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Abstract: EOR is a process that helps maximize recoverable oil reserves, extend field life and increase recovery
rates, and is an important tool for companies to maintain production and increase return on investment. In this
article, the performance of nanoclay on aqueous phase viscosity, wettability, and recycled oil in core
fluidization in polyacrylamide nanofluid has been investigated in different experiments and EOR. We have
used polymers due to the properties of polymers in increasing rheology and effective mobility and controlling
stability and variability to resume growth oil in nanofluids. Adding 5% by weight of salt to polymer-clay
nanofluid has also been investigated in samples comparable to pure nano clay without salt. The viscosity of
this suspension increases by about 50% by adding a certain amount of salt. If the same amount of salt is added
to the polymer diluent, the viscosity decreases drastically. The results of the wettability test also show that clay
has a better potential to change the wettability in the tendency to salt. In core fluidization tests, the highest
efficiency of 30% was obtained in the third recycling in the combination of clay nanoparticles and sulfone
copolymer. The highest efficiency was obtained in the third scenario in core fluidization tests, that is; A
combination of resin nanoparticles and sulfone copolymer. Their detailed behavior in the characteristics of
wettability, rheology, and core fluidization is analyzed in this article.
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Introduction

Today, oil and gas are considered the most vital human need, and the process of producing and
extracting optimal fluid from hydrocarbon reservoirs is one of the concerns of the current world in
the field of fuel supply. However, considering the limitation of gas and oil resources in the vail and
the limited ability of humans to explore, produce, exploitation of hydrocarbon resources, the need to
develop new technologies in the direction of scientific development and extraction and production
[1]. Nanotechnology is increasingly influencing all sectors of industry. Nanotechnology can be used
to increase the development of gas and oil resources. Nanotechnology is used to alter the function of
drilling, and producing oil and gas, and also makes it simple to separate the oil and gas in the tank
[2]. Nanofluids have the capacity and potential to create transformative changes in various scopes of
industries likewise exploration and extraction, drilling, production, and increased yield [1,2]. The
realization of special and desirable structures of supramolecular nanofluids can be done with the help
of precise changes in the macroscopic parameters of the system such as the composition of the system.
Phase changes in the preparedness of nanofluids strongly modify the macroscopic virtues of the
nanofluid mass [1,2]. nanofluids have thermophysical virtues in contrast to heat transfer factors [3].
They improve established dissolution methods and completely remove foreign materials from
reservoir surfaces and tubing surfaces instead of fixed dissolution methods alone that can transfer
near-wellbore damage into the reservoir [4].

The addition of specific nanoparticles (NPs) to injection solutions can significantly improve oil
recovery (EOR), with benefits such as wettability periodicity, changes in fluid properties, improved
mobility of trapped oil, increased sand integrity, and reduced interfacial tension (IFT) [5]. Polymers
enhance the viscosity of the injected liquid. Polyacrylamide and hydrolyzed polyacrylamide are
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among the polymers that are known as mobility improvers [6]. They do not agree with vast
temperatures and intense concentrations of salt environments. owing to hydrolysis and thermal
decadence, their use is limited in such conditions [6]. They move inside the pore network of the
reservoir forth reducing the permeability [6,7,8]. The amount of polymer absorption on the stone
surface decreases in the presence of nanoparticles. Polymer nanocomposites show better thermal
stability and salt tolerance than pure samples. So far, by using polymerization methods, various
nanocomposites containing nanoparticles have been synthesized by linking a polymer chain to a
polymer chain on the area of a nanoscale particle. Yi showed that water-soluble silica-polymer
nanoparticle composites are thermally stable and have better transportability in porous media [9, 10].

Synthesis of Polymeric Nanofluid

There are two methods to synthesize polymer nanofluids in EOR. It is called the chemical bond
of polymer on the area of PGN nanoparticles, and PNS is a hybrid that is formed by mixing
nanoparticles and a polymer solution.

PGN synthesis is complex, and because of the kinds of polyelectrolytes availed, it shows more
performance than PNS. Polyelectrolyte makes PGN nanoparticles not sensitive to the assault of
cations in salts and creates freedom of movement in the macromolecular structure.

A Mechanism for Polymeric Nanofluid Applications in EOR

The energy industry faces many challenges and problems in its various sectors in the
manufacturing of required materials and tools and the design of safe methods and operations. In
recent years, nanotechnologies have possessed great notice in providing methods to solve such
problems. The need for methods of increasing oil extraction from producing reservoirs is undeniable,
which seems very vital to respond to the worldwide requisition for energy considering the decrease
in the number of fields being discovered worldwide. Many of the fields are in the final stages of their
production, and this is while about two-thirds of the oil is in the reservoirs with the help of normal
methods. The product cannot be withdrawn [1,11]

Nanomaterials increase endurance and lower absorption. They change the wettability in the
pores of the rock and improve the rheology of the polymer [8,12].

Polymeric Nanofluids

Nanotechnology is beneficial in various industries such as nanofluids, nanocatalysts, and
nanoemulsions to enhance extraction, but in this article, as shown in Figure 1, we will examine
nanofluids in increasing extraction. Nanotechnology is a possible solution to solve most problems.

Polymeric nanofluids are used due to increase rheological stability and dynamic control,
reducing polymer absorption, changing wettability.
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Figure 1. Application of Nanofluids in EOR [6].

Materials

In this research, clay nanoplates, which are hydrophilic in nature, are used. These nanoplates
are commercially prepared by Pishgaman Nano Materials Iranian Company. Table 1 shows some of
the specification of the mentioned nanosheets.. A type of acrylamide polymer made by a German
company is also used to make polymer nanocomposites. Table 2 displays the technological
characteristics of the polymer.

Table 1. characteries of nano clay.

powder color specific surface density (gr/cc) The thickness of the
(m?/gr) plates
yellow 220-250 0.6 2-5nm

Table 2. Properties of polymer used to make polymer nanocomposite.

Brand Type of polymer Molecular Weight

AN132 Acrylamide 8 million Daltons

Also, in this research, crude oil from the Kozhdami Formation of the Azadegan field was used,
whose specifications are:
Temperature=25°C
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Viscosity = 11 cP

Density=0.780 gr/cc

A carbonate sample with an approximate length of 10 cm and a diameter of 3.5 cm was used as
a porous sample in conducting core fluidization experiments. The considered sample has a porosity
and permeability of about 20% and 300 millidarcys.

Preparation of Clay Nanofluid

The optimum concentration of 1000 ppm of ross nanoparticles was selected and applied. This
optimal concentration has been provided by extensive research for various nanoparticles. To prepare
the nanofluid of clay in the introduced dose, a certain amount of nano clay powder should be added
to distilled water. Therefore, the mass of nanoparticles for the desired concentration is measured
using a scale and a magnetic stirrer.

It was dispersed in distilled water at 200 rpm. The gathered nanofluid was exposed to
ultrasound radiation with a frequency of 20 kHz for two hours. One hour was placed with an
ultrasonic probe and one hour was placed inside an ultrasonic bath to completely disperse in the
aqueous stage. A certain content of sodium chloride salt of 50000ppm was stepped up to the
nanofluid and it was exposed to ultrasound radiation for another two hours. The reason for choosing
such an amount of salt was to minimize the possible instability of nanoparticles.

Preparation of Polymer Solution and Nanocomposite of Polymer and Clay

Polymer solution (3000ppm) was accumulated by dissolving some polymer in salt water
(50000ppm sodium chloride) with the help of a magnetic stirrer. After that, to prepare resin
nanocomposite, resin nanofluid was added to the polymer solution and mixed slowly for 30 minutes.

Nano Clay on Wettability

There are two approaches to determining the conclusion of nano clay on rock wettability. First,
after measuring the primary tangency angle, the rock sample is soggy in a nanofluid. By measuring
a difference in contact angle of the sample before and after soaking, the effectiveness of nanoparticles
on the change in wettability was characterized.

The second approach is the same as the first approach, except that the samples are after
heterophilic.

In this study, the second approach was used to consider the result of nano clay on wettability.
After preparing the core, they were placed in crude oil at 70°C for one week to become oleophilic. To
determine the results of sludge particles on the wettability of carbonated sinks, oil-friendly blades
are placed in closed containers for 24 hours. The system for determining the contact canton includes
a camera with 200 magnification, a chamber for placing thin stone slices, an injection syringe, and a
computer for image analysis.

Rheology Test of Polymer Solutions Containing Nano Clay

To check the effect of clay nano clay on polymer viscosity, viscosity measurement experiments
are performed with the help of a rotary rheometer. In this section, a rotary rheometer manufactured
by Anton Parr in Austria was used.

The action and reaction of the polymer with nano clay have a synergistic effect and a positive
effect on rheological behavior, and the electrostatic stability of nanoparticles enhancement against
absorption in the presence of salt water.
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Core Flotation Test

The core fluidization machine has different parts, including the core holding chamber, two fluid-
moving cylinders, applying external pressure around the core, pressure transducers, displays, and
two high-pressure injection pumps.

The pumps used in the device are reciprocating types that can inject the desired fluid with a
constant flow rate. The injection accuracy of these pumps is equal to 0.004 cc/min and can reach a
maximum injection pressure of 6000 pounds per square meter. For injection operation, the sample is
placed inside a rubber chamber, which is generally subjected to a pressure of 500 pounds per square
meter rather than the infusion pressure. The pressure is pragmatic by a hydraulic oil ram. A
machine is used for brain cleaning. This method is the most common method of washing kernels with
chemical detergents because the process of washing kernels can be seen in the sole. Therefore, when
toluene, which is a washing agent, is perfect in terms of color

It became clear, the washing process comes to an end. To perform two-phase fluidization
experiments, first, the cores are saturated with oil and placed in a pot with a temperature of 70
degrees Celsius for two weeks to become oil-loving. After they become oil-friendly, the kernels are
washed with deionized water and organic solvents such as toluene or acetone. Next, they are injected
with salt water under a constant flow rate

They are completely saturated with water. Crude oil is also injected after that until the kernels
attain the primary water saturation. Saline water is injected to simulate the primary oil recovery
process. To define the effect of polymer solution in recycling, a polymer solution containing salt is
injected. Finally, the fluidization of polymer materials combined with clay nanoparticles is done and
the results of oil recovery are compared.

Results and Discussion

The Viscosity of Nanofluid of Clay

The effect of sodium chloride monovalent salt on the viscosity of nanofluid has been considered
by viscosity measurement experiment.. For this purpose, first, the viscosity of a suspension
containing 4000 ppm of clay nanoparticles was measured. After that, the amount of 5 mg/liter of salt
was added to that suspension and the viscosity was determined again.

1.8
1.6
1.4

1.2

0.8 Nanoclay +
' 5 wt% Salt

0.4

Viscosity cP
-

0.2

Figure 2. Showing viscosity in clay nanofluid.

According to Figure 2, the viscosity for salt-free nanofluid is about 1 centipoise, as a result of
adding 5.wt% of salt, its viscosity increased and reached 1.4 cP. One of the reasons for affluence
viscosity is regressive the degree of freedom and radius of gyration of nanoparticles have been
proven that when Na + monovalent ions enter the aqueous phase containing nanoparticles, a strong
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connection is formed between them and the negative charges of nanoparticles, which causes the solid
particles to join closer to each other and increases the viscosity of the aqueous form.

Effect of Nano Clay on Viscosity

The doping of 3000 ppm is specified for the tests. Then 3000 ppm of salt was added to the first
sample and the test was repeated with the previous specifications. This test showed the negative
effect of sodium chloride salt. Making the next sample, a concentration-000- of 1000 ppm of clay
nanoparticles was added to the polymer solution containing salt, and the viscosity was measured
again. The results of the tests can be viewed in Figure 3.
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Figure 3. The simultaneous effect of salt and clay nanoparticles on the viscosity.

The viscosity of the net polymer solution was about 70 poise cents at the beginning, but with the
increase of the shear rate, it gradually decreased until the shear rate1000 sec!reached the minimum
value of 40 cP. In the presence of salt, this procedure had a very sharp decrease because the viscosity
of the polymer decreased from 70 to 35 poise cents and at the highest shear rate reached a negligible
value of about 5 cP.

Nevertheless, when a small number of nanoparticles was added to the polymeric solution, its
viscosity increased dramatically and reached 100 cent Poise at the lowest shear rate. When
nanoparticles are added to the polymer solution, they prevent them from condensing in
environments with high salt concentrations by placing them irregularly between the polymer chains.
Therefore, the attendance of nano clay is very effective for improving the viscosity even in the
presence of high salt concentrations.

The Effect of Nano Clay on Wettability

Clay nanoparticles cannot change the wettability much in the absence of salt. Therefore, we have
prepared 2 samples to test the effect of clay nanoparticles and table salt on wettability. We placed an
oily sample, two oil-loving carbonate thin plates in two nanofluids with the following details:

Sample 1: 1000 ppm salt-free clay (pH=1.4) and

Sample 2: 1000 ppm clay containing 50,000 ppm salt (pH = 3.4).

The contact angle of the blades in samples 1 and 2 were considered to be 87 degrees and 35
degrees, respectively.

Nanoparticle suspensions in nanofluids are acidic. If nano clay are absorbed on the same surface
of the resin, the wettability of the resin changes from a completely oil-loving state to a neutral or
hydrophilic state.
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Core Flooding

Result of this section for resin and polymer nano clay of recovered oil in three scenarios.

First, salt water with a salinity of 50,000 ppm was injected. In the next step, 3000 ppm of the
sulfonated copolymer was prepared and injected. Finally, a combination of ross nanoparticles (1000
ppm) and sulfonated copolymer (3000 ppm) was injected into the nucleus. The amount of recovered
oil was calculated for salt water, sulfonated copolymer, and a combination of copolymer and resin,
17, 25 and 29%, respectively. After all three injection scenarios, the amount of total yield of 70% was
obtained (Figure 4).

In the first scenario, saltwater injection, due to the high displacement ratio of the injected phase
and the strong fingering phenomenon, the output oil amount was not a significant number. But in
the second scenario, i.e. polymer fluidization, higher viscosity caused better control of the mobility
ratio and more recovered oil compare to saltwater salt in the water injection scenario. Meanwhile, in
the third scenario, i.e., a combination of resin nanoparticles and sulfonated copolymer, the amount
of oil recovery was slightly higher than in the previous two stages. Among the possible mechanisms
for this scenario, we can mention an increase in viscosity and a change in wettability.

100
90
80
70
60
50
40
30
20
10

QOil Recovery (%)
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Figure 4. Increased oil recovery in salt water injection.

Conclusions

Adding a little salt to the clay nanofluid improved the viscosity of this suspension to 0.18. Also,
when the same content of salt was augmented to the polymer dilution, the viscosity decreased
sharply and reached from 70 cent poise to 35 cent poise. Nevertheless, when a little clay nanoparticle
was added to the polymer solution containing salt, the viscosity reached an approximate value of 100
poise cents, which shows the positive effect of clay nanoparticles in improving the viscosity of the
polymer dilution even at numerous salt concentrations. Nano clay has a better potential to change
the wettability from a more oil-like state to a more water-like one, because in the attendance of salt,
they change the tangency angle of the oil-loving carbonate blade from a highly oil-loving state (150
degrees) to a water-like state. They changed the extreme affinity (35 degrees). In core fluidization
experiments, the highest efficiency was obtained in the third scenario, i.e., a combination of resin
nanoparticles and sulfonated copolymer. Because in this case, the polymer solution had the highest
viscosity and nanoparticles was also present in it.
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