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ABSTRACT

Qil production from oil reservoirs containing oil in water (O/W) and water in oil (W/O) emulsions
has always been accompanied by some problems. The increase in apparent viscosity of the oil,
pore throats blockage, and consequently, the increased rate of pressure drop are among these
problems. Investigating the behavior of this type of oil in the porous medium can help to understand
the problem. Although metal oxide nanoparticles can increase the oil recovery and therefore
improve the performance of reservoirs, they can result in the formation of W/O emulsions, due
to their potential properties. In this study, the formation and stability of the emulsion were first
evaluated and then the nanofluids were injected into a carbonate sand pack. Tests were conducted
in the ambient condition. The amount of produced oil in the presence of three nanoparticles
consist of TiO,, SiO,, and Fe,O, has been investigated. Moreover, the effect of water injection on
the system containing emulsions created by both different ions present in the seawater and iron
oxide nanoparticles has been investigated. The results show that the iron oxide nanoparticles cause

high-pressure oscillations by forming more stable emulsions in the porous media.
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INTRODUCTION

Among Enhanced Oil Recovery (EOR) methods,
emulsions are used as high viscosity fluids [1-
3]. These fluids improve piston-like movement
of injected fluid in two-phase flow systems [4].
Actually, water in oil emulsions can be formed
in different cases: during water injection and/or
water-based chemical EOR processes, due to the
presence of asphaltenes and naphthenic acids in
the oil, and during the water injection process in
the presence of a surfactant and alkaline [3, 5-6].
Although emulsions have been noticed for the EOR
processes, they can reduce the oil recovery due to
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the blockage of the pore throats, which mainly
results from their instability and type shifting
(changing from water in oil to oil in water emulsion
and vice versa) [7-8]. Reservoirs with water in oil
emulsions may be stabilized under a thin film
that surrounds the water droplets. The film can
be created by asphaltenes exist in the crude oil
[10]. In the presence of asphaltene, the interfacial
tension between water and oil decreases, indicating
that asphaltene adsorption on the surface and
formation of the three-dimensional film, slows
down the accumulation of water droplets [11].
Interfacial tension between crude oil and formation
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water depends on different parameters, including
salt type and quantity, the presence of surfactants
and other chemicals such as nanoparticles in
the system [12-15]. In addition, emulsions can
be formed spontaneously in hydrocarbons with
special compounds [16]. The reaction between
acidic and alkalic components of the crude oil
produces surfactant on the interface between water
and oil [16-17]. This in-situ formed surfactant
enclose spread phase with a strong interfacial film
and helps the formation and stabilization of the
emulsion [18-20].

Emulsions are classified according to different
criteria. In traditional form, the emulsion is
composed of two immiscible phases, including
water and oil, wherein one of them is considered
as a dispersed phase [21-23]. To be detailed, the
dispersed phase usually refers to the internal
phase, whereas the continuous phase is external.
Depending on which phase is dispersed, emulsions
with different physical characteristics are formed
[24-26]. Emulsions are generally formed by the
electric repulsion between the particles dispersed in
the continuous phase, or by a film of the continuous
phase which prevents dispersed droplets from
interacting and accumulation. In this regard, the
stability of the emulsions is reduced by decreasing
the capacity of the film that formed by the crude oil.
The addition of acid, base, surfactant, and salt can
minimize the film thickness and alter its physical
properties [27-31].

Injection of nanofluids into the oil reservoirs
is one of the EOR techniques that have recently
attracted great attention [32]. This attraction mainly
results from their physical properties that improve
production from oil reservoirs [33]. Nanoparticles
improve the oil production by changing the rock
wettability, reduce interfacial tension between oil
and water, and oil viscosity, and also asphaltene
precipitation. On the other hand, because of the
absorption characteristics and the surface-to-
volume ratio of nanoparticles, they are also able to
form and stabilize the emulsions [34-37].

As described, the study of the formation
and stability of emulsions in the presence of
nanoparticles is of particular importance, which
has been investigated by many researchers.

Mansah et al. (2013) examined the effect of
aluminum (IIT) and copper (II) oxide nanoparticles
on the stability of emulsions. They concluded that
the stability of emulsions reduces with the presence
of hydrophilic nanoparticles in the system and, as a
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result, the water and oil separation would be easier
[38].

Al Otaibi et al. (2013) concluded that the
emulsion of carbon dioxide, nanoparticles, and
water is stable. They also reported that the most
dominant parameters in the stability of the
emulsions are the nanoparticles concentration and
volume fraction of water [39].

Amarfio et al. (2012) examined the effect of
nanoparticles on the stability of emulsions at
reservoir conditions. They concluded that surface
charges are important for the stability of the
emulsions and, for this purpose, the pH adjustment
of the solution seems to be necessary [40].

Pi et al. (2015) investigated the increase in the
stability of emulsions by adding nanoparticles in
the glass micro-model experiments. Their results
showed that nanoparticles have the potential
to increase the thickness of the emulsion layer
and improve the mobility ratio. Heavy oil is also
emulsified during the injection of stabilized
emulsions with surfactants and nanoparticles. They
stated that such emulsions, which were stabilized
by nanoparticles and surfactants, would produce
40% of the original oil in place during the EOR
process [41].

Kim et al. (2016) measured the amount of oil in
brine emulsification by using silica nanoparticles
and four types of surfactants (cationic, anionic,
bipolar ion, and nonionic). They concluded that
despite the low cost of providing such emulsions,
they are very efficient [42].

Griffith et al. (2016) studied the effect of mineral
oil production during the injection of pentane
in water emulsions, which were stabilized by
nanoparticles and surfactants. During the core
flooding experiments, they concluded that up to
82% of the original oil in place would be produced
in this way [43].

In this study, a mechanistic investigation of
three metal oxide nanoparticles (ceramic) and their
effect on the improvement of the oil production
from reservoirs has been discussed. In this regard,
first, the formation and stability of the emulsions
in the presence of nanoparticles were evaluated
under static conditions. Then, the variations in the
pressure difference between the inlet and outlet
of the carbonate sand pack were investigated by a
series of nanofluid injections. Finally, the end, the
formation and stability of the emulsions during
nanofluid injection were analyzed by monitoring
the pressure fluctuations.
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MATERIALS AND METHODS
Materials
Seawater, Oil, Formation Water

The crude oil used in this research belongs to
one of the Iranian oil reservoirs with 21 °API and
7% asphaltene content. The composition and SARA
analysis of the crude oil are presented in Table 1
and Fig. 1, respectively.

The formation water used in saturation process
was synthesized in the laboratory according to
the analytical results (Table 2) obtained from the
reservoir brine. Moreover, the seawater of the
Persian Gulf was used for water injection as a
secondary method (Table 3).

Metal Oxide Nanoparticles
Titania Nanoparticles

All the features have been noticed for Titanium
dioxide are also observed in titanium oxide
nanoparticles. However, the nano-sized titanium
oxide is more effective and efficient due to the smaller
size and therefore the higher surface to volume ratio.
In fact, when the size of the TiO, particles decreases
to nano-scale, their photocatalytic activity increases
due to the increase in the effective surface area of
the particles. Generally, the TiO, nanoparticle is
chemically stable and inexpensive. The results on
light radiation of this nanoparticle have shown that
the cavities produced are highly oxidizing. The SEM
analysis and further properties of this nanoparticle
are presented in Fig. 2 and Table 4, respectively.

Silica Nanoparticles

Modified Silica nanoparticles are very effective in
the formation of oil in water emulsions and carbon
dioxide in water foams. The foams produced in this
way are even stable at 95 °C and salinity of up to

= Saturates = Aromatics Resins = Asphaltenes
Fig. 1: SARA analysis of the crude oil.

Fig. 2: SEM analysis of the Titanium oxide nanoparticles

10%. The SEM analysis and further properties of
this nanoparticle are presented in Fig. 3 and Table
5, respectively.

Table 1: Compositional analysis of the crude oil

Components C> C; iCs nCs iCs

C C, C Co Ciww Cun  Cuox

Mole % 049 0.73 047 094 0.55 0.55 7.64 6.18 544 490 471 4.14 63.26
Table 2: Reservoir brine analysis
Tons Na' +K* HCO3 Ca* Mg* Cl SO*
ppm 68737 989 7400 1575 122945 423
Table 3: Sea water analysis
Ions Na* HCO* Ca* Mg* Cl K* SO.>

ppm 18780 229 1250

1500 302 727 3360

J. Water Environ. Nanotechnol., 3(3): 207-218 Summer 2018
[D)esr |

209




AR. Kazemi Abadshapoori et al. / Effective parameters on water injection performance in the presence of nanofluids

Iron Oxide Nanoparticles

The most important feature of this nanoparticle
is that it can noticeably reduce the interfacial
tension between oil and water, especially at high
pressures [44]. The SEM analysis and detailed
properties of this nanoparticle are shown in Fig. 4
and Table 6.

Methods
Formation and Static Stability of Various Solutions
Phase separation in emulsions is affected by the
thermodynamics of the system. When the oil and
water form two separate phases, the free energy
of the system and also the interface between them
decreases. Most emulsions are naturally unstable
in terms of thermodynamics, that means they
tend to be separated into two distinctive phases
over time due to high interfacial tension. From the
thermodynamic point of view, Gibbs free energy is
the main criterion for evaluation of the spontaneity
of the process, as follows:

AGfo™ = AAy,, — TASf (1)

where AG®™ is the variations in Gibbs free
energy, AA is the surface variations, y , is surface
tension, T is the temperature, and AS“" stands for
the variations in the configuration entropy.

The rheological properties of emulsions,
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Fig. 3: SEM analysis of Silica Nanoparticles

Table 4: properties of titania nanoparticle

Table 5: properties of Silica nanoparticle

including stability, depend on various factors such
as particle size distribution, surface film strength,
average particle size, and other characteristics that
change with time. Changes in the microstructures
of the emulsion are expressed in terms of
interactions between the droplets and consequently
stability. Ostwald ripening is the deposition process
of smaller particles onto the larger ones in the solid,
liquid and gas systems. Crystal growth, which is the
growth of the average particle size, is accompanied
by the consumption of small particles in the system.
These small particles first dwindle and eventually
disappear. In the absence of any stabilizer, the
emulsion becomes unstable with aggregation,
coalescence, Ostwald ripening, or a combination of
these processes.

In the preparation step, solutions containing 30
vol.% water and 70 vol.% oil were mixed with 0.1
wt.% of various nanoparticles and seawater.

First, the nanoparticles dispersed in aqueous
solution using Ultrasonic Probe DA UP-400.
Then the oil was added to the nanofluid and
shaked with 250 rpm rate for 24 hours. To
investigate the dispersion rate of water droplets
in the oil phase, a sample of each emulsion was
monitored by a high magnification camera. Fig.
5 shows the distribution of water droplets in the
oil phase in one of the stability tests. Finally, the
number of dispersed water droplets in different

Fig. 4: SEM analysis of the iron oxide nanoparticles

Table 6: properties of iron oxide nanoparticle

Purity 99.9+% Purity 99+% Purity +98 %
APS 30 nm APS 20-30nm APS 20- 30 nm
SSA ~35-60m?/g SSA 180-600m?/g SSA 60-40 m?/g

Color White Color White Color Dark Brown

Morphology Spherical Morphology Spherical Morphology Spherical
True density 423 g/em’ True density 24 g/cm’ True density 5.1-4.8 g/cm’
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sizes were calculated by the software. Images
were taken from different locations of the sample
and the outlier data were removed for accurate
analysis. If the emulsion shows a weak stability
and obtained data shows variation in water
droplet distribution, these data will be averaged
and analyzed by integration. Fig. 5a is a picture
from the high magnification camera that is taken
as input to the image analysis Image] software.
The method is based on the conversion of the
image into an 8-bit image and then elimination of
image fluctuations with the Image] software. Fig.
5 shows the two-step analysis of a typical image.
The procedure begins with the conversion of the
raw picture (Fig. 5a) to an 8-bit picture by the
software and the elimination of the outlier points
within the image (Fig. 5b). A droplet circularity
of 0.9 to 1 in the setting of the software was then
adopted for more accurate analysis. Fig. 5¢ shows

the final analyzed picture as the output of the
software accompanied by a histogram graph and
an excel file containing the number and area of
droplets.

Carbonate Sand Pack Flooding

The sand pack preparation process was based
on the filling of a high pressure-high temperature
(HP-HT) steel cylinder with calcite grains and
subsequently the compaction of them in the
cylinder. The purity and particle size of the calcite
grains were 99% and <100 microns, respectively.
The permeability and porosity of the porous
medium were measured as ~3.45 Darcy and ~40%,
respectively.

In order to simulate the injection of fluid into
the reservoir, the sand pack flooding experiment
was conducted, which is schematically illustrated
in Fig. 6. The amount of oil recovery, as well as the
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Fig. 5: The procedure of analyzing the emulsion by the Image]J software:
(a) input raw picture, (b) converted 8-bit picture, and (c) ultimate analyzed picture.
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Fig. 6: Schematic view of the sand pack flooding setup used in this experiment
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pressure drop of the system, was recorded during
the injection of nanofluids into the system, which
both were then used for evaluation of the formation
and stability of the emulsions during the nanofluid
injection.

RESULTS AND DISCUSSION

Static Evaluation of Formation and Stability of Emulsions
As noted earlier, solutions containing 30 vol. %

water and 70 vol. % oil was mixed with the different

nanoparticles. Fig. 7 shows the microscopic views of

Sea Water

FesOas

Nanoparticle

TiO2

Nanoparticle

SiO2

Nanoparticle

Nanoparticle Microscopic views of emulsion samples

Fig. 7: Microscopic views of emulsion samples
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emulsion samples for different solutions containing
nanoparticles.

It is observed in Fig. 7 that the fluid with iron
oxide nanoparticles has more distributed water
droplets in the oil phase. The number of small
droplets in the emulsion is a good indicator of
emulsion stability.

The formation of a stable emulsion depends on
the free energy variations, which is associated with
the transfer of solid particles from the continuous
phase to the dispersed droplets. If free energy
variations are negative, emulsion formation is
spontaneous. According to the thermodynamic
analysis carried out on the transfer of an oil
droplet into the water droplet, it was observed
that only hydrophilic particles with a contact
angle of <90° can be transferred. In real systems,
the particles accumulate at the interface of oil
and water and contribute to the stability of the
droplets. Nanoparticles, due to their physical
properties, such as high adsorption and surface-

to-volume ratio, can stabilize the emulsions by
aggregation on the interface between water and
oil [45]. In this regard, iron oxide nanoparticles
have three outstanding features that can increase
the formation and stability of emulsions. These
nanoparticles quickly adsorb the formed droplets
during homogenization, reduce interfacial tension,
and form a firm layer that prevents the droplets
from accumulation.

Carbonate Sand Pack Flooding

As described earlier, the saturation process was
based on the injection of formation water and
then the crude oil into the carbonate sand pack
with a rate of 1 ml/min. Fig. 8 shows the pressure
variations between the inlet and outlet of the sand
pack during the oil injection.

As it is shown in Fig. 9, the pressure drop in
the system is reduced to 2.9 psi over a 150-minute
injection of titanium nanofluids. The maximum
differential pressure in the system is related to
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Fig. 8: Pressure drop between the inlet and outlet of the sand pack during oil injection.
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Fig. 9: Pressure variations in the system versus time during nanofluid and seawater injection
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seawater, which is decreased to 7.7 psi after the
140-minute injection. According to the results,
emulsion with iron oxide nanoparticles was the
most stable among the samples. According to
previous studies, the reduction of asphaltene
precipitation in the presence of iron oxide
nanoparticles is as high as possible. On the other
hand, titanium oxide nanofluid reduces the
capillary pressure, and consequently, decreases the
pressure drop in the system by altering wettability
to water-wet condition, as well as the sharp
decrease in interfacial tension. Therefore, total oil
recovery is the result of all mechanisms related to
the formation and stability of the emulsion.

O/W emulsion improves oil recovery through
two possible mechanisms:

1. Oil droplets deviate from the flow path to
another path by closing the pores and subsequently
improve the oil recovery.

2. Dispersed oil is produced along with the
aqueous phase. Water in oil emulsion can produce
oil by closing the water channels, which is due to its
high viscosity.

Given the concept of Ganglia Dynamics, the
movement of trapped emulsion droplets in the
pore throats is required a critical capillary force
[45]. As viscous forces are enlarged by the flow
of continuous fluid, sufficient force is provided
to overcome this capillary force. The force that
drives the oil droplets is called the critical capillary
force. Below the critical point, trapped oil droplet
deviates the flow path and improves sweep
efficiency [45]. During the injection of iron oxide
nanofluid, intense fluctuations have been observed
in pressure difference in the system. In fact,
pressure fluctuations indicate the blockage of the
pore throats. This blockage requires enough forces
to overcome the high capillary force. Therefore, it is
clear that high-pressure fluctuations are observed
following oil trapping and its release.

Generally, the emulsification process depends
on the interfacial tension between water and
oil. The less interfacial tension, the easier the
process. Acidic components in crude oil cause
low interfacial tension and, as a result, facilitate
the emulsification process. On the other hand, the
presence of asphaltenes in the crude oil increases
the stability of the water and oil film, as well as the
stability of the emulsion, which is mainly due to
their surface activity properties that result in the
deposition of them on the interface. The extracted
oil exposure with nanoparticles at the interface
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between water and oil will not easily form the
emulsion, because the interfacial tension between
nanofluid and this type of oil is relatively high [46].
Interfacial tension reaches its minimum in a specific
range of nanoparticle concentration [47]. When
nanoparticles concentration is outside this range,
interfacial tension increases sharply. Therefore, in
order to select the optimum concentration, different
factors, including the nature of oil, nanoparticle,
the water phase, and salinity, should be considered.

Most of the reservoir rocks are calcite and
strongly oil-wet. As a consequence, wettability
alteration is a good treatment in oil production
from these types of reservoirs. The stability of water
boundaries on the water-oil-rock interface is an
important factor in determining the reservoir rock
wettability. The pH of connate water in carbonate
reservoirs is typically basic and is ~8. Carboxylic
groups in crude oil act as surface active agents
on the interface, which are expressed with the
acid number. This number is determined by the
titration of crude oil with potassium hydroxide.
Generally, connate water has a high concentration
of calcium and a few ions affecting the interface
with a negative charge. As a result, the carbonate
surface has a positive charge and the water film
between rock and oil will be unstable due to the
negative dispensing pressure. The oil then exposed
with carbonate surface and the carboxylic particles
in the oil adsorb onto the rock surface, which
leads to the more oil-wet condition. The particles
inside the fluid have a surface charge and are
always surrounded by a high concentration of ions
with opposite charge. Therefore, an extra layer of
this surface surrounds the particle and creates
an additional layer around it. When the particle
moves inside the fluid, the surrounding layer also
moves with the particle. It is possible to imagine a
hypothetical distance between the particle and the
fluid medium, i. e., this supposed distance is the
same layer that surrounds the particle. This distance
is called the potential hydrodynamic distance that
generates Zeta potential [46-47].

Charges on the interface of water-based
nanofluid-oil and water-based nanofluid-rock
are the key elements controlling the stability of
the water film between oil and water. A stable and
thick water film enclosed between two surfaces
results in a water-wet surface. Unlikely, unstable
thin water film will alter the wettability of the rock
toward the more oil-wet condition. Therefore, the
rock wettability is dependent on the sign and the
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magnitude of the electric charges on two interfaces,
which is based on the attraction or repulsion
electrostatic forces between the surface of brine—
oil, and also brine-rock. The carbonate rock,
especially the calcite, has a positive charge due to the
presence of calcium ions. Crude oil contains polar
compounds such as negatively-charged carboxylic
groups [48]. Over time, the oil pushes water from
carbonate surface which results in the deposition
of carboxylic particles on the rock surface and thus,
the wettability alters toward the oil-wet condition.
Nanofluid injection returns this process to initial
condition nearly and results in a reduction of oil-
wetting condition due to the separation of oil from
the rock surface. This process is carried out by
nanoparticles in the water.

Water Flooding Followed by Emulsion Flooding

Water in oil emulsion was prepared freshly
before the carbonate sand pack flooding. As
described earlier, these emulsions were prepared
by three mentioned nanoparticles and seawater.
At first, the porous medium was saturated with
formation water and then it was injected with
emulsion. The injection rate of the emulsion was
considered as 0.2 ml/min. Emulsion injection after
water saturation was carried out in order to reach
irreducible water saturation in the porous medium.
Fig. 10 shows the pressure drop inside the sand
pack during the seawater injection that was carried
out after the emulsion injection.

As indicated in Fig. 10, it can be observed for
all emulsions that pressure drop increases until
the breakthrough and then decreases with some
fluctuations, while, there was no fluctuation before
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the breakthrough. In fact, before the breakthrough,
water in oil emulsion is only formed at the last
section of the sand pack, which governs the
system’s pressure drop and requires a high-pressure
drop for movement in the porous medium. As the
saturation of injected water increases, the relative
permeability of water in oil emulsion decreases.
For this system, emulsion’s relative permeability
reduction overcome the increase in water
saturation, which has a much lower viscosity and
requires a higher pressure drop for movement. The
maximum pressure drop occurs at the breakthrough
where the injected water phase extends a dispersed
path which results in the reduction of the pressure
drop with considerable fluctuations. After the
injection of one pore volume, the pressure drop
fluctuates around a stabilized pressure. Emulsion
viscosity and interfacial tension are not expected
to affect the fluid flow behavior significantly [49].
Therefore, in those solutions containing larger
droplets, the emulsion droplets trap easily in the
pore throats, which causes a higher pressure drop.
In fact, in the injection of iron oxide nanofluid
(with a considerable number of large droplets),
there are a number of droplets that tend to be in
bulk or conjoined form. The formation of larger
droplets can restrict more pore throats in the
porous medium. Various factors increase pressure
drop in a porous medium. In the nanofluid
injection scenario, an increase in pressure drop
occurs due to the formation of W/O emulsion. The
emulsion formed by the presence of the iron oxide
nanoparticles closes the throat. Pore throat closure
causes an increase in pressure. If oil finds no way
to produce, the pressure drop will increase steadily.
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Fig. 10: Pressure flocculation in the system after emulsion flooding containing iron oxide nanoparticles in the seawater
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After about 200 minutes in the nanofluid injection
scenario W/O emulsion is trapped and as a result,
the pressure drop increases.

Interfacial tension is also a fundamental factor
thatinfluences pressure drop and oil recovery during
emulsion flooding. As Alvardo et al. reported, oil
and water elasticity decrease with the increase of
brine salinity during water flooding. On the other
hand, interfacial elasticity reduces the chance of oil
trapping by snap-off mechanism, which reduces
pressure fluctuations. In this situation, the surface
continuity increases considerably, which leads
to easy movement of the oil. Therefore, during
seawater injection into a seawater-based emulsion,
the pressure drop in the sand pack is far less. The
emulsion consisting of iron oxide nanoparticles has
a higher pressure drop at breakthrough because it
has more emulsion droplets and also larger droplets.
Therefore, oil droplet trapping is much more than
that of seawater emulsion. It should be noted that
at the end of flooding, some throats that are full of
water in oil emulsion, are bypassed by brine and
remains a residual emulsion in the pore throats.
Therefore, S__is the residual emulsion saturation.

CONCLUSION
According to the results obtained from the

experiments, the following conclusions can be

drawn:

o The effect of the emulsion drops size distribution
(more precisely, the emulsion drop size to
pore size ratio) is expected to be the dominant
mechanism of oil recovery in the presence of
emulsion in the porous medium.

e The formation and stability of the emulsion
are the highest in the presence of iron oxide
nanoparticles, considering the injection of
nanofluid with high rate into the sand pack,
emulsion formation, and stability will be
expected. Experiments on the formation and
stability of various injected fluids are as follows:
Fe,O, > Seawater > TiO, > SiO,

¢ In addition to the formation and stability of the
emulsion, the degree of wettability alteration and
asphaltene precipitation changes the oil recovery.
Titanium oxide nanoparticles remove the oil film
from the rock surface and alter the wettability
by overcoming the disjoining pressure. The oil
recovery is improved as a result of a more water-
wet condition induced by nanoparticles. That’s
why each of the nanoparticles had a different
performance.
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NOMENCLATURE
AG™:  Gibbs free energy changes
AA: Surface changes

V. Surface tension

T: Temperature

AS . Structural Entropy
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