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ABSTRACT

This research investigated the potential of nanomaterials and alkaline in diminishing polymer
adsorption on terrigenous rock formations. Polymer injection has been examined as a tertiary
recovery technique in the Uzen field, which has favorable reservoir characteristics for this
technology implementation. Nonetheless, the occurrence of polymer

adsorption can considerably limit the usefulness of the method, reducing the permeability of
the layers and the viscosity of the injection fluid, and consequently decreasing the oil
recovery. Therefore, polymer adhesion may be adjusted by modifying the system's chemical
and physical properties using nanoparticles. In particular, silica nanoparticles are widely
employed due to their large surface area and ability to connect with polymeric chains. In
addition, alkali can improve the repelling forces between the polymer and minerals by making

the rock surface more negative.

This research aimed to determine the influence of silica nanoparticles and lye on HPAM-
based ASP3 polymer adsorption at the interface of Uzen rock. It was investigated by
performing tests on static and dynamic adsorption.

The first step was to evaluate different concentrations of polymers and nanoparticles by zeta
potential measurement in order to achieve stable chemical conditions. ASP3 (2500 ppm) —
SiO2 (0.1 wt. %) and ASP3 (2500 ppm) — NaOH (0.03%) solutions were utilized for the static
adsorption tests, showing a noticeable influence on adsorption reduction. It should be

highlighted that alkali was less efficient in prolonged durations, such as 24 and 36 hours.

When silicon dioxide was applied for dynamic adsorption studies, the adsorption of

ASP3 was decreased by around 18%. At the same time, alkali was ineffective in reducing the
polymer's dynamic adsorption, leading to a 5% increase in adsorption. Polymer-nanoparticle
flooding as an enhanced oil recovery technique was successful, achieving a total recovery
factor of around 96%, where incremental recovery was 5% higher than only the polymer
injection case. Ultimately, it is recommended that the project plan for the Uzen field can be

improved in consideration of the findings of the study.
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1. INTRODUCTION

In recent decades, oil production has become more efficient and significantly larger
by applying enhanced oil recovery techniques. Particularly chemical enhanced oil recovery
(CEOR) plays a significant role in obtaining a high oil recovery factor, which is the primary
goal of the oil industry. Depending on both reservoir and fluid characteristics, a specific type
of CEOR method is used, namely polymer, surfactant, alkaline flooding, and foam drive.
Polymer flooding (PF) and foam drive impact sweep efficiency at the macroscopic scale,
while surfactant and alkaline flooding influence displacement efficiency at the microscopic
scale.

Combined methods are even more effective, especially alkali-surfactant-polymer
(ASP), polymer-alkali (PA), and polymer-surfactant (PS) floodings. The synergy of several
chemical floodings maximizes the recovery factor:

. polymers enhance control of mobility by enlarging the viscosity of fluid that is used
for reservoir oil displacement, as well as by making less contrast in permeability via
covering areas with high permeability;

. surface-active agents reduce interfacial tension (IFT) that occurs between water and
oil; this decrease in capillary forces consequently leads to growth in capillary number,
finally releasing trapped oil;

. alkaline also lowers IFT and reduces the adsorption of surfactants and polymers.
The application of pilot EOR projects in Kazakhstani oilfields began in the early

1960s. The predominant challenges of most fields were associated with high water cuts,

permeability heterogeneity, paraffin content, or oil viscosity. With the aim of incrementing
oil production, the polymer injection was performed in the Kalamkas field resulting in higher
vertical sweep efficiency (El). EI was improved by 24% and 49% in selected two injection

wells through lessening mobility ratio and viscous fingering (Bealessio et al., 2021).

As for potential projects, the Uzen field plans the injection of polymer. There are
several reasons for choosing PF as a suitable method for the Uzen field. Firstly, appropriate
reservoir fluid and formation properties to polymer injection. Secondly, a large water cut
production of about 90% for the last five years till 2021. Thirdly, a high mobility ratio of
above three because of high permeable channels. Such challenges can be controlled by
making greater displacing fluid viscosity (Imanbayev et al., 2022).

Nevertheless, there are negative factors in the use of PF that limits the fruitfulness of

this method. One of them is the adsorption of polymers which includes the entrainment of



particles, the adhesion of polymers to the surface of the rock, and the trapping. There are
several reasons for this phenomenon, such as poor polymer design, obstruction of polymer
particles in the complex pore system due to size difference, insufficient consideration of the
formation mineralogy impact on the rock surface, and fluid interaction. It is also essential to
control the effect of reservoir temperature, pH, the influence of the concentration of polymer,
the structure of the polymer, reservoir heterogeneity, and salinity (Mohammed et al., 2020)
As an example, the increment in brine salinity leads to the growth in the adsorption of
polymer (Cheraghian, 2017). Likewise, when the concentration of the polymer goes up, the
adsorption becomes greater (Al-Hajri et al., 2018).

Since the adsorption separates some polymer particles from the solution, polymer
viscosity is substantially declined when the adsorption level becomes greater. Therefore, it
limits the scale of recovery and leads to higher project costs. Thus, in order to reduce the
adsorption mechanism nanoparticles (NPs) can be applied (Kakati et al., 2022). NPs are ultra-
small-sized materials that perform ecologically safe, as well as cheap (Sun et al., 2017). The
study conducted by Goshtasp Cheraghian et al. (2014) presents that silica and clay NPs play
an essential role in decreasing the adsorption of polymer onto the surface of the rock, either
sandstone or carbonate.

1.1 Problem Definition

As a result of the extensive waterflooding process, the Uzen oil field is currently
experiencing a significant level of water cut. Eventually, recovering oil from the Uzen
reservoirs is challenging, though polymer flooding has been found to be a successful
technique. Nevertheless, a limitation known as adsorption diminishes the efficiency of
polymer flooding by lowering the amount of polymer that reaches the oil reservoir and
forming a coating on the rock surface that limits permeability. Ultimately, the potential
volume of oil displaced will decrease, leading to negative economic consequences.

Alkaline solutions and nanoparticles have been recommended as a treatment for this
problem due to their capacity to change the surface characteristics of the substrate and
minimize polymer adsorption. Therefore, in order to improve the polymer flooding process,
this study will test how adding nanoparticles or alkali to polymer solutions influences the
adsorption values on terrigenous rock surfaces. Moreover, due to the deficiency of studies on
the impact of both NPs and alkaline on the adhesion of polymer molecules on terrigenous

deposits, conducting complex experiments on this topic is relevant.



In this investigation, encoded HPAM-based polymer ASP3, silica nanoparticles, and
sodium hydroxide alkali were tested to determine the adsorption performance on two types of
rock: Berea sandstone and Uzen rock consisting of polymictic sandstones and siltstones. As
both rocks are related to terrigenous sediment rocks, Berea sandstone was chosen for trial
experiments in order to define stable and appropriate solutions for further tests. In addition,
injectivity and dynamic adsorption tests were also firstly using Berea core to obtain assumed
results and make comparisons with outcomes of experiments on the Uzen rock.

The Uzen field conditions were applied for all core flooding tests. Oil displacement
experiments were carried out to evaluate the efficiency of the decreased adsorption case in

enhancing the recovery factor.

1.2 Objectives of the Thesis
1.2.1 Main Objectives

To diminish the adsorption of the suggested HPAM-based ASP3 polymer using CEOR

techniques, the following objectives should be fulfilled:

e Analyze influencing factors on the polymer adsorption phenomenon

e Select the optimal concentrations of polymer-nanoparticles, polymer-alkali
combinations by testing the stability of solutions

e Perform static and dynamic adsorption tests on Berea and Uzen rocks applying
polymer, polymer-alkali, and polymer-nanoparticles solutions to conduct a
comparison

e Develop oil displacement experiments using polymer flooding with and
without nanoparticles to evaluate their effects on the recovery factor.

1.3 Scope of Work
The thesis is divided into several major chapters to have a systematic approach to obtain the
achievement of polymer adsorption reduction.
Chapter 2 focuses on polymer flooding as a specific example of an enhanced oil recovery
technology that can be used to address the production issues at the Uzen field. Moreover, it
studies adsorption, which is the primary limitation of polymer flooding, and
investigates ways to overcome the limitation, such as using alkaline solutions and
nanoparticles.
Chapter 3 provides detailed information on used materials, and applied prime devices.
Furthermore, it includes the design of all conducted experiments, including stability tests,

3



static and dynamic adsorption studies, injectivity investigations, and the displacement
experiments of the oil.

Chapter 4 discusses and analyses obtained outcomes of implemented experiments. In this
section, the impact of various chemicals combinations was investigated and compared after
adsorption tests to identify the most favorable solution for displacing oil.

Chapter 5 summarizes the results of conducted studies, and provides the suggestions how to

perform more effective research.



2. LITERATURE REVIEW

2.1.  Uzen Oilfield’s Production History and Problem Description

The Uzen field is one of the fifteen largest oil fields in Kazakhstan with about 496
million tons of initial recoverable reserves (KazMunayGas, 2017). The field was discovered
in 1961 on the Mangyshlak peninsula. The Uzen formation consists of numerous layers and
faults, with 23 different horizons ranging from 360 m to 2200 m deep used for oil production.
The length of the field is nearly 39 km and its breadth is about 9 km (KazMunayGas, 2007)..

The initial saturation of oil in the reservoir is between 63% to 70%. In the case of
intrinsic characteristics of the formation rock, the porosity varies between 21% and 25%,
while permeability is in the range of 0.2-1 D (Bedrikovetsky, 1997).

The reservoir's original pressure levels were in the range of about 2200 to 2600 psi,
and the temperature was between 54°C to 69°C. The field contains light crude oil with 10-
25% paraffin depending on the location. However, as the crystallization temperature of the
paraffin is approximately 50°C - 60°C, it led to issues throughout the system of production
(Sparke et al., 2005).

The oil extraction process dates back to 1967 when cold Caspian seawater was
injected into the reservoir of the Uzen field. According to the study by Bealessio et al. (2021),
the application of 3°C water caused numerous challenges. Firstly, the solidified paraffin due
to the cooling impact of untreated water eventually led to the pore-clogging predominantly in
the zones of injectors. Secondly, water production was increased because of the plugged
areas that caused the limitation in pathways to producers. Moreover, the side effect of the
applied secondary EOR was the formation of various deposits, including corrosive
precipitations. They were produced by the contact of seawater salts and formation oil,
consequently contaminating both surface and subsurface facilities (National Intelligence
Council, 1982; Bealessio et al., 2021, Mullaev et al., 2016).

Subsequently, a more successful method - a hot water injection project was designed.
Conducting hot waterflooding was planned to correct the negative consequences of poorly
managed oil recovery methods. The studies showed that it enhances well injectivity, limits
paraffin damage, decreases the buildup of corrosion in equipment, and eventually displaces
unrecovered reserves after cold waterflooding (National Intelligence Council, 1982; Mullaev
et al., 2016). Finally, the performance of hot water injection at temperatures 85-90°C resulted
in 34-38% of the oil recovery factor and comparatively slow water production
(Bedrikovetsky, 1997; Mullaev et al., 2016).



The highest point of oil production, which was 16.249 million tons, was achieved in
1975. However, between 1976 and 1983, there was a significant decline in oil production by
35.5%, and an increase in water cut from 24% to 53.4%. This was attributed to a reduction in
the amount of hot water injection, where hot water made up only 13% of the total injection
volume in 1976, 27.7% in 1978, and 31.2% in 1979.

During the period of 1991-1999, the development of the Uzen field became unstable
which resulted in a significant rise in the quantity of injected water and subsequently, the
largest increase in water cut during the entire development period (Mullaev et al., 2016).

Nowadays, the Uzen field is experiencing a high degree of water production about
90%, which is a common issue in mature oil fields that have been subject to waterflooding
for an extended period (Imanbayev et al., 2022). Moreover, considering the low recovery
factor of the Uzen field, it would be reasonable to explore implementing tertiary recovery
techniques to increase oil recovery. One such technique is Chemical Enhanced Oil Recovery,
which has been successfully used in numerous fields worldwide.

In particular, the most common optimal solution for high water cuts is polymer
flooding (Mahran et al., 2018; Navaie et al., 2022). The viscosity of the injected water is
increased by the polymer, which enhances the oil-to-water mobility ratio and helps to
improve sweep efficiency by smoothing out the displacement front in reservoirs with varying
permeability (Abidin et al., 2012; Janiga et al., 2017). According to the investigations of
Thomas (2016), on average, the use of polymer injections results in an additional 10% oil
recovery compared to the original amount of oil in place (OOIP).

Nevertheless, polymer injection has a limitation known as adsorption, which is the
tendency of polymers to stick to the surfaces of the reservoir rock, thereby decreasing the
efficacy of the injection (Kurniadi et al., 2022). The presence of adsorption leads to a
reduction in the quantity of polymer that reaches the desired oil reservoir, and the polymer
that gets adsorbed may create a coating on the surface of the rock, impeding the permeability
of the rock and limiting the flow of oil (Mishra et al., 2014).

Nanoparticles and alkaline solutions can be used to modify the surface properties of
substrates and reduce polymer adsorption. The addition of nanoparticles into the polymer
solution can create a physical barrier that prevents the polymer molecules from making
contact with the surface, as well as generate a repulsive electrostatic interaction that reduces
adhesion (Al-Hajri et al., 2021). Alkaline solutions can also decrease polymer adsorption by

increasing the surface charge of the layer. In an alkaline environment, the substrate can



become negatively charged, which repels negatively charged polymer molecules (Hincapie et
al., 2022). This repulsion results in a reduction in the polymer's ability to adhere to the
surface.

It is important to note that the effectiveness of these methods in reducing polymer
adsorption can depend on various factors, including the type of polymer and substrate used,
as well as the size and concentration of the nanoparticles and the pH of the alkaline solution
(Ambaliya & Bera, 2023).

2.2.  Adsorption Mechanisms

In Enhanced Oil Recovery, adsorption pertains to the attraction and adherence of
certain constituents in the injected fluids to the surface of the rock present in the reservoir.

EOR involves the injection of fluids, such as gas, water, or chemicals, into the
reservoir to stimulate and move oil toward the production wells. However, some of the
injected components may adhere to the rock surface through the adsorption process, which
reduces their effectiveness in facilitating the displacement of oil. This may consequently
decrease the efficiency of EOR and result in lower oil recovery (Belhaj et al., 2020).

The adsorption can be determined as physical or chemical adsorption that is differed
from interaction behavior and influencing forces.

Physical adsorption considers adsorbed molecules under natural physical attractive
forces on the adsorbent surface that usually have no bound with that surface, while in
chemical adsorption there are electrons sharing processes between the adsorbent and
adsorbate due to the direct bound contact (Webb, 2003; Liu et al., 2013).

In this way, the properties of adsorption will be considered in order to clarify the
definition of each type. The physical type of adsorption is commonly reversible, a weak
process that includes such interactions: as electrostatic and VVander Walls. The rate of
adsorption is high, also it involves multi-layer creation. In terms of temperature, physical
adsorption is mostly reduced with the temperature increment. With regard to the pressure
factor, adsorption can be controlled by a decrease in pressure (Alsofi et al., 2017; Vidali et
al., 1991; Dash, 2012).

In contrast to the physical type of adsorption, the chemical type of adsorption is an
irreversible, stable process that involves chemical interactions. Moreover, only one layer will
be created. When the temperature goes up, chemical adsorption also increases to a certain
value of temperature, subsequently, it goes down regularly. In the context of pressure, an

adsorption rate typically goes down with pressure growth. In some instances, the adsorption



process starts as physical, then continues as chemical after a certain period (Sagir et al.,
2020).
The illustration of both adsorption types is shown in Figure 1 which clearly

demonstrates acting forces and mechanisms.

o

... ???‘_ Binding site

-— Adsorbent surface —

Adsorbate (Manganese ions)

The bonding between adsorbate The chemical bond is formed between
and adsorbent surface is by weak adsorbate and adsorbent surface.
Van der Waals forces.

(a) Physical adsorption (b) Chemical adsorption

Figure 1. Types of adsorptions: (a) physical adsorption, (b) chemical adsorption and their interaction
mechanisms (Rudi et al., 2020)

Several factors, including the characteristics of the injected fluids, reservoir rock
composition, and the pressure and temperature conditions in the reservoir, influence the
complex phenomenon of adsorption. Understanding and managing the adsorption process are
crucial for optimizing the EOR process and achieving maximum oil recovery.

2.3.  Adsorption of Polymers

Polymer molecules adhesion on the rock surface is a commonly irreversible process
that causes a certain decrease in permeability and lowers initially aimed volumetric sweep
efficiency (Zhu et al., 2021). Also, it is the single mechanism that extracts polymer out of the
solution and leads to a substantial decrease in viscosity at large adsorption levels (Cheraghian
etal., 2014).

2.3.1. Polymer Classification

The classification of polymers depends on their chemical structure and molecular
weight (MW). CEOR processes frequently utilize polyacrylamides and biopolymers, which
are two of the most commonly employed polymers (Firozjaii & Saghafi, 2020).

Synthetic polymers or polyacrylamides are produced by acrylamide monomer
polymerization (Muhammed et al., 2020). The polymer has the form of powder or liquid
emulsion. The average range of polyacrylamides (PAM) molecular weight varies around 0.2-
30 million, where the value is determined by polymerization extent. As PAM is highly

adsorbed on rock surfaces, they are partially hydrolyzed at the degrees of 15-35% in order to



decrease the adsorption (Zerpa, Colorado School of Mines). To recognize the difference in
the chemical structure of mentioned synthetic polymers presented below Figure 2 is shown.
So, therefore, partially hydrolyzed polyacrylamide (HPAM) is the most broadly applied
polymer among synthetic polymers. It also has good stability characteristics related to
temperature up to 160°C (Choi et al., 2014). In addition, HPAM has a relatively low cost,
satisfactorily improves mobility ratio, excellent solubility in water, different forms of
geometric structure that provide wider application, and high molecular weight — more than 10
million (Scott et al., 2020; Rellegadla et al., 2017). However, some disadvantages of HPAM

are poor chemical and shear stabilities (Zerpa, Colorado School of Mines).

Polyacrylamide (PAM)

CH2 —CH
NH:

Hydrolyzed polyacylamide (HPAM)

CHz —CH CH2

Figure 2. Chemical structure of PAM and HPAM (Gbadamosi et al., 2019)

Biopolymers or polysaccharides are generated by Xanthomonas campestris microbial
action on the carbohydrate raw materials (Abbas et al., 2013). The variation of the average
MW of biopolymers is nearly 1-15 million. The form of biopolymer may present as thickened
broth or powder.

According to the investigations of Pu et al. (2018), xanthan gum (XG), guar gum
(GG), and cellulose are good examples of biopolymers that can enhance the viscosity of
injected fluids, leading to improved displacement efficiency and reduced fingering and
channeling effects. The most popular type of polysaccharides is Xanthan gum which is
typically stable for shear due to its branched chain, as well as at higher values of salinity
(Sveistrup et al., 2016; Pu et al., 2018).

Additionally, these biopolymers can create gels within reservoirs, which can decrease
permeability in highly permeable areas and redirect injected water to upswept regions. The
gels may also lower water production in producer wells and increase oil recovery (Vossoughi
& Putz, 1994).



Moreover, at low temperatures, biopolymers are capable of maintaining their
viscosity, while in brines with high salinity and hardness, they exhibit increased solubility
(Abbas et al., 2013).

Nevertheless, biopolymers have limitations such as a higher price, they are not stable
at high temperatures, and low biological stability (Firozjaii & Saghafi, 2020). The structure of

this biopolymer is illustrated in Figure 3.

H where M* is Na*, K* or % Ca2*

Figure 3. Xanthan gum chemical structure (Quinten et al., 2011)

2.3.2. Influence of Forces on Polymer Adsorption

Various forces affect the polymer adsorption process, including Van der Waals,
electrostatic, and hydrogen bonding (Alsofi et al., 2017).

Van der Waals forces occur between two molecules due to fluctuations in electron
density and become significant in polymer adsorption during the initial stages of contact
between the polymer chains and the surface (Kotoulas et al., 2022).

When the surface and the polymer chains have different charges, electrostatic forces
play a key role in polymer adsorption. The strength of these forces is dependent on the
separation between the charged particles and the dielectric constant of the surrounding
medium (Rellegadla et al., 2017).

Strong electrostatic attraction forces through hydrogen bonding between synthetic
polymers and carbonate rocks lead to a large adsorption number of polyacrylamides. The
same reason goes for the adsorption of negatively charged XG on limestone with a positive
charge on the surface.

A chemical bond known as hydrogen bonding happens between molecules containing
hydrogen atoms and electronegative atoms, such as oxygen, nitrogen, or fluorine. Hydrogen
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bonding can play a significant role in polymer adsorption when the surface and polymer
chains have hydrogen bonding sites (Zhang et al., 2019).

The mechanism of hydrogen bonding is demonstrated in Figure 4, which results in
forming a layer of adsorption. When the polymers hold onto the surface of the mineral as a
layer, there are some parts that cover the rock surface, whereas the rest segments are in
contact with other chains because of hydrophobic interactions. Because of such interactions,
when the concentration of polymers grows, the adsorption phenomenon will continuously

gain higher values, so it presents as additional adsorption (Kamal et al., 2015).
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Figure 4. Hydrogen bonding mechanism (Zhong et al., 2015)

2.3.3. Influence of Mineralogy

The mineralogy of a rock surface has a significant influence on the adsorption of
polymers onto that surface. In particular, the surface properties of minerals, such as their
charge, area, and roughness, can impact the behavior of polymer adsorption.

The electrostatic interaction between a polymer and the surface of a mineral may be
affected by the mineral's surface charge. Study by Al-Hajri et al. (2018) presented the impact
of the rock surface on the adsorption level of several polymer types. Adsorption of the
HPAM is higher on carbonate formations in comparison to the surface of silica as the
polymer and carbonates are oppositely charged due to this having significantly attractive
interactions. Actually, HPAM adsorption is much higher on kaolinite minerals than on Baker
dolomite or calcium carbonate due to the structure and surface properties of kaolinite, as well
as hydrogen bonding interactions (Rellegadla et al., 2017; Wang et al., 2017).

In the case of cationic polyacrylamide adsorption, the values are extremely larger on
the surface of montmorillonite compared to quartzite.

The last considered polymer type was XG, the adsorption level was observed on the
surfaces of kaolinite and siderite, consequently, it resulted in approximately very same

retention value, respectively 16900 ug/g and 15600 ug/g (Al-Hajri et al., 2018).
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If a mineral has a large surface area or is rough, there will be more places for
polymers to stick to. Also, the specific minerals present can affect the behavior of polymers.
The chemical characteristics of various minerals, such as polarity and hydrophobicity, can
influence the way they interact with polymers. This implies that a mineral surface with
greater hydrophobicity may have a greater attraction to a hydrophobic polymer (Ekanem et
al., 2021; Lew et al., 2022).

2.3.4. Influence of the Concentration of Polymer

It is the main parameter in measuring the adsorption value of chemicals by providing
a static test experiment. The difference between initial and final concentrations after
conducting a static test for polymer shows the amount of adsorption.

When the concentration of polymer in a solution is low, it may not be sufficient to
create a complete monolayer on the surface, which can result in an incomplete adsorption
process and a limited amount of polymer being adsorbed (Park et al., 2015). Conversely,
when the concentration of polymer is high, the molecules may start to bond with each other,
creating clusters in the solution. These clusters may be too big to adsorb onto the surface or
compete with individual polymer molecules for adsorption sites, thereby decreasing the total
amount of polymer adsorbed (Mishra et al., 2014).

Zhong et al. (2017) made an investigation on the adsorption behavior of polymers at
concentrations of 1000-2500 mg/L and concluded that there is an intensification in the
adsorption mechanism with the increment in concentration.

How polymers get adsorbed is affected by various factors such as their chemical
composition, molecular weight, and chain length. These factors play a significant role in
determining the ability of polymer molecules to interact with other polymer molecules in a
solution and the surface (Dang et al., 2014). It is important to note that the relationship
between polymer concentration and adsorption is not straightforward and can differ
depending on the system being studied. Sometimes, an ideal concentration range exists that
maximizes adsorption, while in other cases, higher concentrations may result in reduced
adsorption. For example, Al-Hajri et al. (2018) concluded that comparatively low and high
concentrations of polymer indicate unnoticeable growth in adsorption than at medium
amounts of polymer concentration.

2.3.5. Influence of Temperature

The adsorption of polymers can be significantly influenced by the temperature of the

reservoir. Typically, when the temperature goes up, the solubility of the polymer in the
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reservoir increases, causing a reduction in adsorption. This occurs due to the increased
number of polymer molecules remaining in the solution, leaving fewer available to attach to
the surface of the reservoir rock (Wisniewska, 2011).

Nevertheless, the impact of temperature on polymer adsorption can be intricate and
relies on multiple factors, including the type of polymer used, the composition of the
reservoir fluid, and the characteristics of the reservoir rock surface. For instance, certain
polymers may exhibit increased adsorption at elevated temperatures due to variations in the
polymer chain's conformation or alterations in the surface properties of the reservoir rock
(O’Shea et al., 2010).

Mohd et al. (2018) tested the impact of temperature on the viscosity of five various
polymers, such as Polyvinylpyrrolidone, Arabic Gum, HPAM, XG, and Guar Gum. Results
of the conducted test are demonstrated in Figure 5, where the temperature change is taken
below 100°C. Accordingly, when the temperature becomes greater, there was a reduction in
the viscosity of all five polymers. Nevertheless, the process of viscosity decreasing becomes
more stable when the temperature exceeds 50°C for AG, PP, and HPAM.
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Figure 5. Effect of temperature on polymers viscosity (Mohd et al., 2018)

2.3.6. Influence of pH

The effect of the pH on adsorption varies depending on the type of polymer and the
surface it is adsorbing onto. In accordance with the research of Wisniewska et al. (2015), it
can be concluded that at higher pH levels, there is a decrease in the adsorption of anionic
PAM on the surface of alumina. It can be attributed to the presence of dissociated carboxyl
groups in polyacrylamide molecules and the alteration in the charge of the alumina surface,
which affects the adsorption behavior. Moreover, Kamal et al. (2015) reported that lower
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adsorption degrees are obtained for anionic polymers on sandstone rocks if the pH has a
value higher than 4.7 because of electrostatic repulsion.

In the case of limestone, when the pH level drops below 8.2, the carbonate becomes
positively charged, resulting in a high adsorption rate of the anionic polymer. The adsorption
of biopolymer XG is subject to the same principles (Kamal et al., 2015).

2.3.7. Influence of Salinity

Brine salinity is a key controlling factor that highly impacts the viscosity parameter of
polymer. The majority of popular polymers that are usually synthetically typed have
substantial sensitivity to high salinity reservoirs that leads to loss of polymer viscosity
through the coagulation process. The rheological experiment of the researchers on the
application of HPAM base polymers in carbonate reservoirs with high salinity pointed out
that with the increment of salinity from 1000 ppm up to 4000 ppm of brine solution, the
viscosity of those polymers went down due to the attraction force between cations of brine,
more precisely Mg.", Ca>*, Na* and negatively charged parts of polymer (Alfazazi et al.,
2018).

Notwithstanding, it was mentioned that another type of polymer — biopolymers are
not sensitive to salinity with great values. Quadri et al. (2015) study proved good toleration of
biopolymer to 220 g/L or nearly 220250 ppm salinity. The reason for no change in polymer
viscosity is the nature of the biopolymer which is non-ionic, as well as biopolymer molecule
rigidness.

2.4.  Reduction of Polymer Adsorption

Polymer flooding is a tertiary oil recovery technigue that enhances the efficiency of
oil extraction. The performance involves injecting a water-soluble polymer into the reservoir
to enlarge the viscosity of the injected water and get a better mobility ratio between the
injected fluid and the oil in the reservoir.

Nonetheless, a major challenge of PF is minimizing the polymer's adsorption onto the
reservoir rock, which can decrease the success of the technique. This is because the
adsorption can reduce the amount of polymer accessible to enhance the viscosity of the
injected water and form a polymer gel that can obstruct the oil flow (Satken, 2021; Kamal et
al., 2015; Park et al., 2015).

Decreasing the adsorption of polymer is significant for various reasons, such as
enhancing oil recovery, minimizing expenses, and reducing the environmental effects of

polymer flooding. The reduction of polymer adsorption leads to better performance of the
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injected water to elevate the viscosity, which can facilitate the displacement of oil from the
reservoir (Dang et al., 2011). Additionally, it requires a smaller amount of polymer to achieve
the same viscosity enhancement, resulting in cost savings (Dang et al., 2014). Furthermore,
decreasing the adsorption of polymer reduces the amount of polymer needed, which can
mitigate the environmental impacts associated with the usage of a large amount of polymer
that is not recovered (Ali & Barrufet, 1994). The application of nanoparticles and alkaline
solutions can be an advantageous way to make less polymer adsorption by manipulating the
physical and chemical properties of the system.

2.4.1. Application of Nanoparticles

As conventional and improved EOR methods face numerous challenges due to the
complexity of formation characteristics, the application of nanotechnology is being viewed as
a promising solution to address a significant portion of these issues. For instance, combining
nanoparticles with polymers can lead to a decrease in water content, enhance macroscopic
sweep efficiency, and result in a substantial increase in oil recovery. These outcomes are
primarily due to the use of certain nanoparticles that decrease the adsorption of polymers
(Udoh, 2021; Al-Hajri et al., 2021; Mohammed et al., 2020).

Nanoparticles are inexpensive material that has a size range of 1-100 nanometers,
which is much smaller than the size of typical pores (Al-Hajri et al., 2021; Sun et al., 2017).
This characteristic provides several advantages, such as easy flow and access to injection
sites that are difficult to reach with traditional methods. Additionally, nanoparticles have a
high surface-to-volume ratio, which means that there are more atoms on the surface of each

nanoparticle, as clearly shown in Figure 6 (Sun et al., 2017).
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Figure 6. Surface-to-volume ratio increase of nanoparticles (Sun et al., 2017)
A mixture of NPs with base fluid generates a nanofluid that has several important
mechanisms in EOR techniques. For instance, the nanofluid’s NPs create a wedge-shaped
film that is assembled by itself on the surface part of the oil phase due to structural disjoining

pressure and contributes to the separation of droplets of oil from the surface of formation that
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results in higher oil recovery (Wasan et al., 2011; Chengara et al., 2004). The structural
disjoining pressure is intensified due to the higher particle density observed in nanoparticles
with smaller sizes (Udoh, 2021).

The next form is a nanoemulsion which also has effective mechanisms, for example,
it can efficiently improve mobility ratio, as well as shows good stability at high values of
such factors as pressure, temperature, salinity, and shear (Zhang et al., 2018; Sun et al.,
2017).

Moreover, NPs are an effective solution for the minimizing adsorption mechanism of
polymer onto mineral surfaces. There are a number of mechanisms, such as steric
stabilization, electrostatic adsorption, hydrophobic interaction, and competitive adsorption.

o Steric stabilization can be accomplished by nanoparticles that possess a
substantial surface area, as they can act as a physical obstruction between the rock surface
and the polymer. This obstruction inhibits the polymer from contacting the rock surface,
ultimately diminishing its adsorption (Hall et al., 2010).

. Electrostatic repulsion between rock surface and polymer chains can occur if
the nanoparticles carry a surface charge that is opposite to the charge on the polymer chains.
For instance, if the nanoparticles have a negative charge, they will repel polymer chains with
negative charges as well (Al-Hajri et al., 2021).

o Nanoparticles possessing a hydrophobic surface can generate a hydrophobic
surrounding, obstructing polymer adsorption onto the rock surface. The reason behind this is
that the polymer would rather remain in the aqueous solution than associate with the
hydrophobic nanoparticles. This phenomenon is known as hydrophobic interaction (Xie et al.,
2018).

o Due to their high surface area, nanoparticles can be adsorbed onto surfaces
more easily than polymers, resulting in competitive adsorption. As a result, the polymer's
adsorption onto the rock surface is reduced as there are fewer available adsorption sites
(Bodratti et al., 2015).

There is a multiplicity of NPs that have been shown to reduce polymer adsorption
onto rock surfaces in oil reservoirs, such as aluminum oxide (Al>O3), zirconium dioxide
(Zr0y), titanium dioxide (TiO>), silica (SiO2), magnesium oxide (MgO), and iron oxide
(Fe203) NPs that are related to metal oxide NPs (Udoh, 2021). Other types are also

applicable: a magnetic, organic, and inorganic NPs (Ruiz-Canfas et al., 2020).
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The selection of certain types depends on multiple factors including the particle size
and shape, surface charge, polymer concentration, ionic strength of the solution, pH, and
temperature.

o The capacity of NPs to adsorb onto rock surfaces can be influenced by their
size and shape, as smaller particles may infiltrate deeper into rock pores, and certain particle
shapes may exhibit a greater attraction to particular rock surfaces (Ruiz-Canas et al., 2020).

o The adsorption behavior of NPs can be affected by their surface charge, as
positively charged particles are drawn to negatively charged rock surfaces while negatively
charged particles are repelled (Corredor Rojas., 2019).

o Elevated levels of polymer concentrations can enhance the adsorption process,
but there exists a saturation point beyond which additional increases in concentration do not
have a significant impact. On the other hand, heightened ionic strength can diminish
electrostatic interactions and lead to a decrease in adsorption (Al-Hajri et al., 2021).

. Changes in the pH level of the solution can influence the surface charge of
both the nanoparticles and the rock surface, which can have an effect on adsorption (Corredor
Rojas., 2019).

. The ability of nanoparticles to interact with the rock surface can be influenced
by fluctuations in temperature, which can also impact their kinetic energy (Ruiz-Cafias et al.,
2020).

Silica NPs are commonly used to reduce polymer adsorption on rock surfaces. These
nanoparticles possess a large surface area and can be modified with surface functional groups
that can interact with polymer molecules and prevent their attachment to the rock surface
(Cheraghian et al., 2014). Also, SiO2 application is suitable for sandstones that have a water-
wet system, as well as carbonates that have an oil-wet system. In this case, important to take
into consideration the permeability of the formation, as at low values of permeability the
concentration of SiO2 becomes a critical factor, so higher values of silica NPs concentrations
tend to plug porous medium (Sun et al., 2017).

Al-Hajri et al. (2021) conducted research on the action of silica NPs with a weight
percentage (wt. %) of 0.01-0.1 on lowering of HPAM (with different MW) adsorption on
shale formation which is illustrated in Figure 7. Near to half a decrement in the value of
polymer adsorption was obtained due to the reduction in the contact area between the
polymer and shale surface. It is important to note that the higher the MW of HPAM the larger
the adsorption value.
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Figure 7. Reduction in adsorption at different HPAM concentrations: (a) low MW, (b) medium MW, and (c)
high MW (Al-Hajri et al., 2021)

Another study of the effect of SiO2 on the decrease in the adsorption of polymer
molecules was carried out by Li et al. (2019). Figure 8 presents that the adsorption capacity
of GG on sandstone initially increases rapidly, but eventually slows down in the period of 2-3
hours and reaches a stable state after 3 hours. Notwithstanding, adding 2000mg/L silica NPs
causes a considerable shift in the curve, decreasing the mean rate of adsorption from 30.8

ug/min to 16.7 ug/min. Finally, the adsorption of the polymer went down by about twice.
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Figure 8. The capacity of Hydroxyl Guar Gum for adsorption changes over time: (a) without SiO2, (b) with
SiO2 (Lietal., 2019)

2.4.2. Application of Alkali

Alkali is a potential chemical that could be utilized to lessen polymer adsorption on
the rock. There are many types of alkaline, such as sodium hydroxide (NaOH), sodium
carbonate (Na2COs), sodium orthosilicate (NasO4Si), ammonium carbonate [(NH4)2COs],
sodium metaborate (NaBO>), ammonium hydroxide (NHsOH) but popular ones are NaOH,
NasO4Si, and Na,COz3 (Sheng, 2013).

Alkali can be used in a variety of ways, including alkali solutions injection or the
addition of alkali to the polymer solution, to change the characteristics of rocks. The type

of alkali used, its concentration, the solution pH, and the composition of the rock have an
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impact on the performance of alkali treatment. As the charged molecules of polymer

and charged surfaces of rocks interact electrostatically inducing adsorption, alkali treatment
can be used to change the mineral surface charges (Kazempour et al., 2012; Dang et al., 2011,
Krumrine & Falcone., 1983). It may also alter the wettability of the rock surface, which could
have an effect on how fluids flow within the reservoir. By improving the water-wetting of the
rock's surface, it can enhance how injected water will displace oil (Ghalamizade Elyaderani
& Jafari., 2020).

Based on the study of Nurmi et al. (2022) the presence of alkali reduces the
adsorption of HPAM on the Berea sandstone. The outcome of the static adsorption test
without additional sodium carbonate was 31 g/g. The result was considerably better for the
alkali-added case that result in 24 g/g. Moreover, there was observed that the softening of
brine has an impact on the adsorption phenomenon. Therefore, both experimental findings
were substantially lower compared with the case that used a hard brine, where 48 g/g HPAM
adsorption was obtained. It may be concluded that removing magnesium and calcium salts
from the brine decreased adsorption and that raising the pH may have had an additional
impact.

In addition, Dang et al. (2011) concluded that when alkaline is present, the adsorption
of the polymer HPAM becomes significantly less. This is caused by the presence of two pH-
sensitive functional groups in the polymer, with carboxyl groups playing a major role in
regulating its rheological properties. When the pH is high, the carboxyl groups separate,
creating strong repelling negative charges on the rock surface. As a result, polymer
adsorption significantly declines. The carboxyl groups become negatively charged and reject
the rock surface due to electrostatic forces when sodium carbonate is added.

On the other hand, certain cases that have negative or ineffective impacts on polymer
flooding tests are also present. For instance, based on the findings of Sheng (2017), due to the
higher salt content that the alkali causes, the addition of alkali might produce a reduction in
the viscosity of polymers. Moreover, Ma & Pawlik (2005) conducted research on the
influence of sodium carbonate on the adhesion of GG molecules on quartz. Consequently, the
polymer that has a high MW was significantly adsorbed on the surface of quartz because of
the metal cations presented in alkali. However, the adsorption of GG with low MW was not
influenced by alkali cations.

Overall, alkali has a complex effect on polymer adsorption on rock surfaces and is

controlled by a number of variables.
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3. METHODOLOGY

This chapter describes a methodical strategy for investigating the effects of caustic
soda and silica nanoparticles on polymer adsorption onto Uzen field rock. The selection of
certain materials was based on their suitability for the conditions of the target field,
particularly the stability of chemicals at 63°C reservoir temperature and in the formation and
seawater brine concentrations of approximately 14000 ppm. The methodology includes
multiple sections, including applied materials descriptions; main devices, and systems
specifications; as well as, conducted procedures.

Firstly, stability tests were performed to screen for optimum combinations of NP-
polymer and alkali-polymer at various concentrations using synthetic seawater (SSW). The
concentration of the SSW was the same as seawater (RSW). After checking the visual
stability of solutions, they were tested for zeta potential analysis through Zetasizer to confirm
the stability characterizations. It should be noted that stability tests were repeated several
times for the clarity of the experiments.

Secondly, obtained favorable mixtures were tested by static adsorption tests. To
determine the effect of selected SiO2 and NaOH on the ASP3 HPAM-based polymer
adsorption, four different SSW-based solutions were prepared, and the adsorption on the
crushed Berea sandstone was measured. Afterward, when acquired samples were analyzed by
use of a UV-Vis Spectrophotometer, a static adsorption experiment was repeated with
sustainable RSW-based solutions on crushed Uzen formation rock. The outcomes of the two
static adsorption experiments were compared.

Third, a variety of core flooding tests including injection tests, dynamic adsorption
experiments, as well as oil displacement tests were carried out to observe adsorption
behaviors in reservoir conditions. As a sample for trial dynamic adsorption and injectivity
tests, Berea sandstone was selected to get the expected values of adsorption, resistance factor
(RF), residual resistance factor (RRF), and mechanical degradation.

All outcomes were interpreted and described in detail in the following sections.

3.1. Materials

Applied materials for all conducted experiments inclusive of chemicals, brines, oil,

and samples of rocks were clearly described with appropriate illustrations.
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3.1.1. Rock Samples

For all studies, two types of rocks were employed. For static adsorption tests, Berea
and Uzen formation cores were crushed to be applied as samples. Regarding core flood
experiments, one Berea sandstone core as Sample 1, and six Uzen field cores were utilized. In
particular, Sample 2 was applied to the injectivity test, and Samples 3-5 used for dynamic
adsorption tests: polymer, polymer/alkali (P-A), and polymer/nanoparticles (P-NP). The last
two samples were utilized for oil displacement experiments, applying polymer and P-NP. The
properties of all these samples are presented in Table 1. The illustration of the Uzen core is

shown in Figure 9.

Table 1. Characteristics of core samples used for core floodings

Sample ID L, cm ID, cm PV,cm® | BV, cm? a, % P(rock),
g/lcm?

1 7.89 3.73 18 86.17 20.9 2.65

2 5.39 3.79 16 60.33 26.5 2.66

3 5.76 3.78 17.2 64.64 26.6 2.66

4 5.55 3.78 16.3 62.28 26.2 2.66

5 5.51 3.79 16.2 62.16 26.1 2.66

6 5.55 3.79 15.2 62.48 24.3 2.66

7 5.57 3.78 15.6 62.42 25.0 2.66

Figure 9. Saturated Uzen core sample
3.1.2. Brines

Generally, three types of brine were utilized during the adsorption testing. Synthetic

seawater with a concentration of 14248.7 ppm was used for all types of tests along with
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Berea rock. An ionic composition of SSW is shown in Table 2. A Caspian seawater sample
at a concentration of 14300 ppm and hardness of 80-120 ppm was applied for both static
adsorption and core flood experiments. A formation water having a concentration of about
51000 ppm and hardness of 254 ppm was used as a pre-flush for oil recovery tests to achieve

the condition of the reservoir.

Table 2. Synthetic seawater composition by ions

lons Concentration, ppm
Na* 3513.1

Ca** 400.8

Mg?* 790.4

CI 6026.6
(SO4)* 3138
(HCO3) 256.2

K+ 87.6

(COs)* 36

3.1.3 Crude Oil

The Uzen field crude oil was used in this study. The viscosity of the crude oil at the
reservoir temperature of 63°C was 8 cP. There are considerable amounts of asphaltenes about
13 wt. % and paraffin by 20 wt. % in the oil (Imanbayev et al., 2022). Also, the density of oil
in reservoir conditions is 787 kg/m®. The oil was filtered before core flooding.

3.1.4 Chemicals

In this project, three types of chemicals (polymer, nanoparticles, and alkali) are used
for several purposes. To estimate the adsorption of ASP3 on the Uzen rock surface, silica
nanoparticles and caustic soda were implemented. All three chemicals were applied to

evaluate the efficiency to displace more oil through the porous media.

3.1.4.1. Polymer
Throughout this project, the white crystal-powdered HPAM-based polymer ASP 3
was employed which is presented in Figure 10. The polymer hydrolysis degree is 6.4%. The
bulk density of the polymer is 600 kg/m?3, intrinsic viscosity is 12.9 dl/g, molecular weight is
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7.6 g/mol, and the content of the main substance is 92.28%. Our previous studies showed that

the ASP3 polymer is compatible with the field conditions (Yerniyazov et al., 2023).

Figure 10. Encoded ASP3 polymer on basis of HPAM

3.14.2. Nanoparticles

Silicon Oxide Nanoparticles were chosen for the project following studies that
indicated the considerable suitability of SiO> for enhancing the adsorption of HPAMs
(Cheraghian et al., 2014). Negatively charged silica particles can be engineered to repel
negatively charged HPAM molecules, preventing them from adhering to rock surfaces.

The material was provided by SkySpring Nanomaterials company. It is a spherical-
shaped porous silicon oxide powder with a purity of 99.5%. The size of the material ranges
from 10 to 20 nanometers with a density of 2.4 g/cm3.

3.14.3. Alkaline

As an alkaline sample, sodium hydroxide was selected due to its compatibility with
the chosen polymer, high solubility, and strong base (Jung et al., 2013). The purity is more
than 97% and is provided by SIGMA-ALDRICH.

The surface charges of rocks can be changed with NaOH to make the negatively
charged HPAM molecules less attractive to them. Moreover, by destroying any bonds that
may already exist between the HPAM molecules and the rock surface, the application of
NaOH can also assist to reduce the adsorption of the HPAM molecules. The use of NaOH
must be carefully regulated since it may react with other reservoir components and result in
undesirable side effects.
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3.2.  Experimental Procedure

3.2.1. Preparation of SSW and Chemical Solutions

Depending on the type of experiment, several preparation techniques were used for
chemical solutions including polymer, polymer-nanoparticles (P-NP), and polymer-alkaline
(P-A).

3.2.1.1. Synthetic Seawater Solution

A specific volume of distilled water was added to the beaker based on the required
solution volume. For instance, the necessary quantity of salts, which is stated in Table 3, was
added to distilled water at 700 rpm of stirring and mixing to make the synthetic brine. To get
a complete solution in the water, each salt was added at intervals of around 4-5 minutes. Then

the beaker of brine was coated with parafilm and was left for 1-2 hours for mixing with

cover.
Table 3. Synthetic seawater brine composition
Required salts Chemical formula Added mass, g/L Producer companies
Sodium chloride NaCl 4.797 SIGMA-ALDRICH
Potassium chloride KCI 0.167 SIGMA-ALDRICH
Calcium chloride CaCl2 1.11 SIGMA-ALDRICH
Magnesium chloride MgCl2*6H20 6.611 SIGMA-ALDRICH
hexahydrate
Sodium sulfate Na2SO4 4.64 SIGMA-ALDRICH
Sodium carbonate Na2CO3 0.064 SIGMA-ALDRICH
Sodium bicarbonate NaHCOs 0.353 SIGMA-ALDRICH

3.2.1.2. Polymer Solution

For stability tests, the polymer solution was prepared in three different concentrations
based on our previous studies, as 1000 ppm, 1500 ppm, and 2500 ppm.

The SSW was first prepared, then after 30 minutes of stirring at 700 rpm, the polymer
was added. Formula 1 was used to calculate the required weight of polymer powder for the

solution:
C(p)xV(b)
W) == @)
where,
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W (p) — polymer weight, g

C(p) — polymer concentration, ppm

V(b) — brine solution volume, mL

For instance, to get 200 mL of polymer solution at the concentration of 1000 ppm, 0.2
g of ASP3 polymer was added, while 0.3 g for 1500 ppm, and 0.5 g to obtain 2500 ppm. The
preparation of the polymer solution was in line with the APl recommended practice 63 (API,
1990). Utilizing a magnetically driven stirrer, the bottom of the liquid vortex should reach
75% of the mixture. To avoid breakage of polymer chains due to high agitation speed, the
mixture rate was immediately switched to 100-150 rpm, otherwise, it can result in a
decrement in polymer viscosity. The mixture was mixed for 2 hours to achieve a completely
dissolved solution.

For adsorption and core flooding tests using the Uzen core, seawater was utilized as a
base for the polymer solution. Therefore, the measured polymer amount was directly added to
the seawater for mixing. In this instance, the previously indicated steps by API were also

followed.

3.2.1.3. Nanoparticle-Polymer Solution

Various types of P-NP solutions were prepared for several purposes, such as
investigating the stability of mixtures at different concentrations of SiO», selecting the most
stable solution at different polymer concentrations, and observing the performance of NPs in
reducing the adsorption of ASP3. As an example, to make the P-NP solution in SSW, 200 ml
of ultrapure distilled water was mixed with 0.2 g of SiO; to obtain 0.1 wt% of NP in the
solution. A magnetic stirrer was then used to thoroughly mix the solution for 30 minutes at
600 rpm. The solution was then put into Ultrasonic Homogenizer for one hour at 70°C. The

device parts are shown in Figures 11 and 12.

25



Figure 11. Intelligent ultrasonic processor

Afterward, before adding 0.2 g of ASP3, the solution was cool down to prevent the
thermal degradation of the polymer. The polymer was added to the nanofluid and stirred at a
lower speed (150 rpm) to avoid mechanical degradation of polymer molecules. After 30 min
of mixing, the required mass of salts listed in Table 1 was added and mixed for 2 hours to
ensure uniform dispersion. This procedure was repeated for other polymer concentrations
(1500 ppm and 2500 ppm). Moreover, stability tests were also conducted with SiO;

concentrations of 0.05 wt% and 0.3 wt%, where the polymer concentration was 2500 ppm.

ULTRASONIO OELL CRUSHER NOISE ISOLATING CHAMBER

Figure 12. Ultrasonic cell crusher noise isolating chamber

In the case of P-NP mixture preparation in the Caspian seawater, SiO2 was directly
mixed with the seawater. Other steps were the same as for the SSW case excepting salts
addition.
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3.2.14. Alkali-Polymer Solution

As the alkaline sample, 0.5 M of NaOH was used. Primarily, the alkaline solution
with concentrations of 1% was prepared by adding 2g of alkaline to 200 mL of the ultrapure
distilled water, then mixed for 20 min. The pH value of the solution was 13.04. Subsequently,
200 mL of SSW was prepared, then about 3-4 mL of 1% alkali were added to the brine. So,
the NaOH concentration was in the range of 0.02-0.04%, which resulted in a solution with a
pH value of 8.23-10.01. Finally, 0.2 g of Polymer with a concentration of 2500 ppm was
added into the alkaline solution respecting API instructions and left for 2 hours of mixing.

To prepare the alkaline solution in RSW, the alkali was added to the seawater sample

which resulted in a solution with a pH of about 9.2, which was similar to the SSW case.

3.3.2 Zeta Potential Measurements

To investigate the stability of P-NP solutions, zeta potential tests were conducted by
using the apparatus Zetasizer Nano ZS by Malvern Panalytical which is presented in Figure
13. Particles having zeta potentials between -10 mV and +10 mV rapidly aggregate, whereas
particles with zeta potentials less than -15 mV show acceptable stability. The concentration of
nanoparticles was fixed for all performed measurements, while polymer concentration was
varied by 1000 ppm, 1500 ppm, and 2500 ppm. Therefore, SiO2 was prepared as a baseline.
Each test was measured 3 times to get accurate values.

Figure 13. Zetasizer Nano ZS
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3.3.3 Core Crushing

Due to the large size of the cores for direct milling, the core crushing process was
divided into two steps. Initially, a Jaw Crusher machine by RETSCH which is illustrated in
Figure 14, was used to break the core into millimeter-sized fragments. The RETSCH Disc
Mill device was used to grind down pieces into micrometric particles afterward, which is
presented in Figure 15. The final form of both Berea and Uzen cores was as powders and

used for the static adsorption tests.

Figure 15. Disc Mill DM200
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3.3.4 Core Preparation

Six cores were used for core flooding tests. After being placed in an oven at 63 °C for
a day, each core sample was dried until a stable weight was achieved, indicating the complete
removal of all moisture from the pore space. Dry weights and dimensions of all cores were
then measured. Hereafter, depending on the type of test, the core samples were saturated with
certain brine which is presented in Table 4. The saturation process was continued for one day
at the pressure of 1000-1100 psi. After pulling the cores out of the device, their wet weights
were measured to calculate the porosity. The apparatus used for saturation was Manual

Saturator by Vinci company which is demonstrated in Figure 16.

Table 4. The plan for core saturation

Types of tests Core rock Saturation brine
Injectivity and dynamic Berea SSW
adsorption Uzen RSW
Oil displacement Uzen FW

Figure 16. Manual Saturator

3.3.5 UV Testing
The concentration of elements in a sample can be determined by using an analytical
method known as UV-Vis spectrophotometry. The method measures how much light is
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absorbed by a sample at particular wavelengths in the UV or visible range of the
electromagnetic spectrum. This method was used to measure the concentration of samples.

A chemical sample is put in a cuvette, which is a tiny, clear container, to find out the
concentration utilizing UV-Vis spectrophotometer Evolution 300 by Thermo Scientific which
is presented in Figure 17. The spectrophotometer, a device that can detect the amount of light
passing through the material, is then placed within the cuvette.

Accordingly, polymer concentration after static or dynamic adsorption can be
determined by knowing three values: polymer absorbance at the recognized wavelength,
molar absorptivity, as well as cuvette path length. This can be accomplished by utilizing a
calibration curve, which is a graph of absorbance against concentration for a variety of
previously determined chemical values. Finally, being informed of initial and final
concentrations of polymer, both static and dynamic adsorptions can be evaluated.

‘ P W I

EVOLUTION 300
v

Figure 17. Ultraviolet-visible spectrophotometer

3.3.6 Rheology Testing

The polymer, P-NP, and P-A samples were extracted from the core plugs after core
flooding and tested using the modular compact Anton Paar rheometer (MCR 302) which is
shown in Figure 18. The extracted solution was dissolved in the brine at a predetermined

concentration before being used to get the samples ready.
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Figure 18. Modular compact rheometer

A modular compact rheometer is used to determine a solution's viscosity. The
rheometer includes a revolving spindle and a stationary cup that holds the substance under
evaluation. The spindle is rotated at a predetermined speed, and the rotational resistance is
obtained to assess the sample's viscosity at the temperature of 63°C, as well as the shear rate
of 10 s™*. The amount of dynamic adsorption onto the rock surfaces can be determined by

comparing the viscosity of the polymer solution before and after core flooding.

3.3.7 Static Adsorption Tests

To investigate the adsorption of fluids on various surfaces, static adsorption studies
are widely accepted. In this case, the adsorption of ASP3 on Berea sandstone and Uzen rock
was analyzed throughout periods of 3, 12, 24, and 36 hours. The effects of silicon dioxide and
caustic soda on polymer adsorption were also examined by applying the P-NP and P-A
solutions for static adsorption experiments.

Primarily, 160 g of every solution was poured into 4 vials with 40 g each. Hereafter
10 g of the crushed core was added to each vial to achieve a liquid-to-solid ratio (L/S) of 4.
The static adsorption test included measuring 34 different samples in total. The vials were
placed in the roller oven to mix properly for 3 hours, 12 hours, 24 hours, and 36 hours. The
device is illustrated in Figure 19 and manufactured by OFI Testing Equipment. The samples

were then diluted 10 times and analyzed using a UV-Vis Spectrophotometer after two days to
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enable the precipitation of the tiny particles. The reason for diluting effluents is the resolution

of the apparatus, which provides more accurate results for lower solution concentrations of up

to 500 ppm.

Figure 19. The OFITE roller oven

3.3.8 Injectivity and Dynamic Adsorption Tests

In general, five core flooding experiments involving injectivity and dynamic

adsorption tests were carried out. To evaluate the dynamic adsorption values, nanoparticles

and alkalis were used and the results were compared to the standalone polymer case. The

details of the tests are provided in Table 5, where the first test was considered a trial

approach.

Table 5. Specification of injectivity and dynamic adsorption tests

# Type of the test Type of the core rock The sequence of injection fluids

1 Injectivity Berea sandstone SSW — Polymer — Postflush
Dynamic SSW — Polymer — SSW — Polymer
adsorption — Postflush

2 Injectivity Uzen formation RSW — Polymer — Postflush

3 Dynamic Uzen formation FW — Polymer - RSW — Polymer —
adsorption Postflush

4 Dynamic Uzen formation FW — P-NP - RSW — P-NP —»
adsorption Postflush

5 Dynamic Uzen formation FW — P-A - RSW — P-A —»
adsorption Postflush
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All tests were conducted by the Vinci core flooding system CFS 700. The schematic
illustration of the system is shown in Figure 20, where the main elements are (1-3)
accumulators A, B, and C, (4) injection pumps, (5) confining pump, (6) hydrostatic core
holder, (7) pressure sensors, and (8) back pressure regulator.

The conditions given to the device were the confining pressure of 1200 psi, the back
pressure of 300 psi, the temperature value of 63°C, and a flow rate of 0.5 cc/min.

All dynamic adsorption tests had 2 cycles of solution injections, where each cycle
consisted of certain pore volumes (PV) of the solution. Hence, the same volumes of injected
fluid were collected after the production for further analysis through Rheometer and UV-Vis
spectrophotometer. For instance, in the case of Berea core, overall, 10 PVs of the polymer
solutions were injected, and 6 samples from each PV were gathered. In total, 252 samples
were obtained from dynamic adsorption tests, and 36 samples from injectivity tests.
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Figure 20. Computer diagram of CFS 700

Finally, analyzed data was used to calculate the value of dynamic adsorption by

Equation 2.

PV

Gaymamic = {[2 [(:Tp X APV) — (& x APV)” + IAPV} X Cpo X —

)

to rock
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where C,, and C,,, indicate effluent and original concentrations of the polymer; PV
represents obtained pore volume of the effluent; C; and C;, symbolize final and initial tracer

concentrations; IAPV means inaccessible pore volume; M,.,., stands for the mass of the rock.

3.3.9 Oil Displacement Experiments

The efficiency of utilizing nanoparticles to enhance the performance of polymers for
CEOR applications is measured by an oil displacement experiment that involves injecting
polymer with and without nanoparticles. These experiments were carried out by use of CFS
700 at the same conditions that were applied for dynamic adsorption and injectivity
investigations. Only the rate of the solution injection was altered, and it was performed in
increasing sequence for each fluid injection: 0.5 cc/min, 1 cc/min, 1.5 cc/min, and 2 cc/min.
The sequence of the tests is provided in Figure 21.

a) FW Injection — Oil Injection — SW Injection — Polymer Injection — SW Injection

b) FW Injection — Qil Injection — SW Injection — P-NPs Injection — SW Injection

Figure 21. Design for oil displacement with polymer injection: (a) in the absence of nanoparticles, (b) in the
presence of nanoparticles

The effluents were collected after the injections of seawater, solution, and postflush to
define the recovered oil volume. Overall, 114 samples were collected during the oil
displacement by polymer, and 98 samples were gathered during the experiment of polymer-
nanoparticle flooding.
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4. RESULTS AND DISCUSSION

The objective point of the conducted laboratory experiments was the evaluation of the
SiOy efficacy in reducing ASP3 adsorption on the Uzen formation rock through obtaining
static and dynamic adsorption results. Moreover, the efficiency of NaOH to decrease polymer

adsorption was also investigated and described properly.

4.1  Stability Tests for Solutions

Several concentrations of the ASP3 polymer solution—21000 ppm, 1500 ppm, and
2500 ppm—were mixed with 0.1 wt. % of SiO> for stability experiments. Figure 22
demonstrates the visual stability of those solutions, while Table 6 presents their zeta potential
values. Accordingly, zeta potential reaches a minimum of -21.7 mV at a polymer
concentration of 2500 ppm. Moreover, there were no precipitations observed, implying that

the mixture of nanofluid and polymer is more stable at higher polymer concentrations.

Figure 22. Variously concentrated ASP3 solutions with 0.1 wt.% SiO2: (a) 1000ppm, (b) 1500 ppm, (c) 2500
ppm

Table 6. Zeta potential test results

Test Solution type Polymer concentration, Zeta potential, mV
number ppm
1 Nanofluid - -13.7
2 Nanofluid - Polymer 1000 -11.6
3 Nanofluid - Polymer 1500 -12.1
4 Nanofluid - Polymer 2500 -21.7
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Visual observation can be used to confirm the stability. Sedimentation is negligible or
absent in stable solutions. Thus, different concentrations of the silica nanoparticles were
evaluated. The visual observations in Figure 23 showed that the solution with a concentration
of 0.3 wt. % SiO2 nanoparticles is unstable, as a large amount of precipitation is present. In
contrast, the solutions with concentrations of 0.05 wt. % and 0.1 wt. % appear to be stable, as
there is no sedimentation visible.

The polymer (2500ppm)-alkali (0.03%) solution also demonstrated stability, with a
zeta potential of -19.6 mV.

Figure 23. Varied concentrated SiO; solutions with 2500 ppm ASP3: (a) 0.05 wt. %, (b) 0.3 wt. %, (c) 0.1 wt. %

4.2  Calibration Curves

A graph known as a calibration curve illustrates the relationship between polymer
concentration and absorbance for a polymer solution applying UV-Vis Spectrophotometer.
To construct this curve, it is necessary to prepare numerous solutions with known polymer
concentrations. The absorbance was then plotted as a function of the polymer concentration
to create the calibration curve. For SSW-based solutions, solutions with polymer
concentrations of 100 ppm and 150 ppm were prepared and their absorbance was measured,

as presented in Figure 24.
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Figure 24. Calibration curve for ASP3 polymer solution in SSW
For RSW-based polymer solutions, solutions with polymer concentrations of 50 ppm,
100 ppm, 150 ppm, and 200 ppm were utilized, as shown in Figure 25. Once the calibration
curve was established, it was used to estimate the unknown concentration of the polymer
solution by measuring its physical property and interpolating the value on the curve. Both
mentioned calibration curves were used to determine the obtained concentration of ASP3
after static adsorption tests.
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Figure 25. Calibration curve for ASP3 polymer solution based in RSW

For dynamic adsorption tests, different calibration curves were created by adding
potassium iodide as a tracer into the brine, as illustrated in Figure 26 and Figure 27. In core
flood experiments, a tracer is frequently added to polymer solutions to monitor the flow of
the solution through the porous material. The use of a tracer makes it possible to determine
and measure the volume of polymer solution that has passed the core sample. The usage of
potassium iodide is due to the fact that it is a salt that dissolves in water and is easy to detect

through UV-visible spectrophotometry. The amount of light that potassium iodide absorbs at
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a certain wavelength is proportional to the amount of the tracer present in the solution. The
breakthrough time of the polymer solution and the volume of polymer maintained within the
core may both be calculated by tracking the absorbance of the tracer at the core sample's
effluent. Adding a tracer to polymer solutions during core flood experiments is a crucial step

in determining how well polymer flooding performs as an improved oil recovery strategy.
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Figure 26. Calibration curve for ASP3 solution in SSW and tracer
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Figure 27. Calibration curve for ASP3 solution in RSW and tracer

4.3  Static Adsorption Experiments

4.3.1 Berea Sandstone Case
Table 7 displays the outcomes of static adsorption studies performed on crushed Berea
Sandstone samples that were treated with various polymer solutions over time. The

standalone polymer with a concentration of 2500 ppm was examined (P). The combination of
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polymer with two different concentrations of silica nanoparticles (0.05wt% and 0.1wt%), and
in combination with an alkaline solution was also analyzed. The values for adsorption listed
in Table 6 are expressed in pg/g, which represents the quantity of polymer adsorbed per gram
of solid material. Also, Figure 28 represents the results at different times.

Table 7. Static adsorption tests on Berea sandstone

Adsorption, ug/g

t, P P-NP (0.05)  P-NP (0.1) P-A
hrs
3 940.09 948.88 947.56 943.16
12 952.84 954.59 956.35 954.15
24 973.05 962.07 957.23 962.07
36 976.13 967.78 963.82 970.86
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Figure 28. Polymer adsorption by time on Berea rock

The adsorption values after three hours ranged from 940 ug/g for P to 948 ug/g for P-
NP (0.05wt%), which was quite similar for all the treatments. This shows that the addition of
sodium hydroxide solution or silica nanoparticles did not have a substantial impact on the
polymer’s initial adsorption. This can be explained by the reason that both alkali and NPs
required some residence time to interact with polymer and rock surfaces.

The adsorption values increased for all treatments at the 12-hour mark, with P-NP
(0.2wt%) displaying the highest value at 956 pg/g. P and P-A both had high adsorption
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values, 953 pg/g, and 954 ug/g, respectively. This shows that despite the difference in the
treatment, the polymer's adsorption increased with time.

The adsorption values kept rising at the 24-hour mark, with P showing the highest
values (973 pg/g). P-NP (0.05wt%) and P-A adsorption values were the same by 962 ug/g,
indicating a lower value than for the polymer instance. Applying P-NP (0.1wt%) resulted in
the lowest amount of adsorption achieving 957 pg/g. This shows that the application of silica
nanoparticles is effective in lowering the polymer's adsorption over a longer period.

The adsorption values for all treatments reached their highest levels at 36 hours,
ranging from 963 pg/g for P-NP (0.1wt%) to 976 pg/g for P. This shows that the polymer's
adsorption increased over time but comparatively less with the application of SiOa.

Overall, the findings indicate that the treatment had an impact on the HPAM-based
polymer's ability to adhere to crushed Berea Sandstone, with the addition of an alkaline
solution (P-A) improving this process. Nevertheless, over extended periods of time, the
alkaline solution's impact lessened and the adsorption values for P and P-A converged. At the
same time, nanoparticles have a longer-lasting and more persistent effect on adsorption
decrease.

4.3.2 Uzen Formation Case

Table 8 presents the findings of static adsorption tests conducted on crushed samples of Uzen
field formation rock. Regarding Figure 29, it can be seen that for all treatments, the quantity
of adsorption tended to rise over time. This may be explained by the fact that more polymer

molecules adhere to the surface of the rock over time, increasing the quantity of adsorption.

Table 8. Static adsorption tests on Uzen rock

Adsorption, ug/g

t, hrs P P-NP (0.05) P-NP (0.1) P-A
3 756 750.29 624.57 467.43
12 784.57 790.29 616 564.57
24 827.43 821.71 736 770.29
36 884.57 896 850.29 793.14

40



1000
900
800
700
600
500
400
300
200
100

Adsorption, pg/g

0 5 10 15 20 25 30 35 40
Time, hrs

—B—P =3+ P-NP(0.05) P-NP(0.1) ---@--P-A

Figure 29. Polymer adsorption by time on Uzen crushed rock

The polymer solution containing 0.1wt% silica nanoparticles had the least quantity of
adsorption (850.29 g/g). This is caused by the fact that compared to the standalone polymer,
the nanoparticles have a larger surface area and a more active surface. Due to the
nanoparticles' active surface, fewer sites are accessible for polymer adsorption as a result of
the nanoparticles' ability to compete with the polymer for adsorption sites on the rock surface.

When a polymer is combined with an alkaline solution, the adsorption of the polymer
showed decreased values. This is because the alkaline solution makes the rock’s surface more
negatively charged, repelling the negatively charged polymer molecules and reducing the
amount of polymer adsorption.

Overall, the study showed that the capacity of the ASP3 polymer to adsorb onto the
Uzen rock during longer contact times can be diminished by the addition of silica
nanoparticles or an alkaline solution. It is important to note that these findings are particular
to the experimental setup performed and that more research may be required to support these
conclusions.

4.4  Polymer Performance in Porous Media

The outcomes of all types of core flood tests show how applied polymers behave in
a porous medium. In particular, injectivity tests are carried out to assess the reservoir's
capacity for fluid injection and the fluid's efficacy in raising the mobility ratio. Moreover, the
test measures the polymer solution's capacity to go through a porous medium without

generating significant pressure drops or harm to the formation.
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According to Table 9, the test utilizing the Berea core obtained an RF of 75.89 using
Formula 3, the value indicates that the injected polymer flows about 76 times slower than the
injected water. In the injectivity experiment outcomes involving the Uzen core which is
shown in Table 10, the RF was 112.67, which is greater than the RF of the prior test with
Berea sandstone. A high resistance factor found during a polymer injectivity test can show
that the injected polymer is efficiently blocking high permeable channels and displacing
fluids in the reservoir, which can contribute to enhancing sweep efficiency. When the
injected fluid displaces the reservoir fluids continuously and uniformly, without fingering,
this is known as piston-like displacement. By ensuring that the injected fluid is spread evenly
throughout the reservoir, a high resistance factor can contribute to enhancing piston-like

displacement by maintaining the pressure gradient and preventing an early breakthrough.

Ap i
RF — chemical flood (3)
Appreflush
A .
RRF = —tPbrine (4)
APprefiush

Table 9. Results of injectivity test on Berea rock

. a, Calculated Kabs,
DP, psi =~ DP, atm ) g, cc/s RF
cc/min mD
SSW Injection 0.55 0.04 0.5 0.01 131.53
Polymer Injection 41.74 2.84 0.5 0.01 44.49 75.89
Postflush 8.23 0.56 0.5 0.01 8.79

Table 10. Results of injectivity test on Uzen rock

] d, Calculated
DP, psi DP, atm . q, ccls RF
cc/min Kabs, mD
RSW Injection 15 0.10 0.5 0.01 30.58
Polymer Injection 169 11.50 0.5 0.01 7.57 112.67
Postflush 78.8 5.36 0.5 0.01 0.58

Concerning dynamic adsorption tests, it was determined how much polymer is
adsorbed and trapped in the porous media during the polymer flooding.

The results of the trial test utilizing the Berea core are presented in Table 11, where
the value of RRF after post-flushing of one cycle of ASP 3 injection was equal to 14.96.
Calculation of the RRF is shown in Formula 4. As the polymer adheres to the sample surface,

it might obstruct the pore throats and diminish the rock's permeability which leads to a
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pressure drop in the system. This occurs as a result of the fluid experiencing more resistance
and requiring more force to get through the rock due to its difficulty passing through it. So,
an RRF of about 15 means that not all injected polymer was displaced from the core by
postflush brine, this implies that it was adsorbed, trapped, or retained on the rock.
Completing the post-flushing of the second cycle of the polymer, RRF displayed 46.53,

indicating that almost half of the initially injected polymer volume was still present in the

core.
Table 11. Dynamic adsorption test in Berea sandstone core
DP,psi  DP,atm 4 q, ccls Caleulated kats, 0 RRF
cc/min mD
SSW Preflush 0.55 0.04 0.5 0.01 131.53
Polymer Cycle-1 41.74 2.84 0.5 0.01 44.49 75.89
SSW Injection 8.23 0.56 0.5 0.01 8.79 14.96
Polymer Cycle-2 112.43 7.65 0.5 0.01 16.52 204.42
SSW Postflush 25.59 1.74 0.5 0.01 2.83 46.53

The data provided in Tables 12 to 14 clearly show that the RF values have
consistently increased in all three cases: polymer flooding, polymer flooding with alkali, and
polymer flooding with nanoparticles during the flooding to the Uzen field cores. This trend
suggests that the application of chemical flooding techniques has increased fluid flow
resistance. Nevertheless, the presence of alkali can affect the charge on the polymer, which
can alter its rheology, decreases its viscosity, and reduce its effectiveness in reducing fluid
flow resistance. The addition of nanoparticles, on the contrary, makes the fluid viscous and
improves RF. The viscosity of the P-NPs solution achieved 38.0 cP, while only the ASP3
solution was 22.0 cP. As it is seen that viscosity was nearly doubled, therefore the value of

RF was also almost increased 2 times.

Table 12. Dynamic adsorption test in Uzen field core for the standalone polymer flooding

) a, Calculated Kabs,
DP, psi  DP, atm ) q, ccls RF RRF
cc/min mD

RSW Preflush 0.47 0.03 0.5 0.01 105.15
Polymer Cycle-1 11411 7.76 0.5 0.01 12.15 241.47
RSW Injection 28.49 1.94 0.5 0.01 1.74 60.28
Polymer Cycle-2 100.24 6.82 0.5 0.01 13.83 212.11
RSW Postflush 31.99 2.18 0.5 0.01 1.55 67.70
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Table 13. Dynamic adsorption test in Uzen field core in presence of alkali

. o} Calculated Kabs,
DP, psi  DP, atm ) q, ccls RF RRF
cc/min mD
RSW Preflush 0.19 0.01 0.5 0.01 251.99
P-A Cycle-1 36.91 2.51 0.5 0.01 43.52 194.24
RSW Injection 5.80 0.39 0.5 0.01 8.25 30.53
P-A Cycle-2 29.80 2.03 0.5 0.01 53.90 156.84
RSW Postflush 8.93 0.61 0.5 0.01 5.36 46.99

Table 14. Dynamic adsorption test in Uzen field core in presence of 0.5 wt.% nanoparticles

. d, Calculated Kabs,
DP, psi = DP, atm ] q, ccls RF RRF
cc/min mD

RSW Preflush 0.63 0.04 0.5 0.01 75.48
P-NP Cycle-1 293.94 20.00 0.5 0.01 7.74 469.22
RSW Injection 33.30 2.27 0.5 0.01 1.42 53.15
P-NP Cycle-2 286.42 19.49 0.5 0.01 7.94 457.21
RSW Postflush 93.78 6.38 0.5 0.01 0.50 149.71

The tables also provide the RRF values that demonstrate the residual polymer in the
porous medium. Comparing the outcomes demonstrated that SiO, application has little or no
effect on the remaining polymer and does not increase trapping, which is favorable. The RRF
for the combination of P-NPs was 53.15, which was even lower than the RRF for pure
polymer flooding (60.28).

Moreover, high mechanical degradation occurred in all three experiments (Figures 30-
32) with Uzen rock due to the high polymer concentration of 2500 ppm and large viscosity of
22.0 cP. Factors that caused this high degradation level are the high shear rate and polymer
retention (adsorption, trapping, and entrapment). Shear forces that the polymer solution may

experience as it passes through the rock may cause it to break into smaller pieces.
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Figure 30. Mechanical degradation of polymer solution in Uzen core

In addition, the findings suggest that the HPAM polymer solution's mechanical
deterioration during the core flooding tests is influenced by the addition of alkaline and
nanoparticles. Adding sodium hydroxide to the polymer solution can also lead to degradation
since it creates hydroxide ions that can damage the polymer chains. As a result, the solution’s
viscosity and efficiency may drop. In the case of the P-NPs solution, the addition of
nanoparticles increased the viscosity of the solution, which also caused a higher level of

mechanical degradation.
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Figure 31. Mechanical degradation of polymer-alkali solution in Uzen core

When comparing all the examples, the degree of mechanical degradation after the

injection of the second cycle of solutions was much lower than during the first cycle. The
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chemical molecules, particularly polymer chains, may have partially covered the rock surface
after the first cycle due to their capacity to adsorb onto mineral surfaces or become trapped in
the pore spaces of the rock matrix. This reason is also explains the trend of mechanical
degradation decrease in all cases. As a result, this could reduce the surface area available for
further rock-fluid interactions during subsequent injection cycles. In addition, the retention of
polymer chains might cause a thin polymer layer to form on the rock'’s surface, acting as a
barrier to additional adsorption and chemical deterioration. This could improve the general

efficacy of following injection cycles.
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Figure 32. Mechanical degradation of polymer-nanoparticles solution in Uzen core

45  Dynamic Adsorption Tests

The process of a substance adhering to a solid surface while flowing constantly is
referred to as dynamic adsorption. The amount of polymer adsorbed onto a solid matrix was
assessed over time in dynamic adsorption studies, which included flowing a solution
containing the polymer over the core at a regulated rate of 0.5 cc/min. Moreover, chemicals
like NaOH and SiO2 were combined with the polymer and used as an injection fluid to lessen
the adsorption of the polymer during the flooding.

The trial dynamic adsorption test was carried out on Berea sandstone, and Figure 33
displays the pressure drop values during the injection of polymer solution into the pores. A
viscosity profile was initially constructed utilizing the viscosity-concentration profile from

the Rheometer. It was a primary step in estimating the value of dynamic adsorption by
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Formula 1. As shown in Figure 34, the viscosity profile was used to obtain concentration
values from the presented two equations. For observed viscosities, less than 16 cP, the
equation on the left-bottom side of the figure was employed, and for values more than 16 cP,

another equation was.
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Figure 33. Pressure drop profile of dynamic adsorption test in Berea
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Figure 34. Viscosity profile of ASP 3 at different concentrations
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After that, based on the evaluated concentrations, incremental and cumulative
viscosities of the effluents from both polymer cycles were calculated and used to get the
IAPV value. As displayed in Figure 35, two chosen points for each cycle indicate after how
many pore volumes, 50% of the polymer was produced. Following that, Equation 5 was

applied to calculate IAPV. For the case, the value was 22.27%.

Injected PV(cycle 1)—Injected PV (cycle 2)
] Y ] 4 X 100% (5)

IAPV = Injected PV(cycle 1)

Following that the measurement of the tracer effluents was taken using UV-Vis
equipment, and the tracer concentrations were computed based on the calibration curve and
absorbance values. Hereafter, the last unknown value which is the mass of rock was
estimated through Equation 6, and was equal to 181.34 g. The data on rock characteristics

were taken from Table 1.

Myocr = (BV = PV) X Prock (6)

0.9

C/Co
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Figure 35. Polymer production through Berea core at different injection cycles
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Finally, the evaluated value of the dynamic adsorption for the test using Berea
sandstone was calculated through Formula 2 as 600.385 pg/gock). The same steps were
repeated to estimate dynamic adsorption values from experiments with Uzen cores. Table 15
provides the results of the IAPV and dynamic adsorption.

Table 15. The dynamic adsorption and IAPV values of tests using Uzen cores

Injected fluid Dynamic adsorption, pg/gqock) IAPV, %
Polymer 766.43 7.87
Polymer-Alkali 805.90 13.19
Polymer-Nanoparticles 632.40 44.83

It is clear from the data in Table 15 that adding alkali to the polymer solution causes
both an increase in dynamic adsorption—from 766.426 ug/g of rock to 805.9 ug/g of rock—
and an increase in IAPV—from 7.87% to 13.19%. This shows that alkali did not reduce
polymer adsorption as intended and instead caused more fluid to be adsorbed onto the rock
surface. That can be explained by the findings of static adsorption studies, in which polymer
adsorption increased instantly after 12 hours of contact with the Uzen rock. As the polymer
charge was not negative enough, the repulsive force between the rock and the polymer was
weak.

On the other hand, the dynamic adsorption of the polymer solution decreases when
nanoparticles are added, changing from 766.426 nug/g (rock) to 632.398 pg/g (rock). Despite
this, IAPV significantly increased from 7.87% to 44.83%. That can be clarified by the fact
that the pressure drop was significantly increased since the solution's viscosity was twice as
high. Nevertheless, as the permeability values were the same, it is assumed that nanoparticles

have not blocked pores more than in the case of standalone polymer flooding.

4.6  Oil Displacement Tests

To increase the oil recovery from the Uzen field, polymer flooding was used for the
oil displacement test. Our results showed that silica nanoparticle is more effective to enhance
the performance of polymer flooding. Hence, the effect of adding this nanoparticle to the
polymer flooding on the oil recovery and oil fluid flow in the Uzen field media was also
investigated. Two cases were analyzed without and in presence of silica nanoparticles, to
evaluate the impact of reducing polymer adsorption on sweeping more oil.

The Uzen core saturation showed 20% of saturation with FW after the injection of oil
in the first experiment with polymer case. Original oil in place (OOIP) was calculated by the
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information in Table 1 and using Equation 5. The estimated value of OOIP was 12.16 cc.

Pressure drops outcomes of preflush and oil injection are presented in Figure 36.

00IP = ALg (1 - %) (5)

—@— Formation Water Injection ~ —@=—Oil Injection
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0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
PV Injected

Figure 36. Pressure change profile for FW and oil injections in Case 1
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Figure 37. Pressure change and recovery factor profiles for RSW, polymer, and postflush injections in Case 1
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After saturating the core with oil, 17 PV of RSW was injected, resulting in 42.8% of
the oil recovery factor. Next, 27 PV of 2500 ppm polymer solution was applied, achieving a
recovery factor of 90.9%. So, the detailed results of RF, pressure drop by injected PV are
shown in Figure 37.

In the second oil displacement case with injection of polymer-nanoparticles solution,
the Uzen core was saturated with FW by 25% after oil flooding, and OOIP showed 11.69%.
Related pressure drop values during the first two injection processes are presented in Figure
38. Also, according to Figure 39, about 49.51% of oil was produced by injecting 22 PV of
RSW, while 18 PV of injected ASP3-SiO; displaced obtained 94.58% of total recovery. It is
important to point out that, in both cases, the chemical injection and post-flush were continued

until there was no longer any oil produced by them.
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Figure 38. Pressure change profile for FW and oil injections in Case 2

In accordance with results of recovery factors presented in Table 16, the value of
incremental recovery factor in terms of remaining oil in core (ROIC) after P-NPs injection
was higher for more than 5% compared to solely polymer flooding. Several considerations
may be used to explain the improved outcomes in the second scenario where silica
nanoparticles were added to the polymer solution. Firstly, adding nanoparticles into the
polymer solution can assist in decreasing the polymer's adsorption onto the rock surface,

increasing the mobility of the injected fluid and enhancing oil displacement effectiveness.
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Due to the decrease in polymer adsorption, there may be more polymer available to interact
with the oil and enhance recovery. The second way that nanoparticles themselves can
contribute to improved oil recovery is by lowering the interfacial tension and maximizing
contact between the injected fluid and the oil. Finally, adding nanoparticles to the polymer
solution can also lead to enhancing the fluid's rheological characteristics, enlarging
viscosity which can increase its capacity to sweep the reservoir and remove more oil. This

can result in a larger incremental recovery factor.

Table 16. Recovery factor results of oil displacement tests

Recovery | Incremental Inc. RE
Flooding Factor RF '
(%00IP) (%ROIC)
RSW 42.8 - -
Polymer 90.9 48.1 84.12
RSW 49.5 - -
P-NPs 94.6 45.07 89.26
250 100.00
200 80.00
150 60.00
2 £
o 2
100 40.00
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Figure 39. Pressure change and recovery factor profiles for RSW, polymer, and postflush injections in Case 2
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5.

CONCLUSIONS AND RECOMMENDATIONS

This work was aimed to reduce ASP3 polymer adsorption on the formation rock of

the Uzen field with the use of chemicals, such as silica nanoparticles, and sodium hydroxide

functioning as alkaline. Favorable mixtures of the chemicals were obtained through visual
and zeta potential screenings resulting P (2500 ppm) — A (0.03%), P (2500 ppm) — NP (0.1
wt. %), and P (2500 ppm) — NP (0.05 wt. %). Multiple varying experiments were conducted,

consequently establishing following conclusions:

The outcomes of the static adsorption tests have shown that the combination of
caustic soda and ASP3 was ineffective in extended durations of time,
particularly after reaching 12 hours of interaction with rock. Observed
phenomenon confirmed the unsuccessful dynamic adsorption research, where
adding alkali showed a reverse impact on the polymer adsorption, increasing it
by nearly 40 ug/grock).

Among P-NPs solutions, the application of a mixture with 0.1 wt% SiO-
demonstrated significantly decreased ASP3 adsorption on the Uzen rock
during static adsorption tests.

It was observed that the rise in RRF was noticed at the same ratio as the
increase in viscosity of the solution after the addition of SiOx.

The lowest value of polymer dynamic adsorption was found as 632.398
1g/grock) that accounted for the case of P-NP injection. It was less for 134.028
g/ g(rock) IN COMparison to just polymer injection instance.

According to the results of the oil displacement tests, the P-NP application had
a larger incremental recovery of 89.26%, which was higher by 5.14% than the
scenario with simply polymer flooding. That can be explained by the research
demonstrating that the addition of SiO2 increased the polymer's viscosity and

considerably reduced its adsorption.

On the basis of the study's findings, several recommendations for further study are

provided. As the successful performance of nanoparticles application in diminishing ASP3

was determined, other types of CEOR as surfactant-polymer and alkali-surfactant-polymer

methods can be tested for efficacy as well. Additionally, different alkalis and nanoparticles

can be investigated to observe the impact on ASP3 polymer adsorption.
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7. APPENDICES

Table 17. Polymer types used in CEOR:

pros and cons

Polymer Type Molecular Advantages Drawbacks References
Weight
Polyacrylamide | 0.2-30 million | -Good salinity -High (Kamal et al.,
g/mol resistance adsorption 2015; Chen,
-Poor shear 2016)
stability
Hydrolyzed Over 10 million | -Good stability | -Poor chemical | (Choi et al.,
polyacrylamide | g/mol to temperatures | stability 2014)
up to 160°C -Poor shear
-Low cost stability
-High solubility
in water
Xanthan Gum 2-20 million -Less sensitive | -High cost (Al-Hajri et el.,
g/mol to salinity -Biodegradation | 2018; Kamal et
-Good shear -Low elasticity | al., 2015)
stability
Hydrophobically | 1-2 million -High solubility | -Dependence on | (Kamal et al.,
modified g/mol in water L/S ratio 2015)
associating -High apparent | -Poor salinity
viscosity resistance
Cellulose 5-8 million - -Poor (Abbas et al.,
g/mol Environmentally | temperature 2013)
friendly stability
-Good
injectivity
-Good stability
resistance
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