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ABSTRACT: The use of nanotechnology in the field of acidizing, particularly in fracturing ]
fluids, has garnered significant attention over the past decade. Viscoelastic surfactants (VESs) R
are utilized as one of the most effective fracturing fluids, possessing both elasticity and
viscosity properties. These fluids are crucial additives in acidizing packages, enhancing their
performance. However, various factors, such as salinity, temperature, pressure, and
concentration, can sometimes weaken the efficacy of these fluids. To address this, the
integration of nanoparticles has been explored to improve fluid retention in reservoirs and
enhance the efficiency. This study focuses on investigating the impact of the main metallic-
type nanoparticles on the rheological behavior of VES fluids. Iron oxide, magnesium oxide,
and zinc oxide nanoparticles were utilized, and the microscopic-scale rheological behavior of
the fluids was thoroughly evaluated. The highest performance for enhancing fluid gelation,
stability, and rheological characteristics of VES fluids was found for Fe,O; nanoparticles at an
optimum concentration of S00 ppm. At this concentration and shear rate of 100 s™', the
viscosity of the fluid reached 169.61 cP. For iron oxide nanoparticles at a concentration of 500 ppm, by increasing the temperature
from 25 to 85 °C, the gelation state of the fluid increased from 7 h and 50 min to 17 h and 45 min. This improvement is attributed
to their high surface area and the increased density of entanglement points within the micelles, leading to a more interconnected
structure with enhanced viscoelastic properties. Furthermore, iron oxide nanoparticles significantly enhance gelation by physically
connecting the micelles, thereby improving stability and structure. The absorption of surfactant molecules by the nanoparticles
additionally contributes to micelle reconstruction and shape alteration. The presence of iron oxide nanoparticles helps maintain the
gel structure even at elevated temperatures, preventing rapid viscosity decrease. Our findings may provide new insights for
development of high-performance, economical, and environment-friendly fracturing fluids used in well stimulation operations.

1. INTRODUCTION

Initially, oil-based fracturing fluid was used to create fractures
in the reservoir, but due to environmental concerns, it quickly
lost its use and was replaced by water-based fracturing fluids."”
These types of fluids are very cheap and have excellent
applications, but in high-temperature areas, there is a lack of
improvement in performance, and the efficiency of the fluid
decreases. In recent decades, methods of matrix acidizing and
fracture treatment have been used to improve the well
perfor%rilance, generally using water- and acid-soluble poly-
mers.”’

To reduce the amount of leakage during acid injection into
fractures, fluids with high viscosity are needed.” Various
chemicals have been used to increase the viscosity of the fluid,
but in general, this system can be divided into two categories
depending on the viscosity ag7ent: (1) polymer-based fluids and
(2) surfactant-based fluids.”” But, for two reasons, polymers
were less useful: (1) it is uneconomical to use polymers in high
concentrations to achieve higher viscosity and (2) polymer
residues formed in the formation and damaged the reservoir.
As a result, the use of viscoelastic surfactants (VESs) has
become more popular than the polymer-based fluids.*”"
Therefore, the use of surfactant-based fluids such as VESs was
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considered instead of polymer-based fluids because they have
suitable rheological properties and are compatible with various
KCl, CaBr,, and CaCl, salts, as well as the crude oil.''
Moreover, the use of this type of fluid does not cause damage
to the formation. Among the other advantages that have
favored the use of VESs is that the presence of hydrophobic
salts in the environment causes strong binding in the micelles
of surfactants and their rapid growth.'”~"*

Surfactants decompose at high temperatures and cannot fix
the foam system.'>™"® The addition of VESs to surfactants can
improve their performance and stability. The addition of VESs
improves the stability of the surfactant due to the increase in
the viscosity of the liquid and the increase in the lamella
thickness.'” " The use of fluid systems based on the VES has
attracted much attention since the mid-1980s. The use of VESs
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increases fluid viscosity through the unique arrangement of
surfactants in a long or worm-like micelle structure.”” These
types of structures tend to be very sensitive to ion
concentration and fluid temperature.”

VESs have an advantage that other fluids do not have. They
cause the least damage to the formation and have high reverse
permeability, high ability to break gels, low frictional pressure,
and ease of manufacturing.m’25 However, VES materials are
less stable at high temperatures and have low shear rates. In
general, VESs have smaller molecules with molecular weights
below 1000, and reactions such as repulsion and attraction
occur between the surfactant and solvent; it can cause the
surfactant itself to assemble into colloidal structures such as
worm-like micelles.””>” When the concentration of the
surfactant in the VES is higher than its critical concentration,
the worm-like micelles combine with each other and cause the
liquid to be difficult to move, resulting in an elastic and viscous
behavior in the liquid.”® However, the use of this type of liquid
is limited to the temperature. They usually show poor behavior
in environments above 200 °F.'>*” Another limitation of using
VES liquids is that since a large volume has penetrated into the
matrix, they must be removed or purged from the matrix after
the treatment process.30

One of the advantages of the VES fluids is that no filter cake
forms on the reservoir wall. Therefore, these types of fluids can
easily penetrate into the matrix. VES fluids can easily leak into
the matrix, and control of the fluid leakage depends on the
viscosity of the fluid itself rather than the reservoir wall.
Therefore, it is more appropriate to use VESs in reservoirs
where the permeability is less than 800—1200 md and
preferably less than 400 md.*"**

Polymers are among the fluids used in fracturing
applications. Polymers are recommended for high-temperature
applications due to their higher thermal stability. However,
they can cause damage to the formation due to their high
molecular weight.21’33 Therefore, the VES is used as an
alternative because it has a lower molecular weight and is less
likely to damage the formation. In general, these materials have
low rheological and thermal stability, but by increasing the
VES concentration up to a viscosity of 50 to 100 cP and a
shear rate of 170 s7!, this issue is largely solved. The
micellization process in the VES depends on the electrostatic
interaction between the chemical species in the solution.”**®
In general, increasing the counterion concentration leads to
screening of the charged head groups in the VES and decreases
the repulsion between the surfactant heads. Addition of
nanoparticles increases the apparent viscosity without changing
the length of the micelles. The interaction between the VES
and nanoparticles is defined as a quasi-cross-surfactant system,
where the nanoparticles become compressing compounds in
the VES micelle network. The use of nanoparticles with the
opposite charge causes the adsorption of the surfactant on the
surface of nanoparticles through the head groups to interact
and form a bilayer surfactant structure, which shows the
synergistic effect and the increase of the apparent viscosity of
the system.'”*° Several studies show that the critical micelle
concentration (CMC) decreases with the increase of ion
concentration in the environment.””*® For example, the
addition of CaCl, and CaBr, salts at concentrations ranging
from 10 to 23 wt % can be seen to decrease the CMC
concentration in VESs. As the concentration of other ions
increases, the shielding in the charged surfactant wedges also
increases and the repulsion between the surfactant heads

decreases.””” This leads to the micellization of a stronger
network. Moreover, the addition of nanoparticles such as
MgO, ZnO, and SiO, to this type of material can increase the
apparent viscosity and thermal stability of the VES-based
fluids."”*” Recent studies show that the addition of this type of
nanoparticles could maintain the apparent viscosity of the fluid
at a value of 200 cP for 80 min at a temperature of 250 °F,
while the viscosity decreased to 40 cP in the absence of
nanoparticles.”® It has also been shown that the use of
nanomaterials having a charge opposite to the surfactants
enhances the absorption phenomenon to the point of forming
a bilayer surfactant structure, leading to an increase in the
viscosity of the liquid.*'~**

Iron oxide nanoparticles are used as an additive to enhance
the electromagnetic absorption properties. In addition, it has
been studied how to optimize the heating process and increase
oil recovery. When nanoparticles are used in the reservoir, five
phenomena occur: 1 absorption, 2 disposal, 3 blocking, 4
transport, and § accumulation.””*> The first three phenomena
occur between the fluid and the rock, and the next two occur
between the nanoparticles themselves. When two fluids are in
contact, there is an interaction between the fluids. Thus, when
nanoparticles are in a fluid that is in contact with another fluid,
there is a possibility that they will shift into another fluid,
which is called a diffusion phenomenon.*>*” The important
thing to note here is that diffusion occurs when there is a
difference in the concentration between the two liquids. If this
kind of behavior of nanoparticles is used in VES materials, it
will increase the efficiency of the oil in the matrix. This is
because they can be associated with the oil fluid and reduce the
heat transfer loss since the emission of nanoparticles is directly
transferred as heat energy to the oil phase during emission.">"”

For the past decade, nanotechnology has played a crucial
role in enhancing the performance of VES fracturing fluids.
Compared with traditional materials, nanomaterials offer
improved physical and chemical properties. In VES solutions,
stable electrostatic bridges form between nanoparticles and
surfactant micelles, which modify the rheology and micro-
structural behavior of the solution. Nanoparticles enhance
micellar entanglements by increasing micellar length, ulti-
mately improving VES solution viscoelasticity and viscos-
ity.”>*® The viscosity of the VES fluid tends to deteriorate as
temperatures increase, limiting its applications in certain
formations. Researchers have tirelessly worked to improve
micelle strengths, especially at elevated shear temperature,
through the use of nanoparticles with VES fracturing
fluids.”"*°

Due to the specific surface area and small size of the
nanoparticles, they demonstrate strong absorption ability and
suspension stability in the VES solutions. The amphiphilic
nature of the surfactants results in partition at the solid—liquid
interface, a behavior that is influenced by the presence of
nanoparticles. The surface chemistry of amphiphilic and the
nature of their self-assembly are determined by the interaction
between the head and tail groups. Nanoparticles with a strong
affinity for the surfactant head induce electrostatic and/or van
der Waals interactions, causing the surfactant to adsorb on the
surface of nanoparticles in a head-on fashion. The addition of
nanoparticles leads to improved plateau modulus, relaxation
time, and zero shear viscosity in nanoparticles—VES
Auids 374!

In the past, the addition of nanoparticles to the VES solution
to improve its performance was considered to be detrimental
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to production because these particles act as pore blockers,
thereby affecting the permeability and efficiency of the
reservoirs.”>> However, it has been found that selected
particles of nano size and less than 100 nm can improve the
performance of VES fluids. Since the molecular weight of the
surfactant in VES materials is less than 500, the particle size
should be less than 100 nm to avoid damaging the formation.
Recently, it was discovered that selected nanoparticles
exhibiting pyroelectric behavior can improve the quasi-bonded
properties of micelles in VES materials.”*>° In general,
pyroelectric particles show an increase in the electrostatic
charges on their crystal surface when heated. The use of this
type of particle causes the quasi-bonding properties of the
micelles to improve with increasing temperature, and the
micelles exhibit more internal communication.””>*

According to the described literature survey, further detailed
studies should be conducted to investigate the beneficial effects
of metallic-type nanoparticles on enhancing the performance of
fracturing fluids, particularly VESs. To the best of our
knowledge, the beneficial effects of different metallic-based
nanoparticles on improvement of the performance of VES
fracturing fluids have not been comprehensively studied. In
addition, there is a lack of mechanistic investigations to
understand the mechanisms of nanoparticles—VES fluids.
Thus, further experimental studies should be conducted to
fill the mentioned gaps. This study aims to examine the impact
of the main metallic-based nanoparticles, magnesium oxide,
zinc oxide, and iron oxide, on enhancing the rheological
behavior of viscoelastic fracturing fluids. Generally, the
addition of nanoparticles to fracturing fluid has frequently
demonstrated improvements in their performance. However, it
is important to note that each nanoparticle operates via a
distinct functional mechanism under identical conditions.
Therefore, this study endeavors to ascertain the behavior of
micelles in relation to nanoparticles and the maintenance of
fluid gelation at the microscopic scale and various temperature
conditions. As well, the effects of influencing parameters such
as surfactant concentration and type of nanoparticles on VES
rheological behavior are studied in detail.

2. MATERIALS AND METHODS

2.1. Fluids and Materials. To conduct the experiments,
sodium dodecyl sulfate (SDS) was used as a surfactant to
prepare the original solution (Table 1). Distilled water was also
used as the main phase of the solutions. CaCl, salt and
VES2000, obtained from Energy Chemical Co. Semnan, were
used in these experiments to make the gel phase.

After calculating the optimal concentrations of the surfactant
and VES for the initial preparation of the solution, three types

Table 1. Physical and Chemical Properties of SDS

specification value
formula C;,H,50,5-Na
molecular weight (g/mol) 288.38
physical state powder
color white
melting point (°C) 204
flash point (°C) 170
pH 9.1
density (g/cm3) 0.370

bulk density (kg/m3) <400 kg/m3

of nanoparticles (Fe,O; MgO, and ZnO) were synthesized
and used in designed tests to improve the rheological
performance of the solutions. The studied nanoparticles were
synthesized by the chemical precipitation method.**™** As the
synthesis of the nanoparticles is out of scope of this work,
detailed descriptions about the methods of preparation of
nanoparticles can be found in the mentioned references.
Essentially, this article intends to focus on the application and
effects of the nanoparticles in rheological properties of VES
solutions. The synthesized nanostructures were fully charac-
terized by X-ray diffraction (XRD, PANalytical X'Pert PRO, A =
0.15406 nm), field emission scanning electron microscopy
(FESEM, FEI Nova NanoSEM 450), and Brunauer—Emmett—
Teller (BET, Belsorp mini II, Microtrac Bel Corp) techniques.

The M3600 automatic rheometer was used to perform the
rheology tests, which has the ability to adjust the temperature,
shear rate, and shear stress. Additionally, an IKA RW-20
electric stirrer was used to prepare the solutions. Lastly, a Bain-
marie bath was used to increase the temperature of the
solutions to 85 °C.

2.2. Foam Stability Test Methods. Foam stability is
closely related to its texture and structure. Typically, there are
two primary methods used to evaluate the stability of the foam
solutions. The first method, known as half-ife, involves
creating a surfactant solution and injecting gas into it until
the foam reaches its maximum height in a cylinder. The time it
takes for the height of the foam to reach half of its original
height is referred to as the foam’s half-life (t,,). A longer half-
life indicates a greater foam stability. The second method
involves calculating R time. Once the gas injection stops and
the foam reaches its maximum height, its height is measured 5
min later.””* Using a specific formula, Ry can then be
determined as follows

h
Rs = —2-100

hy (1)

where h, is the height of the foam after 5 min and h, is the
initial height of the foam. The higher the amount of R, the
more stable the foam solution.

2.3. Experimental Procedures Protocol. 2.3.1. Finding
the Optimum Surfactant Concentration. The most stable
foam is achieved by optimizing the CMC of the surfactant. To
determine this value, solutions of the anionic SDS surfactant
were prepared by using distilled water as the base phase.
Various concentrations of SDS (0.10, 0.20, 0.50, 0.75, 1.00,
and 1.50 wt %) were prepared, and nitrogen gas at a pressure
of 400 psi was injected to reach the maximum foam height.
The process of foam height reduction over time was then
monitored upon cessation of gas injection, and the parameters
of halflife and Ry were calculated. Figure 1 depicts the
schematic of the setup used for determination of the foam
stability.

2.3.2. Determining the Optimal VES Concentration. To
create the gel phase, the optimal amount of SDS obtained from
the previous step and 23.3 g of CaCl, salt, which is equivalent
to 15% hydrochloric acid, were added, following chemical
calculations to produce a 100 mL solution. The appropriate
concentration of the VES was then determined and added to
the solution to achieve the highest viscosity at both ambient
temperature and 85 °C. To accomplish this, experiments were
conducted based on two VES concentrations of 6 and 7.5% wt.
For each concentration, two solutions were prepared in
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Figure 1. Schematic of the setup used for determination of the foam

stability.

accordance with Table 2. Finally, using a grace M3600 machine
and a constant shear rate of 100 s™', the viscosity values of the
solutions were measured at ambient temperature and 85 °C.

Table 2. Preparation of Solutions for Tests to Determine
the Optimal Amount of the VES Concentration

solution distilled water volume CaCl, salt  SDS (%  VES (%
number (mL) (g) wt) wt)

1 100 23.3 1.0 6.0

2 100 233 1.0 7.5

3 100 233 7.5

2.3.3. Effect of Metallic Nanopatrticles on Improving the
Rheological Performance of Gel Solution. After determining
the optimal VES concentration, the effect of adding three types
of nanoparticles, MgO, ZnO, and Fe,03, on the rheological
performance of the gel solution was assessed. To this end, 10
solutions at varying concentrations of 500, 1000, and 2000
ppm were prepared for each nanoparticle separately. The
rheological behavior of the prepared solutions was evaluated in
the following steps. During the first step, rheological behavior
was evaluated for each solution at ambient temperature, with
shear rates ranging from 0.1 to 1000 s™'. During the second

step, changes in fluid rheological behavior at 85 °C were
investigated with a constant shear rate of 100 s~ to analyze the
behavior of the mixture obtained across a range of temper-
atures.

2.3.4. Effect of Nanopatrticles on Improving the Carrying
Capatcity of Bentonite Particles. In this step, a 10 mL cylinder
was used to pour 10 mL of each solution made from the
previous step, and then, 0.1 g of bentonite was added to the
solution. To test the ability to carry the particles, the duration
of carrying bentonite by the solution was measured in two
different parts. In the first part, the time it takes for all of the
bentonite added to the solution to enter the solution was
measured. In the second part, the time it took for the bentonite
to settle at the bottom of the cylinder was evaluated. It should
be noted that 10 solutions were made in this test. A VES base
free of nanoparticle solution and nine VES solutions with
nanoparticles in concentrations of 500, 1000, and 2000 were
prepared.

2.3.5. Investigating the Preservation of the Gelation State
in the Presence of Nanoparticles. At this stage, the solution
preservation test is evaluated. For this purpose, a total of 10
solutions are used. The basic solution includes VES, SDS,
distilled water, and CaCl, salt. Additionally, 9 other solutions
are prepared by adding nanoparticles of MgO, ZnO, and Fe,0;
at concentrations of 500, 1000, and 2000 ppm. After the gels
were formed, the time taken for each solution to lose its gel
state and become a flowing liquid was measured at two
ambient temperatures and 85 °C.

2.3.6. Effect of Nanoparticles on Changes in Storage
Modulus (G’) and Loss Modulus (G”). One method for
studying the microstructure of fracture fluid involves using a
dynamic oscillatory measurement. This method measures the
values of the storage modulus (G’) and loss modulus (G”).
The storage modulus provides information about the energy
stored in the elastic structure of the sample, while the loss
modulus parameter indicates the viscous part or the energy
dissipated in the sample. In this section, the changes in the
parameters (G’) and (G”) were evaluated in four solution
samples, which had the best rheology in previous stages, both
with and without nanoparticles. It is important to note that the
effect of temperature was accounted for in this test. The Anton
Paar rheometer (model MCRS01) was used for the measure-
ment of G’ and G”. This rheometer allows us to accurately
apply torques from 0.01 #N-m to 300 mN-m with a resolution
of 0.1 nN'm and normal forces from 0.01 to 50 N with a
resolution of 0.002 N. It is equipped with a pressure cell that
allows measurements under pressure up to 150 bar. Temper-

Figure 2. FESEM images of pure metallic nanoparticles: (a) Fe,O; nanoparticles, (b) MgO nanoparticles, and (c) ZnO nanoparticles.
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Figure 3. FTIR analysis of VES 2000 was used for preparation of the gel phase.

ature control can be achieved using a Peltier plate, a solvent
plate with a hood, a Couette Peltier, or a CTD convection
oven. This allows accurate temperatures from 40 to 1000 °C.

3. RESULTS AND DISCUSSION

3.1. Characterization of Nanoparticles. The character-
istics and structure of the nanoparticles were investigated by
using FESEM analysis. In order to check and identify the
structure of the used nanoparticles, the FESEM analysis test
with a field of view of 2.89 mm was conducted. Based on the
obtained images, each nanoparticle has a unique structure with
distinct characteristics. In Figure 2a, the structure of the iron
oxide nanoparticle can be observed, which primarily consists of
spherical or octagonal particles tightly packed together. The
structural components of this nanoparticle are evenly
distributed within the field of view, resulting in only a few
empty spaces between them. This arrangement contributes to a
more stable structure. In Figure 2b, the MgO nanoparticle
exhibits a cluster-like structure with an interwoven and crusted
state. Empty spaces of varying dimensions can be found both
between these clusters and on their surface. The presence of
cluster structures among the nanoparticles reduces their weight
in larger volumes, which positively influences the formation of
multiple connections and the creation of multiple bridges with
micelles. In Figure 2¢, the ZnO nanoparticle is depicted,
characterized by a compact overall structure composed of 4-
and S-sided geometric shapes. One notable distinction is the
presence of numerous empty spaces between these structures,
along with a high dispersion in particle surface size and a lack
of regular integration among them.

The Fourier transform infrared (FTIR) spectra of the
VES2000 are shown in Figure 3. According to the results
obtained from the FTIR test related to the used VES in this
work, peaks at the wavenumber of 3441.74 cm™, which
indicate the presence of the OH functional group, are related
to the hydroxyl compound. Additionally, the presence of
sharper peaks indicates the presence of other functional groups
that determine the overall structure of this substance. For
example, at 2924.38 cm ™', methyl groups with CH, bonds and
at 2854.21 cm™!, methylene group with CH, bonds were

28680

observed. Furthermore, the detected peak at the wavenumber
of 1651.13 cm™ reveals the presence of carbonyl groups,
which are assigned to carbon—oxygen bonds with double
bonds. Furthermore, with the decrease in the wavenumber in
the lower peaks, ether groups and oxy compounds such as
cyclic ether with single carbon—oxygen bonds, as well as the
single bond of carbon with hydrogen, which are alkynes, are
observed. The general properties of nanoparticles are given in
Table 3 To obtain total pore volume, average diameter, and

Table 3. Textural and Surface Characteristics of the
Synthesized Nanoparticles

specific surface  average pore average  pore volume,
area, Agpr diameter, dgpy,  size, d, Vi
nanoparticle (m2-g—1) (nm (nm) (em3-g—1)
Fe,0; 78.1 22.5 19.0 0.164
MgO 39.2 21.9 25.1 0.358
ZnO 30.8 19.1 29.9 0.201

surface area characteristics of the synthesized nanoparticles,
nitrogen adsorption—desorption experiments were executed,
and data were collected at the boiling point of N, gas (=196
°C). The BET and BJH (Barrett, Joyner, and Halenda) models
were used to calculate the average diameters of the
nanoparticles. The average diameters have been calculated
from 4V/S formula, where V and A are the pore volume and
specific surface area of the nanoparticles, respectively.’’

3.2. Optimum Surfactant Concentration. As explained,
the stability of the foam is dependent on the texture and
structure of the foam bubbles. To determine the highest level
of stability at different concentrations, Rs and half-life tests
were performed. According to the obtained results, the highest
value corresponds to a concentration of 1% wt of surfactant
(Figure 4). At this concentration, after nitrogen gas was
injected into the foam solution and it reached its maximum
height, it exhibited the best stability compared to the other
concentrations. Additionally, at a concentration of 1 wt %
surfactant, the rate of foam height reduction was much lower
than the others. In this case, the tissue network of the bubbles
was very small, which also caused the formation of lamellae
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Figure 4. Experiments for measuring the rate of foam height reduction to determine the optimal surfactant concentration: (a) measurement of the
rate of foam height reduction at different concentrations, (b) surfactant half-life analysis at different concentrations, and (c) R; test analysis for

different surfactant concentrations.

with the appropriate thickness. The thickness of the lamella has
facilitated the movement of gas between the bubbles and
prevented the collapse of the foam structure. Therefore, this
foam exhibits the highest level of stability. However, at
concentrations higher than 1 wt %, the stability of the foam
decreased due to the surfactant concentration reaching its
CMC and also resulted in a faster decrease in foam height.
3.3. Determination of the Optimal VES Concentra-
tion. It is crucial to determine the optimal concentration of
the VES to achieve the best rheological stability in terms of
viscosity. For this purpose, viscosity change evaluation tests
were conducted at two different VES concentrations, 6 and 7.5
wt%. The tests were carried out in two stages. First, the
environmental temperature was kept constant while the shear
rate was varied from 0.1 to 1000 s™', and the corresponding
changes in viscosity were recorded. In the second stage, the
optimal shear rate (100 s™) was determined, and the effect of
increasing the temperature was assessed. The fluid’s temper-
ature was increased to 85 °C, and the variations in viscosity
were observed over time for VES fluids with different
concentrations. Furthermore, the impact of removing SDS
from the solution with the best viscosity was also investigated.
As per the results obtained, the highest viscosity was observed
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in the 7.5 wt % VES solution under constant temperature
conditions (Figure 5). At a shear rate of 100 s, the viscosity
reached 73.44 cP. This experiment was repeated after
removing the SDS from the solution, resulting in a decrease
in viscosity to 65.45 cP in the 7.5 wt% VES solution. The
presence of SDS promotes the formation of dense, white

——VES 6% T=25°C

—*VES 7.5% T=25°C

——VES 7.5% + SDS T=25°C

Viscosity (cp)

600 800 1000
Shear Rate (s )

400

0 200 1200

Figure 5. Changes in viscosity with an increasing shear rate at a
constant temperature of 25 °C for different percentages of the VES.
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micelles, thereby enhancing viscosity. Conversely, removing
the SDS renders the micelles more fragile and prone to
separation, reducing the gel-like state of the solution. Each test
had a duration of 90 min.

In the solution containing 7.5 wt % VES and 1 wt % SDS,
the rate of viscosity reduction at higher shear rates was lower
than in the other solutions. Subsequently, at a temperature of
85 °C, the solution containing 7.5 wt % VES exhibited the best
performance, with a viscosity of 185.214 cP at 80 °C (Figure
6). The highest viscosity observed in the 6 wt % VES solution

200

——VES 6% ( shear rate 100 )

180
—+—VES 7.5% (shear rate 100)

160 | ——VES 7.5% + SDS ( shear rate 100)

140

120 +

Viscosity (cP)

100

80

60 1

40

10 20 30 40 S0 60 70 80 90
Temperature (°C)
Figure 6. Change in the behavior of the VES at a constant shear rate

with increasing temperature up to 85 °C for different percentages of
the VES.

was at 40 °C, 131.45 cP. Increasing the VES concentration
from 6 to 7.5 wt % also led to an increase in the solution’s
elasticity.

The viscosity of VES fluids exhibits remarkable sensitivity to
temperature variations, especially when micelles are present.
Micelles are self-assembled aggregates formed by surfactant
molecules in a solution, wherein hydrophobic tails are buried
inside the micellar core, while the hydrophilic heads are
exposed to the solution. Micelles play a crucial role in
enhancing fluid viscosity through entanglement and inter-
micellar interactions. At the macroscopic level, the temper-
ature-induced viscosity increase in VES fluids with micelles
primarily stems from changes in the solvent viscosity and

micellar elasticity. Higher temperatures reduce the solvent’s
viscosity, thereby decreasing its effect on the micelle’s motion.
However, the elasticity of the micelles increases due to reduced
interactions and increased microstructural disorder, leading to
a higher resistance to flow. In VES fluids, as the temperature
increases, the viscosity typically increases to a certain critical
temperature, known as the gelation temperature. This behavior
is a result of increased micellar entanglement and enhanced
intermolecular interactions within the micellar network. The
gel network strengthens, leading to an overall increase in the
viscosity of the VES fluid. However, beyond the gelation
temperature, as the temperature decreases, the viscosity of the
VES fluid starts to decrease. The reduction in viscosity is
primarily attributed to the disruption of micellar structures
caused by thermal energy. At lower temperatures, the reduced
thermal energy allows the micelles to rearrange and relax,
causing a decrease in the number of intermolecular interactions
and resulting in a lower viscosity. This phenomenon can be
attributed to the stronger intermolecular forces and highly
entangled micellar networks within the VES fluids with a
higher VES content. The increased VES concentration leads to
a more interconnected network of micelles, forming a denser
and stronger gel structure. As a result, the disruption of this
network at lower temperatures becomes slower and requires
more energy, resulting in a slower reduction of the viscosity
over time.

3.4. Effect of Metallic Nanoparticles on Improving
the Rheological Performance of the Gel Solution. In this
stage of the experiment, three nanoparticles, Fe,0;, MgO, and
ZnO, were synthesized and used at concentrations of 500,
1000, and 2000 ppm to study their effects on improvement of
the rheological behavior of the viscoelastic solution. In the first
part, at a constant ambient temperature, nine tests were
performed in different concentrations of nanoparticles, with
the shear rate varying from 0.1 to 1000 s™". According to the
obtained results given in Table 4, at a shear rate of 100 s™', for
Fe,O; nanoparticles, the highest viscosity value was observed
at a concentration of 2000 ppm (182.91 cP). For ZnO and
MgO, the highest viscosity was observed at 1000 ppm, which
are 147.84 and 154.3 cP, respectively. The performances of
MgO nanoparticles in improving viscosity at concentrations of
500 and 2000 ppm are almost similar, so considering that the
concentration of 500 ppm of magnesium oxide is economical.

Table 4. Viscosity of VES Solution in the Presence of Metallic Nanoparticles at Variable Shear Rates

shear rate (s™') Fe,0; ZnO MgO

500 ppm 1000 ppm 2000 ppm 500 ppm 1000 ppm 2000 ppm 500 ppm 1000 ppm 2000 ppm
0.1 72449.3 37203.46 38182.51 19580.54 18601.48 12727.18 23496.74 21538.64 45035.87
1 11250.47 5674.77 5077.38 3086.06 4977.81 4778.68 5873.91 4579.55 3185.62
10 900.19 890.18 930.21 439.84 830.13 509.89 770.09 840.14 519.9
S0 227.53 223.53 229.53 181.52 281.53 183.52 201.52 237.53 207.52
100 169.61 173.06 18291 116.86 147.84 116.85 145.76 154.3 149.18
200 112.24 115.36 119.41 74.51 114.01 69.51 66.01 83.01 81.01
300 73.08 72.25 71.0S 51.18 90.84 49.51 48.84 59.51 51.58
400 57.26 48.26 51.26 38.76 59.01 35.51 41.01 46.26 46.76
500 4591 34.51 43.11 36.71 46.91 33.11 3991 39.51 37.71
600 37.68 29.84 30.68 28.84 38.01 28.51 31.84 35.34 35.18
700 32.8 28.51 29.08 27.08 34.22 25.08 28.22 30.08 32.08
800 30.64 26.14 27.64 26.39 27.89 24.64 25.76 29.14 32.26
900 27.18 2395 23.18 24.18 25.73 21.51 21.62 24.29 29.4
1000 25.21 22.71 22.11 21.31 24.11 19.61 23.01 23.21 24.41
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Among all nanoparticles, the iron oxide nanoparticle has the
best performance in improving fluid rheology. For instance, at
500 ppm, the viscosity of the fluid reached 169.61 cP at a shear
rate of 100 s, and the reduction in viscosity with the
increasing shear rate is also lower than that with the other
nanoparticles. This indicates an increased resistance of the
fluid to flow (Table 4).

Micelles are self-assembling structures formed by surfactant
molecules in a solution, and when iron oxide nanoparticles are
introduced into a solution containing micelles, they can
interact with the micelles through various microscopic
mechanisms. One potential mechanism is the adsorption of
iron oxide nanoparticles onto the surface of the micelles, where
electrostatic forces, van der Waals forces, and steric hindrance
play a role. These interactions can lead to the formation of a
stable colloidal dispersion, where nanoparticles are embedded
within or attached to the micellar structures. Another
mechanism is the formation of aggregates or clusters of iron
oxide nanoparticles within the micelles, modifying the micellar
structure and leading to changes in rheological properties like
viscosity. These nanoparticles act as physical cross-linking
points that entangle and connect, forming a structured network
that restricts fluid flow and results in increased resistance to
deformation and thus higher viscosity. By examination of the
microscopic properties of the micelles, it was observed that the
presence of iron oxide nanoparticles increases the entangle-
ment points within the micelles, creating a more intercon-
nected structure. The higher cross-linking of the micelles
improves the viscoelastic properties. Iron oxide nanoparticles
have advantages over magnesium oxide as they can lead to a
liquid gel state due to their special properties and interaction
with the surrounding environment. All nanoparticles can
potentially affect the rheological properties and state of the
liquid gel, but their mechanisms are different. One of the key
aspects investigated in this study was the impact of varying
concentrations of different types of nanoparticles on the
viscoelastic fluid viscosity behavior. The results shown in
Figure 7 indicate that increasing the nanoparticle concen-
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Figure 7. Effect of nanoparticle concentration on viscosity of VES
solution.

tration up to S00 ppm leads to an increase in fluid viscosity. At
a concentration of 1000 ppm, the viscosity increase was less
pronounced, but the fluid remained stable. However, when the
concentration was increased to 2000 ppm, a decrease in fluid
viscosity was observed, with this reduction being less
significant for iron oxide nanoparticles. The most optimal

performance of the nanoparticles was observed at a
concentration of 500 ppm, aligning with the findings of a
study reported by Raj KA et al.®* In their research, it was
demonstrated that while higher nanoparticle concentrations
lead to increased fluid viscosity, no further significant changes
were noted beyond the 750 ppm concentration level”> At
elevated concentrations, the significance of surface area and
charge diminishes as the connections between the nano-
particles become more prevalent, potentially leading to
aggregation of excessive nanoparticles due to their heightened
surface energy, thereby impeding viscosity.

The existence of metallic nanoparticles can improve the
rheological behavior of fluids in contact with the oil. This
performance improvement can facilitate emulsification and
improve the flow resistance. Among the viscoelastic fluids,
nanoparticles that improve viscosity by increasing the network
structure of micelles, when in contact with oil, can aid the
emulsification process and promote a better dispersion of oil
among the micelles. This dispersion is achieved through strong
surface interactions between nanoparticles and oil droplets,
ultimately leading to the encapsulation of oil in the fluid
matrix. Additionally, the presence of nanoparticles can increase
the flow resistance when in contact with oil. The metallic
nanoparticles create a stronger network and more connection
points between the micelles, resulting in an increased viscosity
and resistance to deformation of the fluid. Compared to other
studied nanoparticles in this work, the iron oxide nanoparticle
can form more connection points or entanglements with
surfactant molecules, causing the solution to have higher
resistance to breakage and changes in state as the shear rate
increases. This is why, during the experiment, the iron oxide
nanoparticle showed a lower rate of viscosity reduction than
the other nanoparticles. Another important factor for
improving fluid rheology with iron oxide is its ability to
exhibit special lubrication due to its surface characteristics. As
the shear rate increases, this nanoparticle can form a
lubricating layer or boundary lubrication film, reducing friction
between adjacent layers and helping maintain viscosity and
reduce the rate of viscosity reduction at higher shear rates. In
the second part, at a constant shear rate of 100 s74, the
temperature was increased from 25 to 85 °C, and the effect of
temperature increase on the improvement of fluid performance
in the presence of different nanoparticles was evaluated. The
obtained results are shown in Figure 8a—c. According to the
results obtained, the Fe,O; nanoparticle demonstrated better
performance at higher temperatures. It was able to maintain an
increasing trend in solution viscosity up to 80 °C, after which
the viscosity started to decrease. This resulted in the fluid
reaching a viscosity of 386.14 cP, which is the highest value
compared to those of the other nanoparticles. However,
increasing the concentration of the iron oxide nanoparticles
caused a decrease in thermal resistance. These interactions are
vital in maintaining the structural integrity and viscosity of the
fluid at high temperatures, where molecular movement and
thermal energy increase. The use of nanoparticles as physical
binders can stabilize the structural network of surfactants and
prevent their decomposition under thermal stress. In Figure 9,
different studied nanoparticles at an optimum concentration of
500 ppm are given. It is demonstrated that the Fe,O;
nanoparticle at a concentration of 500 ppm resulted in the
highest performance for enhancement of VES rheology.

Additionally, analysis of the FESEM images in Figure 10,
which reveal the overall structure between the nanoparticles
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Figure 8. Change in the viscosity of VES solution with increasing temperature in the presence of different concentrations of metallic nanoparticles:

(a) Fe,0; nanoparticle, (b) MgO nanoparticle, and (c) ZnO nanoparticle.
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and micelles, demonstrates that in a solution containing iron
oxide nanoparticles and VES solution, the significantly smaller
size of these particles and their high abundance in the solution
result in numerous physical connections between micelles
(Figure 10a). This leads to the formation of a saturated
structure with minimal empty space and a high thickness. The
presence of these physical connections among micelles
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enhances resistance to fluid flow and temperature increase.
With increasing temperature, the strength between micelles
provided by the iron oxide nanoparticles prevents the structure
of the micelles from being destroyed or broken by the increase
in the kinetic energy. In the case of VES solution with
magnesium oxide nanoparticles (Figure 10b), observations
indicate that cluster structures between micelles are preserved.
These structures facilitate the formation of physical con-
nections between micelles of extended length. Due to the high
distribution of cluster structures, multiple connections are
established between micelles, compacting the overall structure
and resulting in empty spaces between them. Furthermore, the
cluster structures can connect micelles in various ways, and as
mentioned before, they have less weight in larger volumes.
These factors contribute to superior performance compared to
that of iron oxide nanoparticles. Furthermore, analysis of
FESEM images of a VES solution with zinc oxide nanoparticles
(Figure 10c) reveals that the connection between the micelles
is layered. Each layer possesses different surface areas with
varying compressive strengths compared to other nano-
particles. The general field of view of this solution displays
numerous empty spaces, which diminishes the stability of the
connections between micelles.

3.5. Effect of Nanoparticles on Improving the
Carrying Capacity of Bentonite Particles. As seen, the
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Figure 10. FESEM images of VES solution in the presence of different nanoparticles: (a) treatment of VES solution with F,05, (b) treatment of

VES solution with MgO, and (c) treatment of VES solution with ZnO.

Table 5. Residence Time of Bentonite on the Surface of the Solution and the Settling Time of Bentonite in the Solution in the

Presence of Different Nanoparticles at Varying Temperatures

I

solution

VES (7.5%) + SDS + distilled water + CaCl,

VES (7.5%) + SDS + distilled water + CaCl, + MgO (500 ppm)
VES (7.5%) + SDS + distilled water + CaCl, + MgO (1000 ppm)
VES (7.5%) + SDS + distilled water + CaCl, + MgO (2000 ppm)
VES (7.5%) + SDS + distilled water + CaCl, + ZnO (500 ppm)
VES (7.5%) + SDS + distilled water + CaCl, + ZnO (1000 ppm)
VES (7.5%) + SDS + distilled water + CaCl, + ZnO (2000 ppm)
VES (7.5%) + SDS + distilled water + CaCl, + Fe,0; (500 ppm)
VES (7.5%) , SDS + distilled water + CaCl, + Fe20, (1000 ppm)
VES (7.5%) + SDS + distilled water + CaCl, + Fe,O5 (2000 ppm)

O 0 NI N W N

—
o

time for carry

time for carry settling time, T settling time, T

bentonite, T = 25 °C  bentonite, T = 85 °C =25 °C =85 °C
2 h, 25 min 4 h, 32 min 2h 6 h, 33 min
3h 6h 2 h, 42 min 7 h, 36 min
3 h, 15 min S h, 11 min 2 h, 11 min 8 h, 10 min
2 h, 43 min 6 h, 28 min 1 h, 50 min 7h
3h 6h 1 h, 31 min 6 h, 8 min
3 h, 13 min 6 h, 31 min 2 h, 35 min 7 h, 15 min
2 h, 50 min Sh 1 h, 37 min 6h
4 h, 35 min 7h 2 h, 39 min 8 h, 44 min
3 h, 50 min 6 h, 12 min 2 h, 14 min 7 h, § min
4 h, 50 min 7h 3 h, 48 min 7 h, 38 min

addition of nanoparticles was able to improve the elastic
properties of the solution. At this stage of the test, the ability to
carry bentonite particles by the solution and the properties of
the particle suspension were investigated in two different parts.
In the first part, the time it takes for bentonite to remain on the
surface of the fluid without absorbing liquid was evaluated in
states without nanoparticles and with the nanoparticles. In the
second part, the effect of adding nanoparticles to the solution
on the sedimentation rate of the bentonite particles was
investigated.

According to the obtained results, in general, the addition of
the nanoparticles has improved both the ability to carry
particles and the function of keeping particles suspended in
solution (Table S). However, the effect of each nanoparticle is
different. In general, the two nanoparticles of magnesium oxide
and iron oxide have shown better performance. In a fluid
without the nanoparticles, the duration of carrying bentonite
on the surface of the fluid was measured to be about 2 h and
25 min, and after that, the time it took for bentonite particles
to settle was also measured for 2 h at ambient temperature.
Next, by adding nanoparticles at different concentrations, the
retention time of these particles in the gel solution increased.
Regarding the concentration of 500 ppm of magnesium oxide
and iron oxide, the duration of carrying bentonite on the
solution surface at ambient temperature increased to 3 h and 4
h and 35 min, respectively. In this section, the performances of
magnesium oxide and zinc oxide nanoparticles were similar to
each other, but in the particle sedimentation test, zinc oxide
nanoparticles showed weaker performance.

In the second part, the settling times of bentonite particles in
the two nanoparticles of magnesium oxide and iron oxide were
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measured as 2 h and 42 min and 2 h and 39 min, respectively,
at ambient temperature. Next, to assess the rheological
behavior of the solution in terms of particle suspension, the
temperature was increased to 85 °C, and the same tests were
resumed. According to the results in Table 5, increasing the
temperature in the presence of nanoparticles has improved the
fluid’s rheological properties and viscosity. This improvement
also positively affects the performance of particle transport. In
the fluid sample without the nanoparticles, the transport time
for bentonite increases to 4 h and 32 min. The addition of
nanoparticles at various concentrations further enhances this
effect. In the case of 500 ppm concentrations of MgO and
Fe,O; nanoparticles, the duration of bentonite transport on the
fluid’s surface increases to 6 and 7 h, respectively. In the
second part of the test, MgO and Fe,O; nanoparticles
exhibited superior performance. They demonstrated the lowest
sedimentation rate at high temperatures, with iron oxide
nanoparticles showing a sedimentation period of approximately
8 h and 44 min. To comprehensively examine the effect of
Fe,O; nanoparticles on improving the fluid’s ability to
transport particles, physical and chemical parameters on a
microscopic scale must be considered. As observed in the
previous steps, compared with other nanoparticles, Fe,O;
nanoparticles led to the higher viscosity of the fluid under
identical conditions. Generally, by increasing viscosity and
improving rheological behavior, iron oxide nanoparticles form
a coherent network that bridges particles and enhances mutual
attraction between them. Consequently, this network counter-
acts the downward force of gravity. Additionally, the modified
surface charge of iron oxide nanoparticles results in increased
electrostatic repulsion and the creation of a spatial barrier
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Table 6. Stability of the Gelation State of VES Solution in the Presence of Nanoparticles and at Different Temperatures

solution time for gel breaking, T = 25 °C time for gel breaking, T = 85 °C
1 VES (7.5%) + SDS + distilled water + CaCl, S h, 20 min 11h
2 VES (7.5%) + SDS + distilled water + CaCl, + MgO (500 ppm) 7h 15 h, 35 min
3 VES (7.5%) + SDS + distilled water + CaCl, + MgO (1000 ppm) 7 h, 45 min 16 h, 48 min
4 VES (7.5%) + SDS + distilled water + CaCl, + MgO (2000 ppm) 6h 16 h
S VES (7.5%) + SDS + distilled water + CaCl, + ZnO (500 ppm) S h, 35 min 13h
6 VES (7.5%) + SDS + distilled water + CaCI2 + ZnO (1000 ppm) 7 h, 38 min 15 h, 20min
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Figure 11. Changes of storage modulus (G’) and loss modulus (G”) of VES solution in the absence and presence of different nanoparticles: (a)
VES solution without nanoparticles, (b) VES solution with Fe,0; nanoparticle at S00 ppm, (c) VES solution with MgO nanoparticle at 500 ppm,

and (d) VES solution with ZnO nanoparticle at S00 ppm.

within the fluid. This improves the colloidal stability and
prevents particle sedimentation. The presence of the nano-
particles deeply influences the dynamics of suspension and
colloids in the gel fluid. According to the Stokes law,
sedimentation behavior is influenced by the fluid’s density
and viscosity, with higher viscosity leading to a lower
sedimentation rate for particles. In general, the microscopic
interactions obtained through the adsorption of nanoparticles
onto bentonite platelets increase the effective mass of the
particles. Consequently, in a viscous fluid, the sedimentation
rate of the particles decreases. These interactions also impact
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the critical flocculation concentration of the suspension and
shift the equilibrium toward a more stable colloidal system due
to the steric stabilization provided by the nanoparticles. The
affinity between iron oxide and bentonite particles creates a
spatial barrier that acts as an energy barrier preventing the
accumulation and settlement of particles.

3.6. Investigating the Preservation of the Gelation
State in the Presence of Nanoparticles. In this step, all of
the solutions were placed in a static state, and the duration of
maintaining their gel state was measured. In the solution
without the nanoparticles, the state of fluid gelation was
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maintained at ambient temperature for about S h and 20 min
and at 85° for about 11 h (Table 6). This effect was improved
by adding different nanoparticles to gels, so that with the
addition of iron oxide nanoparticles at a concentration of 500
ppm at ambient temperature, the state of gelation of the fluid
increased up to 7 h and 50 min, and at high temperature, this
period of time reached about 17 h and 45 min. The
effectiveness of fluid gelation was evaluated by observation
so that after a few hours, the complete fluid changed from the
gel state to a completely liquid state. According to the obtained
results, the best performance was related to iron oxide
nanoparticles. The presence of these nanoparticles in the
fluid acts as a physical connection between adjacent micelles.
Surfactant molecules gather in micelles in a way that is
sensitive to the presence of nanoparticles. The surfaces of
nanoparticles can absorb surfactant molecules, which leads to a
change in shape or better reconstruction of micelles. As seen in
the previous tests, increasing the temperature generally
increases the viscosity of the solution, but after a certain
temperature, the state of gelation of the fluid is broken, and the
viscosity of the fluid decreases rapidly (Table 6). The presence
of nanoparticles in these solutions increases their stability and
temperature capacity. VES liquids can lose their structure at
high temperatures because the kinetic energy entered over-
comes the forces of maintaining the network of micelles, but by
adding thermally stable nanoparticles in the connection
between the micelles, they can maintain their integrity and
continue to provide structural support to the micelles and
maintain the gel structure even at high temperatures.

3.7. Effect of Nanoparticles on Changes in Storage
Modulus (G’) and Loss Modulus (G”). In the study of
rheology, storage modulus (G’) and loss modulus (G”) are
important parameters used to describe the viscoelastic
behavior of materials. Generally, the storage modulus
represents the elastic response of a material in its ability to
store energy upon exposure to stress or deformation. This
parameter quantitatively shows the ability of the material to
return to its original shape after the stress is removed. On the
other hand, the loss modulus represents the material’s ability to
dissipate energy when exposed to stress. When the G’
parameter is greater than G” or G’ is dominant in some
way, the material exhibits more elastic behavior than viscous
behavior. This means that the material can resist deformation
and effectively recover its original shape, showing solid-like
behavior. During this experiment, the G’ and G” parameters
were measured for 20 min, considering fixed parameters such
as a gamma amplitude of 50% and an angular frequency of 100
rad/s.

The results of changes in parameters G’ and G” without and
with nanoparticles at a concentration of 500 ppm are shown in
Figure 11. In the VES solution without the nanoparticles, the
G” parameter was generally dominant, indicating viscous
behavior, and as is shown, in the considered time frame, the G’
parameter could not exceed G” (Figure 11la). However, by
adding nanoparticles, the G’ value became closer to G*. By the
addition of Fe,0; and MgO nanoparticles, the G’ parameter
became dominant and easily surpassed the G”, indicating
elastic behavior with more stored energy than other nano-
particles (Figure 11b,c). On the other hand, the energy
storage, G’, increased by approximately S Pa. For the ZnO
nanoparticle, it almost reached 3.5 Pa, but it still could not
surpass the G”, indicating a viscous state with high elasticity.
During this stage of the test, iron oxide nanoparticles at a
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concentration of 500 ppm exhibited the best performance in
examining the fluid’s elastic behavior.

4. CONCLUSIONS

Metallic-based nanoparticles can act as stabilizers and
dispersants for solid particles suspended in the fluid medium.
They inhibit particle agglomeration and settling, thereby
preventing blockages in the fractures and improving the overall
efficiency of the fracturing process. Furthermore, the addition
of metallic nanoparticles can modify the fluid’s thermal
behavior, allowing it to withstand high-temperature conditions
encountered in deep reservoirs. This thermal stability ensures
that the fracturing fluid maintains its performance and does not
degrade or lose its desired properties, even in challenging
environments. In this study, the effects of adding main metallic
nanostructures, Fe,O;, MgO, and ZnO nanoparticles, on
improving the performance of viscoelastic fluids were
investigated. Moreover, through the microscopic study, the
effects of nanostructures on micelles shape and behavior were
assessed. In general, the main results obtained in this work are
as follows:

e The optimal concentration for achieving the best
viscosity stability in VES solutions was found to be 7.5
wt %. The presence of SDS enhanced viscosity by
promoting the formation of dense and white micelles.
Temperature variations had a significant impact on
viscosity, with higher temperatures increasing micellar
elasticity and resistance to flow. Beyond the gelation
temperature, decreasing temperatures led to a decrease
in viscosity due to the disruption of micellar structures
caused by thermal energy.

Iron oxide nanoparticles demonstrated superior per-
formance in improving fluid rheology by minimizing
viscosity reduction and enhancing the flow resistance
compared to that of other tested nanoparticles. This
improvement is attributed to their high specific surface
area and the increased entanglement points within the
micelles, resulting in a more interconnected structure
with improved viscoelastic properties.

e Analysis of FESEM images revealed that iron oxide
nanoparticles formed numerous physical connections
between the micelles in VES solution, creating a
saturated structure with high thickness and minimal
empty space. These connections enhanced resistance to
fluid flow and temperature increase. Magnesium oxide
nanoparticles preserved cluster structures and com-
pacted the overall structure, and zinc oxide nanoparticles
formed layered connections that resulted in empty
spaces and reduced connection stability. Overall, the
iron oxide nanoparticles demonstrated the strongest
physical connections and stability in the VES solution.
The addition of magnesium oxide and iron oxide
nanoparticles improved the suspension and carrying
capacity of a solution for bentonite particles. The
retention time of bentonite on the fluid’s surface was
increased, with magnesium oxide and iron oxide
demonstrating the best performance. Nanoparticles
reduced the sedimentation rate of bentonite particles,
with magnesium oxide and iron oxide showing the
lowest settling times. Increasing the temperature further
enhanced the rheological properties and viscosity of the
solution, aiding in particle transport.
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e Iron oxide nanoparticles were found to greatly enhance
the gelation of the fluid by acting as physical connections
between the micelles, improving stability and structure.
The absorption of surfactant molecules by the nano-
particles further contributed to micelle reconstruction
and shape change. The presence of iron oxide nano-
particles allowed the gel structure to be maintained even
at high temperatures, preventing a rapid decrease in
viscosity. Generally, iron oxide nanoparticles displayed
the best performance in enhancing fluid gelation and
stability.

e The solution without nanoparticles displayed largely
viscous behavior, but the addition of the magnesium
oxide and iron oxide nanoparticles improved its elastic
behavior. Iron oxide nanoparticles at a concentration of
500 ppm had the greatest impact on enhancing the
solution’s elastic behavior, with a notable increase in
energy storage. These results demonstrate the potential
of nanoparticles, particularly iron oxide, in modifying the
viscoelastic properties of materials.

e The pH of the fluid medium can strongly affect the
performance of the nanoparticle—VES solutions. It is
strongly suggested for future research studies as it is an
ongoing subject for the authors in some industrial
projects.
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