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Abstract: While traditional oil recovery methods are limited in terms of meeting the overall oil
demands, enhanced oil recovery (EOR) techniques are being continually developed to provide a
principal portion of our energy demands. Chemical EOR (cEOR) is one of the EOR techniques that
shows an efficient oil recovery factor in a number of oilfields with low salinity and temperature
ranges. However, the application of cEOR under the harsh conditions of reservoirs where most
of today’s crude oils come from remains a challenge. High temperatures, the presence of ions,
divalent ions, and heterogeneous rock structures in such reservoirs restrict the application of cEOR.
Polymer solutions, surfactants, alkaline-based solutions, and complex multi-components of them
are common chemical displacing fluids that failed to show successful recovery results in hostile
conditions for various reasons. Wormlike micellar solutions (WMS) are viscoelastic surfactants that
possess advantageous characteristics for overcoming current cEOR challenges. In this study, we first
review the major approaches and challenges of commonly used chemical agents for cEOR applications.
Subsequently, we review special characteristics of WMS that make them promising materials for the
future of cEOR.

Keywords: wormlike micellar solutions (WMS); enhanced oil recovery (EOR); chemical EOR (cEOR);
viscoelastic surfactants (VES)

1. Introduction

In primary oil extraction methods, the natural pressure of the reservoir and artificial lift oil devices
are in use for oil extraction, which results in an average recovery factor of less than 30% of oils in
a reservoir [1]. Secondary oil recovery methods, such as water or gas injection, are then applied to
force the oil resting in the reservoir and push them to the surface of the earth. However, more than
50% of oil in a reservoir remains trapped. Tertiary or enhanced oil recovery (EOR) methods are
techniques seeking to increase reservoir pressure or alter immobile oils properties to make trapped oils
more conducive for extraction [1,2]. A general classification of EOR methods had been provided by
Thomas, as represented in Figure 1 [3]. Capillary Number (Nc) and mobility ratio (M) are two major
parameters that determine the mobilization of the residual oil in the reservoirs. Nc and M are defined,
as the following:

Nc =
vη
σ

(1)

M =
λing
λed

(2)
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where v is the Darcy velocity (m/s), η is the dynamic viscosity of a displacing fluid (Pa·s), σ is the
interfacial tension (N/m), λing is the mobility of the displacing fluid (e.g., water), and λed is the mobility
of the displaced fluid (e.g., oil). The mobility factor of each fluid is defined as:

λ =
k
η

(3)

where k is the effective permeability (m2) [3,4]. In chemical EOR methods (cEOR), a chemical
formulation is added to displacing fluid with the aim of decreasing the mobility ratio and/or enhancing
the capillary number. Two major approaches in cEOR are (1) increasing the viscosity of the displacing
fluid, which results in an enhancement in the mobility and improving the volumetric sweep efficiency
and (2) adding chemicals to decrease the interfacial tension (IFT, σ in Equation (1)) between the oil and
displacement fluid that allows trapped oil to flow through low-permeability zones [5].
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Figure 1. Classification of enhanced oil recovery (EOR) methods. Reproduced from reference [3] under
a Creative Commons license.

Water-based polymer solutions, surfactants, low-salinity water, and alkalizes were reported as
useful displacing fluids for cEOR [6–9]. Commercial EOR chemicals were applied for years in reservoirs
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with low temperatures and low-salinity brines [10]. However, these chemical agents generally suffer
from poor salt and temperature tolerances, in addition to problems, such as loss of viscosity due to
shear degradation when injecting them into reservoirs under harsh conditions [10,11]. The challenge
lies in developing EOR chemicals for high-temperature and high-salinity reservoirs [12,13]. In next
sections, we survey the most important polymeric and surfactant-based chemical agents for cEOR
and address their major problems restricting efficient EOR. Afterwards, we review the wormlike
micellar solutions (WMS) and their characteristics that make them promising candidates for the future
of cEOR applications.

2. Non-Newtonian Displacing Fluids

Displacing fluids, such as polymer solutions and viscoelastic surfactant solutions, are
Non-Newtonian fluids [14–17]. These fluids do not follow the Newtonian law of viscosity (τ = ηγ̇),
where viscosity (η) is independent of the applied shear rate (

.
γ). Instead, the majority of displacing

fluids show shear-thinning behavior that shows decreased viscosity (η (γ̇) , Constant) with higher
shear rates [18]. Shear-thinning behavior is of importance in cEOR, because it facilitates the injectivity of
displacing fluids by decreasing the viscosity of fluid under high stresses presented in oil reservoirs [19].
However, the shear-thinning characteristic of the fluid is unfavorable for sweeping oil, because the loss
of viscosity would lower the mobility ratio (see Equations (2) and (3)). In addition, shear-thinning
displacing fluids tend to flow through high permeability zones of oil reservoir, while low permeability
zones remain un-swept [20,21]. Therefore, displacing fluids showing shear-thickening characteristics
attracted interest [15,22,23]. Shear-thickening, an enhancement of fluid viscosity when fluid is subjected
to incremental stresses, is observed in wormlike micellar solutions (WMS) when the solutions are
sheared beyond a critical shear rate [24,25]. The shear-thickening characteristic is attributed to the
formation of shear-induced structures (SIS) (see Section 6.3 for more details) and it is advantageous for
retarding the flow of displacing fluids that are injected in high-permeability zones of oil reservoirs [20,26].
A further discussion on the characteristics of displacing fluids caused by their non-Newtonian rheology
is presented in Sections 6.1–6.3.

3. Polymeric Solutions Restrictions as cEOR Agents

Various polymers, such as hydrolyzed polyacrylamide (HPAM) [27], xanthan gum [28],
salinity-tolerant polymer KYPAM [29], hydrophobically associating polymers, and
2-acrylamide-2-methyl propane-sulfonate co-polymers (AMPS) [30], have been examined for
applications in cEOR. Even though HPAM or xanthan gum are used as one of main components for
polymer displacing fluids, xanthan gum is different from HPAM, as it is a biopolymer. Since biocides
are required to avoid the biological degeneration of the biopolymers, the process is quite expensive
and economically unfeasible. When considering this, HPAM is the most widely used polymer for
mobility control [7,31]. The backbone of HPAM consists of monomer units of acrylamide and acrylic
acids. In aqueous solutions with low salinity, such as deionized water, the charge repulsion of the
carboxylic groups on the HPAM backbone elongates the chain structure, which results in a highly
viscous HPAM solution. However, the carboxylic group’s charges are neutralized or shielded by salt
ions of high-salinity brine solutions and, in turn, the HPAM chains lose their stretched states and the
viscosity of solution decreases [31].

The temperature of the reservoir is also another critical factor that affects HPAM hydrolysis in
cEOR applications [32–34]. The reservoirs, which are dormant candidates for cEOR methods, in certain
areas, such as in Kuwait, Malaysia, Canada, Germany, etc., have issues that are related to this [34–36].
The salinity of reservoir brine is usually more than 200,000 ppm and the temperatures vary from
70 ◦C to 120 ◦C in those regions [7,35,37]. However, the working temperature of HPAM polymers is
below 60 ◦C and the salinity resistance of them is below 35,000 ppm of NaCl, including 1000 ppm of
divalent salts. Copolymers of acrylamide and sodium salt of acrylamide propyl sulfonated (AMPS)
acid were introduced to overcome those shortcomings, which are more tolerant against the salts and
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high temperature when compared to HPAM polymers. Nevertheless, the AMPS polymers have lower
viscosities than HPAMs due to the low solubility of AMPS in water [35,37–39]. Low-permeability
layers in a reservoir will be blocked after improper employment of AMPS fluids due to the presence
of the bulky polymer chains and surfactant foams. This event will cause a drop in the amount of oil
production from these regions. Another problem that is associated with polymer solutions is the rise
in the effect of preferential flow in high-permeability zones because of the decreased viscosity that is
caused by the shear-thinning nature of the polymers [12,40,41].

In many well site treatments, the operational complexity of fluid delivery significantly influences
the total treatment cost, speed, and reliability. Traditional oilfield fluid thickeners consist of
high-molecular-weight biopolymers, such as guar and derivatized cellulose and, sometimes, synthetic
polymers such as polyacrylamides [42]. Although these polymers have effective viscosities, they often
require specific mixing and hydration procedures, as well as many field-specific chemical additives.
If a polymer solution is to be crosslinked for enhanced viscosity, additional crosslinking agents, such as
borate or zirconium ions, must be introduced along with appropriate pH buffers. If a crosslinked
polymer solution cannot be reliably delivered through a tube due to shear degradation or excessive
frictional pressure, then additional treatments that allow for temporal suspension of the crosslinking
must be consolidated into the fluid design [42,43]. The treatments that can be considered include using
competing ligands to temporarily bind the metal crosslinking agents, adding pH buffers to control
the crosslinking reaction kinetics, or using two or more organometallic complexes as crosslinking
agents, in which one can limit the crosslinking for initial transportation in the tube and another
can initiate the crosslinking in the fracture site. However, organometallic crosslinked fluids require
complex formulations that have to be modulated for each treatment operation [43]. Various oil field
conditions, including mix-water composition, tubular shear rate, well depth, and temperature, require
corresponding performance-adjusting additives and make it difficult to routinely achieve maximum
efficiency [8]. While considering the discussion, it is important to review alternative materials that are
technically applicable for cEOR.

4. Surfactant-Based Fluids

Surfactants are added to displacing fluid to decrease IFT between oil and injected recovery
fluid to enhance trapped oil recovery through tight pore necks and low-permeability zones of
reservoirs [3,35,44]. However, these solutions are not capable of withstanding the harsh conditions of
reservoirs. The mineral components of rock formations play a key role in reaction with and absorption
of surfactants. Moreover, cleaning the surfactants emulsions and disposal treatment of them remain
a challenge [44,45]. Materials containing alkaline components can react with the acid portion of
the crude oil. The reaction results in the production of surfactants in situ. The major purpose of
using alkaline chemicals is to reduce the IFT, because it can cause wettability alterations [9,46,47].
The complexity of the process design because of the various undesired reactions in the reservoirs that
can occur and the low recovery factor of 0–3% of oil in place (OIP) are discouragements of using these
chemical agents [46].

Alkaline-surfactant-polymer displacing fluids have been evaluated through laboratory
experiments and reported during recent decades [48]. However, multi-component displacing fluids
are exposed to chromatographic separation in the oil reservoirs. This was demonstrated to occur in the
Daqing reservoirs in China [49,50].

5. Viscoelastic Surfactants

Viscoelastic surfactants (VES) were initially introduced by Dow Chemicals as wormlike micelles
and were used as thickeners in consumer products [51]. VES are also promising chemical agents for
cEOR that provide a combination of viscosifying agents (i.e., water-based polymer solutions) and
a lowering of IFT chemicals (i.e., surfactants), which results in advantages in the recovery of oil.
Surfactants that are added to displacing fluids form spherical micelles of oil in water, while VES are



Fluids 2019, 4, 173 5 of 24

self-assemblies with longer and complex structures that maintain a high viscosity in displacing fluid,
even at a low concentration [52–54]. At the same time, their surface-active molecules decrease the
IFT [21,52]. Morvan et al. investigated the effect of the addition of wormlike micelles to displacing
fluids. In core flood experiments with low-salinity brine, WMS injection resulted in a significantly
higher recovery of oil than with a water injection alone [54]. There is a complex interplay of properties
and characteristics that make VES/WMS powerful candidates for cEOR. In the next sections, WMS and
unique characteristics of wormlike micelles are reviewed in more detail.

6. Wormlike Micellar Solutions (WMS)

WMS have emerged as a suitable alternative material to polymer solutions for cEOR.
The surfactants begin to form micelles through self-assembly above the critical micelle concentration
(CMC) [12,55]. Amongst the several types of supramolecular micelles, the very long cylindrical and
flexible wormlike micelles have attained considerable interest from both theorists and experimentalists
in virtue of their unique micellar constructions and remarkable rheological responses. The rheological
characteristics of these WMS are comparable to polymer solutions [56]. The ability of wormlike micelles
in increasing the viscosity of water-based solutions (water thickening) are identified as being similar
to that of water-soluble polymers. Although the long cylindrical chains of wormlike micelles show
similarity to the long chain of high-molecular-weight polymers, the rheological behavior of WMS is
more complex than that of polymer solutions. Typically, WMS systems are formed from a mixture
of surfactants and salts, and any change in the concentration of each component can contribute to a
change in the rheological behavior of WMS. Moreover, the solubility of surfactant and salts in aqueous
solvents is a function of temperature [57]. The driving force in the formation of micellar aggregations
is hydrophobic interactions, which are physical interactions that are weaker than the covalent bonds
that form the polymers’ backbone structures. Thus, unlike polymer chains that are difficult to break
once they are formed, micellar structures break and reform continuously. The kinetics of formation
and scission of wormlike micellar structures is also a function of temperature [58]. Therefore, WMS are
highly sensitive to temperature, because any change in temperature results in altering the solubility of
micellar components in the solution and, also, the change in kinetics of micellar reversible scission.
In this way, WMS chains are more sensitive to conditions, such as temperature. Wang et al. [59]
reported the rheological comparison between the WMS and ultrahigh molecular weight (UHMW)
polymer aqueous solution. They chose erucyl dimethyl amidoprpyl betaine (EDAB) to form long WMS
chains that are independent of salt and nonionic polyacrylamide (PAM) for a 12 MDa UHMW polymer
solution, which demonstrated a strong thickening capability in saline water at room temperature.
It has been reported that both WMS and UHMW polymer solution are effective water thickeners and
are able to retain considerable viscosity up to 85 ◦C. However, the dynamic viscosity of WMS follows
the Maxwellian model with a single relaxation time, while the UHMW PAM solution demonstrates a
spectrum of relaxation times. Figure 2 shows the zero-shear viscosity (η0) of both WMS and UHMW
PAM in an Arrhenius plot. While both show an exponential decrease in their zero-shear viscosity at
higher temperatures, the higher slope of WMS confirms that they are more sensitive to temperature
than the UHMW polymer solution [59].
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6.1. Shear-Thickening Behavior

Several methods have been developed to induce wormlike micelles from spherical micelles.
One way is to increase the concentration of a surfactant with extra counter ions, which leads to the
growth of the micelles in one dimension, resulting in the wormlike configuration. The nature of viscosity
depends on both the size and shape of the solutes in a solution at the same concentration. Even for
similarly sized solutes, a solution with solutes of a relatively higher aspect ratio, such as wormlike
micelles, has a higher viscosity than a solution with lower aspect ratio solutes. As aforementioned,
WMS behave in a similar way as many polymer solutions in terms of mechanical disturbance and
viscoelasticity [60]. The majority of viscoelastic fluids that are being used for cEOR show shear-thinning
behavior [14,15]. However, Liu and Pine reported unusual behavior in viscosity of WMS that they
prepared while using aqueous solutions of hexadecyltrimethyl ammonium bromide (CTAB) and
sodium salicylate (NaSal) [61]. Figure 3 shows the viscosities of WMS as a function of shear rate for
three different concentrations of CTAB/NaSal in water. When the solutions are sheared beyond a critical
shear rate, they show a sudden increase in viscosity, so-called shear-thickening behavior [62–64].

The power-law model given by Equation (4) is a simple mathematical model that describes the
behavior of fluids:

η(
.
Υ) = K

.
Υ

n−1
(4)

where K is the flow consistency index and n is the flow behavior index. Based on the value of n, the
fluid behavior is either shear-thinning (n < 1), Newtonian (n = 1), or shear-thickening (n > 1) [65].
However, viscosity curve of a shear-thickening fluid is typically constituted of three regions: a slight
shear-thinning at low shear rates, a subsequent viscosity increases over a critical shear rate, and a
shear-thinning region at high shear rates [66]. Therefore, a power law model fails to describe the fluid
behavior in the entire range of applied shear rates. For example, while a power-law model (with n > 1)
can describe the shear-thickening behavior of fluid in intermediate shear rates, it fails to fit the regions
of low and high shear rates where the fluid shows the shear-thinning (Figure 3b). Galindo-Rosales et
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al. [67] suggested a composite function that is given by Equation (5), taking all regions of viscosity
curve into account:

η(
.
Υ) =


ηI(

.
Υ) for

.
Υ ≤

.
Υc

ηII(
.
Υ) for

.
Υc <

.
Υ ≤

.
Υmax

ηIII(
.
Υ) for

.
Υmax <

.
Υ

(5)
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In this equation,
.
Υc is the critical shear rate and

.
Υmax is the shear rate in which fluid show the

highest viscosity. The viscosity functions of ηi (for i = I, II, III) are branched equations based on the
Cross model [68]:

η = η∞ +
η0 − η∞

1 + (λ
.
Υ)

n (6)

where η∞ is the infinite shear viscosity, η0 is the zero-shear viscosity, and λ is the relaxation time of the
fluid. The final form of suggested model is as follows:

η(
.
Υ) =



ηI(
.
Υ) = ηc +

η0−ηc

1+
[
KI

( .
Υ

2
.
Υ−

.
Υc

)]nI for
.
Υ ≤

.
Υc

ηII(
.
Υ) = ηmax +

ηc−ηmax

1+
[
KII

( .
Υ−

.
Υc.

Υ−
.
Υmax

) .
Υ

]nII for
.
Υc <

.
Υ ≤

.
Υmax

ηIII(
.
Υ) =

ηmax

1+
[
KIII

( .
Υ−

.
Υmax

)]nIII for
.
Υmax <

.
Υ

(7)

where Ki (for i = I, II, III) are time constant parameters, ni (for i = I, II, III) are dimensionless
exponents that are related to the slope of the each power-law regime, ηc is the viscosity of fluid at
the critical shear rate, and ηmax is the viscosity of fluid at

.
Υmax (Figure 3b). The proposed model is

useful for describing both the shear-thinning (either for
.
Υ ≤

.
Υc or

.
Υmax <

.
Υ) and shear-thickening

(
.
Υc <

.
Υ ≤

.
Υmax) regimes that were observed in the viscosity curve of a shear-thickening fluid [66,67].

However, a drawback of this model is that it possesses a high number of independent constants.
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Shear-thickening behavior in WMS is attributed to shear-induced gelation that formed by long
micellar chains [26]. In this approach, gelation occurs when the shear rate is high enough, i.e., above a
critical shear rate

.
γc, to overcome the rotational Brownian diffusion (Dr) of the rod-like micelles [69]:

.
γc ∼ Dr ∼

kBT

πL3ηs
(8)

where kB is the Boltzmann constant, T is the absolute temperature, L is the length of the rods, and ηs is
the viscosity of the solvent. Barentin and Liu [70] presented a new mechanism for the formation of
shear-induced structure, in which the micelles collide under the shear flow and aggregate into bundles.
Unlike the approach explaining the shear-induced gelation due to overcoming the Brownian diffusion,
they concluded that shear-induced gelation is attributed to micellar–micellar interactions. Section 6.3
presents further discussion on shear-induced structures (SIS).

6.2. Thermal-Thickening Response

A major challenge in cEOR is that displacing fluids lose their viscosity at high temperatures of oil
reservoirs. One major factor in determining the viscosity of WMS is the contour length (L) of micellar
chains [71]. In the mean-field theory of Cates and Candau [72], the average contour length (L) is
associated with temperature, as follows:

L ∼ φ
1
2 exp (

Ec

2kBT
) (9)

where φ is the volume fraction of surfactants and Ec is the excess free energy that is associated with
hemispherical end caps of micelles as compared to their cylindrical body [72,73]. The decay in contour
length with temperature leads to the decrease of viscosity upon increasing the temperature following
an Arrhenius law:

η0 ∼ G0A exp (
Ea

RT
) (10)

where Ea is the flow activation energy, G0 is the plateau modulus of WMS, R is the gas constant, and A
is the pre-exponential factor [74]. Even though decreasing viscosity with temperature is a common
characteristic of WMS, some of WMS have been reported to show a thermal-thickening response where
the viscosity increases with temperature. In the following, we focus on studies that reported the WMS
with the thermal-thickening behavior that can be beneficial for displacing fluids under the elevated
temperature of an oil reservoir.

Sharma et al. [75] studied mixed nonionic WMS whileusing long polyoxyethylene chain phytosterol
(PhyEO30) and polyoxyethylene dodecyl ether (C12EOn, n = 3 and 4) surfactants in aqueous solutions.
They reported the variation of η0 as a function of temperature for 5 wt% of PhyEO30 + C12EO3 system
at X = 0.36—the weight fraction of C12EO3 in total surfactant. As presented in Figure 4, increasing
the temperature from 15 ◦C to 30 ◦C led to the increase of η0. Temperature affects the micellar
growth and in turn, the viscosity of WMS. These nonionic WMS, including polyoxyethylene head
groups, are significantly influenced by temperature because the hydration of oxyethylene is sensitive
to temperature. In wormlike micellar structures, the free energy density at the end-caps of wormlike
micelles is higher than that of its cylindrical body. The micelles grow in length by reducing the
number of end-caps in order to minimize the excess energy at the end-caps. Increasing the temperature
enhances the dehydration of the EO-chain of lipophilic cosurfactant, C12EO3, and decreases the average
cross-sectional area of the surfactant. These changes increase the end-cap energy and result in enhanced
one-dimensional micellar growth.
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Varade et al. [76] reported the thermal-thickening effect of nonionic WMS that was prepared
by C14EO3 and Tween 80 in aqueous media. Figure 5a shows the typical variation of steady-state
viscosity as a function of shear rate for the water/Tween-80/C14EO3 system at the weight fraction of
C14EO3 in total amphiphiles, X = 0.17 at different temperatures (20, 25, and 30 ◦C). Increasing the
temperature from 20 ◦C to 30 ◦C results in an increased viscosity of the Newtonian plateau. In addition,
the shear-thinning behavior begins at lower shear rates when the temperature is elevated, which
means that more micellar structures are formed at higher temperatures. Figure 5b represents the
zero-shear viscosity of the water/Tween-80/C14EO3 solution as a function of X at different temperatures.
Increasing the temperature shifts the viscosity curve to the left, which means that a lower X is required
to obtain a comparable viscosity for higher temperatures. The thermal-thickening response is a result
of dehydration of polyoxyethylene chains at elevated temperatures. The cross-sectional area at the
hydrophile–lipophile interface and, in turn, the curvature of the cylindrical body of micelles decrease
upon dehydration of the polyoxyethylene chains. Thus, the increasing length of micelles is more
favorable than the formation of end-caps. Micellar growth as a function of temperature results in
higher viscosity and a thermal-thickening response.Fluids 2019, 4, x 10 of 23 
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The important feature of Sharma [75] and Varade [76] studies is that, even by a slight increase
in temperature (15 ◦C and 10 ◦C, respectively), the zero-shear viscosity is enhanced by an order
of magnitude, which is in contrast with typical thermal-thinning behavior of viscoelastic solutions
described by Equation (10) (see Figure 2) [59,77]. However, in the case of polyoxyethylene solutions,
the dehydration of polyoxyethylene leads to a thermal-thickening response.

Chu and Feng [78] reported the thermo-switchable behavior of WMS, in which the solution
shows a reversible transition in its viscosity in response to a thermal stimuli. They used a synthesized
sulfobetaine amphiphile, 3-(N-palmitamido propyl-N, N-dimethyl ammonium) propane sulfonate
(PDAS) as a zwitterionic surfactant. The viscosity of 1.0 M PDAS micellar solution in the presence
of 0.5 M NaCl is shown in Figure 6 as a function of shear rate. The shear viscosity of the solution at
30 ◦C endures a constant shear rate that matches conventional Newtonian fluid behavior. The micellar
structures in the lower viscous PDAS/NaCl solution at 30 ◦C are associated with short rod-like micelles.
However, by increasing the temperature to 40 ◦C, the measured viscosity of the solution is higher than
the constant viscosity at a lower temperature through the entire range of shear rates. It also should
be noted that the solution displays a non-Newtonian fluid behavior—shear-thinning—which is well
acknowledged as evidence of the alignment of wormlike micelles in the direction of the flow field.
The viscosity of this solution could be turned on and off by changing the temperature (see Figure 7).
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reference [78] with permission from the Royal Society of Chemistry.

The response of PDAS/NaCl solution to thermal stimulus is attributed to the decreased solubility
of the hydrophobic parts that are influenced by heating. This behavior is similar to what occurs within
polymer gels in terms of their weakening gelation upon heating [59,60].

A salting-out effect is a term that explains the decreased solubility of nonelectrolytes in water
caused by the addition of electrolytes. Increasing the temperature to 40 ◦C leads to an enhanced
salting-out effect, thus the solubility of the hydrophobic moieties of PDAS tails decreases. This results
in micellization and the growth of the micelles from short rods into entangled long wormlike micelles
(see Figure 8). These micellar structures immobilize the water and form hydrogels. In contrast,
decreasing the temperature to 30 ◦C dissipates entangled long wormlike micelles due to the transfer of
amphiphiles from the micellar phase to the bulk. The long self-assembled micelles revert to the short
rods and the overall viscosity of the solution significantly decreases [78].
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6.3. Formation of Shear-Induced Structure (SIS)

In WMS systems, micellar chains continuously break and reform due to their weak physical
bonds (see Section 6.5 for more details). This results in a broad and dynamic distribution of micellar
chain lengths that change along with a shear or an extensional flow regime. The resulting flow
behavior is even more complex when compared to that of polymeric fluids. Above a critical shear
rate in the steady-state shear flow, the shear viscosity increases as a new and more viscous phase
develops. This shear-induced state is called shear-induced phase (SIP) [79] or shear-induced structure
(SIS) [80]. Rehage and Hoffmann [81,82] observed that an aqueous WMS of CPyCl/NaSal forms a
gel-like structure along the direction of shear flow above a critical shear rate. This gel-like structure
is referred to as an SIS, a structure that will disintegrate with the cessation of the shear flow [82,83].
The general rheological response of the CPyCl/NaSal solution under the Couette flow condition
confirms that the formation and disbanding of SIS increases and decreases the viscosity of the solution,
respectively. The formation of SIS occurs when a flow regime causes a stretching and tumbling of
wormlike micelles, which invoke micelle–micelle collisions that produce a complex viscous network.
Rojas et al. [83] revealed that, while it is not possible for short micelles to form long-range connections
under static conditions, these connections can be elongated by imposing an appropriate level of
shear stress and, in turn, increase the viscosity. Jones [84] hypothesized that it is possible to employ
shear-thickening characteristics to overcome the challenge of preferential flow, which tends to only
flow through the high-permeability zones of reservoirs rather than the low-permeability zones, where
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trapped oils remain upswept. This hypothesis also led the work of Golombok et al. [20,85], who
carried out experimental investigations on pressure-driven flows within cylindrical glass core samples
with different permeability classes. The shear-thickening response that is caused by an associated
flow through the high-permeability zones will result in a higher local fluid viscosity when compared
to the viscosity of fluid flowing through the low-permeability zones under the same pressure drop.
The fluid viscosity decreases in the low-permeability zone as the shear rate decreases. Different
frictional losses will be developed according to the variation of the viscosity in different permeability
zones. The formation of SIS in WMS is advantageous for the selective retardation of flow in the most
permeable zone of reservoirs. SIS form in higher permeability zones because of higher shear rates
and increase the fluid viscosity in those regions. Thus, the fluid velocity at higher permeability zones
slows down relative to the fluid in the low-permeability zones. Golombok et al. [20] reported that the
formation of SIS led to a 36% increase in the volume of oil that can be swept by WMS displacing fluid
when compared to the brine displacing fluid made of 3 wt% of NaCl in demineralized water.

6.4. Salinity Resistance

Conventional polymer solutions that are used for EOR are not able to sustain their viscosity under
high-temperature or high-salinity conditions of oil reservoirs. Viscosity loss and precipitation of most
water-soluble polymers can occur due to the presence of divalent cations (i.e., Ca2+, Mg2+), which
lead to the hydrolysis of polymers [86]. Polymer solutions, in particular HPAM, are widely used as
oil-displacing agents [27]; however, their poor salt tolerance and thermal instability impeded their
applications in high-salinity and high-temperature oil reservoirs. More salt-tolerant and thermostable
monomer or groups, such as SO3

−, onto the HPAM backbone have been introduced to enhance the
characteristics of HPAM in a high-salinity and high-temperature environment [87]. However, the main
portion of the polymer backbone is still the acrylamide segment, which demonstrates poor long-term
thermal stability and salt tolerance. Zhu et al. [12] introduced a complex of wormlike micellar EDAB
and HPAM to overcome the deficiencies. The HPAM/EDAB hybrid samples were studied in comparison
with sole HPAM and EDAB in a synthetic brine regarding their rheological behaviors. They performed
experiments under simulated high-temperature and high-salinity oil reservoir conditions (T: 85 ◦C;
total dissolved solids, TDS: 32,868 mg/L; [Ca2+] + [Mg2+]: 873 mg/L). A major factor for the use of any
displacing fluid in high-temperature and high-salinity reservoirs is that they enable a solution to retain
a high viscosity after exposure to harsh environments. Figure 9 shows the viscosity variations of sole
HPAM, EDAB, and two hybrid solutions of them at 85 ◦C.

While the HPAM solution shows a significant decay in the viscosity as a function of time, the
hybrid solutions sustain their viscosity much more effectively than HPAM solution after aging. Most
importantly, the EDAB solutions containing the ultra-long-chain zwitterionic surfactant possess
long-term stability when compared to other solutions containing HPAM. Even with its long-term
stability, the oil recovery factor when using EDAB has been reported to be lower than that when using
EDAB/HPAM hybrid solutions. The recovery factor for EDAB was only 1.9% as compared to the factors
of 10.20% and 7.10% for P15E15 and P10E20, respectively. The authors suggested that the collapse of
micellar assemblies upon contacting with the oil and disassembly of micelles at shear and elongation
forces imposed to WMS at pore throats might describe the lower oil recovery factor of EDAB. However,
further studies are required for verification of their hypothesis.
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temperature is 85 ◦C. P30: 0.3 wt% of HPAM and 0 wt% of EDAB; P10E20: 0.1 wt% of HPAM and
0.2 wt% of EDAB; P15E15: 0.15 wt% of HPAM and 0.15 wt% of EDAB; and E30: 0 wt% of HPAM and
0.3 wt% of EDAB. Reprinted from reference [12] under a Creative Commons license.

Cao et al. [88] studied the effects of adding NaCl, Na2CO3 and NaCl/NaOH in NaOA solutions
and demonstrated that the zero-shear viscosity of the solution increased with the micellar growth when
the concentrations of Na2CO3 and NaCl increase (see Figure 10). The reason behind the increased
zero-shear viscosity is that, by increasing salt concentrations (electrolytes), the oleic acid salting-out
effect leads to longer micellar chains. As shown in Figure 10, both salts induce a significant enhancement
of the viscosity. The increase in the length of rod-like micellar chains as a result of the salting-out
effect promotes micelles long enough to be wormlike micelles and shows a rapid increase in the
zero-shear viscosity.
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However, an excessive concentration of Na2CO3 (higher than ~0.4 M) results in a decrease in the
zero-shear viscosity. The reason is that excessive electrolyte might further reduce the net charge of the
micelles and the linear micellar chains may turn into branched micellar chains. Unlike branching in
polymers, it has been reported that branching in micelles assists stress relaxation, which results in a



Fluids 2019, 4, 173 14 of 24

shortened relaxation time and lower zero-shear viscosity. The branched points of wormlike micelles
are not chemical connections and the wormlike micelles can slide against one another (i.e., reptation).
Reptation can occur along every path of branched wormlike micelles as a mechanism for the stress
relaxation, which leads to very low zero-viscosity [89,90]. The difference in the viscosity trend at
high salt concentrations between NaCl and Na2CO3 is because of hydroxide ions that can suppress
the hydrolysis of oleic acid. The hydration of CO3

2− is not as prominent as that of Cl−; therefore,
less wormlike micellar chains of oleic acid are subjected to hydrolysis in the presence of Cl− than
CO3

2− ions. These studies are evidence that ultra-long chain zwitterionic surfactants, such as EBDA
and anionic-based WMS solutions, are promising materials that can enhance the tolerance of displacing
fluids against the high-salinity conditions of oil reservoirs.

6.5. Reversible Scission

Even though wormlike micelles show many of the same viscoelastic characteristics of polymers,
they are quite physically different from polymers. One of the significant behavioral differences between
WMS and polymer solutions stems from the type of bonds in their structures. In polymer solutions,
monomers are covalently bonded to each other to form a chain. In this way, once they are formed,
the polymer chains are not easily dissociated. In wormlike micelles, surfactants units aggregate
together by relatively weak physical attractions. The micellar structures in the equilibrium state
break and reform continuously, where the kinetics of breakage and reformation reactions are greatly
dependent on the surfactants and salt concentrations, temperature, and flow. The dynamic break and
reform of WMS is the reason that they are also called living polymers [59]. Branched wormlike micelles
relax from imposed stresses via reptation. According to the living polymer model [91], wormlike
micelles can relax from stresses while using an additional mechanism in which the micellar chains
breakdown into shorter micellar chains. In wormlike micelles, the micellar breaking time (τb) is shorter
than reptation time (τr), thus the breaking of the micellar structure is the dominant mechanism for
stress relaxation time (τR). The stress relaxation time of micelles is the geometric mean (τR ∼

√
τrτb)

of breaking and reptation times.
To date, various approaches have been taken to model the behavior of WMS by considering

their breakage and reformation dynamics. Marques et al. [92] suggested that wormlike micelles can
relieve stress by eliminating the entanglement points through a bond interchange mechanism. In this
mechanism, two micellar chains that have an entanglement can react and form a transient four-arm
star shape of micelles and then break into two new chains of different lengths. Appell et al. [93]
suggested ghostlike crossing as another possible mechanism for stress relaxation of wormlike micelles.
When a micellar chain collides with another chain, it forms a transient crosslink on the side where it
collides, and then separates from the other side of the micellar chain. However, as the authors stated,
a theoretical description of such behavior requires further investigation.

Bautista et al. [94] proposed a kinetic equation for WMS by taking the shear rate effect on the
breaking and reformation into account. In this model, the breakage rate of micellar chains is considered
as a function of the local shear rate. The model describes the appearance of stress plateau in a
WMS flow curve at higher shear rates than the first critical shear rate. The model also predicts that
WMS with higher micellar breakage rates have stress plateau values at a lower critical shear rate.
Vasquez et al. [95] suggested a network scission model in which a micellar chain with the length L can
break in the middle to develop two micelles of length L/2. The micellar breakage occurs at a rate that
depends on the shear rate and the local elongation rate. The shorter micelles can then recombine to
reform a micellar chain back to the initial length.

Several oilfield treatment processes impose different shear stresses on a fluid over the course
of its employment. For example, in hydraulic fracturing, a fluid may experience very high shear
as it flows through wellbore tubular and perforation orifices, but then subsequently must suspend
and transport particles for an extended time (possibly hours) at low shear rates [96]. In the case of
using polymeric displacing fluids, these sudden changes in shear rates are not desired, because the
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viscosity of displacing fluid permanently decreases under the shear rate due to the shear-thinning
characteristics of polymer solutions. Thus, the ability of wormlike micellar structures to reform after
shear exposure is a fundamental advantage over polymer solutions. Wormlike micelles can display a
temporary shear-thinning behavior under injection conditions and then reform their assembly and
gain their initial viscosity in the reservoir [97].

6.6. Drag Reduction

High-molecular-weight polymers, including flexible chains, are widely used as drag-reducing
agents. They are more effective at lower concentrations, such as a few ppm. However, these materials
drop their effectiveness permanently under the extreme shear or extensional stresses due to the
breakage of primary bonds, predominantly near the chains’ midpoints [98]. A number of studies
investigated the influence of wormlike micellar structure and their rheological characteristics on drag
reduction [99–101]. The authors reported that there is a correlation between drag reduction and high
apparent extensional viscosity. High extensional viscosity enables WMS and polymer solutions to
resist against vortex stretching, which results in lower energy dissipation, or so-called drag reduction
phenomena [102]. An analysis of drag reduction that is caused by polymer-induced turbulence
revealed that there is a maximum drag reduction asymptote (MDRA), which is the maximum extent of
drag reduction that can be achieved [103]. Although there are similar mechanisms of drag reduction
suggested for polymer and wormlike micelles, MDRAs of WMS drag reducing agents (DRA) have
been reported to be 5% to 15% higher than that of polymer DRA, depending on Reynolds number [104].
Brostow [105], Wang et al. [106], and Hong et al. [107] provided findings regarding the drag reduction
in transportation of viscoelastic solutions. Despite the fact that the mechanism of drag reduction is still
considered puzzling, it has been agreed that injection of macromolecules such as polymer chains and
wormlike micelles leads to the reduction of turbulence in a sublayer adjacent to the solid pipe wall and
it reduces the friction between the fluid and walls [108]. Drag reduction can be calculated, as

DR (%) =
( fs − fDRA

fs

)
× 100 = (1−

∆PDRA·Qs
2

∆Ps·QDRA
2 ) × 100 (11)

where f is the friction factor, ∆P is the pressure drop, Q is the volumetric flow rate, and indices of
s and DRA refer to the solvent and drag reducing agents, respectively [108]. Kotenko et al. [109]
studied the drug reduction while using two WMS prepared by dissolving commercial surfactant-based
DRA (Beraid DR-IW 616 and 618, AkzoNobel, Amsterdam, The Netherlands) and sodium nitrite in
deionized water. The authors measured the pressure drop in test rigs with main components of a
centrifugal pump, a water tank, expansion tanks, and straight sections of pipes, and reported the drug
reduction of 60% to 80% when using WMS as compared to pure water. The drag reduction is attributed
to the presence of wormlike micellar chains that serve as a buffer between the neighboring turbulent
eddies, and consequently reduce turbulence of the flow. Moreover, authors suggested that wormlike
micelles form a viscous sublayer adjacent to the wall of the pipes, which reduces the friction between
the test fluid and pipe walls (Figure 11a).

In many applications, VES are effective DRA, as well as particle suspension media. The major
application of drag reduction is to enhance the flow rate in crude oil pipelines by the addition of
polymers and surfactants [110]. When comparing the MDRA of surfactant fluids to that of polymer
solutions reveals the superior drag reduction of the surfactant under the same flow conditions [111,112].
Additionally, surfactant DRA have significant advantages, such as the ability to restructure their
micellar assemblies and sustained rheological properties, even after being exposed to high shear
(Figure 11b). This shear-recovery attribute is a notable advantage over polymer solutions that can be
irreversibly degraded during fluid pumping [5,109,113].
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6.7. Hydrocarbon Responsivity

The addition of hydrocarbons significantly influences the behavior of WMS systems. Entangled
wormlike micellar networks can be eliminated by adding a small quantity of hydrocarbons, and thus
the initial viscoelastic WMS is transformed into a Newtonian water-like solution. Surfactant micellar
solutions tend to dissolve a certain amount of hydrocarbons by the interaction between the hydrocarbon
and the hydrophobic core of micelles. Even though aqueous solutions containing globular micelles are
able to trap a small amount of hydrocarbons, the maximum concentration of dispersed hydrocarbons
in these solutions is lower by at least one order of magnitude than the concentration of the surfactants.
However, solutions containing wormlike micelles dissolve larger amounts of hydrocarbons in which
the hydrocarbon/surfactant ratio can reach about one, as reported by Hoffmann and Ebert [81].
Hydrocarbons induce the transformation of entangled wormlike micellar chains into isolated globular
aggregates with radii from 20 to 500 Å. Thus, the viscoelastic WMS can be turned into a Newtonian
low-viscosity solution.

Shibaev et al. [114] investigated the effect of hydrocarbon addition on the rheological characteristics
and the structure of WMS formed by potassium oleate. In their study, the addition of 0.5 wt% n-dodecane
results in a drastic decrease in viscosity by up to five orders of magnitude. This is attributed to the
complete disruption of wormlike micellar chains and the formation of micro-emulsion droplets.
As demonstrated in Figure 12, the transition state of wormlike micellar chains to micro-emulsion
droplets can be classified into three regions:

• In region I, the WMS demonstrates high values of viscosity (~10–350 Pa·s), because the
micellar chains are still entangled with each other. However, their lengths are reduced by
the dissolved hydrocarbons.
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• In region II, the micellar chains are transformed to the unentangled regime and the viscosity
drastically drops due to a further shortening of micellar chains and the formation of
micro-emulsion droplets.

• In region III, the viscosity is as low as ~0.001 Pa·s, in which only microemulsion droplets are
present in the solution.
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The authors suggested that the shortening mechanism of micellar chains that are involved with the
preferential accumulation of the solubilized hydrocarbon at the end-caps of wormlike micellar chains.
In the formation of wormlike micelles, the higher energy at the end-caps of micelles when compared to
the body leads to the lengthening of micelles and formation of long cylindrical micelles. The drastic
decrease in the viscosity is correlated with the crossover from the entangled to the unentangled regimes
of the WMS upon the shortening of micelles and the shortened cylindrical micelles coexist along with
microemulsion droplets in region II.

In another study, Shibaev et al. [115] investigated the responsiveness of linear and branched
anionic/cationic-mixed wormlike surfactant micelles to hydrocarbon. They prepared linear and
branched micelles by changing the molar ratios of potassium oleate and n-octyltrimethylammonium
bromide (C8TAB) dissolved in salt-free water. Linear wormlike micelles with the molar ratio of
[C8TAB]/[potassium oleate] = 0.5 show a dramatic drop of viscosity upon the addition of small amounts
of n-decane as reported in their previous study [114] (Figure 12). However, in the other case of molar
ratio of 1, wormlike micelles are branched, and much higher concentration of n-decane is required
for the significant drop of viscosity. The authors suggested that the solubilization of hydrocarbon
was proceeded in branching points, not in the end-caps. Thus, micellar chains are prevented from
shortening and the rheological properties of WMS are not significantly affected up to the saturation
of branching points by the hydrocarbon solubilization [115]. In this way, one can conclude that the
rheological stability of branched micellar chains is more resilient to hydrocarbon solubilization when
compared to that of linear chains.

Fogang et al. [116] studied the effect of different organic compounds solubilization on the zero-shear
viscosity of an aqueous solution of a sulfobetaine viscoelastic surfactant. They prepared the solution by
dissolving 3.96 wt% of erucamidopropyl hydroxypropyl sulfobetaine and 6.2 wt% of calcium chloride
(CaCl2) in deionized water and investigated the effects of n-decane, crude oil (CO), and extra virgin
olive oil (EVOO) on the zero-shear viscosity of WMS. The solubilization of n-decane resulted in three
regimes of viscosity change similar to that reported in ref. [114]. However, both EVOO and CO in WMS
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only resulted in the regime I at 30 ◦C and regimes of I and II at 60 ◦C. Authors concluded that higher
molecular components of CO and EVOO as compared to that of n-decane resulted in less solubilization
in WMS. They also concluded that the viscosity reduction of WMS was dependent on the balance
between micellization and oil solubilization.

The interaction between WMS and hydrocarbons can be beneficial for sweeping oil in
low-permeability zones. While highly viscous displacing fluids sweep the oil in high-permeability
zones, low-permeability zones with high saturated hydrocarbons are retained. Therefore, the interaction
between hydrocarbons and WMS in low-permeability zones decreases the viscosity and enhances the
permeability of displacing fluids into those areas [90].

7. Conclusions and Outlook

WMS are promising materials for cEOR that combine the advantage of both displacing fluid
viscosifiers and lowering IFT of surfactants. The wide application of cEOR methods is restricted
due to the degraded functionality of displacing fluids that are influenced by the high-salinity and
high-temperature environment of oil reservoirs. The unique characteristics of WMS make them
powerful candidates for overcoming cEOR restrictions. One of the major restrictions in using the
polymer flooding method is that there is a high probability for the polymer chains to block the
low-permeability zones of oil reservoirs. The shear-thinning property of WMS and breakage of
wormlike micelles under high shear stress conditions lead to a better injectivity and provide the
ability to sweep the trapped oil in low-permeability zones. Permanent degradation is another risk
when using polymer solutions in cEOR. The reversible scission of wormlike micelles makes them
tolerant against permanent shear degradation. Polymer-based solutions are highly sensitive to the
presence of ions in oil reservoir environments. Surfactant- and alkaline-based solutions are also
susceptible to a reaction with ions and absorption to the rock structures. Complex solutions of
alkaline-surfactant-polymers are shown to have low stability in high-salinity conditions because of the
risk of chromatographic separation. In contrast to all of them, ultra-long chain zwitterionic surfactants
and anionic surfactant-based WMS display sustained high viscosity and aging stability against harsh
conditions. A major challenge of EOR arises from the heterogeneous structures of oil reservoirs that
are made up of higher and lower permeability zones in which displacing fluids tend to pass through
high-permeability zones and leave the low-permeability zones unswept. The formation of SIS in WMS
increases the viscosity and retards the flow in the high-permeability zones relative to the less permeable
areas. Thus, WMS displacing fluids divert more flow to the less permeable zones and increase the
oil recovery. In addition to these common useful characteristics of WMS, the living characteristic of
wormlike micelles provides a broad research field of investigations to find or design smart wormlike
structures. The thermal-thickening of WMS based on the salting-out effect is an example of using the
living nature of micelles to change their rheological response.

Although WMS, such as EBDA, show a higher tolerance of high-salinity conditions when
compared to polymer solutions, their oil recovery factors are still limited. The collapse of micelles
due to the hydrocarbon–micellar interaction is suggested as the main reason for the lower recovery
factor of EBDA. On the other hand, hybrid displacing fluids of polymer/WMS show higher recovery
factors. Investigations on the hydrocarbon-responsive characteristics of WMS point out that the
hydrocarbon–WMS interaction is advantageous for diverting the displacing fluid into the less permeable
and unswept zones. When considering the heterogeneous structures of oil reservoirs, further studies
must be conducted on designing hybrid displacing fluids or multi-step recovery processes that sweep
the oil in all reservoir areas. Injecting a shear-thinning displacing fluid for sweeping high-permeability
zones and the subsequent injection of WMS hydrocarbon-responsive fluid for sweeping oil in unswept
zones is an example of the desired multi-step recovery processes.
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