms injected into the reservoir. This procedure is usually referred to as Microbial Enhanced Oil Recovery (MEOR).
Surfactants are produced worldwide in large quantities
and the applications range from household products such
as food, personal care and detergents to heavy industrial processes such as mining, textile production and oil exploration. EOR is not any of the largest applications but the volume is growing. Surfactants are today mainly used for onshore operations in sandstone reservoirs but there is a potential also for off-shore fields. Carbonate reservoirs are less
suitable for surfactant flooding. The positively charged rock
surfaces of carbonate fields will cause massive loss of anionic surfactant due to adsorption. In addition, the high content
of divalent cations in the formation water of carbonate fields
may cause such surfactants to precipitate.
Surfactant flooding, usually either as SP or as ASP flooding, can be performed directly after the water flooding but it
is common practice to first perform flooding with only polymer after cessation of the water flooding and start SP or
ASP flooding when the oil cut in the polymer flooding has
come down to a certain value. The role of the surfactant in
the flooding operation is in principle the same regardless of
the stage where it is injected.
This review deals with surfactants for surfactant flooding
in a broad sense, including SP flooding and ASP flooding.
Surfactants are also used for foam flooding but the action
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of the amphiphile is vastly different in this process than in
surfactant flooding and foam flooding is outside the scope of
this review. MEOR, which does not involve the addition of
an external surfactant, is also not dealt with in the review.
EOR has a long history and a comprehensive book [9], as
well as several good reviews, on surfactant flooding have
been written through the years [10 – 16]. This review, unlike
most of the previous reviews, has a surfactant focus, not a
focus on the flooding process. It primarily deals with papers
from 2010 and onwards but older references are also included to put the more recent literature into perspective.
2 The role of the surfactant

The main role of the surfactant used for EOR is to reduce
the interfacial tension between the oil present in the reservoir and the injected water, co/w. It has been known since
long back that the amount of oil retained in the reservoir
after water flooding will depend on the ratio between viscous forces striving to displace the oil and capillary forces,
which trap the oil in the pores [17]. The relationship between the viscous and the capillary forces is often described
by the capillary number, Nc, according to the expression
.
Nc ¼ gm co=w
Nc is a dimensionless number, g is the viscosity and m the
viscosity, respectively, of the displacing fluid.
It has been found that the residual oil saturation in an oil
reservoir is constant below a certain value of Nc, typically in
the range 10–4 – 10–5. Flooding with only water gives values
of Nc below that number. Above a critical Nc value, however,
the residual oil saturation after flooding decreases almost
linearly with log Nc. Thus, the key to obtaining proper oil
recovery is to attain a high enough value of Nc.
In principle, the Nc value can be raised by either increasing the viscous forces or decreasing the capillary forces. The
viscous forces can be increased by thickening the water, e. g.
by addition of a polymer, and/or by increasing the water
pressure in the pumping. However, there is a limit to what
can be done to the viscous forces. Too high viscosity or too
high water pressure will damage the reservoir, generating
cracks in the porous rock. The injected fluid will then go
through the large cracks avoiding the narrow pores where
most of the oil is situated.
Consequently, the approach taken to raise the Nc value is
to drastically reduce the capillary forces (together with a
moderate increase in the viscous forces using a polymer in
the injection water). It has been demonstrated that, at least
for water-wet reservoirs, a reduction of the oil-water interfacial tension down to 10–3 mN m–1 or even lower is needed to
obtain proper mobilization of the oil in the reservoir [10].
An interfacial tension of the order of 10–3 mN m–1 is extremely small. The interfacial tension between an aliphatic
hydrocarbon and water is around 50 mN m–1 and the interfacial tension between an aromatic hydrocarbon and water is
typically 30 mN m–1. A surfactant monolayer at the oil-water
interface reduces the interfacial tension to a few mN m–1,
still far from the interfacial tension value needed for EOR.
It was found during the early days of the development of
surfactant flooding that if a surfactant or a surfactant system
was chosen such that a microemulsion formed sponta-
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neously between the oil and the water phases, the two interfaces, the upper one between the excess oil phase and the
microemulsion and the lower one between the microemulsion and the excess water phase, could have extremely low
interfacial tension values. Under optimal conditions, when
the surfactant is said to be balanced, the middle phase contains equal amounts of oil and water. Then the two interfacial tensions are approximately the same. Middle phase microemulsions were known since at least 1970 under the
name ‘surfactant phase’ and Saito and Shinoda observed
the exceptionally low interfacial tensions in such systems
[18]. The internal structure of a middle phase microemulsion was later found to be bicontinuous, i. e. consisting of
infinitely long and intertwined domains of oil and water
with all interfaces covered by a monolayer of surfactant
[19]. The choice of the surfactant (or surfactants) is critical.
If the surfactant is too hydrophilic, then a two-phase system,
an oil-in-water microemulsion in equilibrium with excess
oil, a so-called Winsor I system, will form. If, on the other
hand, the surfactant is too hydrophobic, another two-phase
system, a water-in-oil microemulsion in equilibrium with excess water, will form, a Winsor II system. The interfacial
tensions for these two-phase systems are low but not low enough to give proper mobilization of the oil in the reservoir.
Only the balanced system with a bicontinuous microemulsion between the excess oil and water phases, a Winsor III
system, gives the ultralow interfacial tension needed for the
purpose. At that point, the surfactant is perfectly balanced,
i. e. the packing parameter is close to 1 [20, 21]. Figure 1
shows the transition from a Winsor I, via a Winsor III to a
Winsor II system together with typical values of interfacial
tensions. The amphiphile is an anionic surfactant and the
parameter used to induce the phase transitions is salinity.
If instead the amphiphile had been a nonionic surfactant,
then the temperature would have been the critical parameter, increasing the temperature leading to the Winsor
I ? Winsor III ? Winsor II transition. Figure 2 illustrates
the structures of the different microemulsions. (The \Winsor" terminology originates from the British scientist P. A.
Winsor, who described the phase behavior in a widely spread
book [22]).
It is not only the salinity that affects the phase behavior
for systems based on anionic surfactants, the concentration
is also an important parameter. The surfactant is injected at
a certain concentration but as the flooding progresses, the
concentration will decrease due to dilution with reservoir
water. The dilution will move the phase behavior in the direction Winsor I ? Winsor III ? Winsor II, i. e. from left to
right in Figure 1. As will be discussed further down, this
change in phase behavior can be compensated for using a
so-called negative salinity gradient [25, 26].
It has been reported that an increase in pressure shifts the
optimal salinity towards higher values [27]. Since it is challenging to perform phase behavior studies under high pressure, this means that the optimal formulation in the laboratory would have to be modified to fit the conditions of the
field test. However, the effect of the pressure seems not to
be large and is usually neglected in the development of formulations for surfactant flooding.
It was demonstrated already in the mid-1970s that there
exists a relationship between the oil-water-surfactant phase
behavior and the interfacial tensions in the system [28 – 30].
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The term ‘solubilization parameter’ was coined for the
amount of oil (or water) that a given amount of surfactant
could solubilize in the middle phase. So and Sw represent
the solubilization parameter for oil and water, respectively,
and the system is balanced when So = Sw. Thus, a highly efficient surfactant (or surfactant system) gives high values of
So and Sw.

Somewhat later Huh showed that there is a reverse relationship between the interfacial tension and the solubilization parameter [31]. At optimal conditions, i. e. when there
is equal solubilization of oil and water in the middle phase,
then
.
.
So ¼ Sw  1 cm=w ¼ 1 cm=o

Figure 1 A transition from Winsor I via Winsor III
to Winsor II system can occur by increasing the
salinity for a system based on oil, water and anionic surfactant. The interfacial tensions are also
shown. As can be seen, the lowest interfacial tensions are obtained for the Winsor III system, where
a microemulsion is in equilibrium with excess oil
and water. The system is balanced at a salinity of
2.5 %. (Adapted from [23].)

Figure 2 Structure of left: an oil-in-water microemulsion; middle: a bicontinuous microemulsion; and right: a water-in-oil microemulsion. A monolayer of surfactant covers all oil-water interfaces. (Adapted from [24].)
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where cm/w and cm/o are the interfacial tensions between microemulsion and water and between microemulsion and oil,
respectively in the Winsor III regime.
This means that instead of assessing surfactant efficiency
by measuring the interfacial tensions, which can be relatively troublesome, one can get the solubilization parameters from the volumes of the three phases and then calculate
the interfacial tension.
Another important role of the surfactant is to change the
wetting characteristics of the reservoir. The wettability is a
critical parameter for achieving proper mobilization of oil
from a porous rock formation [32 – 34]. Most surfactants
have the ability to improve wetting of water at the rock surface, which is essential. However, this is a general property
of amphiphilic molecules and the surfactant need not be tailormade for the specific oil in the reservoir in order to provide good wetting. Thus, to change a poorly water-wet surface to a properly water-wet one is usually not as
demanding a task as to obtain ultralow interfacial tension
between the reservoir oil and the injection water.
Wettability alteration is particularly crucial for carbonate
rocks, which are often oil-wet. It has been demonstrated that
cationic surfactants such as decyltrimethylammonium bromide and its longer chain homologues are particularly effective for the purpose. The cationic surfactant seems to act by
desorbing organic carboxylates from the rock surface by
forming oil-soluble ion pairs and by incorporating them into
micelles, generating mixed micelles of the cationic surfactant
and amphiphilic carboxylates in the water phase [34, 35]. The
proposed mechanism is illustrated in Figure 3.
Loss of surfactant during the flooding is a problem, not
least from an economic perspective. Loss by adsorption is
most important and will mainly depend on the character

and composition of the formation. In general, pure sandstone rock will not adsorb anionic surfactants much since
the rock surface is negatively charged. There are usually
patches of clay and other minerals that act as adsorption
sites for anionic surfactants. Clay embedded in the rock matrix has a negative charge on the faces and a positive charge
on the edges, which means that the anionic surfactants will
adsorb on the edges. The loss of anionic surfactant by adsorption in a sandstone reservoir is therefore correlated to
the clay content of the rock.
An anionic surfactant present in the brine will give, if the
surfactant concentration is high enough, either a bilayer or
tightly packed micelles at the positively charged surface.
Both structures will have surfactant headgroups facing the
surface as well as the surrounding water [36]. Thus, the
charge of the surface site will change from positive to negative. The adsorption is shown in Figure 4.
The anions that come with the alkali in ASP flooding,
such as carbonate and bicarbonate ions, will also adsorb at
these patches, thus reducing the surfactant loss. That is
one, out of several, reasons to include alkali in the flooding
formulation. The polymer used for SP or ASP flooding is
also negatively charged and will compete for these sites as
well.
Surfactant adsorption on carbonate rock is usually more
severe than on sandstone but it has been demonstrated that
adsorption of anionic surfactants on such surfaces can be
substantially reduced if alkali is added in the formulation.
Sodium carbonate seems to be particularly effective in this
respect [38].
There is a plethora of papers in the literature dealing with
adsorption of surfactants at different mineral surfaces. However, translating these results into adsorption at a carbonate

Figure 3 The suggested mechanism for the
wettability alteration caused by cationic surfactants
in a pore of carbonate rock. A circle with tail represents a cationic surfactant and a square with
tail is an anionic amphiphile initially adsorbed at
the surface and present in the oil. (Adapted from
[34].)

Figure 4 Adsorption of an anionic surfactant at a positively charged solid surface. At very low concentration individual molecules lie on the surface, attracted by
electrostatic forces and hydrophobic interactions. At a certain concentration, the critical surface association concentration (CSAC), the surfactant will self-assemble into micelles at the surface. The CSAC is much lower than the critical micelle concentration (CMC) in the bulk water. With increasing bulk concentration, the
surface will be progressively more covered either with micelles or with a surfactant bilayer. (From [37].)

Tenside Surf. Det. 58 (2021) 3

167

X. Han et al.: Recent developments on surfactants for enhanced oil recovery

rock surface is not trivial. These surfaces are highly heterogeneous with respect to both mineralogy and surface chemistry. Besides the uncertainty regarding the solid surface,
environmental parameters like ionic strength, pH and temperature will influence the adsorption. For instance, it has
been shown that whereas adsorption of a cationic surfactant,
cetylpyridium chloride, on synthetic calcite was negligible,
the adsorbed amount on natural dolomite and limestone
was considerable [39]. The content of aluminum and silicon
in the natural carbonate was shown to be decisive. As
pointed out by Tagavifar et al., more relevant results may be
obtained if the adsorption study is carried out on model
mineral surfaces with defined heterogeneity and with proper control of the environmental parameters [40]. They
showed that anionic surfactants adsorb in a relatively high
amount on a natural limestone up to a pH of 9. Above pH
9, as the surface becomes progressively more negative, the
adsorbed amount decreases almost linearly with pH.
As in most chemical engineering work, modeling goes
hand in hand with the experimental work and both approaches are often needed to achieve good results. There
are commercial simulators available today with capabilities
for modeling and simulation of complex processes, such as
chemical flooding. Modeling is, however, outside the scope
of this review. Recent advances in modeling surfactant flooding can be found in [41 – 43].
3 Types of surfactants used for chemical flooding

The knowledge that interfacial tension reduction is a way to
improve the recovery of oil from reservoirs is surprisingly
old. Uren and Fahmy wrote in a paper from 1927: \A definite relationship exists between the interfacial tension of
the oil against the flooding medium and the percentage recovery obtained by flooding. The efficiency of flooding increases as this interfacial tension decreases" [44]. The patent
literature goes even further back [45]. In the work by Uren
and Fahmy the interfacial tension reduction was obtained
by the addition of inorganic salts. A large number of salts
were tested, and the lowest interfacial tension and the best
oil recovery were obtained with sodium carbonate. Thus,
this is an early example of what is today called alkali flooding. The alkali added generated surface-active salts of
naphthenic acids present in the crude.
The use of external surfactants for EOR appeared much
later and in the early trials from the 1960s and 1970s lowcost petroleum sulfonates were mostly used. More systematic research to correlate oil recovery efficiency with surfactant structure started in the 1980s and the University of
Texas at Austin was a focal point of this development. The
work by Wade, Schechter, Pope and others at UT Austin together with researchers at Exxon, Shell and other oil companies demonstrated that excellent results could be obtained in
core flooding experiments when the surfactant was tailormade for the specific reservoir oil, the composition of the
brine used for flooding, the reservoir temperature, and other
field- and oil-specific parameters [46, 47].
3.1

One- or multicomponent systems

Many industrial formulations of microemulsions are based
on the use of one conventional surfactant together with a co-
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solvent, where the cosolvent is a small amphiphile, typically
a medium chain alcohol. In fact, Schulman’s pioneering
work on microemulsions was formulated with an anionic
surfactant and an alcohol. He noticed that a macroemulsion
stabilized by a fatty acid salt became transparent after the
addition of a cosolvent, such as a medium chain alcohol or
amine [48]. Such microemulsions are relatively easy to prepare and attracted attention in the early days of surfactant
flooding. However, it was soon realized that two such dissimilar amphiphiles as a large hydrophobic surfactant and
a small and relatively hydrophilic alcohol would not stay together during the flooding process. One may expect an almost immediate phase separation in the column and the
phase behavior obtained in the test tube would be lost. As a
result, the surfactant-cosolvent route was not pursued.
From the point of view of maintaining the same phase behavior throughout the flooding process, a one surfactant formulation would be the best option. Then there would be no
possibility for chromatographic separation of amphiphiles
during the flooding and the phase behavior in the column
would remain the same as in the test tube in the laboratory.
However, optimizing the formulation with just one surfactant can be difficult since all other parameters, such as the
character of the oil and the brine, temperature, etc, are fixed.
The use of two surfactants, similar in character but slightly
different on the hydrophilic-lipophilic scale is therefore advantageous. Two chemically similar surfactants will not undergo extensive chromatographic separation in the column
(or in the reservoir) and the formulation can be optimized
by varying the ratio between them.
3.2

Anionic surfactants

The majority of works on surfactant flooding have used one
or more anionic surfactants in the formulation. They have
been found to be excellent candidates for sandstone reservoirs, partly because of their low tendency to adsorb on the
negatively charged rock surface.
Petroleum sulfonates have been popular since the start of
using surfactants for EOR, the main reason being that they
can be produced simply by sulfonation of a fraction of the
crude in place using either concentrated sulfuric acid or
oleum as sulfonating reagent [49 – 51]. The drawback of petroleum sulfonates is that they constitute a very heterogeneous mixture of surface-active molecules. Firstly, the character of the hydrophobic surfactant may vary considerably,
e. g. because of differences in the degree of aromaticity of
the crude. Secondly, the sulfonation will yield a mixture of
species with a varying number of sulfonate groups, i. e. the
surfactant will have more than one polar headgroup.
Thirdly, the molecular weight distribution is broad. Thus,
petroleum sulfonates are extremely undefined amphiphiles
and a product from one producer may be very different from
that from another. The petroleum sulfonate shown in Fig. 5
is just an example of how such a product may look.
Alkylbenzene sulfonates are a much better-defined type of
sulfonate than the petroleum sulfonates and they are widely
used in EOR formulations, often in combination with another anionic surfactant [52 – 53]. There are two main types
of alkylbenzene sulfonates, those with a linear alkyl chain
and those with a branched alkyl chain, usually a propene oligomer. The surfactants with a branched tail have been phased

Tenside Surf. Det. 58 (2021) 3

X. Han et al.: Recent developments on surfactants for enhanced oil recovery

out from most applications because of low rate of biodegradation. They are still used to some extent in industrial applications where biodegradability is of minor importance, however. The molecule shown in Fig. 5 has a linear alkyl chain.
Alkylbenzene sulfonates have also been used in combination with a surface-active polymer, hydrophobically modified
partially hydrolyzed polyacrylamide [54]. They are made by
Friedel-Crafts alkylation of benzene followed by sulfonation,
usually with SO3. The alkylation yields a mixture of isomers
with the phenyl group attached to one of the non-terminal
carbons of the alkyl chain. The sulfonation gives almost exclusively substitution in p-position. The character of alkylbenzene sulfonates can be adjusted by the choice of alkyl
chain length. While C12 is most used in detergent formulations, longer chains, such as C16 or C18, are normally em-

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)
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ployed in EOR formulations. The molecule shown in Fig. 5
is the C16 homologue, i. e. hexadecylbenzene sulfonate.
a-Olefin sulfonates are another type of sulfonate surfactant
that has been used in flooding experiments [55, 56]. They
are made by sulfonation of a long-chain a-olefin and the product is a mixture of species, as shown in Fig. 5. Also internal
olefin sulfonates have been used in formulations for surfactant flooding [38, 57 – 59] and also these surfactants are mixtures of alkene sulfonates and hydroxyalkane sulfonates, as
can be seen from Fig. 5.
Yet another class of sulfonate surfactants that has been explored for surfactant flooding are fatty acid methyl ester sulfonates [52, 60]. The structure is shown in Fig. 5.
All the sulfonate surfactants mentioned above are pH insensitive and they are resistant to hydrolysis, also at elevated

Figure 5 Examples of anionic surfactants evaluated for surfactant flooding. a) petroleum sulfonate; b) linear alkylbenzene sulfonate; c) a-olefin
sulfonate (a-olefin sulfonates are typically mixtures
of the alkene sulfonate and the 3-hydroxyalkane
sulfonate shown in the figure; besides, there is a
certain amount of the 4-hydroxyalkane sulfonate,
not shown); d) internal olefin sulfonate (also a
mixture of alkene sulfonate and hydroxyalkane
sulfonate); e) fatty acid methyl ester sulfonate;
f) sulfated straight-chain alcohol; g) sulfated oxyethylenated straight-chain alcohol (often called
alcohol ether sulfate); h) sulfated oxypropylenated
branched-chain alcohol; i) oxyethylenated straightchain alcohol carboxylate (often called alcohol
ether carboxylate)
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temperatures. Fatty acid methyl ester sulfonates contain an
ester linkage, but it is nevertheless very stable against hydrolysis because the sulfonate group adjacent to the ester bond
prevents nucleophilic attack by hydroxyl ions at the carbonyl
carbon.
Sulfates are closely related to sulfonates and sulfate-based
surfactants are also frequently used in EOR formulations.
They are sometime the sole surfactant in the formulation,
but more often used in combination with another anionic
surfactant, usually a hydrophobic alkylbenzene sulfonate.
Compared to the sulfonates, sulfates suffer from one distinct disadvantage. They are not stable at temperatures
above 60-70 8C. This limits their use to low temperature reservoirs and this limitation is valid also when the sulfate surfactant is used in combination with a sulfonate or some
other hydrolytically stable amphiphile.
The simplest sulfate surfactants are sulfated fatty alcohols,
made by reacting the fatty alcohol with SO3. Such surfactants are used in a variety of applications and the sodium
salt of the C12 homologue, sodium dodecyl sulfate, or SDS,
is one of the amphiphiles most frequently employed in surfactant-based formulations. Closely related to SDS are sulfates of ethoxylated fatty alcohols. Such surfactants are often
referred to as alcohol ether sulfates or sulfated oxyethylenated alcohols. Dodecanol with two or three ethylene oxide
(EO) units added and subsequently sulfated is widely used
in dish-washing and personal care applications. Both sulfated
fatty alcohols and sulfated oxyethylenated alcohols with EO inbetween the alkyl chain and the sulfate group have been investigated for surfactant flooding although the number of
reports in the recent literature is relatively small [61 – 65].
The structures of the surfactants are given in Fig. 5. The
work by Ji et al. is somewhat unusual in that they combined
SDS with a surface-active polymer, hydrophobically modified and partially hydrolyzed polyacrylamide. Such a formulation has an intriguing rheological profile. The viscosity is
governed by the ratio of surfactant to surface-active polymer,
something that may be taken advantage of to increase the
volumetric sweep efficiency.
While the traditional type of ether sulfate surfactants, i. e.
those having EO in-between the alkyl chain and the sulfate
group, have not been widely used in surfactant flooding experiments, the related class of surfactants having propylene
oxide (PO) units instead of EO units in the molecule have
been subject to considerable interest. Surfactants with a block
of PO units in-between the hydrophobic tail and the polar
headgroup have some interesting properties and such amphiphiles are sometimes called extended surfactants. As discussed in detail in a recent review by Salager et al., the polyoxypropylene block is hydrophobic but not as hydrophobic as
the alkyl or alkylaryl chain that constitutes the surfactant tail
[66]. Increasing the number of PO units in the molecule leads
to a decrease of the critical micelle concentration [67], the
cloud point [68] and the optimal salinity [69], all indicators of
an increase in hydrophobicity. Adding two PO units has been
found to correspond to one extra CH2 group in the alkyl
chain. Since two PO units mean an increase of the chain
length by six atoms, the use of PO as a middle segment in
the surfactant is clearly a way to extend the length of the molecule without facing the problem of too strong intermolecular interaction that one often encounters with surfactants
based on very long alkyl chains.
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The effect of the PO units on the cloud point is particularly interesting. The cloud point phenomenon, which is
well-known for nonionic surfactant of ethoxylated fatty alcohol type, is caused by a gradual loss of hydration water
around the polyoxyethylene chain as the temperature is increased [70, 71]. At some point there is not enough hydration water left around the chain to keep the surfactant in solution. A separation into one surfactant-rich and one
surfactant-poor phase occurs, which gives a cloudy appearance. The observation that also surfactants with a PO block
in-between the alkyl chain and the polar headgroup exhibits
a cloud point indicates that the phase behavior of the extended surfactants is temperature dependent. Increasing hydrophobicity with increasing temperature means that there
will be a Winsor I > Winsor III > Winsor II transition as
the temperature is raised. This temperature dependence
can to some extent be compensated by mixing the extended
surfactant with another sulfate or sulfonate surfactant that
lacks the PO block. Such surfactants become slightly more
hydrophilic with increasing temperature [72]. This is one of
the reasons why mixtures of an extended surfactant and a
regular anionic surfactant have become popular for EOR formulations.
Insertion of a PO or an EO block in-between the alkyl
chain and the anionic headgroup improves the tolerance
against divalent cations [69]. This effect is also seen in combination with another anionic surfactant.
The PO block in the extended surfactants will occupy the
interfacial region in an oil-water system, and it strives to extend that interface, which is beneficial for obtaining a large
middle-phase microemulsion in the system. Likely, the first
PO units partition mostly into the oil while the PO units situated close to the polar headgroup partition into the water
but the effect on the cloud point discussed above indicates
that also those that reside on the oil side may be hydrated.
The situation is illustrated in Fig. 6.
Extended sulfate surfactants may be of alcohol-PO-SO3
type but may also have the arrangement alcohol-PO-EOSO3 with sequential alkoxylation first with PO, then with
EO, or alcohol-PO/EO-SO3 where the alkoxylation is made
with a mixture of PO and EO. The PO-EO mixture will not
result in a completely random mixture, however, because
EO is more reactive that PO. The number of PO units in sulfated oxypropylenated alcohols is typically 3-8. A drawback of
surfactants containing PO blocks is that their biodegradability is slow. This limits their use since readily biodegradable
surfactants are required for most applications. However,
proper biodegradability is not a requirement for EOR surfactants (except in the North Sea) because the surfactant will
eventually end up in the oil.
Surfactants with sulfate as polar headgroup are only useful for flooding in reservoirs that have a temperature of less
than 70 8C. To circumvent this limitation, the corresponding
surfactants with a sulfonate headgroup have been synthesized and evaluated [69]. These are glycidyl ether sulfonates
of oxypropylenated alcohols. Their physical chemical properties are very similar to those of the corresponding sulfates
but since the polar headgroup is bound to the PO block via
a C-S bond, not via a C-O-S linkage, they are hydrolytically
stable.
Extended surfactants have been intensively explored for
EOR applications and particularly good results have been
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obtained when the surfactant is based on a branched hydrophobe. Guerbet alcohols, which have branching on the
second carbon atom have been frequently used. A sulfated
oxypropylenated surfactant based on a Guerbet alcohol is
shown in Fig. 5. It has been found that branched surfactants in general give lower interfacial tension than surfactants with a linear alkyl chain with the same number of
carbon atoms [21]. Such surfactants can be used as the sole
amphiphile in a formulation for flooding [74, 75] but is it
more common to combine the branched, extended sulfate
surfactant with another anionic surfactant such as an alkylbenzene sulfonate, an a-olefin sulfonate or an internal olefin sulfonate. Such mixtures have been found to give only
negligible chromatographic separation of the surfactants,
which is essential for maintaining the right phase behavior
throughout the flooding process [76]. High yields were obtained in core flooding experiments when the ratio of the
two surfactants was optimized and when a negative salinity
gradient was used [77 – 79]. The negative salinity gradient
[25, 26] was obtained by a stepwise decrease in alkali concentration in the sequence pre-water flush > ASP slug >
polymer drive > post-water flush. Also a combination of
an internal olefin sulfonate with an extended sulfate surfactant gave good phase behavior and high oil recovery
after flooding [38, 58].
Anionic surfactants can also be carboxylates with soap
being the prime example. Carboxylates in general are more
sensitive to hard water than sulfonates and sulfates and
this limits their use in EOR. However, carboxylates are indirectly used in chemical flooding since the addition of alkali generates salts of naphthenic acids, which are carboxylate surfactants.
Insertion of EO units between the alkyl chain and the carboxylate group is a way to improve hard water tolerance of
carboxylate surfactants [80] and the so-called oxyethylenated
alcohol carboxylates, or alcohol ether carboxylates, have given
promising results in surfactant flooding experiments [81].
In screening different surfactants for a high temperature,
high salinity reservoir, an alcohol ether carboxylate turned

out to be the best choice. Sulfate surfactants were too sensitive to hydrolysis and sulfonate surfactants precipitated as
salt of divalent cations [82].
The anionic surfactants discussed above are all established on the market and can be obtained from producers
all over the world. In the literature there are also examples
of anionic surfactants synthesized in the laboratory and evaluated for surfactant flooding. One example is a gemini type
of alkylaryl sulfonate, i. e. a surfactant with two hydrophobic
tails and two polar headgroups [51]. Another type of anionic
gemini surfactant, consisting of two long-chain alkyl sulfonate moieties connected by an aromatic ring was developed
by Salehi et al. and gave promising results in core flooding
experiments [61].
Liyanage et al. synthesized a large, hydrophobic ether sulfate surfactant based on tristyrylphenyl as hydrophobe. The
hydrophobe was propoxylated and ethoxylated and finally
sulfated. The phase behavior, as well as results from core
flooding experiments, was encouraging [83].
Yet another unusual anionic surfactant tested in surfactant flooding experiments is surfactin, a biosurfactant produced by Bacillus subtilis [61]. Surfactin is a lipopeptide that
carries two carboxylate groups in its polar part. However,
neither surfactin, nor saponin [84] or other amphiphiles
made by fermentation are realistic candidates for large scale
flooding due to economic reasons.
Kumar et al. have synthesized a polymeric anionic surfactant and evaluated it for enhanced oil recovery [85]. Polymeric surfactants have the potential to combine in one molecule the rheological effect exerted by the polymer with the
interfacial tension reduction caused by the surfactant [86].
However, polymeric surfactants are generally not good at
creating Winsor III systems. Low molecular weight amphiphiles are more efficient in that respect. Even larger amphiphilic species than polymers have been suggested for surfactant flooding. For instance, Hamdi et al. synthesized
graphene nanoplatelets grafted with the natural polymer
gum Arabic [87]. Such species are also unlikely to generate
Winsor III systems, however.

Figure 6 Position of sulfate-based surfactants at
the oil-water interface. From left to right: a sulfated
straight-chain alcohol, a sulfated oxyethylenated
straight-chain alcohol with two EO units, a sulfated
oxypropylenated and oxyethylenated straightchain alcohol with seven PO units and seven EO
units added in sequence, a sulfated oxypropylenated and oxyethylenated branched-chain alcohol
with seven PO units and seven EO units added
together. (From [73].)
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3.3

Cationic surfactants

Cationic surfactants as the sole amphiphile are not considered candidates for flooding in sandstone reservoirs
although the literature contains a couple of examples of cationic gemini surfactants being used in such experiments
[88, 89]. Cationic amphiphiles have a strong tendency to adsorb on the negatively charged surfaces of sandstone rock
and the losses due to adsorption would be excessive.
The situation is different for carbonate reservoirs, where a
change from primarily oil-wet to primarily water-wet is crucial, more so than for sandstone reservoirs, which are often
water-wet from the beginning. Cationic surfactants have
been shown to be effective in achieving wettability alteration
of carbonate rock [90] but even better results appear to be
obtained by mixtures of cationic and nonionic surfactants
[91]. The cationic surfactants explored for wettability alteration are of the type long-chain alkyltrimethyl ammonium
bromide (or chloride), see Fig. 7(a).
3.4

Mixtures of anionic and cationic surfactants

Mixtures of anionic and cationic surfactants are widely used
in surfactant-based formulations. Such mixtures can be very
surface-active with values of critical micelle concentration
two orders of magnitude lower than those of the individual
surfactants [92, 93]. This means that the formation of mixed
monolayers at interfaces, both solid-liquid, liquid-liquid and
liquid-gas, is favored. In both the mixed micelles and the
mixed monolayers the surfactants align with alternating anionic and cationic species. The favorable entropy originates
from the fact that such mixed assemblies bring no counterions along; thus, there is no counterion entropy involved in
the self-assembly, just as for nonionic surfactants.
A one-to-one molar mixture of an anionic and a cationic
surfactant is sometimes called a catanionic surfactant and
these have been thoroughly treated in the literature [94]. In
mixing the two surfactants there is a limit with respect to
chain length, however. For straight chain anionic and cationic surfactants the limit lies at twelve carbon atoms in the
chains. For C12 and below mixed micelles form in solution
but beyond that chain length the mixture usually precipitates.
Zhang et al. have investigated mixtures of the cationic
surfactant benzalkonium chloride (alkyldimethylbenzyl ammonium chloride) (see Fig. 7(b)) and three different anionic
surfactants: alkylbenzene sulfonate, alcohol ether sulfate

and fatty acid methyl ester sulfonate (see Fig. 5) [52]. The
mixing ratio of the two surfactants turned out to be critical
but at the optimum ratio Winsor III systems were obtained
with large solubilization parameters, i. e. very low oil-water
interfacial tensions. Li et al. investigated formulations based
on an oxyethylenated nonylphenol carboxylate together with
long-chain alkyltrimethyl ammonium surfactants. They
found that the synergy observed for the mixtures of anionic
and cationic surfactants could be taken advantage of for surfactant flooding. They also found that a slight excess of anionic surfactant in the mixture was advantageous [81, 95].
3.5

Zwitterionic surfactants

Zwitterionic surfactants carry both a positive and a negative
charge, which means that they have a net zero charge; thus,
they are sometimes included in the nonionic surfactant
class. However, the charges need not be permanent. If the
positive charge comes from a quaternary ammonium group,
then it is permanent but if it emanates from a protonated
amine, then it will gradually lose its charge with increasing
pH. Likewise, while a sulfonate as the anionic group will always be negatively charged, a carboxylate group will gradually lose its negative charge with decreasing pH. Thus, a zwitterionic surfactant based on a protonated amine and a
carboxylate group as the positive and negative charges, respectively, will go from being a cationic surfactant at low
pH to a nonionic surfactant at intermediate pH and an anionic surfactant at high pH. Such amphiphiles are called
amphoteric surfactants.
Zwitterionic surfactants have been tested for surfactant
flooding, either as the sole surfactant or, more commonly,
in combination with an anionic surfactant. Wang et al. [96],
as well as Kumar and Mandal [97], reported good phase behavior and promising flooding and imbibition results with
betaine surfactants, an example of a zwitterionic surfactant
with a permanent positive charge but with a non-permanent
negative charge. Figure 8 shows the structure of betaine surfactants. A series of zwitterionic gemini surfactants based
on quaternary ammonium and phosphate as positive and
negative functional groups, respectively, has also been
synthesized and evaluated for surfactant flooding [98].

(a)

(a)
(b)

(b)

(c)

Figure 7 Examples of cationic surfactants evaluated for surfactant flooding.
a) Cetyltrimethylammonium; b) benzalkonium (alkyldimethylbenzyl)

Figure 8 Examples of zwitterionic surfactants evaluated for surfactant flooding. a) Betaine; b) cocoamidopropyl hydroxysultaine; c) amine oxide
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3.6

Mixtures of anionic and zwitterionic surfactants

In three recent papers from the same group the zwitterionic
surfactant cocoamidopropyl hydroxysultaine (see Fig. 8) was
used together with either a sulfated oxypropylenated
branched-chain alcohol or an alkylbenzene sulfonate (see
Fig. 5) [56, 79, 99]. As can be seen from Fig. 8, cocoamidopropyl hydroxysultaine is an example of a zwitterionic surfactant with permanent charges. Particularly promising results were obtained with mixtures of cocoamidopropyl
hydroxysultaine and a sulfated oxypropylenated C16-17 alcohol. The interfacial tension values at the optimum ratio of
the surfactants were very low and the oil recovery after core
flooding was high.
Amine oxide surfactants are examples of zwitterionic surfactants that are amphoteric, i. e. amphiphiles that can go
from being cationic, via net nonionic to anionic as the pH
is raised from low to high. A long-chain alkyldimethyl
amine oxide surfactant, see Fig. 8, was used together with
an anionic surfactant, a sulfated oxyethylenated alcohol (see
Fig. 5) [52]. Such a mixture is interesting because the amine
oxide surfactant will take up a proton and become positively
charged as soon as it meets the anionic surfactant in solution. This will occur also at neutral pH when the amine
oxide amphiphile is otherwise non-charged and the driving
force for the protonization is the entropically favorable formation of mixed micelles (and mixed monolayers at the oilwater interface) composed of species with matching charges,
as was discussed above for mixtures of anionic and cationic
surfactants. The situation is shown in Fig. 9.
In a more recent work, the same amine oxide surfactant
was combined with a sulfated oxypropylenated alcohol (see
Fig. 5), yielding an appropriate phase behavior with very
low interfacial tension values [99].

Despite their high efficiency, nonionic surfactants have
not been much used in surfactant flooding experiments.
There are only few reports of nonionics being explored as
the sole surfactant [101, 102]. One reason for the low interest
in nonionic surfactants is that they adsorb heavily at most
surfaces, which means that losses due to adsorption at rock
surfaces will be substantial.
Nonionics have more often been tested for surfactant
flooding in combination with an anionic surfactant, however, and such mixtures have been claimed to exhibit good
salt tolerance [9]. Ding et al. and Hongyan et al. used alkoxylated fatty alcohols together with sulfonate surfactants and
tested the mixtures in SP flooding [49, 103]. Addition of the
nonionic surfactant to a formulation based on a petroleum
sulfonate (see Fig. 5) was found to improve the interfacial
activity and to give better flooding efficiency [49].
Also, sugar-based nonionic surfactants have been explored
either as the sole surfactant [104] or in combination with an
anionic surfactant [82]. An alkylglucoside surfactant was
found to improve the performance of a formulation based on
the anionic surfactant alcohol ether carboxylate (see Fig. 5).
3.8

Use of a cosolvent

A cosolvent is a small molecule, often an alcohol in the C3C5 range or a short-chain glycol ether that is added to the
surfactant formulation in order to improve the surfactant
solubility, which is important for keeping control of surfactant retention during the flooding [105]. The cosolvent may
also prevent the formation of lamellar liquid crystals, which
can be detrimental to the flooding process. Cosolvents are
useful in laboratory work because they promote rapid equilibration.
Many formulations that have been used for surfactant
flooding contain a cosolvent, but it is important to keep the

3.7 Mixtures of nonionic and anionic surfactants

Nonionic surfactants have either a polyoxyethylene chain or a
polyol as polar headgroup and Fig. 10 shows examples of the
two classes. The polyol may be glucose or some other sugar
and it may also be glycerol or a glycerol oligomer. Since nonionic surfactants do not have counterions, their self-assembly,
in bulk and at surfaces, occurs much more readily than for
anionic and cationic surfactants. The critical micelle concentration for a nonionic surfactant is around two orders of magnitude lower than for a charged surfactant with equal number
of carbon atoms in the hydrophobic chain. Thus, nonionic
surfactants (as well as zwitterionic surfactants) are more efficient than anionics and cationics [100].

(a)

(b)
Figure 10 Examples of nonionic surfactants evaluated for surfactant flooding. a) Fatty alcohol ethoxylate; b) alkyl glucoside

Figure 9 Left: a mixed micelle of an amine oxide surfactant, in protonated form, and a sulfated oxyethylenated alcohol. The micelle is in equilibrium with the
unimers, and as free unimer in solution the amine oxide reverts to a zwitterionic surfactant. Right: A mixed monolayer at the oil-water interface gives a much
tighter packing than monolayers of either anionic or cationic surfactants
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amount low. The cosolvent will typically decrease the magnitude of the solubilization parameters [79], i. e. the interfacial
tensions in the Winsor III system will increase according to
Huh’s relationship discussed above. In addition, since the
cosolvent is usually more hydrophilic than the surfactants
used for flooding, the optimal salinity will be shifted towards higher values. Branched alcohols are more hydrophilic than their linear isomers; thus, isobutanol induces a
slightly larger shift in optimal salinity than n-butanol.

betaine as headgroup as well as long-chain amine oxides
are examples of amphiphiles that can become cationic. Mixtures of such zwitterionic surfactants and a sulfate- or a sulfonate-based surfactant can be very efficient in generating
Winsor III phase behavior with extremely low interfacial
tension values [52, 56, 99, 79].

4 Conclusions

This work was supported by the Shandong Key Research and Development Program (2019JZZY010349)

In this review we have shown that all four major classes of
surfactants, i. e. anionics, nonionics, cationics, and zwitterionics, have been explored for surfactant flooding. However,
anionic surfactants dominate, the main reason being that
they do not adsorb strongly on the negatively charged surfaces of sandstone reservoirs. Both sulfate and sulfonate surfactants have been widely used but sulfates are hydrolytically
unstable and can only be used in fields with a reservoir temperature below 70 8C.
The formulations may be based on one amphiphile but it
is more common to use a combination of two surfactants. If
the two surfactants are similar in character, particularly with
respect to headgroup charge and degree of hydrophobicity,
then they can be expected to stay together during the flooding process, i. e., there will be only little chromatographic
separation, which is a requirement for successful flooding.
In recent years there has been a strong interest in the use
of so-called extended surfactants. An extended surfactant is
an amphiphile that contains a PO block in-between the hydrophobic tail and the polar headgroup [66]. The PO block
adds hydrophobicity to the amphiphile, and it will mainly
be situated on the oil side of the oil-water interface. More
importantly, it increases the length of the hydrophobic part
of the molecule, i. e. the surfactant reaches further into the
oil domain, which seems to be advantageous for achieving
very low interfacial tension. Such surfactants have proven efficient in generating Winsor III phase behavior with a large
middle phase microemulsion. They are also more tolerant to
divalent cations than the corresponding surfactants without
the PO block.
Cationic surfactants alone are not of interest for flooding
in sandstone reservoirs because there would be an extensive
loss of surfactant due to adsorption at the rock surface. They
are of some interest for flooding in limestone reservoirs,
however, where they can transform surfaces from oil-wet to
water-wet. An interesting approach is to use mixtures of cationic and anionic surfactants for flooding. Such mixtures,
sometimes called catanionic surfactants, can be extremely
surface active with a critical micelle concentration two orders of magnitude lower than the values for the individual
surfactants. It has been found that a slight excess of the anionic surfactant in such a mixture can be advantageous [95].
Also, combinations of zwitterionic and anionic surfactants
have given promising results with respect to phase behavior
and flooding efficiency. Two types of zwitterionic surfactants
have proven to be of interest, those with permanent charges
and those that in the presence of an anionic surfactant will
take up a proton and become positively charged. Cocoamidopropyl hydroxysultaine is an example of a zwitterionic
amphiphile with permanent charges and surfactants with
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