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Abstract: The present study investigates the effect of TiO2 nanoparticles on the stability of En-
hanced Oil Recovery (EOR)-produced stable emulsion. The chemical precipitation method is used
to synthesize TiO2 nanoparticles, and their properties were determined using various analytical
characterization techniques such as X-ray Diffraction (XRD), High-Resolution Transmission Electron
Microscopy (HRTEM), and Field Emission Scanning Electron Microscopy (FESEM). The effect of TiO2

nanoparticles is evaluated by measuring oil/water (o/w) separation, rag layer formation, oil droplet
size, and zeta potential of the residual EOR produced emulsion. The laser scattering technique is
used to determine the o/w separation. The results showed that spherical-shaped anatase phase TiO2

nanoparticles were produced with an average particle size of 122 nm. The TiO2 nanoparticles had
a positive effect on o/w separation and the clarity of the separated water. The separated aqueous
phases’ clarity is 75% and 45% with and without TiO2 nanoparticles, respectively. Laser scattering
analysis revealed enhanced light transmission in the presence of TiO2 nanoparticles, suggesting
higher o/w separation of the ASP-produced emulsion. The overall increase in the o/w separation
was recorded to be 19% in the presence of TiO2 nanoparticles, indicating a decrease in the stability
of ASP-produced emulsion. This decrease in the stability can be attributed to the improved coa-
lescence’ action between the adjacent oil droplets and improved behavior of o/w interfacial film.
An observable difference was found between the oil droplet size before and after the addition of
TiO2 nanoparticles, where the oil droplet size increased from 3 µm to 35 µm. A similar trend of zeta
potential is also noticed in the presence of TiO2 nanoparticles. Zeta potential was −13 mV to −7 mV,
which is in the unstable emulsion range. Overall, the o/w separation is enhanced by introducing
TiO2 nanoparticles into ASP-produced stable emulsion.
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1. Introduction

Many oilfield around the world are using flooding by Alkali/Surfactant/Polymer
(ASP) to enhance the recovery of oil by as much as 20% as compared to water flooding.
ASP flooding produces stable emulsion, decreasing the efficiency of gravity separation,
and is considered one of the crucial limitations of flooding technology. An o/w emulsion
is produced when the oil droplets, in the presence of an emulsifier, mix with water. The
lower the oil concentration in the produced emulsion, the higher the emulsion stability [1].
Moreover, in the mass oil phase, dispersion of the water phase begins in the form of fine
droplets. Figure 1 schematically describes the high shear zone occurring in the production
system and forming in the emulsion.

Figure 1. Phenomena of emulsification at production facility

When the droplet size in the emulsion is smaller than 10 µm, it would not be separated
by gravitational force and, therefore, it needs to be separated by some other means. A
previous study has reported that facility sites of oil fields are experiencing fluid transport
problems due to the production of a high amount of crude oil in water, which makes a
very stable o/w emulsion in the presence of ASP chemicals [2]. Studies have also reported
high stability, higher emulsification, strong interfacial film strength, and a high content of
small oil droplets in o/w emulsion [3,4]. Consequently, it is challenging to separate o/w,
which significantly hinders the commercialized application of ASP flooding technology.
According to Norman et al. [5], for the processing of oil in the downstream operations and
its export in the crude form, o/w separation has an important role to play. For this reason,
a metastable emulsion is a necessity for mobility improvement.

A good number of conventionally available techniques have been under investiga-
tion for the treatment of water produced in the oil fields, including, but not limited to,
de-emulsification [6], gravity separation [7], membrane separation [8], floatation [9], ad-
sorptive separation [10], air flotation [11], and bioprocesses [12]. However, the reports
regarding the treatment of ASP flooding-produced water are rare in the literature. Only
a few research groups have studied the o/w separation in ASP flooding-produced water.
For instance, the investigation of increased downstream turbulence inside circular pipes
through a circular orifice by Zande et al. [13] found an increase in the breakup of oil
droplets in this condition. Similarly, an increase in the choking level at the inlet of the
pipes and an increase in the surfactant quantity decreases the separator efficiency [14].
Deng et al. [15] removed the stable oil droplets in the produced water through flocculation
and de-emulsification. Their findings suggested a better performance for oil-soluble de-
emulsifier compared to a water-soluble de-emulsifier. However, these processes are costly
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and need high capital investment. Moreover, according to Zonglin Chu et al. [16], a large
number of studies have reported that the separation experiments were done with gasoline
or pure oily liquid. This is very different to the actual oil pollutant present in any offshore
oil pollution accident. The use of environmentally friendly materials and a cost-effective
method is important and is required for sustainable applications in o/w separation [17,18].
Recently, a predictive model has been developed to assess the effectiveness of separation
of o/w emulsion with ASP [19]. Various studies have been carried out to overcome the
nonproductive time during upstream operations [20,21]. Such a study is required for
downstream equipment, especially in the primary separator, as choking of separation
processes results in the disturbance of flow assurance in the supply chain.

The development of nanoparticles with the desired properties and investigating their
efficacy in the separation process has gained enormous research interest due to their ability
to enhance the separation of o/w emulsion. Titanium dioxide (TiO2) nanoparticles are
touted as a better option to enhance o/w separation because of their nano-size, excellent
thermal and chemical stability, larger surface area, and cost-effectiveness [22]. For instance,
Shi et al. [23] reported 99% separation of o/w mixture using TiO2 and copper wire mesh.
TiO2 nanoparticles have shown a remarkable enhancement performance near critical
micelle concentration conditions in the oil recovery process [24]. It has shown enhanced oil
recovery performance and has a striking flow behavior in the heavy oil recovery process
compared to base polymers [25]. Furthermore, TiO2 nanoparticles change the wettability
from oil-wet to water-wet compared to other metal oxides nanoparticles [26–28]. So far, the
nanomaterials have shown excellent potential for destabilization and o/w separation in
ASP-produced emulsion.

The main purpose of the present work is to destabilize and remove oil from water in
the ASP-produced stable emulsion. The effect of TiO2 nanoparticles on o/w separation
in ASP-produced stable emulsions is investigated. The o/w separation and stability were
monitored by measuring the oil and water content, droplet size, and zeta potential of the
ASP emulsion before and after the addition of TiO2 nanoparticles. The TiO2 nanoparticles
were synthesized via the chemical precipitation method using Titanium Tetrachloride
(TiCl4) as a precursor. The characterization of the obtained TiO2 nanoparticles was done
using X-ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM),
and High-Resolution Transmission Electron Microscopy (HRTEM). A different ASP is used
to produce water in oil emulsion. As reported in the previous studies [2,29,30], the most
stable emulsion was selected based on the primary separator’s recorded breakthrough
amount. The stability of the emulsion is determined using a Turbiscan (laser transmission
and backscattering) device. Calculation of the o/w separation is done based on the aqueous
phase sedimentation and the oil phase coalescence. The novelty of the present work is
that the effect of TiO2 nanoparticles is evaluated on actual ASP-produced emulsion as
opposed to previous studies, which were performed on model or synthetic emulsions. The
main contribution of the present work is a remarkable 19% increase in o/w separation
achieved in the presence of TiO2 nanoparticles, which indicates that the stability of the
ASP-produced emulsion is significantly destabilized. The separated water clarity comes
out to be 75% against 45% with and without TiO2 nanoparticles, respectively. This study
corroborated that the TiO2 nanoparticles have considerably destabilized the emulsion and
exhibited a considerable potential for separation enhancement for ASP-produced emulsion.
The present work will support the separation and treatment processes in the fields where
EOR is under execution.

2. Materials and Methods

The materials used in the emulsion are crude oil, brine, and ASP. Sodium-Carbonate
(Na2CO3), Anionic Alpha Olefin Sulfonate (AOS) (CMC 0.10 (wt% AOS) with the struc-
tural formula RCH (OH) (CH2)n SO3Na and anionic hydrolyzed polyacrylamide (PAM)
with 16 (million Dalton) molecular weight were used as alkali, surfactant and polymer,
respectively in the present study. The structural formula of surfactant is RCH (OH) (CH2)n
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SO3Na. The chemicals used in this study were provided by PETRONAS Research Sdn
Bhd, which uses these chemicals for EOR. The chemical breakthrough in the o/w gravity
separator was used to obtain the ASP amount used in this work. Titanium tetrachloride
(TiCl4, 99%) was purchased from Merck and was used as a precursor in preparing TiO2
nanoparticles. Ammonium hydroxide (NH3OH, 30%) was used as a precipitating agent.

2.1. Preparation of Emulsion

The first step in the emulsion preparation is to prepare the aqueous solution of brine
and ASP. Each component, Alkali (A), Surfactant (S), and Polymer (P), was homogeneously
mixed in the aqueous phase. Secondly, before mixing/stirring the crude and brine with ASP
composition, the solution of brine with ASP and crude oil was heated to attain the required
temperature. The emulsion was produced by mixing 40% brine solution containing ASP
with 60% oil, respectively, by mixing with a homogenizer (IKA T25) at 12,000 RPM for
2 min.

2.2. Preparation of TiO2 Nanoparticles

For this study, the TiO2 nanoparticles were prepared using the chemical precipitation
technique. Typically, 0.1 moles of TiCl4 was added dropwise to water (50 mL) under
vigorous stirring in an ice bath. Then, NH4OH was added drop by drop to the resultant
solution, and the precipitates were obtained at pH 10. The precipitates were rinsed several
times in the distilled water to remove the residual chloride ions. The precipitates were
recovered through centrifugation and dried at 60 ◦C for 36 h. Finally, the dried TiO2 powder
was calcined at 300 ◦C for 2 h.

2.3. Characterization of TiO2 Nanoparticles

An X-ray Diffraction (XRD) spectrometer (PANalytical X’Pert3 Powder, AA Almelo,
The Netherlands) is used to determine the crystalline structure of the synthesized material.
The XRD patterns of the synthesized TiO2 nanoparticles was obtained in the range of
20 to 80◦ (2θ) using Cu-Kα irradiation (λ = 0.15406 nm) at room temperature with a
0.001◦ (2θ) of step size per second. High Resolution Transmission Electron Microscopy
(HRTEM) analysis was performed in combination with XRD to differentiate disordered
and amorphous phase from crystalline phase and get integrated information about the
lattice parameters and nanoscale properties of the material. HRTEM micrographs of the
samples were obtained using Tecnai G2-F20 X-Twin TMP Transmission Electron Microscope
(NE Dawson Creek Drive, Hillsboro, OR, USA) equipped with Gatan Digital-Micrograph
software (Pleasenton, CA, USA). Field Emission Scanning Electron Microscopy (FESEM)
photographs of the samples were captured at 100 kX magnification and a working distance
of 3–5 mm using Carl Zeiss instrument (SUPRA 55VP, Oberkochen, Germany) operated at
a 20 kV of acceleration voltage.

2.4. Stability of Emulsion and Determination of Coalescence and Sedimentation

The stability test is important as it defines the separation of each phase (water and
oil) in the emulsion. The bottle test is the most widely employed method to determine
the stability of the emulsion. However, it is difficult to accurately measure the emulsion’s
stability using the bottle test [31,32]. Therefore, in the present study, the Turbiscan method
is used to determine the stability of ASP emulsion more precisely and accurately as it is
important to know the exact impact of the parameters under investigation. The Turbiscan
device consists of two main components, namely, an optical scanning device, which
works as a pulsed infrared (IR) light source, and a detector that is located opposite to the
optical device or light source and it measures the transmittance of light through the glass
vessel containing the emulsion sample. The Turbiscan device, by default, measures the
transmittance of light and records it on the computer’s hard disk. The percentage of water
separated in the emulsion was determined at a specific interval of 10 min, 1, 2, 4, 10, 20
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and 24 h. Figure 2 shows the schematic of the procedure used in the current study for
measuring the light transmission and backscattering.

Figure 2. Schematic of the Tuberscan device for light measurements and experimental measurement of separation from
emulsion sample; deliberate profiles of the transmission and backscattering rate for emulsion as a function of time.

The samples volume for the Turbiscan laser transmission and the scattering test were
taken as 7 mL. The purpose of performing the Turbiscan test is that in the case of tricky
observations in less clear fluid, it can calculate the o/w phases separated during the test.
Thus, it assists in a rapid and sensitive approach to determine the emulsion stability.
Again, an increase in the transmittance of light from the bottom of the test tube to the top
determines the phases separation. This is done with the help of a scanning device and a
glass vial containing the emulsion is scanned vertically with the device. Simultaneously,
the change in light transmittance is recorded for the glass vial moving vertically upwards.
Figure 2 shows that the laser scan of the kinetic curve results in the emulsion taken from
the Turbiscan device at varying levels of additive concentrations. The measurements
are carried out at a specific interval to find the sedimentation of the water phase and
coalescence of oil phase. The sedimentation and coalescence heights are converted into
separation percentages.

3. Results and Discussion
3.1. Properties of the TiO2 Nanoparticles
3.1.1. Crystalline Structure

The XRD patterns of the synthesized TiO2 nanoparticles are shown in Figure 3. The
XRD patterns of the TiO2 nanoparticles show a sharp diffraction peak at 2θ = 25.2◦ , match-
ing well with the (101) plane of the anatase phase. The TiO2 nanoparticles display only an
anatase crystalline structure where the diffraction peaks detected at 2θ = 25.3◦, 37.9◦, 48.2◦,
54.1◦, 55.2◦, 63.0◦, 68.9◦, 70.5◦, and 75.4◦ were assigned to (101), (004), (200), (105), (211),
(204), (116), (220), and (215) planes, respectively. No other diffraction peaks of rutile or
brookite crystalline structures are detected in the diffraction patterns of the TiO2 nanopar-
ticles, confirming that the sample is purely anatase, which is consistent with previous
work [33].

The TiO2 nanoparticles average crystal size is calculated according to Debye–Scherer
Equation

D =
kλ

B Cosθ
(1)

using the main intense XRD peak at ~25.2◦ (2θ). The average crystallite size of the nanopar-
ticles is determined to be 48 nm. The TiO2 nanoparticles showed 71.69% crystallinity. The
crystallinity of the synthesized TiO2 nanoparticles is calculated according to Nara Komya
methods using the following Equation [34].

Crystallinity (%) =
Area of crystalline peaks

Area of all peaks
× 100% (2)
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Figure 3. XRD patterns showing the anatase crystalline structure of the synthesized TiO2 nanoparticles.

3.1.2. Surface Morphology

High Resolution Transmission Electron Microscopy (HRTEM) analysis is performed
to get complementary information about the structural properties and surface morphology
of the TiO2 nanoparticles. The HRTEM imageries of the TiO2 nanoparticles is presented in
Figure 4a. The TiO2 nanoparticles displayed well-resolved lattice features and clear lattice
fringes. The distance between the two adjacent lattice planes of the TiO2 nanoparticle
was estimated by performing line analysis. From the distance between neighboring lattice
fringes as shown in the inset of Figure 4a, the lattice spacing of distance (d) is 0.352 nm,
which can be assigned to the inter-planar distance of the anatase (101) plane. This result
is consistent with XRD and confirms that the TiO2 nanoparticles are solely in the anatase
phase. The Transmission Electron Microscopy (TEM) image in Figure 4b confirmed that
the particles are well and truly nano-sized. The particle size distribution is estimated
by measuring the diameter of 500 randomly selected particles from magnified HRTEM
images using Image J software, developed by National Institutes of Health, Bethesda,
MD, USA. A similar approach for estimating the particle size has also been reported
by Yahaya et al. [35].The particle size distribution of the synthesized TiO2 nanoparticles
was calculated based on Gaussian fitting and is presented in Figure 4d. Most of the
nanoparticles were in the range of 80–160 nm, with an average particle size of 122 nm.
The HRTEM image shows that the particles are predominantly spherical in shape, with a
fraction of them spindle-shaped. The morphology of the TiO2 nanoparticles was further
investigated by FESEM. FESEM images were captured to obtain additional information on
the morphology of the synthesized TiO2 nanoparticles. An FESEM micrograph of the TiO2
nanoparticle is shown in Figure 4c, which confirms that the spherical shape of particles is
in good agreement with the HRTEM results.
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Figure 4. (a) High Resolution Transmission Electron Microscopy image (inset, result of line analysis),
(b) Transmission Electron Microscopy Image, (c) Field Emission Scanning Electron Microscopy image,
and (d) particle size distribution of the TiO2 nanoparticles.

3.2. ASP Emulsion Stability with and without TiO2 Nanoparticles

It has been reported previously [2,29,30] that ASP produces a highly stable emulsion
containing a residual oil-in-water phase which reduces separation efficiency because of the
smaller oil droplet size. The most stable emulsion of ASP is selected, and the effect of TiO2
nanoparticles on the stability of the emulsion is investigated. A specific amount (300 mg/L)
of TiO2 nanoparticles is added to the emulsion, and the stability is determined before and
after the addition of the nanoparticles. The results of light transmission and backscattering
of the ASP produced an emulsion with and without TiO2 nanoparticles are shown in
Figure 5a,b, respectively. As can be seen from Figure 5a, the water layer is small; the rag
layer is large in an ASP-produced emulsion without TiO2 nanoparticles. It is observed that
the water layer increased while that of the residual emulsion decreased in the presence of
TiO2 nanoparticles, as depicted in Figure 5b. Since TiO2 is intrinsically hydrophilic [36,37],
it thus attracted the water molecules. A comparison of Figure 5a,b revealed that the
light transmission has significantly increased in the presence of TiO2 nanoparticles. The
light transmission was as low as 50% without TiO2 nanoparticles (Figure 4a) and 68% in
the presence of TiO2 nanoparticles (Figure 5b). This can be attributed to the improved
coalescence action between the adjacent oil droplets and the improved behavior of o/w
interfacial film in the presence of TiO2 nanoparticles [38]. It can also be observed that
backscattering was significantly reduced in the presence of TiO2 nanoparticles. The results
indicate that the TiO2 nanoparticle has a significant effect on the o/w separation, which
is consistent with a previous study which reported that TiO2 composite material acts as a
promising de-emulsifier for o/w separation [39].
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Based on the sedimentation of the water phase and coalescence of the oil phase,
the separation of each phase was calculated. It is estimated that after 24 h, without
TiO2 nanoparticles, only 13% of the o/w separation is achieved, as shown in Figure 5c,
unlike previous studies by Ye et al. [39], where no oil droplet floatation was observed.
On the other hand, the o/w separation increased to 32% (Figure 5d) in the presence
of TiO2 nanoparticles, suggesting that the nanoparticles promote the o/w separation in
an ASP-produced emulsion. A 19% increase in oil/water separation in the presence of
TiO2 nanoparticles indicates that the stability of the ASP-produced emulsion considerably
decreased. Backscattering of light at 24 h intervals shows the final rag layer growth, which
is 15 mm and 26 mm with and without TiO2 nanoparticles, respectively. The measurement
of light scattering from the sample at 10 min interval shows that emulsion is physically
unstable in the presence of TiO2 nanoparticles. In contrast, the settlement of water is
detected at 1 h, which shows that the emulsion is stable without TiO2 nanoparticles. The
clarity of the separated water is 45% without TiO2 nanoparticles and 75% with TiO2
nanoparticles. In the presence of TiO2 nanoparticles, there is a significant positive effect on
o/w separation and the separated water clarity. The results of o/w separation, residual
emulsion layer, and rag layer formation are further visualized in Figure 6. It can be observed
that the water layer in ASP-produced emulsion is small, whereas the rag layer and the oil
layer are large without TiO2 nanoparticles. In contrast, the water layer increased while a
momentous decrease in rag layer growth is observed in the presence of TiO2 nanoparticles.
It can be concluded that the addition of TiO2 nanoparticles significantly improved the
o/w separation indicated by the higher transmission and low backscattering by the ASP
produced emulsion in Figure 4a,b.

Figure 6. Schematic diagram of the de-emulsification of ASP-produced emulsion without TiO2

nanoparticles and with TiO2 nanoparticles and water, rag, and oil layer formation.

3.3. Droplet Size and Zeta Potential of Emulsion with and without TiO2 Nanoparticle

In the following section, droplet size and zeta potential measurements of various
emulsions with and without TiO2 are presented. The median diameter of the oil droplet
before and after the addition of TiO2 nanoparticles is shown in Figure 7a,b, respectively.
Investigating the effect of TiO2 nanoparticles on the oil droplet size, 300 mg/L of TiO2
nanoparticles is added to the ASP-produced emulsion. An observable difference between
the water droplet size before and after the addition of TiO2 nanoparticles is visible, where
the water droplet size increased from 3 µm to 35 µm. It shows that as the alkali concen-
tration varied, the droplet size insignificantly increased from 3.51 µm to 5.59 µm, with
a standard deviation of 1.39 µm. In contrast, a significant increase in the droplet size is
recorded with the presence of TiO2 nanoparticles in the same compositions of emulsifiers
in the crude emulsion. The significant increase in the oil droplet size indicates that the
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ASP-produced emulsion had become unstable in the presence of TiO2 nanoparticles. There
is a flocculence of droplets resulting in the coalescence of water drops with a mean drop
size of 35 µm and a standard deviation of 4.06 µm. The results suggest that the emulsion
becomes unstable in the presence of TiO2 nanoparticles. Once TiO2 is added into the
emulsified oily wastewater, the coalescence behavior of the adjacent small oil droplets
takes place rapidly to form a big-sized oil droplet, as shown in Figure 7b. Thus, the oil
aggregation forms the micro-clusters and then the micro-clusters are aggregated quickly to
form macro clusters and float up to form the oil phase. Such findings indicate that the TiO2
acts as a de-emulsifier and improves the coalescence ability of adjacent small oil droplets
in the emulsified oily wastewater when they contact each other.

Figure 7. Cross polarized microscope (CPM) images of emulsions with and without TiO2 nanopar-
ticles; (a) CPM image of emulsion in the presence of Alkali: 500; Surfactant: 400 ppm; Polymer:
600 ppm; (b) CPM image of emulsion in the presence of Alkali: 500; Surfactant: 400 ppm; Polymer:
600 ppm and TiO2 nanoparticles.

A similar trend of zeta potential was also noticed and in the presence of TiO2 nanopar-
ticles, and the droplet zeta potential is in the unstable emulsion range as shown in Figure 8b.
The zeta potential of the emulsion before the addition of TiO2 nanoparticles was −13 mV,
which suggests that the water droplets have a greater electrostatic repulsion. It has been
reported elsewhere that the greater the electrostatic repulsion, the slimmer the possibility
of the coalescence between the oil droplets [40].

Figure 8. Droplet size and zeta potential before and after treatment with TiO2 (a) Mean drop size
of 5 and 35 µm determined with a cross-polarized microscope at various ASP concentrations and
40% water cut with and without TiO2, respectively. (b) Droplets Zeta Potential (attraction force) at
various ASP concentrations and 40% water cut with and without TiO2.
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The present study shows that the zeta potential remains almost the same in the range
of 500 to 1000 ppm of alkali. Likewise, an earlier study also showed that the zeta potential
of the droplets increases after 800 ppm of alkali [41]. With the increasing polymer, the
zeta potential ranges significantly from −20 mv to −35 mv and remains the same at
the high water cut [42]. Importantly, when the TiO2 nanoparticles were added to the
emulsion, the zeta potential of the residual emulsion increases to −7 mV, which indicates
the charge neutralization in the system and is advantageous for better o/w separation
in the emulsion. TiO2 nanoparticles shrink the electrostatic repulsion obstacle in the
ASP-produced emulsion, improving the oil droplets’ chances of coalescing easily.

3.4. De-Stabilization of Emulsion

The plausible mechanism of the o/w separation in the presence of TiO2 nanoparticles
can be explained based on the literature. The addition of TiO2 nanoparticles to the ASP-
produced emulsion reduces the surface tension, making the oil droplets move to the
hydrophilic surface of the TiO2. In this way, many oil molecules can be trapped on the
surface of TiO2 [43], and the water droplet is destabilized due to a decrease in the strength
of the interfacial film. Simultaneously, the TiO2 has neutralized the charge present on the
surface of the water drop, resulting in the reduction of the repulsive forces between them
and promoting their coalescence. Neutralization of the charge by TiO2 flocculants govern
the de-emulsification of water drops and their aggregate formation. The small oil droplets
stick together to form larger droplets, resulting in their separation by the gravitational
force. Afterwards, in the presence of TiO2 nanoparticles, the residual oil separates from
the water phase, which is in good agreement with the previous studies [44]. Based on the
previous literature, it can be inferred that the small emulsified droplets were captured,
coalesced and detached, which turned the emulsified o/w mixture into a stratified one in
the presence of TiO2 nanoparticles [45]. It can be concluded that since TiO2 is hydrophilic,
it selectively adsorbs water from the o/w mixture, thus increasing the o/w separation. This
consideration is supported by an earlier study, which confirmed that emulsified droplets in
the continuous phase coalesce readily on favorable hydrophilic surfaces such as TiO2 [46].
It was also reported that two droplets coalesce easily on a hydrophilic surface within 20 s.
Because, in the present work, the TiO2 nanoparticles are studied in a dispersed form, it is
difficult to measure the contact angle to determine the degree of hydrophilicity. To quantify
the degree of hydrophilicity and its effect on o/w separation, the TiO2 nanoparticles need
to be coated on a substrate to make the contact angle measurements possible. Future
work is necessary to confirm the exact mechanism of o/w separation in the presence of
TiO2 nanoparticles, proposed here, by measuring the contact angle. ASP-produced water
contains a large amount of inorganic salts, which shield the electrostatic repulsion between
the surfactant ion head groups [47]. After the surfactant is removed from the oil and water
interface, it goes to the water phase and various techniques are being used to remove the
surfactant from the separated water phase [48].

4. Conclusions

The present study investigated the impact of TiO2 nanoparticles on the de-stabilization
of enhanced oil recovery (EOR) which produced a stable emulsion. The anatase phase
TiO2 nanoparticles with spherical morphology and an average particle size of 122 nm is
synthesized via the chemical precipitation technique. The addition of TiO2 nanoparticles
has a profound impact on o/w separation in an ASP-produced stable emulsion. The light
transmission and backscattering measurements reveal enhanced o/w separation in an
ASP-produced stable emulsion in the presence of TiO2 nanoparticles, while only flooding
of ASP emulsion resulted in a lower o/w separation. The light transmission was enhanced
from 50% to 68% without and in the presence of TiO2 nanoparticles, respectively. The
o/w separation was only 13% without TiO2 nanoparticles, while an increment of 19% is
achieved in the presence of TiO2 nanoparticles. This can be attributed to the improved
coalescence action between the adjacent oil droplets and the improved behavior of the
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oil/water interfacial film in the presence of TiO2 nanoparticles. A clearly observable
difference was found between the water droplet size before and after the addition of
TiO2 nanoparticles, where the water droplet size was increased from 3 µm to 35 µm. A
similar trend of zeta potential has been noticed, showing that, with the presence of TiO2
nanoparticles, the droplet zeta potential is in the unstable emulsion range. The emulsion’s
zeta potential before the addition of TiO2 nanoparticles was −13 mV, which suggests that
the oil droplets have a higher electrostatic repulsion. The results indicate a significant
impact of TiO2 nanoparticles on the stability of ASP-produced emulsion, and the addition
of TiO2 nanoparticles considerably destabilized the emulsion. The TiO2 has contributed as
flocculants that govern the de-emulsification of water droplets by charge neutralization.
Future study is recommended to investigate the effect of particle size and morphology of
TiO2 nanoparticles on the destabilization of the EOR-produced emulsion.
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