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ABSTRACT: Cetyltrimethylammonium bromide (CTAB) surfactant
was proven to be a reliable emulsifier for creating stable emulsions
used for drilling, well stimulation, and EOR. The presence of acids
like HCl during such operations may lead to the formation of acidic
emulsions. No previous comprehensive investigations have been done
to study the performance of CTAB-based acidic emulsions. This
paper, therefore, presents experimental investigations of the stability,
rheological behavior, and pH responsiveness of a CTAB/HCl-based
acidic emulsion. The effects of temperature, pH, and CTAB
concentration on the emulsion stability and rheology have been
investigated using a bottle test and a TA Instrument DHR1
rheometer. Viscosity and flow sweep were analyzed for the steady
state at a shear range of 2.5−250 s−1. For the dynamic tests, the
storage modulus (G′) and loss modulus (G″) were observed by applying the oscillation test at the range of shear frequency from 0.1
to 100 rad/s. The results revealed that the emulsion exhibits steady rheological behaviors ranging from Newtonian to shear-
dependent (psedosteady), depending on the temperature and CTAB concentration. The tendency of the emulsion to exhibit a solid-
like behavior is also dependent on CTAB concentration, temperature, and pH. However, the pH responsiveness of the emulsion is
more significantly observed within the acidic range of the pH.

1. INTRODUCTION
Surfactants are widely employed as emulsified agents for the
purpose of producing tight emulsions and microemulsions that
are useful in allied applications of petroleum engineering.
These applications comprise of drilling engineering, enhanced
oil recovery (EOR), and well stimulations.1−7 Additionally,
surfactants are utilized in the good gravel packing process and
solubilization of crude oil.8,9 Other utilities of surfactants
include reducing the frictional loss in turbulent pipe flow,
enhancing oil recovery rates via modifying capillary forces, and
altering the wettability, and as shale-swelling inhibitors for
averting unstable wellbores.10−15 Among the latest surfactants
verified is cetyltrimethylammonium bromide (CTAB), which
has been established as a dependable emulsifier for petroleum
engineering applications. CTAB is a cationic quaternary
ammonium surfactant applicable as an emulsifying agent
because of its micelle-forming capability in an aqueous
solution. In water, a micelle forms an aggregate with the
hydrophilic head sections that contact the solvent surrounding
it to restructure the single-tail hydrophobic section at the
micelle’s center. CTAB can emulsify two immiscible liquids
due to the interaction of the hydrophilic head and hydrophobic
tail with the two liquids. Surfactants like the CTAB also are

widely known as amphiphilic compounds that lower the
surface and interfacial tension between two phases. CTAB also
is well recognized for having properties of dispersion,
suspension, solubilization, and transportation. These properties
make CTAB a unique compound to be mixed or interacted
with other solutions or materials to form the emulsion. Of late,
petroleum industry applications for CTAB have been
extensive, for example, as an additive for drilling fluid and in
assisting enhanced oil recovery.16 A key function of employing
CTAB in drilling fluids is the conservation of good stability by
means of shale inhibition and enhancing the rheology of
drilling fluids. New research has shown that the addition of
CTAB with graphene formulation into drilling fluid produces
high shale dispersion recovery and low clay swelling degrees in
comparison to drilling fluids that had no such formulations
added.16 Additionally, introducing CTAB additives into

Received: December 29, 2022
Accepted: April 10, 2023
Published: June 9, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

22428
https://doi.org/10.1021/acsomega.2c08243

ACS Omega 2023, 8, 22428−22439

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mysara+Eissa+Mohyaldinn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fahd+Saeed+Alakbari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alif+Nur+Aiman+Bin+Azman+Nor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anas+Mohammed+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anas+Mohammed+Hassan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c08243&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08243?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08243?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08243?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08243?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c08243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


drilling fluids helps diminish formation damage affected by
mud invasion, but then it could also potentially lead to the
separation of the clay to produce a thick mud cake around the
borehole.17 A recent study by Moslemizadeh et al. examined
the swelling inhibitive behavior of CTAB on clay.18 The shale’s
wellbore stability was enhanced by means of CTAB and its
wettability alteration.19 It was stated by Yue et al.19 that the
CTAB addition into the water-based drilling fluid causes an
increase in the contact angle with the shale and improves the
stability of the wellbore. The study by Bi et al.20 revealed that
an ionic attraction causes the inhibition of CTAB, as it is
positively charged and attracts negative charges on the shale
surface.
In the area of enhanced oil recovery, a number of research

studies have verified the utility of CTAB surfactant as a
singular agent, or when mixed with other materials, in reducing
interfacial tension (IFT) and augmenting the mobility ratio.21

Furthermore, CTAB has been effectively used in the creation
of tight and dependable viscoelastic surfactants (VES) that are
applied for the hydraulic fracturing of shale gas and in
constricted reservoirs.22 Additionally, the recent papers by Li
et al.,23 Ashtari Larki et al.,24 and Rajabi et al.25 demonstrate
the practicality of nanosilica and CTAB in enhancing the
efficiency of oil recovery. Moreover, CTAB combined with
silica nanoparticles has been utilized for increasing the ultimate
oil recovery as well.26 Another study by Hassan et al.27

demonstrated the effectiveness of CTAB with MgCl2 in
ultimate oil recovery enhancement, mobility control of the gas,
and improvement of displacement efficiency. Earlier, Golom-
bok and Wijst28 had investigated the utility of CTAB with
NaSal (sodium salicylate) in decelerating the water flow rate in
high-permeability zones. Both CTAB and dodecyltrimethy-
lammonium bromide (DTAB) surfactants enhance wettability
and reduce interfacial tension (IFT) as well as surface tension.
Therefore, both CTAB and DTAB may well augment EOR in
comparison to BTAB surfactants.29,30 Later, Bera et al.31

applied CTAB for improving EOR by conducting inves-
tigations on their effects on wettability. A similar study showed
that CTAB combined with the nanosilica can improve the
emulsion stability and increase the emulsion’s superficial
viscosity.32 According to Yekeen et al.,33 CTAB was identified
as the most stable surfactant-stabilized emulsion. Also, CTAB
exhibited better outcomes in inhibiting asphaltene precip-
itation.34

Acidic emulsions are frequently formed, intentionally or
unintentionally, during different petroleum engineering-related
operations. Emulsified acids, for instance, are regularly used as
a means of matrix acidizing in carbonate and sandstone
reservoirs, by which formation damage is removed and/or
formation permeability is increased. An emulsified acid is
created by emulsifying an oil phase (e.g., diesel oil) in water-
diluted acid by means of a surfactant carefully chosen as an
emulsifier agent. The core purpose of emulsified acids is to
slow down the acid reaction with the rock in order to maximize
the penetration of acid within the formation. The emulsions
produced by the surfactants depend on the rheological
properties of the emulsion.35 During the past two years, we
have conducted rigorous experimental probes to research the
performance of emulsified acids produced via two common
types of nonionic surfactant, namely, tweet 80 and Span 80.
The performance evaluations were completed by way of
experimental study of stability, rheological properties, and
corrosivity.2,36 Hence, in this work, we are willing to investigate

the performance of the oil in water acidic emulsion formed by
the cationic surfactant cetyltrimethylammonium bromide
(CTAB). The behavior of the emulsion is studied to observe
the rheological properties and stability of the emulsion in
different conditions and concentrations of CTAB. Stability and
rheological properties are important parameters that need to
be observed in the CTAB-based emulsion. They are crucial
parameters to ensure that the emulsion is valid in EOR,
fracturing, or as drilling fluid additives. In this paper, therefore,
the stability, rheological properties, and pH responsiveness are
experimentally investigated using a rheometer and bottle test.
The CTAB-based acidic emulsion used in this study has been
investigated at acidity and alkalinity values of pH. The acidic
emulsion was prepared by mixing the emulsion with hydro-
chloric acid (HCl) to reduce its pH value.

■ 2. METHODOLOGY
2.1. Materials. The cetyltrimethylammonium bromide

(CTAB) surfactant of >97% purity was procured from CSI
LabShop Malaysia (Ipoh-Perak, Malaysia). The surfactant was
used to form the oil-in-water emulsion. The oil type used is a
diesel that contains 75% saturated hydrocarbon and 25%
aromatic hydrocarbon. We deemed CTAB as appropriate for
formulating these kinds of emulsions on account of its
moderate hydrophilic−lipophilic (HLB) value of 10.37
This formulated emulsion was blended by magnetic stirring.

Then, the emulsion was stored in a bottle that was sealed with
aluminum foil to prevent evaporation. The CTAB-based
emulsion utilized in this investigation has been evaluated at
acidity and alkalinity pH values. The acidic emulsion
preparation involved combining the water/diesel emulsion
with hydrochloric acid (HCl) to lower its pH value. By itself,
the emulsion at this acidic condition can characterize the
standard emulsified acids utilized during carbonate reservoir
stimulation.

2.2. Bottle Test (Stability Study). A bottle test was
conducted to assess the ability of CTAB-based acidic emulsion.
The emulsion stability was evaluated by monitoring the time
required for the emulsion to break up into its separate phases.
The emulsion sample was formulated in a test tube and placed
in a static condition under visual observation till a well-defined
separation of the two phases was noticed. Straight away, the
time taken was noted as a marker of the stability of the
emulsion, wherein a shorter time denoted a weaker emulsion.
Various factors were controlled for numerous samples with the
purpose of studying the stability and analyzing the effect of
these factors, viz., pH values, temperature, and surfactant
concentration.

2.3. Measurement of Rheological Properties. The
rheological properties were examined at steady and dynamic
states at various conditions, such as different pH values,
temperatures, and surfactant concentrations. A TA Instrument
DHR1 Rheometer model at Universiti Teknologi PETRONAS
(UTP), Seri Iskandar-Perak, Malaysia was employed for
conducting rotational (steady rheology) and oscillation
(dynamic rheology) tests for the samples of CTAB-based
emulsions. Viscosity was studied by means of a rotational test
on a rheometer with a shear range of 0.1−100 s−1.
Alternatively, for studying the dynamic rheology, we observed
the storage modulus (G′) and loss modulus (G″) by
employing an oscillation test that also used a rheometer with
a shear frequency of 0.1 to 100 rad/s.
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The emulsion pH value was controlled by adding NaOH
and HCl to achieve two pH values of the emulsion, viz., 1
(strong acidity) and 10 (strong alkalinity) to assess the pH
responsiveness of the emulsion. The rheological properties
were studied at 60 and 100 °C to assess the effect of
temperature.
The results obtained from the bottle test and rheological

measurements have been utilized in combination to optimize
the dosage of CTAB. From the bottle test, the optimum CTAB
concentration is the concentration at which the longest time
elapsed before the emulsion phases are separated from each
other. The results obtained from the bottle test were further
confirmed by the rheological investigation, where the stability

is indirectly represented by rheology (i.e., higher viscosity
indicates higher stability).

3. RESULTS AND DISCUSSION
3.1. Emulsion Stability Results. 3.1.1. Effect of CTAB

Concentration on the Emulsion Stability (Visual Observa-
tion). Visual investigations were carried out to evaluate the
stability of the emulsion formed by mixing 30 mL of water and
10 mL of diesel oil at three different values CTAB
concentration of 0.5, 1.0, and 1.5 g. The function of the visual
investigation is to observe the phase behavior of the emulsion
at different elapsed standing times in order to identify the
concentration among the three values, which can produce the

Figure 1. Visual observation results of 30 mL of water and 10 mL of diesel emulsion with 0.5, 1, and 1.5 g CTAB concentrations after 1 min to 1
day.

Figure 2. Effect of acidity on the stability of CTAB-based emulsion for 1 g of CTAB.
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emulsion with the highest stability. In Figure 1, the pictorial
image of the emulsion at various standing times is shown,
which begins from 1 min (at the most left) to 1 day (at the
most right) for each of the three CTAB concentration values,
viz., 05 g (top), 1 g (middle), and 1.5 g (bottom). The results
reveal that the stability of the emulsion is proportionate to the
CTAB concentration, such that, higher concentrations of
CTAB produces more stable emulsions. It can be observed that
increasing the concentration of CTAB from 0.5 to 1 g is
considerably more effectual than increasing the CTAB

concentration from 1 to 1.5 g. Thus, the CTAB concentration
of 1 g may be regarded as the optimum CTAB quantity
required for formulating a stable emulsion in the experimental
conditions, i.e., ambient conditions. Even though the emulsion
at all three CTAB concentration values exhibited a complete
separation after 1 h, the transformation of the emulsion from
entirely transparent at 0.5 g to cloudy at 1 and 1.5 g can signify
the alteration of stability with an increase in CTAB
concentration. The cloudier phase behavior at 1 g may
indicate incomplete separation and hence a more stable

Figure 3. Emulsion flow curves at different CTAB concentrations.
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emulsion than that at 0.5 and 1.5 g. However, the phase
behavior presented in the figure cannot be taken as strong
evidence that the emulsion exhibits the highest stability at 1 g
as compared to 0.5 and 1.5 g. Therefore, this result will be
substantiated later through additional quantitative results
attained from the subsequent rheological measurements (as
shown in Figure 4). Nevertheless, this tendency might be
modified by differing from the ambient temperature. In
addition, the influence of heating on the stability of emulsion
shall be examined in the subsequent sections as well through
the investigations of the rheological properties at 60 and 100
°C.

3.1.2. Effect of pH on the Stability of CTAB-Based
Emulsion. Two CTAB-based emulsions were formulated
with the purpose of studying the effect of pH (i.e., acidity)
on the stability of CTAB-based emulsions. Hydrochloric acid
or sodium hydroxide was added to modify the pH value and
produce an acidic (pH = 1) or alkaline (pH = 10) emulsion. As
demonstrated in Figure 2, the water and diesel oil are nearly
separated from each other entirely after one day for both pH
values. This shows that the CTAB-based emulsion in the acidic
condition has virtually identical stability as the CTAB-based
emulsion in the neutral condition. Nevertheless, in the case of
pH 1, the emulsion begins to separate soon after 1 min,
signifying low emulsion stability under acidic conditions. This
outcome coincides accurately with our formerly published
outcomes regarding the effect of pH on the phase behavior of
CTAB-based viscoelastic surfactants. The imperative explan-
ation of the effect of pH on phase behavior and stability of the
emulsions is associated with the electrostatic interaction forces
of a double layer repulsion and van der Waals attraction and
the hydrogen bonds between the cationic surfactant and
hydrochloric acid, via altering their molecular state distribu-
tions before.22 Ordinarily, no distinct tendency exists that
defines the effect of pH on emulsion stability, and certain
emulsions might even display a pH-irresponsive behavior. Also,
the effect is extensively dependent on temperature, where the

tendency that ensues at a low temperature might not be
identical to that at a high temperature. Furthermore, it has
been previously observed that certain CTAB-based viscoelastic
surfactants can show pH-responsive behavior at acidic
conditions, but then show no such behavior at alkaline
conditions.22

3.2. Results of the Rheological Properties of the
Emulsion. This segment describes the results of the
rheological experimentations on the emulsion at various
CTAB concentrations, pH values, and temperatures. This
shall consist of both the results from steady and dynamic
rheological measurements.

3.2.1. Steady Rheological Measurements. The steady
rheological measurements were taken with the aid of a
rotational rheometer that gauged the sample viscosity related
to the shear rate, which is controlled by the rotation of the
rheometer’s spindle. This can define the rheological behavior
of the emulsion and illustrate the shear dependence of the
emulsion, that is, in what manner viscosity responds to the
shear rate changes. For studying the effect of CTAB
concentration on the rheology of the emulsion, the viscosity
of the emulsion at a temperature of 60 °C was quantified for
each of the three CTAB concentration samples of 0.5, 1.0, and
1.5 g at the shear rate values ranging from 2.5 to 250 s−1.
Figure 3a−c illustrates the flow curves of the emulsion at the
three CTAB amounts. The linear relationship between shear
stress and shear rate at 0.5 and 1.5 g CTAB concentrations
specifies that the emulsion at these two concentrations shows
Newtonian flow behavior, in which the viscosity is independent
of the shear rate. Then again, shear dependence at low shear
rates (less than 50 s−1) is observed, at which a sharp viscosity
decrease occurs with the increase in the shear rate. When
CTAB concentration is 1 g, an obvious pseudoplastic shear-
dependent non-Newtonian flow behavior is exhibited by the
emulsion, in which a steady decrease in viscosity occurs with
the increase in the shear rate. Figure 3a−c similarly shows that
the viscosity increases steadily with higher CTAB concen-

Figure 4. Change of viscosity with CTAB concentration and different shear rates.
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trations. Nonetheless, an optimum amount of CTAB exists,
beyond which the viscosity begins to decline with the increase
in CTAB concentrations. Based on Figure 4, we can deduce
that this optimum CTAB concentration value exists between
the amounts of 1 and 1.5 g of CTAB. We can consider 1 g as a
recommended optimum CTAB amount for this emulsion
sample in order to prevent viscosity loss. Also, we can observe
that the effect of CTAB concentration turns out to be
insignificant at a high shear rate. That is, at a shear rate of 250
s−1, the dependence of viscosity on the concentration of CTAB
becomes minor. The pseudoplastic rheological behavior of the
emulsion observed at the optimum CTAB amount (i.e., 1 g)
may be due to the “micelle solubilization” as explained before

by Zhang et al.38 At an amount less than the optimum value,
the stability (which is directly related to the rheological
behavior) increases steadily due to the increase in the
surfactant molecules adsorbed to the interface between the
two phases forming the emulsion. However, at a critical
surfactant amount (1 g in this case), the surfactant may form
micelles that have a solubilization tendency. The solubilization
of micelles may become higher than the molecule adsorption at
the interface, leading to a decline in the stability and disrupting
the pseudoplastic rheological behavior developed at the
optimum surfactant amount. The emulsion can then return
to its low stability low viscosity Newtonian behavior.

Figure 5. Viscosity and shear stress vs. shear rate of the emulsion at three CTAB amounts (0.5, 1.0, and 1.5 g).

Figure 6. Viscosity−shear relation of the emulsion in acidic and alkaline conditions.
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In Figure 5, further details about the rheological behavior of
the emulsions at the three CTAB concentrations are illustrated.
The viscosity variations with shear rate signify that all three
samples display shear-thinning capacities; however, this
behavior is more perceptible at 1 g of CTAB. This might
corroborate our previous conclusion, in which we had
considered 1 g of CTAB as the optimum concentration of
CTAB. At 1 g of CTAB, the emulsion has greater viscosity and
rheological complex and therefore is more stable than the
emulsion at 1.5 g of CTAB. At low concentrations of CTAB,
the surfactant molecules tend to form micelles, which are small

aggregates of surfactant molecules that can help thicken the
liquid. This is because the micelles create a sort of network
within the liquid that impedes the flow of the liquid, resulting
in higher viscosity. As the concentration of CTAB is increased
beyond the optimum amount, the micelles become more
closely packed together and begin to overlap, which can
actually reduce the viscosity of the liquid.39 Shear thinning,
which is identified as a decrease of viscosity at high shear rates,
can be related to the transient structure of the internal network
structure of the solution.40 At low CTAB concentrations, the
surfactant molecules tend to form smaller and less stable

Figure 7. Flow sweep result of the emulsion in acidic and alkaline conditions.

Figure 8. Viscosity variation of CTAB-based emulsion at temperatures of 60 and 100 °C.
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micelles in the liquid. These micelles can break apart more
easily under high shear rates, such as those induced by stirring
or pouring, leading to a decrease in viscosity. This is why
shear-thinning behavior is more perceptible at low CTAB
concentrations, as the surfactant molecules are more likely to

break apart and reduce the viscosity of the liquid. At higher
CTAB concentrations, the surfactant molecules tend to form
larger and more stable micelles or bilayers, which are more
resistant to shear forces. This can make shear-thinning
behavior less perceptible at high CTAB concentrations, as

Figure 9. Flow sweep curves for the CTAB-based emulsion at temperatures of 60 and 100 °C.

Figure 10. Frequency sweep graph for CTAB-based emulsion at different concentrations: (a) 0.5 g, (b) 1.0 g, and (c) 1.5 g.
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the surfactant molecules are less likely to break apart and
reduce the viscosity of the liquid.
To measure the rheological properties of the emulsion in the

acidic or alkaline environments, the pH was changed to the
values of 1 and 10, respectively, by means of the method
discussed previously. Afterward, the emulsion’s rheological
behavior was evaluated at 60 °C temperature and within the
same shear rate range as before (i.e., 2.5−2.5 × 102 s−1) with
the aid of a DHR1 rheometer. In Figure 6, we see the viscosity
dependence of the emulsion on shear stress in both acidic (i.e.,
pH = 1) and alkaline (i.e., pH = 10) conditions. In both these
conditions, the emulsion displays a degree of pseudoplasticity,
which exhibits shear dependency. Nevertheless, when the shear
rate is low, the emulsion displays this additional pseudoplastic
behavior under acidic conditions rather than in alkaline
conditions. This outcome conflicts with the result of phase
behavior, as shown in Figure 6, in which the emulsion at pH 1
separates more quickly than the emulsion at pH 10. On the
other hand, this effect only occurs at the very start of shearing
(i.e., below 10 s−1). Beyond the shearing rate of 10 s−1, the
emulsion’s viscosity in the alkaline conditions surpasses the
emulsion’s viscosity in acidic conditions up until the shear rate
of approximately 30 s−1; then, at that point, the two lines
display similar viscosity values. Therefore, we can deduce that
the emulsion is pH responsive at static and low values of shear
rate, and the viscosity dependence of pH turns is reduced at a
high shear rate.
In Figure 7, we specify that the emulsion shows non-

Newtonian, shear-thinning behavior at both pH values.
Nevertheless, when the shear rate is low, the emulsion viscosity
in acidic conditions of pH 1 is higher than the emulsion
viscosity in alkaline conditions of pH 10.
The succeeding study was performed in order to evaluate

the effect of temperature on rheology at steady conditions. In
Figure 8, the viscosity and temperature are indicated as having
an inverse relationship, which is valid for all liquids. At both 60
and 100 °C temperatures, the viscosity steadily declines with
the shear rate. Nevertheless, the shear dependence of the
viscosity at a high temperature is lesser than the shear
dependence at a low temperature. A noteworthy observation
from the figure is that at a low temperature, a visible shear
thickening occurs at low shear rate values, i.e., viscosity
increases with the increase in shear rate. Likewise, the tendency

of shear thickening trailed by shear thinning has been noted by
Wolf et al.41 as well in particle-stabilized emulsions and was
validated by the emulsion being shown as suspension.
Figure 9 illustrates the flow sweep curves of the emulsion at

temperatures of 60 and 100 °C. The flow curves (shear rate−
shear stress) specify that at 100 °C, the emulsion is more prone
to show Newtonian flow behavior, although its viscosity−shear
rate curve displays a shear dependence behavior at a low shear
rate value.

3.2.2. Dynamic Rheological Measurements. The dynamic
rheological measurement (oscillatory test) is performed with
the objective of investigating the viscoelastic properties of the
samples. The measurements of storage modulus (G′) and loss
modulus (G″) are taken at various angular frequencies applied
in the range of 0.1−100 rad/s with the aim of observing the
sample’s elastic and viscous behaviors. In Figure 10, we
illustrate the variation of storage modulus (G′) and loss
modulus (G″) with the frequency of the three emulsion
samples with 0.5, 1, and 1.5 g of CTAB, designated a, b, and c,
respectively, at 60 °C. The emulsion having 0.5 g of CTAB
displays G′ and G″ modulus curves of mild slopes with a
couple of cross points. When the frequency is low, the sample
displays a solid-like behavior, which is specified by the storage
modulus being larger than the loss modulus. Following the first
cross point, the emulsion begins to show a liquid-like behavior
(G″ > G′), even though the gap between the two moduli is not
very apparent. What this means is that in the case of this
sample, the emulsion shows viscoelastic properties most often.
As the CTAB concentration is increased to 1.0 g, the emulsion
shows elastic behavior from frequency ranges of 0.1 until 80
rad/s, which is specified via the marginally higher values of the
storage modulus in comparison to the loss modulus. In the
case of the emulsion with 1.5 g of CTAB, the sample shows
viscous behavior at a low frequency up until around 15 rad/s.
At that moment, the curve displays G′ moduli higher than G″
moduli, which specifies a conversion from liquid-like behavior
to solid-like behavior as a result of the presence of wormlike
micelles.
To evaluate the effect of pH, the frequency sweep of the

emulsion at pH 1 and 10 is shown in Figure 11a,b, respectively.
In acidic conditions of pH 1, the emulsion exhibits a viscous
behavior (G″ > G′) till a frequency of 5 rad/s is reached and
subsequently begins to exhibit a viscoelastic fluid characteristic,

Figure 11. Frequency sweep graph for CTAB-based emulsion at (a) acidic and (b) alkaline conditions.
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as shown in Figure 11a. In contrast, when alkaline conditions
are prevalent, the sample displays viscoelastic behavior (G′ >
G″) from the beginning till the end of the experiment, as
shown in Figure 11b. Hence, it may be understood that the
variation of pH value can alter the structure of the micelle,
which thereby changes the CTAB-based emulsion’s viscoelastic
properties.
In order to evaluate the effect of temperature on the

dynamic rheology, the frequency sweep of 1 g of CTAB-based
emulsion at 60 and 100 °C is shown in Figure 12a,b. Figure
12a illustrates the CTAB-based emulsion at a low temperature
of 60 °C, exhibiting a solid-like behavior at 0.1−50 rad/s and a
liquid-like behavior at 50−10 rad/s. At a high temperature of
100 °C, the CTAB-based emulsion shows a liquid-like
behavior as the angular frequency increases. At a low
frequency, no perceptible difference is observed, and the
curves exhibit similar behavior up to the frequency of 10 rad/s.
Subsequently, beyond 10 rad/s up until 100 rad/s, the storage
modulus becomes more substantial than the loss modulus,
revealing that the sample displays solid-like behavior at a
higher frequency, as Figure 12b represents.

■ 4. CONCLUSIONS
This paper describes the experimental study of the stability,
rheological properties, and pH responsiveness of an oil-in-
water CTAB-based emulsion. The emulsion preparation
involved emulsifying the water in diesel oil by utilizing a
CTAB surfactant as an emulsified agent at different
concentrations. From the findings of the experimental
investigation, the resulting conclusions are drafted as follows:

• The stability of the CTAB-based emulsion is propor-
tionate to the CTAB concentration, such that, higher
CTAB concentrations can produce emulsions that are
more stable. Even so, increasing the CTAB concen-
tration from 0.5 to 1 g is more effective than increasing
the CTAB concentration from 1 to 1.5 g.

• An optimum amount of CTAB concentration exists,
beyond which the emulsion stability might decline. At
ambient conditions, the optimum CTAB amount was
found to be 1 g.

• The CTAB-based emulsion was discovered to be pH-
responsive at static conditions as well as at low shearing
rate values, at which it displays greater stability in an

alkaline environment than in an acidic environment.
Nevertheless, when the shear rate is high, the emulsion is
irresponsive to pH, and at high temperatures, the acidic
environment could generate more stable emulsions at
extremely low shear rate values.

• At high temperatures, the shear dependence of the
emulsion viscosity is lesser than that at low temper-
atures. There is an observable shear thickening as the
viscosity increases with the increase in the shear rate at a
low temperature and shear rate values. At high
temperatures, the emulsion has a greater tendency to
display a Newtonian behavior except for a small degree
of shear dependency.

The dynamic rheological examination unveiled that the
emulsion will possibly show both viscous and viscoelastic
behaviors contingent on the CTAB concentration, pH, and
temperature. A frequency point always exists, exceeding which
the emulsion transforms from solid-like to liquid-like behavior,
and this frequency point is contingent on CTAB concen-
tration, pH, and temperature. For instance, at a low
concentration of CTAB, the emulsion exhibits a liquid-like
behavior for the entire frequency range except for the low
frequency.
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■ NOMENCLATURE
CTAB cetyltrimethylammonium bromide
EOR enhanced oil recovery
G′ storage modulus
G″ loss modulus
IFT interfacial tension
VES viscoelastic surfactants
MgCl2 magnesium chloride
NaSal sodium salicylate
DTAB dodecyltrimethylammonium bromide
g gram
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