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ABSTRACT

Worm-like micelles are of special interest among the many forms of surfactant aggregates because of
their usefulness in research and technology. Micelles are elongated, flexible aggregates formed by
amphiphilic molecules spontaneously self-organizing in liquids. The nature of the surfactant determines
its unique shape, which may be altered by mixing it with other substances or changing physicochemical
variables like as temperature, pH, or salinity. The rheology of viscoelastic fluid systems is currently being
modified using nanoparticles. This method, which was just introduced about 10 years ago, has shown to
be highly promising, producing significant improvements in rheological properties, particularly at
reservoir temperatures. The goal of this research is to investigate and assess the rheology of an aqueous
cationic surfactant solution based on graphene oxide nanoparticles. The thermodynamics, structure and
rheology of nanoparticle-based cationic surfactant solutions were investigated experimentally. According
to structural and thermodynamic investigations in surfactant-nanoparticle mixtures, micelle-
nanoparticle interactions arise as physical crosslinks between micelles. The existence of these in-
teractions is shown to generate considerable viscosity and viscoelasticity in wormlike micelles, even
when the fluid is Newtonian in the absence of nanoparticles. The viscosity, shear modulus and relaxation
time all increase as particle concentration increases. Adding nanoparticles generates a network of
micellar entanglements as a result of that. Our results demonstrate that adding nanoparticles to sur-
factant solutions provides for a one-of-a-kind method of altering fluid rheology under a range of

circumstances.
© 2022 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

in formations after secondary production owing to oil entrapment
in the pore spaces. This demands the development of a technique

In recent decades, there has been a lot of interest in enhanced
oil recovery. This is due to the introduction of a variety of drilling
techniques, as well as the possibility of higher oil prices. In
addition [1], suggested that some of the initial oil in situ remains
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capable of displacing oil from these strata in a safe and efficient
manner. Various EOR techniques have been used, but chemical
EOR has proven to be the most efficient over time [2].

In chemical EOR, surfactant flooding is the most common
method. Surfactants are compounds that predominantly adsorb at
two-phase interfaces. Surfactants are classified into numerous
groups. These classifications are based largely on physical charac-
teristics or usefulness [3]. Ionization is the most common physical
characteristic used in categorization. Depending on this feature, the
surfactant is charged or uncharged, ionic or non-ionic. Another
significant characteristic is their physical states. Surfactant is a
crystalline solid and an amorphous liquid under normal conditions.
Surfactants are classified as anionic, cationic, amphoteric, zwitter-
ionic and non-ionic.
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Since the polar and non-polar components of amphiphilic
compounds are incompatible, they separate in solvents. The head
refers to the polar (hydrophilic) part of water, whereas the tail re-
fers to the non-polar (hydrophobic) half. Both in the laboratory and
in the field, surfactants have proven considerable and efficient oil
displacement results. Interfacial tension reduction and wettability
alteration are two major methods through which they do this.
However, surfactants have poor fluidity control and can't signifi-
cantly improve volumetric sweep efficiency [4]. Hence, viscoelastic
surfactants with viscosity-increasing properties and the capacity to
lower oil-water interfacial tension have piqued the interest of
numerous researchers [5]. Surfactant-based solutions have visco-
elastic properties that make them valuable not just in the petro-
leum industry, but also in cosmetics, soaps and a number of other
industries. The temperature stability of viscoelastic surfactants,
however, is poor [6]. Their viscosities also fall considerably at high
temperatures, resulting in a huge leak-off volume into the reservoir
during hydraulic fracturing or any other exploitation operation [7].

To alleviate these difficulties, nanoparticles have been used as
additives. Nanoparticles are colloidal particles ranging in size from
one to a hundred nanometers. Surface micelles interact with col-
loids and nanoparticles in various applications and it's important to
understand their interactions in order to accurately manage and
regulate the required characteristics of the resultant fluid. Surfac-
tants prefer to be separated into existing solid and liquid phases
due to the presence of solid colloidal particles in a continuous liquid
media due to their amphibious nature [8]. The existence of nano-
technology in chemical EOR is a promising field of study with the
potential to considerably improve the current chemical injection
trends in developed reservoirs. Essentially, a number of researchers
are looking at this issue as a potential answer to the industry's
challenge [9]. Nanoparticles assist to stabilize foams formed by
surfactant solutions by decreasing surface tension and boosting
elasticity moduli in the fluid bulk, according to Ref. [10]. Previously
[11,12], focused on the various preparation methods of stable
emulsion systems in the presence of nanoparticles.

To corroborate these claims [13], conducted a study and found
that the synergistic impact of surfactant-nanoparticle foams
improved oil stabilization and preserved foam mobility against in-
situ oil in porous media [14]. reported that with nanoparticle
addition, the resulting foam had a better apparent viscosity and
viscoelastic properties. The stability and modification of gemini
surfactant-nanoparticle stabilized foams for chemical EOR appli-
cations was investigated in Ref. [15]. Half-life durations were
determined from foam height experiments in cylinder columns,
and foam morphology was investigated using microscopic analysis
to characterize the evolution of foam bubbles over time. Their
findings revealed that the addition of nanoparticles increased so-
lution stability, which they attributed to the strengthening of the
mechanical barrier effect at gas-liquid interfaces.

The chemistry of the colloid surface, as well as the interactions
between the head and tail groups, play a big role in self-assembly
[16]. It absorbs directly on the particle's surface if the colloidal
surface is tightly linked to the head group, for example, due to van
der Waals contacts, electrostatic interactions, or a combination of
these. A tail approach, on the other hand, occurs when a particle has
a strong attraction to the tail group while repelling the main group.

Recently, a novel form of material based on worm-like micelles
and inorganic nanoparticles was proposed ([17—20]). Nanoparticles
have been discovered to improve the viscoelasticity of worm-like
micelle solutions and/or to provide them with additional charac-
teristics such as magnetic properties [21]. Several approaches have
been used to demonstrate that nanoparticles can interact with
worm-like micelles. According to dynamic light scattering results,
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the diffusion of nanoparticles in solutions containing worm-like
micelles is significantly challenging, because the diffusion occurs
as if in a medium with a high viscosity rather than a micellar so-
lution [20].

Rheological experiments in dilute solutions demonstrate that
1 vol percent of nanoparticles can cause a 300 percent increase in
viscosity [20]. The Einstein ratio predicts just a 2.5 percent in-
crease in viscosity in this scenario, therefore such a large effect
cannot be explained by free diffusion of particles in the system.
Wormlike micelles can interact with several types of nano-
particles depending on their size and shape. In most cases, such
interactions begin with adsorbed surfactant molecules coating the
surface of nanoparticles, as in any surfactant solution [22,23]. The
interaction of the surfactant particles determines the shape of the
surfactant aggregates that develop on the surface of the nano-
particle. If the particle has the opposite charge as the surfactant
ions, electrostatic interactions will occur, and the surfactant will
adsorb on the particle through the charge heads. In this case, a
surfactant bilayer is formed, which assures electrostatic contact
with particle surfaces as well as hydrophilic head direction toward
the aqueous solution. Crosslinking occurs when the surface of a
nanoparticle is considerably bigger than the cross section of
wormlike micelles [24].

Nanoparticles have been used for a wide range of applications.
They can be used to alter the surface's properties. According to
Ref. [25], the key qualities that determine their application are their
size and capacity to modify liquid phase behavior. Nanoparticles
have a large specific surface area for their size and may easily flow
through even small pore gaps [26]. This implies that these nano-
particles can improve a particle's atom-to-surface-energy ratio,
therefore boosting its surface energy. As a result, the adsorption of
surface active substances on another solid surface can significantly
alter its wettability. As a result [4,27—30], all suggested and tested
the efficiency of nanoparticles in increasing wettability change in
surfactant solutions. Nanoparticles in foam lamellae or, in the case
of emulsions, in the liquid layer between approaching droplets may
have a stabilizing impact on surfactant solutions [31]. Other factors
might be linked to the formation of liquid connections between
particles, which could result in an extremely stable structure.
Finally, particle attachment can have a significant influence on the
macroscopic mechanical properties of liquid surfaces, significantly
contributing to stability [32].

In surfactant system experiments, the formation of solid-like
aggregates provides the interfacial layer a highly elastic nature. It
is worth mentioning that the interfacial layers of these systems
form a multiphase zone at the nanometric scale, with three in-
terfaces: one between the two fluid phases and two solid interfaces
if the nanoparticles are partly wetted [33]. Surfactant adsorption
properties on each of these surfaces influence the surface energy
associated with them. Depending on their wettability, nano-
particles move from the bulk phase to the interface [4]. Surface
accumulation, in general, alters the mechanical properties of the
interfacial layers. As a result, nanoparticles can aid in the preven-
tion of bubble coalescence and the stabilization of solutions.

According to Ref. [34], nanoparticles with sizes on the order of
100 nm can considerably enhance the thermophysical character-
istics of base fluids when dispersed evenly and allowed to stabilize.
The impact of physico-chemical factors on erucyl dimethyl ami-
dopropyl betaine (EDAB), a 22-carbon-tailed zwitterionic surfac-
tant, was investigated in Ref. [35]. The results show that at low
temperatures, EDAB has a unique rheology as a function of tem-
perature, behaving like an elastic gel with an infinite relaxation
time and viscosity. When the temperature is raised to 60°, the so-
lution begins to exhibit viscoelastic characteristics, which implies
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that the relaxation time and shear viscosity become finite, and the
solution approaches Maxwell's fluid model. In Ref. [36], the oil and
water interface characteristics of various zwitterionic surfactants in
conjunction with an anionic surfactant and nanoparticles were
studied. When the mixed surfactant aqueous solution is compared
to the simply surfactant solution, the results show that the mixed
surfactant aqueous solution has a greater propensity to reduce the
values of interfacial tensions.

The authors of [37] investigated the influence of interacting
nanoparticles and surfactants on the rheology of several suspen-
sions. The Gibbs adsorption effect, according to their findings, al-
lows surfactant molecules to be adsorbed on the interface of both
phases. As a result, the surface tension of the system is decreased.
Furthermore, when the surfactant concentration increases, so does
the surface tension of the resultant solution, but only below the
critical micelle concentration. As a result, the critical micelle con-
centration is an essential parameter that can affect the rheology of a
fluid [38] and should be taken into account. The results show that
the synergistic impact of nanoparticles and surfactants may
significantly affect the rheological behavior of a fluid. Suspensions
shear thin at high temperatures when the pH is high, and when the
pH is low, they act like Newtonian fluids.

Surfactant solutions show viscoelasticity and non-Newtonian
shear rate dependent viscosity because they are frequently highly
concentrated. A deeper understanding of flow behavior and its
interactions with the pore geometry of a given reservoir is required
to avoid excessive reagent loss and pore blockage, as well as to
achieve good economic and technical performance. Measuring
techniques are required to investigate the complicated flow
behavior and interactions between porous media and solutions,
with rotational rheometry serving as the primary device. Rotational
rheometry may be used to estimate the fluid's non-Newtonian
viscosity profile by determining bulk shear viscosity as a function
of shear rate. Oscillatory testing with small amplitudes can also be
utilized to investigate linear viscoelastic behavior. Rheology aids in
the definition of the behavior of EOR fluids in terms of viscoelas-
ticity and response to extensional stress, which aids in optimization
studies. Rheology may also be utilized to develop EOR fluids that
suit both the economic and technological demands of oil extraction.
In this work, the effect of inorganic nanoparticles on the rheology of
surfactant fluid was examined. We also considered the mechanisms
by which interactions between wormlike micelles and nano-
particles can occur, as well as their rheology.

2. Methodology
2.1. Materials

A cationic surfactant, Cetyltrimethylammonium bromide (CTAB,
99 wt%) was used in this experiment. Its structural formula is
presented below:

Graphene oxide nanoparticles were obtained from AKKO Labo-
ratories in the form of an aqueous dispersion (1 mg/mL). In their
fine powder form, the nanoparticles have a dark gray look. Under
the effect of sonification, it produces stable dispersions in polar and
hydrophilic liquids. The typical diameter ranges from 0.6 to 1 nm.

Sodium salicylate was used to alter the salinity of the solution
without any previous purification. The solutions were made by
combining aqueous surfactant, salt and nanoparticle solutions.
Surfactant solution samples were prepared on a magnetic stirrer for
5—6 h before being kept for about a day to reach equilibrium. The
nanosuspensions were also combined in an ultrasonic bath during
the day.
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2.2. Methods

Rheological measurements were carried out on a rotational
rheometer Haake Rheostress RS 6000 (Germany). The experiments
were conducted with the suspensions in two different modes of
external influence. The device's first mode of operation is at con-
stant voltage. In this scenario, the applied shear stress changes step
by step over time. The viscosity values can be calculated using the
formula below, assuming that volume deformation is constant, by
measuring the rate of steady-state deformation at a given magni-
tude of applied stress.
c=n-y
where ¢ is the shear stress, 7 is the viscosity and v is the strain rate.

The second measuring mode is the oscillatory measurement
mode. In this case, the magnitude of the moment of the applied
forces on the rotor varies. In this work, the frequency was varied at
a constant voltage amplitude. In this case, the applied voltage is a
function of time, as previously explained. To characterize low-
concentration suspensions, the Newtonian viscosity was
measured at low shear rates. High-concentration suspensions’
elastic modulus, viscous modulus and relaxation time were
measured. To determine rheological characteristics, measurements
were conducted at least three times. The average is used to calcu-
late the points on the graphs (see Fig. 1).

3. Results and discussion

3.1. Influence of sodium salicylate on the rheological properties of
CTAB solutions

Electrolytes are frequently used to control the properties of ionic
surfactant aqueous solutions. When opposing ion electrolytes are
added to surfactant solutions, their concentration in the double
electric layer of micelles rises, as does their affinity for the surface-
active ion. As a result, the packing density of surfactant molecules
rises, allowing the transition of spherical micelles to cylindrical
micelles as well as an increase in the length of existing cylindrical
micelles in the solution. Surfactant solutions become viscous by
interacting with one another. The longest micelles, and hence the
highest viscosity value, were obtained in aqueous CTAB solutions at
a salt concentration of 0.5 wt¥% (Fig. 2).

Micellar solutions consist of 1 wt% cationic surfactant CTAB.
Micelle formation was triggered by the addition of sodium salicy-
late in concentrations ranging from 0.1% to 3%. We conducted
rheological experiments to determine the influence of salt con-
centration on viscosity (Fig. 3). The viscosity of worm-like micelles
at zero shear in the presence of additional salt was investigated in
relation to the salt concentration and the ratio of ions that self-
associate to form micelles.

We assume that the formation of branching structures in the
solution is linked to an increase in viscosity with an increase in salt
concentration, which is validated with the hypotheses in
Refs. [39,40]. The branching density increases as the salt concen-
tration rises, reducing the effective contour length of the micelle

Br
HC
(\/\/\/\/\/\/\
AN CH
HC CH, ’

Fig. 1. Structural formula of CTAB.
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Fig. 3. Effect of salt concentration on the viscosity of CTAB solutions.
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Fig. 4. Elastic and Viscous moduli of CTAB (1 wt%) solutions as a function of frequency.

and providing additional stress loss mechanisms, reducing the
relaxing time.

3.2. Influence of sodium salicylate on the viscoelastic rheology of
CTAB solutions

The frequency dependences of the elastic and viscous moduli
reflect the various dynamics of micellar chains. The elastic and
viscous moduli rise with increasing frequency in the region of cy-
lindrical micelles. The elastic modulus is proportional to the fre-
quency squared, while the viscous modulus is proportional to the
frequency squared (Fig. 4).

As the frequency of the oscillation increases, the dynamic
moduli collide with one another. Furthermore, the viscous modulus
decreases in the medium frequency zone, and the viscous modulus
dependence approaches a plateau. The rheological properties of
solutions exhibiting this behavior are described by the Maxwell
model of a viscoelastic liquid with a single relaxation period.

The experimental dependences do, in fact, agree pretty well
with Maxwell's fluid model. There is only one relaxing phase since
the lifespan of cylindrical micelles is less than the reptation dura-
tion. That is, a particular micelle is constantly destroyed and
recreated as it moves inside an effective tube formed by
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Fig. 5. Elastic modulus of aqueous solutions as a function of salt concentration.

neighboring micelles. As a result, the average length of cylindrical
micelle particles during reptation is roughly the same.

The effect of salt concentration on the rheology of the solution
was investigated in order to acquire more precise information
about the structure of CTAB aqueous solutions.

There is no substantial change in the elastic modulus as the salt
concentration increases (Fig. 5), but there is a decrease in the
relaxation time (Fig. 6). The high screening of the electrostatic
repulsion between the charged polar heads of surfactant molecules,
which leads to the production of entangled wormlike micelles,
accounts for an increase in relaxation time for sodium salicylate
between 1.4 and 2.6 wt%. The relaxation time is then decreased due
to an increase in the addition of salicylate ions. The elastic modulus
does not appear to be strongly influenced by salt content, in
contrast to the relaxation time. The formation of branching struc-
tures in the solution causes a change in the stress loss process,
resulting in a reduction. The aqueous solutions of CTAB are thus
proven to be a colloidal system comprised of linear cylindrical
micelles of surfactants based on rheological experiments.

3.3. Influence of graphene oxide nanoparticles on the rheological
properties of micellar solutions of CTAB

The influence of nanoparticles on the behavior of CTAB aqueous
solutions was investigated in order to better understand how the
rheological properties of these solutions might be altered. It is
obvious that adding a small quantity of nanoparticles to the initial
surfactant solution causes a rheological change. The aqueous so-
lutions of CTAB, on the other hand, retain the characteristics of
pseudoplastic liquids. This means that while the shear rate is low,
the viscosity of the solutions is very high and varies somewhat, but
when the shear rate is increased, the viscosity of the solutions
lowers quickly. The presence of anisometric particles in solutions,
which are orientated in the direction of flow with an increase in
shear rate, is indicated by such a strong decrease in viscosity with
an increase in shear deformations. Furthermore, the rheological
features of the resultant solutions may still be described by a simple
Maxwell model with a single relaxation period, as is usual for
worm-like cylindrical surfactant micelle solutions (Fig. 7).

The observed change in the rheological properties of CTAB
micellar solutions can be explained by the formation of additional
bonds between cylindrical CTAB micelles and nanoparticles as a
result of the adsorption of the end hemispherical parts of the mi-
celles on the surfactant layer formed on the particles' surface as a
result of hydrophobic interactions [18,22,41]. The trends are
entirely compatible with the standard Maxwell fluid model, with
the addition of a term to account for the high frequency deviations
from the fundamental form of the Maxwell model. Such differences
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Fig. 6. Relaxation time of aqueous solutions as a function of salt concentration.

indicate that the surfactant micelles are quite short at frequencies
above the crossover frequency. As a result, the longest bending
modes of the micelles are dominant at frequencies just above the
longest relaxation period. To explain these findings, we assume the
nanoparticles are physically involved in the worm-like micellar
network seen in Fig. 8 below. Despite possessing a charge identical
to the surfactant, hydrophobic interactions between the cationic
surfactant and the net positively charged nanoparticle may result in
adsorption. As a result, it's likely that the nanoparticles first interact
with the exterior surface before acting as links amongst worm-like
micelles.

Fig. 9 shows that the viscosity of solutions varies extremely
depending on the concentration of nanoparticles. According to
Ref. [42], the elasticity modulus either grows monotonically with
an increase in the number of additional particles or increases at first
and then stabilizes. In our situation, we see a non-monotonic shift
in the elastic modulus, which first achieves its maximum value and
then decreases, after which the elastic modulus does not vary
much. Obviously, the increase is linked to the establishment of a
micelle-particle bond. It's worth noting that nanoparticles have a
minor impact on the elastic modulus on the plateau. When nano-
particles are put into a micelle system, they cause additional
crosslinks to form, in addition to the meshes that already exists
between the micellar chains. This suggests that the higher the in-
fluence of nanoparticles on elastic modulus, the fewer the initial
interlacing micelles are (see Fig. 10).

The relaxation time deduced from the crossing of the moduli
rises with the addition of nanoparticles, in accordance with the
increase in shear rate viscosity and the plateau value of the viscous
modulus. The increased relaxing time is due to an increase in
reptation time, but the micelle breakage time does not alter much.
Because the reptation length of a wormlike micelle is related to its
molecular weight, making longer micelles via nanoparticle merging

—eo— Elastic modulus without nanoparticles
—e— Viscous modulus without nanoparticles
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10 M
_A |
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Frequency (rad/s)

@
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Fig. 8. Interaction mechanism between surfactant and nanoparticle.

of the micellar outer side which would enhance the relaxing time of
the solution. The inclusion of graphene oxide nanoparticles causes
an increase in viscosity due to the adsorption of energetically un-
favorable end portions of micellar chains on the particle surface,
which is linked to their embedding into the grid of cylindrical
surfactant micelles. When there are enough particles to bind
almost all of the end sections of the micelles, the accumulation
modulus on the plateau stops changing, and the viscosity and
relaxation time decrease as the connected cylindrical micelles
move down the nanoparticles’ surface.

[15,43—45] have previously conducted static adsorption exper-
iments to analyze the residual surfactant on the nanoparticle sur-
face. They reported that the polar heads of the surfactant are
positively charged, while nanoparticles are hydrophilic at first. The
cationic surfactant molecules' adsorption activity is responsible for
the nanoparticles’ hydrophobicity. Because the polar heads of the
surfactant have greater intermolecular electrostatic repulsive in-
teractions, the adsorbed surfactant increases gradually as the sur-
factant concentration rises. Surfactant adsorption behavior onto
nanoparticles and the hydrophobic nature of surfactant micellar
aggregates are both enhanced as a result of this. Hence, surfactant-
nanoparticle aggregates often improve the ability of solutions from
surfactant and nanoparticles to displace oil, which is desirable for
EOR.

4. Conclusions

Based on the study of the rheological properties of CTAB
aqueous solutions, it was discovered that at surfactant concentra-
tions of 13 wt%, a mesh of cylindrical micelles is formed, resulting
in high viscosity (above 50 Pa-s) and elastic modulus (above 5 Pa) of
the solutions.

The interaction between the micelles and nanoparticles repli-
cates nanoparticles into micellar fluids, allowing the nanoparticles

—e— Elastic modulus with 0,0002% nanoparticles
—e— Viscous modulus with 0,0002% nanoparticles

g ﬂ/\‘r‘l\g_(
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= : : ,
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=
5
s 0.001 |
8
m 0.0001 “
Frequency (rad/s)
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Fig. 7. Elastic and Viscous moduli of CTAB (1 wt %) solutions with and without nanoparticles as a function of frequency.
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Fig. 10. Relaxation time and Elastic modulus of CTAB (0.5 wt%) solutions as a function
of concentration of nanoparticles.

to be involved in the viscoelastic network. This is supported by the
findings of our studies, which show that micelle-nanoparticle in-
teractions are formed by the contact of micelle with an adsorbed
surfactant layer.

The formation of branching structures is shown to cause a
decrease in the viscosity of CTAB aqueous solutions as the salt
content increases. The viscosity and elastic characteristics of solu-
tions can be increased by embedding graphene oxide nanoparticles
in the mesh of cylindrical micelles.

Furthermore, the addition of graphene oxide nanoparticles will
promote the lengthening and crosslinking of these micelles,
increasing rheological properties and allowing the solution of
specific technological difficulties, such as hydraulic fracturing fluids
and micellar flooding.
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