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Abstract

Chemicalenhancedil recovery (CEOR) is acommonplace method used extensively to extract
trapped oil withreasonable recovery percentages during the tertiary stage of oil production.
Besides, new technologies have emerged and have been tested for their efficiency to increase oil
recovery after theonventional primary and secondary recovery techniques. Nambgmias a
branch of nanotechnology are emerging as a new alternative technologi @R @nd recovery
processes of trapped oil. Tunable silicbtsednanoparticles as nanofluids can beeatgd into

the reservoir at the secondary/tertiary stage asralabne or when coupled with some other
existingconventional techniques to enhance the recovery of the remaining trapped oil. Nanofluids
can be introduced into the reservoir at a typicahthbal flood configuration to produce more oll

by changing the @pchemical properties of the reservoir such as wettability, disjoining
pressurdFT etc. In the firstphaseof this study, silicatdbased nanoparticles were synthesized,
then partially alteretheir functionality by anchoringariousagents such as silanasd polymers,
generating various forms ofunctionalized silicate basednanoparticles. Characterization
techniques, such as scanning electron microscope (SEAfsmission electron microscop
(TEM), energydispersive Xray spectroscopy (EDX)Fouriertransform infrared spectroscopy
(FTIR), X-ray diffraction (XRD),thermogravimetric analysis (TGA), BrunauEmmett Teller

(BET), dynamic light scattering (DLS), armkta potential were conducted for the produced
nanoparticleso confirm their surface identityjunctionality, stability, and morphology. The EOR
performance was investigated by mainly interfacial tension (IFAntact angle, spontaneous
imbibition, relative permeability measurements, conducting aggregation experiments and
displacement tests usirBerea sandstone cores at reservoir conditions. Results showed that the
synthesized nanopatrticles either alone or wiheéggrated with existingonventionaltechniques

can recover substantimbppedoil at the tertiary stage. Furthermore, a consideratyeavement

of oil recovery was achieved by combining silichesed nanoparticles with low salinity water
flooding. Sulsequently, using silicateased nanoparticles as EOR agents provides a prospect of
being applied in EOR.

Keywords:Enhanced oil recoverygilicate,nanopyroxene, nanofluids, wettability, imbibition
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Chapter One: Introduction
1.1 Background

Conventional world oil recovery methods (i.grimary and secondary) typically extract
approximately onghird of the original oHin-place in the reservoir (Lake & Venuto, 1990).
Estimated reserves worldwide range up to 1.5 trillion baamdkit is estimated thatubstatiabil
remains trappeas residualoil saturation (ROS) after conventional recovery (Council, 1976).
Several enhanced oil recovery (EOR) techniques, generally grouped as tertiary production
schemes such as thermal recovery, chemical flooding, i.e, alkaline flooding (A), polyodngdlo

(P), surfactant flooding (S), or a combination of either technique, alkpbhaner (AP), alkaline
surfactant (AS), surfactaqpiolymer (SP), alkalinsurfactarpolymer (ASP) or gas flooding, have
targeted these huge unexploited reserves (Alvaradda&rique, 2010; Bilak, 2006; Siddiqui,
2010; Thomas, 2008; Yousef,-8aleh, & AlJawfi, 2012). However, finding an economical and
efficient method to extract this remaining residual oil after primary and secondary recovery
remains a challenge, besideattilturent tertiary practices depend on crude prices (Kong & Ohadi,
2010; Maggio & Cacciola, 2009). Hence, further studies are needed to introduce sustainable, cost
effective, efficient, and environmentally friendly techniques.

Generally, any EOR techrnug aimsto reduce residual oil saturation (ROS) that remains after
implementation of the primary and secondary recovery methods which have reached their
maximum production limit. There are reported mechanisms for reducing ROS (Lake, Johns,
Rossen, & Pope&014), anong them include, the reduction of-wikter interfacial forces (Shah,
2012) which are directly proportional to capillary forces that are responsible for oil trapping (Green

& Willhite, 1998). Increasing the mobility ratio between oil and wates been sggested as



another possible way of reducing ROS (Abe, 2005). Using high viscosity agents for mobility
control (Sorbie, 2013), or applying thermal methods that always reduce the oil viscosity and
improve its mobility as well as altering the reseérvock wettability are among other mechanisms

used in reducing the ROS (Shu & Hartman, 1986). Therefore, during the development of an EOR
technique, the aim is to achieve any of the above mechanisms. It is also important to consider that
the design musteébeconort, efficient, and reliable. Yet, many of these techniques are technically
successful but economically failures, creating a gap for venturing into more alternative means to
recover the residual oil (Olajire, 2014).

In recent years, nanotechnology an dernative in form of nanoparticles alone or integrated with
theaforementioned conventional enhanced recovery processes has shown promising performance
in improving oil recovery (Giraldo, Benjumea, Lopera, @Gri& Ruiz, 2013; Hendraningrat, Li,

& Torseeter, 2013; McElfresh, Holcomb, & Ector, 2012; Ogolo, Olafuyi, & Ongekn 2012;
ShamsiJazeyi, Miller, Wong, Tour, & Verduzco, 2014; Torsater, Engeset, Hendraningrat, &
Suwarno, 2012)Nanotechnology is a branch of applied science and engineedusjrig on the

design, synthesis, characterization, and application of miateriahe nanoscale (1 to 100 nm), at

least in one dimension (Fiiipponi & Sutherland, 201Zhese nanoparticleshave greatly
revolutionized the perspective of researchers towtdrdsuse of smart materials. Advances in
nanotechnology have enabled scidsti® design a collection of various unique nanomaterials,
nanodevices, and nanotools that can find tremendous uses in electronics, medicine, biomedicine,
drug delivery, photogrdyy, and energy (Chang & Wu, 2013; Cheng et al., 2007; Mout, Moyano,
Rana, & Ptello, 2012; Serrano, Rus, & Gardvartinez, 2009; Shen, Zhang, Huang, Xu, & Song,
2014; Subbiah, Veerapandian, & S Yun, 2010; K. Yang et al., 2012). Nanotechnology applications
have been addressed intensively throughout different fields of studiasstorce, to provide a
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global overview of the state of art and science, a literature assessment published in the year (2014)
conducted by SciFinder® is illustratedrigure 1.1As seen, most of the literature deals with the

application of NP technology iime areas of medicine, energy, and environment.

1.2%_ 5 5y -1.6%

= Air pollution treatment

= Solid waste treatment
49.5% 45 2% Energy and Enviroment
Medicine

= Military

Figure 1.1: Literature references focused on nanotechnology applications for(Q6H4nder®,
copyright© 2014 American Chemical Society).

Nanoparticlesare defined as partidewith a diameter between 1 and 100 nm, exhibiting novel
properties that are different from the same ksiled materials (Patil, 2008). This is due to their
smaler size that results in uniqgue chemical and physical properties that are not often fiweird in t
bulk counterparts (Kong & Ohadi, 2010). In bulk materials, the number of atoms at the surface is
significantly smaller than in the whole bulk material, whiobhkes their chemical and physical
properties constant regardless of their size (Wong & D& L 2010). However, when the size is
reduced like in the case of nanoparticles, several properties such as quantum confinement i.e.,
optical and electronic propess, magnetism, thermal resistance, catalytic activities, internal
pressure, melting point, ghersion ability, and intrinsic reactivity are all altered (Perez, 2007).

This is due to the surface area to volume ratio that becomes larger, and the nwatdras @it the
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surface becomes significant, these atoms are exposed to the surface of tla\wititedgards to

those in the bulk (Lei et al., 2010).

Nanoparticlesiot only offer environmental and cesffective industrial processes but also offers
precse manipulation of thesurfacesbecause of the existence of exceptionally high active sites
(Nafie, Vitale, Carbognani Ortega, & Nassar, 2017). This explains some of their special properties
such as high adsorption capabiliaznd catalytic activity(Serano et al., 2009). In general,
nanoparticlesare highly mobile in porous media given their #erasize compared to the pore
spaces and can be transported effectively while flowing into the reservoir formation (Jeong & Kim,
2009; Yu, An, Mo, Liu, & Lee, 2D2). This rapid advancement in nanotechnology in the past few
decades has led to the applioatof various nanosized materials in oil and-gdated activities
ranging from exploration, drilling to production (Khalil, Jan, Tong, & Berawi, 2017; Matteo,
Candido, Vera, & Francesca, 2012). Nevertheless, the increasing global demand for energy and
the existing challenges in the application of the current conventional EOR methods has forced
researchers to embark on the search for the use of these nanomatésiasof smart fluids to
extract more hydrocarbons (Khalil et al., 2017).

The use of nanopticles in enhancing oil recovery (EOR) has attracted the attention of researchers
in recent years (Ogolo et al., 2012; Suleimanov, Ismailov, & Veliyev, 2014hdng, Davidson,
Bryant, & Huh, 2010). Nanoparticles can drastically improve oil recoveryhanging the
geomechanics of the reservoir and modifying the reservoir properties, like altering the reservoir
wettability and reducing the interfacial tensionvibetn oil and water (Hendraningrat, Li, &
Torsater, 2013; H. Zhang, Nikolov, & Wasan, 2014)s&hon their adsorption capability, they

can be used in overcoming production problems such as inhibiting asphaltene and wax deposition
(Negin, Ali, & Xie, 2016;Norrman, Solberg, Sjoblom, & Paso, 2016; F. Yang et al., 2015). Several
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studies on the applitian of nanoparticles in EOR have concluded that nanopatrticles, due to their
microstructures, access the pore spaces which are not accessible for conventaweay rec
techniques ultimately improving oil recovery (Hashemi, Nassar, & Almao, 2014; Negin et a
2016; Ogolo et al., 2012). This can change both the reservoir and fluid properties and improve oil
recovery (Negin et al., 2016). Several applications of parieles in EOR have been conducted

in laboratories to understand the phenomenology undehwiginoparticles improve oil recovery
(Giraldo et al., 2013; Hendraningrat, Li, & Torsater, 2013; Hendraningrat & Torsaeter, 2014, Lu,
Li, Zhou, & Zhang, 2017). Ale proposed narRBOR mechanism include interfacial tension
reduction (Li & Torseeter, 2014; Tsater et al., 2012), wettability alteration (Giraldo et al., 2013;
Hendraningrat, Li, & Torsater, 2013), oil viscosity reduction (Esfandyari Bayat, Junin, Samsuri
Piroozian, & Hokmabadi, 2014; Hashemi et al., 2014), enhancing thermal recovery (Choi &
Eastman, 1995), improving the fluid rheology (Genc & Phulé, 2002) and structural disjoining
pressure gradient (SDP). This last mechanism is particularly interestiagide it is unique to
nanoparticle solutions and it actively advances the {hnese o#water-solid contact line while
sweeping oil from the rock. Also, several factors affectmnoparticleEOR have been
investigated includinganoparticlaypes, sizeconcentration, injection rate, etc. (Lu et al., 2017).
However, most of these studies hdeen conducted under ambient conditions. Moreover, the
recovery mechanism usintanoparticlesstill requires further investigation especially by using
environmerally friendly and coseffectivenanoparticlest reservoir conditions. Herein, we aim

at desjning, characterizing, and producing naturaérived silicatebasednanoparticlesthen
evaluate their potential as nanofluids for EOR. Nanopyroxene is profmygbd study based on

the literature trend, that has screened and recommended the usanbyf sieate-based
nanoparticlesespecially in sandstone reservoirs (Hendraningrat, Li, & Torseeter, 2013;
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Hendraningrat & Torsaeter, 2014) because of the conilggtiaf silicate-based nanopatrticles in
such formations. In this study,-house synthesisethnoparticles are proposed, that offers options
for scalability with no environmental footprints. Besides, this stuhg ofnanopyroxene) for
EORis conducted for the first time at reservoir conditions through core flooding experiments to
investigate thg@otential of these novel nanomaterials in EOR.

1.2 Motivation

Oil is predominately anticipated to be the most used source of energy in the coming (esifdes

& Muneer, 2007). Therojected global energy demand by 2030 is expected to be higher than
nowadaysyet the supply trends are predicted to decline due to the depletion of conventional oil
reservoirs. As such, efforts are put on enhanced oil rec@z&1) techniques (Al Adasani & Bai,
2011; Cashin, Mohaddes, Raissi, & Raissi, 20RBsearch in nanotegblogy is trending in
various areas of study such as medicine (Douglas, Davis, & lllum, 1987), energy (You, Yang,
Ding, & Yang, 2013), wastewater ttezent (Tiwari, Behari, & Sen, 2008) and oil and gas
(Hashemi et al., 2014). Oil and gas industries hausedaattention in applying nanopatrticles in
various stages of oil recovery ranging from exploration to production. The possibility of applying
engineeed nanoparticles in EOR has been extensively investigated and the literature shows that
the unique charaeristics of these nanoparticles make them interesting in terms of altering
reservoir properties such as wettability and improving current EOR metHeddraningrat, Li,

& Torsater, 2013; Torsater et al., 2012; H. Zhang et al., 2014). However, mostwfrdre studies
(Al-Anssari, Barifcani, Wang, Maxim, & Iglauer, 2016; Esfandyari Bayat et al., 2014;
Hendraningrat, Li, & Torsaeter, 2013) are focgsin using commercial nanoparticles which
makes the scalability and optimization of the process for aildtfield applications challenging

and expensive.



Herein, a new approach is proposed for synthesizing, characterizing, and applying raturally
derivedsilicatebased nanoparticles as nanofluids for EOR in sandstone reservoirs. Iron silicate
nanoparticles fanopyroxenepre chosen for this study because theyimnecuous naturally
derived materials (Vitale, 2013) andidely spread in naturenaking themenvironmentally
friendly. These nanomaterials are synthesized under mild hydrothermal conditions thaheito
preparation at very low temperatures and pressure (Vitale, 2013). Hence these synthesis pathways
provide scalability options (Vitale, 2013)h@&se materials also have superficial cation exchange
capabilities that offer possibilities of anchoringieas silanol/polymer or surfactant groups that
can improve their surface activity and stabilinchoring or surface modification of these
materialscan be accomplished directly and at room temperatures without using any bnidge
the existing commeial nanoparticles. Moreover, their stability at high temperature and pressure
makes them suitable for harsh reservoir applications (Vitale, 2@3ides, silicatdased
nanoparticles are preferred as EOR agents in sandstone since 99.8% ctsilehteanoparticles
is silicon dioxide (SiQ) which is the main component of sandstones reservoirs (Miranda, Lara, &
Tonetto, 2012)This study aims to a@luate the performance of silicatasedchanoparticlesvhen
used as nanofluidat optimized concentratiorfer EOR purposes in sandstone reservoir cores as
a standalone or when integrated with existing inexpensive conventional techniques.
1.3 Objectives
The main objective of this study is to synthesis and evaluate the performance of-bdisate
nanofluids forenhanced oil recovery in sandstone reservoirs. The specific objectives are:

1. Carry out an extensive review of the available literature and patent data on the application

of nanomaterials as chemical agents for EOR focusing on the recent progress amd curre



challenges. This review included identifying and gathering-Qigdlity dat based on the
nanoparticle types, recovery processes and mechanisms.

2. Prepae andcharacterizenaturally derived silicatbased nanoparticlemd functionalize
it with differentpolymers and/or silane.

3. Prepare different families osilicatebased nanofluids andharacterizethem with
advanced tools such dgnamic light scattering (DLS$}eta potential measurements

4. Investigatethe role of the formulated nanofluids oselected DR paranaters such as
interfacial tensionwettability, asphaltene aggregation, contact angleamdlucting batch
recovery studies through imbibtion and displaement experimentsunder different
reserwir conditions

5. Apply silicatebased nanoparticlesoaed with polymers and/or silanem EOR by
integraing them with low salinity water flooding(LSWF) for EOR applicationsin
sandstone reservoirs

1.4 Organization of the thesis

This thesis consists of seven chapters tlmee appendices. The thegsa colletion of three
articles all already published, and one book chapter submittedhdipter one, background,
motivation, objective, and organization of the thesis are presinmebrief introduction has been
included in this chapter since each chapter hidetailed introduction related to the subject of the
paper.

Chapter Two gives a general literature overview and a background of some relevant concepts and
fundamentals of @R and fluid flow in a porousedia

Chapter Three was considered to address tleeent progres®f nanoparticleapplicationin

enhanced oil recovery. €houtput from this research phdsses beesubmitted as book chapter
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to springer nature publish&ith atittteA Nanoparti cles as Potenti al
Re c ov and yti8 a subchapter of the book tikeNanotechnology for Enhancing -Bitu
Recovery and Upgrading of Oil and Gas Processipgblished by Springer &ture In this
chapter,a complete literature survey aiming at reviewing the recent works on the use of
nanopaitles as nanofluids for EOR is reported herein. Techniques for the design,
characterization, stabilization, and application of nanoparticlE©IR were explored. Moreover,

in thischapter we investigated the applicable mechanismsamioparticlesn EORand compared
literature trends that are currently reported by several researchers. Besides, the effects of different
parameters such amnoparticletypes, size, concentration, temperature, salinity, and injection
sequence/cyclererealso explored. We aldaghlighted the major types ofanoparticleshat are
recommended for EOR in either sandstone or carbonate reservoirs and theioliméat/or
challengesBuilding on the aforementioned factors, this chapter is expected to pave a way towards
the use bsilicatebasedhanoparticlephenomenally as nanofluids for EOR.

Chapter Four describes the synthesis of silicditesed nanoparticlesd/or nanofluids for EOR
application in sandstone at reservoir conditions. This chapter was included in a papsd entitl
fiNanopyroxeneBased Nanofluids for Enhanced Oil Recovery in Sandstone Cores at
Reservoir T byhaal Sagalay Tattanadonty Afif Hethnawi, Gerardo Vitalgnd
Nashaat N. NassaandPublished in Energy and Fuel, 2019, vol 33, P. 8%8B0.In this study

we partially altered the functionality of the nanopyroxene by anchoring a hydrophobic
functionalizing agent of triethoxy ¢tyl) silane (TOS) to the hydroxylated binding sites,
generating half andully hydroxykunctionalized nangyroxene, amely: HPNPs and JPNPs,
respectively. Characterization techniques, such as SEM, FTIR, XRD, TGA, DLS;otdr&ial

were conducted fahe produced NPs to confirm their surface identity, functionality, stability, and
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morphology. After that, in comparisavith brine, three different nanofluids were generated from

the synthesized NPs to test their performance toward EOR in sandstone cores.

Chapter Five describes the controlling parameters of HPNP fiGhapterfour towards oil
recovery.This chapter is par f an ar t Hyddoxgl-Fenaotionalized 8ilitatefBased
Nanofluids for Enhanced Oil Recovery by Farad SagalaAfif Hethnawi, and Nashaat N.
Nassarpublished in Fuel 269, (2020), 117462.

Chapter Sixfocuses on integrating the optimizeshcertration of nanoparticlefrom chapter Five

with low salinity water flooding to understand the underlying mechanisms. This chapter is part of
an article entitledfilntegrating Silicate-based Nanoparticles with Low Salinity Water
Flooding for Enhanced Oil Recoveryin Sandstone Resemirso by Farad Sagala, Afif
Hethnawi, and Nashaat N. Nassand published in Industrial & Engineering Chemistry
Research Ind. Eng. Chem. Res 2020, 59,1 6 2 2 5 1. I I&irPobjective of this study was

to understand, the fluid/rock interaction at different salinities in the presenegiofis surface
modified nanopyroxene nanoparticles. In this part of the study, nanopyroxene was surface
modified using plyethene amine (PEI), polyethene oxide (PEO) and Triethoxy octyl silane (TOS).
Surface charge, wettability measurements in the presence of various ions in the irreducible water
and core flooding experiments have been conducted to understand the unaeelgivanism(s).
Surface charge was evaluated by zeta potential measurements and wettability was determined by
the contact angle, imbibition, and relative permeability measurements. Sandstone outcrops and
three oil samples with different composition weredisethis study. The results showed that initial

rock wettability depends on the initial brine salinity and oil composition. Using brine with low
ionic strength (1000 ppm) combined with 0.005 wt% nanoparticles improved the nanofluid
stability. Additionally, in the presence of LSWF combined with nanopatrticles, the thickness of the
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doublelayer on the rock surface greatly expands, thus increasing the magnitude of zeta potential
compared to LSWF alone. This creates a greater repulsive force that altersktheettability

from oil/neutral wet to stronger wataret, with a high shift in the relative permeability curve to

the right. Consequently, this results in improved oil recovery by about 15% of the oil originally in
place. Based on the obtained finding frdms study, LSWF coupled with nanoparticles provides

a prospect of being applied in EOR. Based on the obtained results, in the current study.

Finally, Chapter 7 concludes the important aspects of this research and provides recommendations
for future studes. It should be noted that the present thesis is based on refereed papers that have
already been published.

Unavoidably, there will be some repetitions between the chapters particularly in the introduction
part or in the sections dealing with the expemtal setup and analyticahnalysis

Appendix A provides theSupporting Informatiorior the first published paper with some details
from Chapter Four

Appendix B providesthe Supportinglnformation for the second published paper with some details
from Chapter Five

Appendix C providesSupporting Informatiofor the third published paper with some details from

Chapter Six
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Chapter Two: An Overview on Enhanced Oil Recovery
2.1Introduction

Enhanced oil recovery (EOR)athods are well known for increasing oil recovery, however, the
selection of the most suitable method to adopt for specific field application is challenging. While
it is important to conduct experimental investigations, itde anportant to establishcualitative
knowledge of the underlying mechanisms that influence recovery potentials. An understanding of
the relationship between EOR/IOR, wettability and nanoparticles, a novel tool for addressing
reservoir challenges, istal for process optimizatioithis chapter highlighthe fundmentaland

the main conceptsf of fluid flow in the porous media and their association to hydrocarbon
production from underground formations

2.2 Background

The continuous growth in energy demagidbally appears to be preminant amidst feasible
renewable energy alternatives. Unarguably, this newer energy sources, such as wind, geothermal
and solar are effective measures that are also currently addressing energy §Battag&991)
However, tley are yet to be sufficienttarnatives for replacing the role of oil in meeting the ever

rising energy demand. To date, these demands are currently being substantiated via hydrocarbon
sources especially petroleum, as oil is still the most valuable gradghircgreat global economic

impact. Some projections indicate global oil demand could peak soon after 2025, others expect

demand to continue to grow out afg0 and beyondis shown irFigure 2.1.
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Figure 2.1: Global oil productionforecastfor different regionf OPEC6s 2020 Wor | d
Outlook).

Currently, there has been a continuous decline in conventional oil resources. In 2014, an increase
in oil consumption by 1.2 million barrels per day (b/d) globally was reported [YRE< Energy
Information Administration, which averaged about 92.4 roiflib/d (U.S. EIA, 2015). At the end

of the year 2015, the oil production rate was approximately 74 million®RIE C6 s),a 0 1 5
increase equivalent to oil consumption rate increase of 1.4 million b/d (U.S. 20lKY).
Expectations were that the oil conguiton rate globally would grow by 1.4 million b/d in 2016

and 1.5 million b/d by 2018. It is also imperative to mention that since 2014 to present, there is
more oil supply than demand, which is reflected bydh®p in crude oil price. However, the
currert excess in the oil supply is as a result of the exploitation of the unconventional oil resources
(i.e. tight reservoirs and shale reservoffsgntazzini, Hook, & Angelantoni, 201The dramatic
growth in oildemand therefore over time has continuousiyeth the quest for novel approaches

to enhance oil productiomNanotechnology has recently proved to offer better application
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alternatives for EOR in the oil and gas industry. However, this technology im stdlinfancy

stages mainly at lab scale, stly in oil production and upstream exploration. The oil industry
wants to improve oil recovery and utilize unconventional resources using these novel materials.
However, due to the research costs and enorm@ssyre arising from unstable oil pricessit
becoming challenging to justify such investments. It is believed that nanoparticles may be
manipulated to develop novel nanomaterials with improved performance to overcome these
existing technical barriersoF example, nanosensors can allow precisesnoreaents of reservoir
conditions. Also, nanofluids prepared using modified nanomaterials may show better performance
in numerous oil production processes. In this chapter we first address the fundamentiads of fl
flow in the porous medium, then we sumirarthe research progress and prospective applications
of nanotechnology and nanopatrticle in the oil and gas industry separately as chapter three.

2.3 Fundamentals of fluid flow in the porous medium

Understandinghte reservoir and fluid properties is impevatio understand how petroleum fluid
recovery works. When analyzing these properties at the evaluation stage of field development,
even small errors can misslead later, during the production. Hydrocarbon mssareovastly
complex systems with large leebgeneities and varying situations. The parameters which control
fluid flow and determine the possible recovery of petroleum are found at the microscopic scale. A
great understanding of microstructures andrtpéisical properties are required to acaeisat
determine the macroscopic properties of the reservoir media and are explained below.

2.3.1 Porosity

Porosityor void fraction@) refers to the measure of the void "empty" spaces in a material. It is a
fraction of the volume of voids over the total volume, and it ranges betw&60%.Pores are

free spaces or channels in the solid material and mathematically, porosity denotstbé r
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interconnected pore volume, Vp, over the total bulk volume, Vb. Pdueneocan be expressed
by subtracting grain volume, Vg, from the bulk volume. Porosity can be determined during good

logging or by core analysis. Mathematically, it is expressed
no—- — (2.1)

where,

N porosity (%)

6 pore volume, M
6  bulk volume,
6  grain volume,

Porosity can be divided as primary porosity and secondary porosity. Primary ponosgyfaing
deposition of sediments, while secondgorosity forms due to geological activities like
underground stresses, water movement or geological activities that take place after the formation
of the sediment. From an engineering point of view, tiregity can be classified as effective and

total porosity. Total porosity considers connected and isolated pore spaces and is therefore not
relevant to fluid flow. On the contrary, effective porosity corresponds to interconnected pores that
permit fluid flow through the formation and is of relevance tihetiermines the measure of the
producible fluids in the porous medium. However, the term total porosity is often used to signify
the inclusion of both interconnected and isolated pores.

2.3.2 Permeability

Permeability(K) describes the ease with whichuadftan be conducted or transmitted in a porous

medium under an applied pressure gradient. Permeability depends on factors such as saturation,

density, and viscosity of the fluids in the medium. Itisndrmhay def i ned by Darcy
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states that thepparent velocity of a fluid flowing through a porous medium is directly proportional

to the pressure gradiem?/dx, and inversely proportional to fluid viscosity, as illustrated in the
equation 2.2. Wherthe constant of proportionality, k, is called gpermeability of the porous

medi um. The assumptions of Darcyds | aw in det

steady and the porous medium being homogenous.
I — (2.2)

where,

O apparent flow velocity, cm/s
N  volumetric flow rate, criis

! cross sectional area, ém

t  fluid viscosity, cp
—  pressure gradient, atm/cm

E permeability, Darcy

The rock permeability K can be determined in the laboratory by measuring the pressure drop across

the sample for diffieent flow ratesThe measured permeability is the absolute permeability which

refers to 100 % saturation of a eplease fluid. Which is not the case in reservoir formations, and

it is, therefore, necessary t oeogsdlomeofnewilethane Dar ¢
one fluid in the porous medium.

Effective permeability, knase iS the transmission of one phase that inhabits less than 100%
saturation of the pore space. It denotes the permeability to a given fluid when another fluid
occupies gart of the pore space. Since some of the pores are blocked by the presence of the second

fluid, effective permeability is generally lower than the absolute permeability. Relative
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permeability, knass iS the ratio of effective permeability of a phasethe presence of other

phases, to the absolute permeability.

E — (2.3)

where,

Ep relative permeability of oil, ater, or gas

E effective permeability of the phase

Rel ative permeability makes it posphase lvaaert o e x

oil-gas systems. For a system were water is linearly displacing cihin taube of porous media,
where | is the phase density, g Is the gravit

law can be expressed by the volumetric flux, g, for each phase.

N 18— — MCOEI (2.4)
N 18— — M COEI (2.5)
N 18— — MCOET (2.6)
Where

N ,N andN = flow rates for oil, water, and gaan®s

m,m ,AT A =density for oilwater and gas g/chm

2.3.3Capillary pressure
Capillary pressure, Pc, is defined as the pressure difference existing between two immiscible fluids
phases. Fluidfluid interface in the porous mediuoccurs in small diameter pores and as a result,

they are highly curved. Because of the interfacial tension, the fluid pressure is not the same on
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both sides of the curved interface. At the equilibrium, the difference in pressure across the interface
betwea two phases is the capillary pressure. The leapipressure is proportional to the IFT and
the wetting angle, and inversely proportional to the effective radius, r, of the interface.

Mathematically, capillary pressure is expressed by the equation 2.
O O 0 =—— (2.7)

where,

0 capillary pressure, psi

0 nonwetting phase pressure, psi

0 wetting phase pressure, psi

O pore radius

T interfacial tension

| wetting angle

Capillary pressure, in porous rock, is a function of saturation. Using equafiab@ve, the
capillarypressure is always positive assuming a waielrsystem because the pressure would be
higher in the nonwetting phase than in the wetting phase. Only at higher saturation of the wetting
phase, where the nametting phase becomes distionous and the capalry pressure approaches
zero. The odwater capillary pressure is usually expressed as the difference between oil pressure
and water pressure irrespective of which fluid is the wetting phase. This implies that capillary
pressure is alays negative when las the wetting phase. Typical capillary pressure is shown in

Figure 2.2.

22



Primary
Dralnage
(forced)

Secondary
Drainage
(forced)

) 4
Imbibition —|

(spontaneuos)

(residual
Imbibition o
(forced)

o

)

Secondary
Drainage
(spontaneucs)

0 100

8% —

Figure 2.2: Capillary pressure hysteresis curve (Green and Willhite 1998).
2.3.4Fluid Saturation

Saturation, S, is defined as ttaio of a given phse volume contained in the rock divided by the
total pore volume of the rock. To estimate a satisfactory approximation of the hydrocarbon
volumes in a reservoir, it is a prerequisite to estimate the saturation at different point of the

reservoir. The follwing: o, w and g denote oil, water, and gas saturations, respecive{y

stands for pore volume.

7z 7z .

O — 0 — 0 — (2.8)

If only one fluid is present in the porous medium, it must fill the entire pore space; otherwise, the
remaining pore space will have air or vacuum, which would be considestond fluid.
Therefore, its saturation would be equal to one. When several fligdsresent in the porous
medium, each pore will contain one or the other fluid. Therefore, the sum of their saturation values
would always be equal to one. For examplehe case of water, oil and gas is present in porous

rock,
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O O+06 »p (2.9)
2.4 Fundamentals of Enhanced Oil Recovery (EOR
Hydrocarbon recovery is traditionally subdivided into three major stages: the primary, secondary,
and tertary reoveries. These stages describe chronological oil production from the reservoir
historically(Green & Willhite, 1998). Primary production, the initial primary stage, refers to oll
displacement using the naturally existing energy in the reservoirn@sgoecovery, the second
stage is initiated after the decline of the primary production. Traditional secondary recovery
techniques include pressure maintenance, gas injection and water flooding. Tertiary recovery, the
third oil production stage refers the poduction of oil after the secondary recovery processes
have become uneconomical(Thomas, 2008). These include miscible gas injection, chemicals,
and/or thermal energy, microbes (microbial EOR) etc. However, the drawback to consideration of
the threestagesas the chronological sequence is that many reservoirs production operations are
not conducted in the specific order. A witiown example is the production of heavy oil. If the
crude oll is sufficiently viscous, it may not flow under economic ratefer he natural energy
drives, so primary production would be negligible. For such reservoirs, water or gas flooding
would not be feasible. Therefore, the use of thermal energy may be the only way of recovering oil.
In such a way, a method consideredéoa tetiary process in a normal chronological depletion
sequence would be used as the first, and perhaps the final, method of oil recovery. In other
situations, the tertiary recovery processes may be applied as secondary operation instead of water
flooding. This action might be dictated with various factors such as the availability of injections,
nature of the tertiary recovery process and the economics(Donaldson, Chilingarian, & Yen, 1989;
Green & Willhite, 1998). Foresentence if waterflood before apfitin d the tertiary process

would diminish the overall effectiveness, then the water flooding stage might reasonably be
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bypassed. Therefore, in petroleum engineering literature because of such situation, the term
At ert i ar yfellin® disfavarand thedesignatonofien hanced o(EDOR)Tr ec oV e
become more accepted. Improved oil recovery (IOR) is another descriptive designation commonly
used, which includes EOR but also encompasses a broad range of activities such as, infill drilling,
reservoir charaerization, and improved reservoir management(Alvarado & Manrique, 2010).

EOR is an effective approach for recovery of unreachable hydrocarbons as its practices
demonstrate great potentials of recovering trapped oil at the pore scakhafpeimary natal

drive and secondary mechanisms have reached the production and economic limit. EOR has been
referred toasall the artificial methods that are used to produce the trappéBaihereZeron,

2012). The significant drive for EOR is bdsen its ability b recover additional oil economically

with its recovery technigues and also the ability to turn residual cumulative oil into reserves(Owen,
Inderwildi, & King, 2010). Several processes and technologies are used in this regard to upsurge
or maintain recoverfrom existing fields. These processes include the injection of cheb@sab

fluids (chemical EOR), gas injection (gas EOR), thermal energy, and lately microbes (microbial
EOR) are also been deployed in oil fields. Carbon dioxideggetr, hydrocarbogases and flue

gases are among the gases commonly used in EOR process(Green & Willhite, 1998). These
processes facilitate effective displacement of oil towards the producing well, thus, production from
matured fields is enhanced as thgated fluids (ligqsid or gas) interact with the formation rock

and oil systems, thereby creating a fanadble condition for better oil mobility. Many liquid
chemicals commonly used in EOR include polymers, surfactants, and hydrocarbon solvents.
Thermal métods typically conist of the use of hot water or steam, esittl generation of thermal
energy through oil combustion in the reservoir rock(Banks, 1962). Also, the injected fluids interact
with the reservoir/oil system to create conditions thatdawed recovery. Theseteractions, for
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example, might result in the reduction of interfacial tension(IFT), oil viscosity reduction, oil
swelling, modification of the reservoir rock wettability or favable phase behavior (Green &

Willhite, 1998; Thomas, 2008A summary of commonly used EOR methods used is summarized

in Figure 2.3.
Primary
Recovery | |
Artificial Lift
Natural Flow —
Pump - Gas Lift | Conventional
Recovery
Secondary
Recovery | |
Pressure Maintenance
L » Waterflood
Water/Gas Reinjection
Tertiary
Recovery [ [
A . Enhanced
Thermal Chemical —
Recovery
’ Solvent Other

Figure 2.3: Classification of EOR Methods

2.5Idealized characteristics of an EOR process
2.5.1Efficient Microscopic and Macroscopic Displacement

Therecovery factor (RF) ohe overall displacement efficiency is the measure of the fraction of
oil in place that is recovered in a waterflood of any oil recovery displacement process. It is
expressed as the product of macroscopic and microscopic displdaffre@ncies. In equatn
form,
2& % % (2.10
where,
2 & recovery factor (overall displacement efficiency)
% microscopic displacement efficienexpressed as aafction
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% macroscopic(volumetric) displacement efficiency expressed as a fraction

Microscopic displacement efficiency relates to the displacement or mobilization of oil at the pore
scale% measures the effectiveness of the displacinigl ih mohlizing oil in those places were

the injected displacing fluid contacts the 8d. is reflected in the magnitude of the residual oil
saturation, Sor in the region contacted by the displacing fluid. In contrast, macroscopic
displacement efficiencrelaes to the effectiveness of the displacing fluid(s) in contacting the
reservoir in a volumetric sengg. measures how effectively the displacing fluid sweeps out the
volume of a reservoir both vertically and areally as well as how effectivelyighacing fluid
moves the displaced oil towards the production Welis reflected in the magnitude of average

or overall residual oil saturation(Green & Willhite, 1998). In the EOR process, it is desirable that
the values of% and% consequentlyappoach 1.0. An idealized EOR process would be one in
which the primary slug removed all the oil from the pores contacted by the injected §lQiddS

and in which the displacing fluid contacted the total reservoir volume and displaced oil to the
prodiction well.

Several chemical or physical interactions occur between the displacing fluid and oil that result in
efficient microscopic displacement and hence law ®hese include IFT reduction, miscibility
between the fluids, oil viscosity reductioand oil volume expansion. The maintenance of a
favourable mobility ratio between the displacing and displaced fluid also contributes to better
microscopic displacement efficiency. Therefore, EOR processes are developed targeting these
factors and the goalf any acceptable EOR fluid is to maintain the farable interaction(s) if
possible, during the flooding processes.

Macroscopic displacement efficiency is improved by maintaining aufawte mobility ratio

between the displacing and displaced fluid tigtwou the processdMobility ratio is defined as the
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mobility of displacing fluid to the mobility of displaced fluiBavaurable ratios contribute to the
improvement of both areal and vertical sweep efficiencies. An ideal EOR fluid then is one that
maintans afavourable mobility ratio with the fluid being displaced. Density difference is another
parameter for good macroscopic displacement efficiency between the displaced and displacing
fluids. Larger density difference can result in gravity segregatiorihesoverriding and under
ridding of the fluid being displaced. Also, reservoir geological heterogeneity is another important
factor in the consideration of macroscopic displacement efficiency. The effects of mobility and
density difference can be ampdifl ordiminished by the nature of the geology. An ideal EOR fluid

is the one that has a fawable mobility ratio with the fluid(s) being displaced and maintains this

favourable condition throughout the process.

] — — (2.1)

where,

] mobility of displacing fluid

] mobility of the displaced fluid

t viscosity of oil

i viscosity of water

+ permeability of water

+ permeability of oil

For any ideal EOR process, favoa bl e mobi Il ity ratio should be

displacement. If the displacing fluid is less viscous than the displaced fluid, the problem of viscous
fingeringe s ul t s ddverse mability rétiedc it he di spl aced fluid wil

in lower % and lower overall displacement efficiency. Mobility ratio is controlled by using
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chemicals such polymers to increase the viscosity of gmating flud as shown ifrigure 2.4,
reducing gas mobility with foams or by applying thermal energy to reduce the viscosity of the

displaced phase.

Oil and —
Water

Oil and
Water

Polymer

Water

Polymer Flood

Figure 2.4: Schematic of macroscopic displacement efficiency improvemehtpaiymer
augmented waterflooding(Green & Willhite, 1998).

2.6 General description and classification of EOR processes

According to (Green & Willhite, 1998), EOR processes are mainly classified into five categories:
chemical, mobility control, miscible, theaty and other processes, such as microbial EOR.
Chemical processes are those in which certain chemicals such as alkaline agents and surfactants
are injected to use a combination of phase behavior and IFT reduction to displace oil, thereby
improving B (Lake,Johns, Rossen, & Pope, 201MIpbility control processes aim at maintaining
favourable mobility ratios to improve the magnitude of Ev. An example is the use of polymers and
foams(Thomas, 2008). In some instances, mobility control processes are syheithizdkaline

and surfactants providing a potential of improving bothadad E, for example in polymer
surfactant flooding(Shah, 2012). In miscible flooding, the aim is to inject a fluid that can achieve

miscibility with oil in the reservoir through pkaalteration (Lake et al., 2014lroresentence
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during the injection of Cg&) hydrocarbon solvents, nitrogen and in such processes, phase behavio

is the major factor in play. Thermal processes involve the injection of thermal energgitor in
generatiorof heat to improve oil recovery. Examples include steam injectiesifuncombustion

from oxygen or air. In all these processes, chemical reactions, oil viscosity alteration and
favourable phase behavior are the primary mechanisms leading to improvecowiry (Green

& Willhite, 1998). Other EOR methods include microbial EOR, low salinity water flooding, smart
water injection and nanopatrticle flooding.

Application of EOR methods for extracting residual oil is limited by mainly the economics and
the irsuficient knowledge gaps in most of these techniques. In reservoirs with light oil, thermal
processes are typically not suitable. If a large amount of gas is not easily available, solvent methods
are also not feasible in such instances. For chemicalifigatiethods especially on offshore
platforms, transporting and storing a large volume of chemicals makes the process less feasible
given that higher chemical concentrations may be required to achieve higher recovery which may
not be economical. Besides, nyaof the chemical flooding mechanisms are not well understood.
Although chemical flooding is the least applied among the EOR process mentioned before, the
majority of research activities are taking place in this field(Alvarado & Manrique, 2010). This is
because of the ability to apply chemical flooding in different reservoir conditions. For any given
EOR method to be implemented, the following questions were proposed by (Taber, Martin, &
Seright, 1997) and should be considered when selecting an appr&g®itenethod: 1) What
method is most appropriate depending on the reservoir characteristics and oil properties? 2) How
does the intended method compare with water flooding? and 3) is the proposed method

economical?
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A comprehensive review of the literatuss provided by (Taber et al., 1997) and later updated

by (Al-Adasani & Bai, 2010) relating to some of the questions above. The authors provided a good
framework for screening criteria that included investigation of oil properties such as viscosity,
densiy, composition, API, and reservoir characteristics such as porosity, permeability, oil
saturation, type of formation, and temperature. With these parameters, appropriate EOR methods
can be identified.

To assess the appropriate point to implement any E€Roah, normally traditional water flooding

may be used as a determining point. However, some EOR techniques, such as polymer and thermal
flooding, produce the highest ultimate recovery rates when injected at the beginning of field
production (Taber et al1997). Otherwise, most EOR techniques are applied in mature, water
flooded fields. A comparison of most common EOR techniques to water flooding at the
microscopic and macroscopic scale and the limitations of these methods was presented by
(Muggeridge et la, 2014) The findings of the author can be used during design selection and
implementation of EOR methods.

Lastly, an economic evaluation is required, to compare the costs of implementing any EOR method
depending on the crude oil prices to estimate thdfitpbility of the intended processes
(Muggeridge et al., 2014; Taber et al., 1997). Field investigatientypically not conducted until
positive results have been obtained and replicated since the volumes and amount of money
required is always largéd common estimate of the success of an EOR process is the incremental

oil recovery factor(Sheng, 2010) as wimoin Figure 2.5.

31



[}
Lo EORPIOCESS

Qil praduction rate

I

m

Incremental oil

of
1

Cumulative oil produced

Figure 2.5: Incremental oil recovery from an EOR process(Sheng, 2010).

The oil production rates fro B to C, are extrapolated rates, and the cumulative oil at D is the
predicted ultimate oil recovery had tB®R process not been initiated at B. The time from B to C

is required to respond to an EOR process. The cumulative oil at E is the ultimateelryeat

the end of the EOR process. Consequently, the difference in cumulative oil between E and D is
the ircremental EOR oil recovery. For a chemical EOR process, the EOR oil is generally
incremental after waterfloodin@heng, 2010)

2.6.1Chemical EOR Techngues (CEOR)

Chemical flooding involves the injection of specific liquid chemicals that effectilispylace oll

to production well{Green & Willhite, 1998; Sheng, 2010Fhemicals normally used such as
polymers, surfactants, and alkali or their mixturesfast screened in the laboratory before their
field application since each chemical has a different impact on oil. (Taber et al., 1997) For
resistance, surfactants aalttali normally interact with oil and reduce the IFT between reservoir
fluids which esults in microscopic sweep improvement at the pore §8hkng, 2010; Thomas,
2008)

Addition of polymers to the injected water increases the water viscosity, alsg,faam in gas

flooding for mobility control, advances the macroscopic sweep effigigkea result, favarable
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mobility ratio is achieved which significantly results in less viscous fingering since water underride
in waterflooding or gas override in casé gas flooding is lessened in both cases (Abidin,
Puspasari, & Nugroho, 2012)

Addition of alkalis especially in acidic heavy oils induces the formation fitin natural
surfactants by reacting with the acidic components contained in the crude wévéto this is

more favarrable to heavy oil since they normally contain naphthenidsakhown for irsitu
surfactant generatiqZhang et al., 2006Y hese natural surfactants function in the reservoir in the
same fashion as synthetic surfactgAfsidin et al., 2012; Green & Willhite, 1998)

2.7 Wettability Fundamentals

The tendency of on#uid to adhere to or spread on a solid surface in the presence of other
immiscible fluids such as water, oil and air is referred tweisability. In areservoir rock, the
liquid phase can be oil, water or gas, and the solid phase is always the recd axdcumulation.

For petroleum reservoir rocks, wetting is typically ascribed to the measurement of the reservoirs
rock affinity for water or oil in a tgical rockfluid-oil system. Understanding the rock wetting
preference is imperative as it shows thechanisms behind fluid flow in porous media, and
ultimately promotes oil recovery efficien@nderson, 1986apifferent wetting inclinations exist

in thereservoir and these include, wateet, oilwet, mixed wet, fraction wet and intermediate
wet. Reseroir rocks considered as wateet have a high affinity for water and water
predominantly occupies the tiny rock pores as well as the surface of theidornoak. Whereas
oil-wet reservoir rocks have a high affinity for oil and in such formation, oumes the tiny rock
pores. In laboratory experiments involving the manipulations of cores or rock samples, the samples
are usually cleaned and modifiedcatpreferential wetting state (oil, water or intermediate). If such
samples have a high affinity forater or were originally water wet, then saturated to a suitable oll
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wet state, the rock surface becomes even mongetibr hydrophobic upon exposure ibunder
favorableoperating conditions. However, this does not influence the actual wetting affinitg

rock. The actual wetting affinity can be confirmed by exposing such hydrophobic rock to a water
imbibition test. The water imbibing potential okthock can be used to predict its wetting affinity.

Ideally, if the rock has a high affinity for watthen the oil will be displaced from the surface of

the rock by water. Whereas a rock with high affinity for oil is saturated with water, and then the

rock is placed in an oilvet environment. The oil will displace the water from the rock surface

while imbibing efficiently into the rock pores. In the absence of an actual inclination for water or

oil, the formation rock is considered intermediate wettingveibeless, apart from these key

wetting preferences, there also exists fractional wetting whefertnation rock exhibit different

wetting inclination in different sections of the r¢8kderson, 1986a)

2.7.1Youngs equation

There is surface tension thaists between the fluid and the rock in a similar way surface tension

exists between two immiscibleufls. The equilibrium configuration of two fluid phases such as

water and air in contact with the solid surface depends on the surface tension betwgair edch

t hree phases. | f the surface tension is deno
respectively. Each surface tension acts upon
contact between t he okhownasthelweting bricahtactdngle ofdilios c a
the solid in presence of water. Equilibrium considiens allow the determination of the wetting

angle from the surface tension as showRigure 2.6using equation22k nown as t he vyo

equation (180p
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Figure 26: Oil/ water/ solid wetting angle.

. AlfO, , (2.12
If , ,thenATfO mandf wTm, also if, , ,thenATfO mandf wTL For
a stable contact, the magnitude 1] O phor equivaéntly the magnitude of, "
» .Inother words this inequality is not satisfied when . ,when the liquid covers
the whole solid surface. When ” , hthen water displaceslaiompletely away fsm
the surface.
Youngbés equation has been a commonplace model
under which it is practical is rather impractical for real surfaces especially in complex systems of
fluid/rock/oil interactons. Moreover, Chaat al(Chau, Brukard, Koh, & Nguyen, 2009) noted
that this equation is primarily appropriate for implementation on an ideal surface that is non
reactive, homogenous, typically flat, insoluble, without considering the possibility @iot@migle
hysteresighatnormally& i st s i n real reservoir situations.
proposed for ideal surfaces; but, real surfaces are usually not ideal since they exhibit chemical
heterogeneity, rigidity and roughness. The dewnadf real surfacesom the ideakurface resulted

in contact angle hysteresis a term that correlates the shift of a contact line due to the liquid droplet
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enlargement or retraction. The hysteresis phenomenon can be further quantified via estimation of
the variations betweethe receding ral advancing contact angle. Given the fact that a liquid
droplet in contact with a rough or porous substrate exhibits different wetting states, models such
as Wenzel model, where the liquid wets the rock pores thatestlgi under the dyget, and the
CassieBaxter model, where the liquid droplet is partly buoyed by the solid and air without the
liquid penetrating the rock pores have been established over time for better contact angle
description on such surfaces witkveral variables (GabaryanRoisman,2014) Such surfaces
have diverse effects on the contact angles of wetting flWeszel andCassié Baxtermodelsare
the two mairmodelsthat attempt to describe the wetting of such textured surfaces.
272Wenzel 6s model
This model is defing by the equation below for the contact angle on a rough surface

AT OATO (2.13
where [ is the apparent contact angle corresponding to the stable equilibrium state. Roughness
ratio Omeasures how the surface roughnegsced a homogenous surface. The roughness @atio
is defined as the ratio of the true area of the solid surface to tlaeesmp@real corresponds to
young contact angle as defined for an ideal or homogenous surface. However, the limitation of this
modelis that it does not account for the contact angle hysteresis. Therefore, when dealing with
heterogeneous surfaces, iNerzel model is not satisfactory.

2.7.3CassieBaxter model

This is the most appropriate complex model that can be used to measure howrinat @ppéact

angle changes when different materials are involved. This model has defined the equation below.

AT 6 OFEKN /£ p (2.19
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whereO is the roughness ratio of the wet surface afisathe fraction of solid surface area wet by

the liquid. It should be noted thahen£ pAT @ the Cassi@Baxter equations becomes

the Wenzel equatiomhe CassidBaxter model puts more emphasis on the area fractions under the
drops, it is alleged #t a higher contact angle can be achieved if the area fraction of air is éarge(S

& Kim, 2015). Nevertheless, both models have been considered valid when the liquid droplet is
large enough compared to the roughness scale.

2.8 Determination of Wettability

There are various methods used in determining wettability of rock on various fliidse can be
divided into two parts; qualitative and quantitative(Anderson, 198618 quantitative methods
include microscopic observation such as contact angle, Amotbiléft measurements, USBM

(US bureau of mines) method, and the qualitative ushe] Imbibition Method, Relative
Permeability methods, flotation methods, glass Slide method, capillary pressure curves, Nuclear
magnetic resonance (NMR) longitudinal relaxatialye desorption etc. In this thesis, the
commonly used methods will be disceds

2.8.1Contact Angle Measurements

This involves the direct observation and measurement of wetting angles on small rock samples or
substrate. This method is one of the besttability measurement techniques that can be used when
artificial cores and pure flds are applied since there is no possibility of wettability alteration due

to surfactants or any other compounds. Contact angle method can be used to determine whether a
crude oil can alter wettability and to examine the effects of parameters such asaterape
pressure, and brine chemistry on the wettability of the rock surface. However, some difficulties
are involved in applying contaeingle measurements to resengaires. Many methods of contact

angle measurement have been used. These includetihg plate method, sessile drops or
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bubbles, vertical rod method, tensiometry method, cylinder method, and capillary rise
methodAnderson, 1986bHowever, the sessileaps method is the commonly used technique in
petroleum applications. This method uaesngle or two flat, polished mineral crystal or substrate
mounted parallel to each othér.the case of measuring the contact angle with a single substrate,
the angles measured between the solid surface and the tangent to the drop profile at dugdrop
Normally because sandstone rock is made of quartz and limestone is made of calcite, quartz or
calcite crystals artificially made may be used to simulate the poface during contact angle
measurement$Several issues that affect contact anglessomesnents are, Rodluid interaction

such as solubility, pH, ions in the aqueous phase, polar groups in crude oil, the polished solids
(quartz, calcite) may not be rgsentative of solid surfaces in porous media. Also, time to reach
equilibrium (when thecontact angle is independent of time) may vary from seconds to days or
years. Consequently, the contact angle obtained in the laboratory may not represent the actual
wettability of the system under examination. In conclusioontact angle measurement® ar
extremely difficult, and good data relies more on luck other than judgement.

2.8.2 Amott wettability Measurements

This method gives the macroscopic average wettability @ to given fluids. It combines the
measurement of theumberof fluids that spontaneasly and forcibly imbibed by a rock sample.

With this method, both reservoir cores and fluids can be used in the test. This method is based on
the fact that the wettinghase imbibes spontaneously into the core, displacing the nonwetting
phase. The ratio &pontaneous imbibition to forced imbibition is used to reduce the effect of other
factors, such as relative permeability, viscosity, and the initial saturation afcteThis method

has no validity as an absolute measurement, but it is an indtatdard for comparing the
wettability of various core plugs. Tleere plugs are normally prepared by centrifuging under brine
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until the residual oil saturation (ROS) is chkad. The Amott wettability measurement generally
consists of the following four stepgd:) immersing the core in oil, and measure the volume of water
displaced by the spontaneous (free) imbibition of oil; (2) centrifuge the core in oil until the
irreducide water saturation (IWS) is reached, and measure the total amount of water displaced,
including the volume displaced by spontaneous imbibition; (3) immerse the core in brine, and
measure the volume of oil spontaneously displaced by imbibition of watardgieen time.; and

(4) centrifuge the core in oil until ROS is reached, and measatetdl amount of oil displaced.
Alternatively, the core may be driven to IWS and ROS by core displacement rather than with a
centrifuge especially for unconsolidatedteral that cannot be centrifuged. Cuiec et(@liec,
Longeron, & Pacsirszky, 1978roposed a modification of the Amott wettability test by
introducing the AmotHarvey relative displacement index. However, with this procedure, the core
is centrifugedifst under the brine and then under oil to reduce the plug to IWS. The displacement
by water and displacement by oil ratios are then calculated by the Amott method. The Amott
Harvey relative displacement index is the displacement by water ratio minusglaement by

oil ratio as shown in equation1& below.

7) (2.19

where,
6 =volume of oil produced by spontaneous imbibition of brineasrofluids,
6 = volume of oil produced by forced imbibitiai brine or nanofluids,
6 = volume of water produced by spontaneous imbibition of oll,

6 = volume of water produced by forced imbibition of oil.
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This combines the two ratios into a single akiiity index that varies from +1 for complete water
wetness tol for complete oil wet system as summarizediable 2.1.

Table 2.1: Wettability index approximations for different systems as suggested by cuiec (Cuiec
etal., 1978)

Methods Oil-Wet Neutral Wet Water Wet

Wi p ) ™ W ) T ™ ) p

A more accurate approach for measuring imbibition rates duringpgbetaneous imbibition
measurements was proposed by Morrow et al. (Morrow, Lim, & Ward, 198®) author
suggested that in such measurements, the core is suspermledr water from an electronic
balance by a small line or string. Then, weight chamagesnonitored as a function of time as the
spontaneous imbibition occurs. The wettability of the core is then determined from both the Amott
wettability index and tb spontaneous imbibition rates. This test may offer some advantages over
the standard Amotest because it is based on additional data. However, these two methods, the
Amott wettability test and its modifications are insensitive sm=tral wettability Anderson,
1986b)

2.8.3USBM (U.S. Bureau of Mines) method

This method also measures thacroscopic mean wettability of rock to given fluids. It is similar

to the Amott method but considers the work required to do a forced fluid displacement. As with
the Amottmethod, it has no validity as an absolute measurement but is the industry standard
comparing the wettability of various core plugs. Unlike the Amott wettability test, the major
advantage of the USBM is, that it is more sensitive-neatral wettabily. Its minor disadvantage

is that the USBM wettability index can only be measureplagsize samples because the samples
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must be spun in a centrifuge. It has been shown that the work done in displacing the fluid out is
proportional to the area under ttepillary pressure curve (Leverett, 194h)summery when the

core is water wethe area under the britkive capillary pressure curve (when the water displaces
the oil) is smaller than the area under the capillary pressure curve for the oppositenispta

When the water wetting is strong enough, most of the water will spontdynéobibe into the

core, and the area under the brilveve curve will be very smalFigures 2.7shows the USBM
wettability test capillary pressure curve for (a) water {®toil wet, and c) neutral or intermediate

wet.
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Figure 2.7. USBM wettability measurement:-frine drive. 11oil drive) (a) water wet core, (b)
oil-wet core, (c) neutral wet core. (Anderson, 1986Db).

Using the USBM wettabilit method, the wettability index W can be calculated from the areas
under the capiflry pressure curves. For example, the index of the curve (a) can be determined

from the area undér and! using equation 26.
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x 11T € (2.16
Where! and! are the areas under the oil and brine drive curves, respectively. The same index
range shown in table 2.1 is used for the w wettabilitexdsing the USBM. When W >0, the
core is watefvet, and when W <0, the core is-viet. The wettability index neaero means that
the core is neutrally or intermediate wet. The larger the absolute value of W, the greater the wetting
preference.
2.8.4Imbibitio n method
Imbibition method is the most commonly used qualitative wettability measurement. This is
because it gives quick but rough idea of the wettability without requiring any complicated
equipment. The commonly used imbibition apparatus can be usest thhe wettability at room
temperature and pressure. However, Kyte et al(Kyte, Naumann, & Mattax, 1961) deacribed
modification of the apparatus that allows wettability to be measured at reservoir conditions. In an
imbibition test, a core at IWS is firsubmerged in brine underneath a graduated cylinder, and the
rate and amount of oil displaced by brine imbibitioa measured. The core is strongly watet
if large volumes of brine are rapidly imbibed, while lower rates and smaller volumes implk a wea
water wet core. If no water is imbibed, the core is either oil wet or neutrally wetwhlit@rwet
cores are thedriven to ROS and submerged in oil. The imbibition apparatus is inverted, with the
graduated cylinder below the core to measure the ratevalnche of water displaced by oil
imbibition. If the core imbibes oill, it is eivet. The strength of eilvetness isndicated by the rate
and volume of oil imbibition. If neither oil nor water is imbibed, the core is neutrally wet. Finally,
some cores wiimbibe both water and oil (Burkhardt, Ward, & McLean, 1998jese cores have

either fractional or mixed wettaldji. The problem of this method is that, in addition to wettability,
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imbibition rates also depend on viscosity, relative permeability, adif tension (IFT), pore
structure, and the initial saturation of the core.

2.8.5Relative permeability method

Several galitative methods are based on the effects of wettability on relative permeability.
However, they are all suitable only for discriminatirgfveen strongly watewxet and strongly
oil-wet cores. A smaller change in wettability between strongly and modevedetrwet may

not be noticed by these methods. One method developed by Ehrlich et al. (Ehrlich & Wygal Jr,
1977)is based on the rules btitmb given by Craig(Craig, 1971) to differentiate between strongly
waterwet and strongly oilvet cores is the relae permeability method. Relative permeability

can be defined as the ratio of the effective permeability of fluid to the absolute penyedliie

rock. Effective permeability is a relative measure of conductance of the porous medium for one
fluid phasen the presence of other fluid phases. Craig's rule of thumb is staletlm 22

Table 22: Craig's rule oftiumb.

Water -Wet Systems Oil -Wet Systems

1. krW:kro at S\/>05 krW: Kro at Sw<0.5.

2. Relative permeability towater at| Greater tha 50% and approaching 100¢
maximum water saturation general kw(S*or)>0.5.
less than 30% ¢k at S*or is less thal
0.3. S*or is the waterflood residual ¢
saturation)
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3. The amount of connate wat
saturation, Swc, is usually greatkan
20% (Swc=20 to 25%). PV) ar
influences  relative  permeabilit
behaviour.

Swc does not affect relative permeabil
behaviour if Swc<20%. Genély less than
15% PV. Frequently less than 10%.

An example of the comparison of the relative permeability curves in a stronglywettand oil

wet is shown irFigure 2.8.
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Figure 2.8: Relative permeability curves in wateret and oil wet reservoilrainks
petrophysical ldndbook).

The water/oil relative permeability, iRigure 2.8 (left) where the water is the strongly wetting

fluid, is shown as with blue lines. The water relative permeability, where the wetting fluid

satuation is increasing, is a continuation of thereihtive permeability, where the wetting fluid

saturation is decreasing. This demonstrates that the core iswedfeand the reverse applies in

the case of oil wet.
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2.9 Laboratory determination of Relative permeability

There are five means by which relatipermeability data can be obtained these include; direct
measurement in the laboratory by a stestdye flow process, direct measurement in the laboratory

by an unsteadgtate flow process, calculationrelative permeability data from capillary pressure

data, calculation from field performance data and theoretical or empirical correlations. Normally,
values obtained through laboratory measurements are usually preferred for engineering
calculations, sincehey are directly measured rather than estimatéshdystate implies that

values are not measured until the tested sample has reached arupgreézl/el of steadgtate
behaviar. Steadystate techniques of estimating relative permeability are oftasidered the

most reliable sources of relative peability data. This is because a steady state is attained in
these tests. Moreover, it is possible to use
each phase at a given saturation. In swedtst two phases are injected into the core plugs
simultaneously at constant rates and pressure. Once the measured pressure drop across the core
remains relatively constant, the system is assumed to be at steady state. At such points, the outlet
flow rateof each phase and the pressure drop is measugkth@subsequent values are used in
Darcyodos | aw to calculate the effective per mea
flow rate ratio is then changed, and the processes are repeataethirprocedures, relative
permeability curves forazh phase can be obtained. The number of data points can be controlled
through the number of steadjate levels reached and the direction of the saturation changes
should be in one direction to avoid hstssis.

On the contrary, the unsteady state teghaiexperimentally and computationally is far more
complicated. Here, only one phase is injected into the core, equilibrium is not achieved during the

test and fluids are not injected simultaneously ihto dore as the case for steadgte. The test
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involves displacing irsitu fluids with a constant rate and pressure driving fluid. The outlet fluid
composition and flow rate are measured and used for relative permeability calculations. The main
advantage fousing unsteady state techniques is that theyaater and cheaper to run. However,

if time and budget constraints are not a deciding factor in the experiments, it is recommended that
the steadystate technique be performed to obtain the most relialdéve data.

2.9.1Johnson Bossler and Naumann (JBN) mabd

A theoretically sound method was developed for calculating vedteelative permeability from
waterflood data. This method has been found to yield reliable results which agree with direct
measuremestof relative permeabilities obtainedsteadystate flow test. Moreover, this method

is far less time consuming, faster, cheaper than other methods. Furthermore, relative permeability
values can be calculated from displacement data obtained from stext @ohnson, Bossler, &
Bossler, 1959This method involves numerical differentiation, and it is important to have good
guality data that are relatively free from random noise. This method relies on data collected in
postbreakthrough part of the flooshd the lowest water saturation at whielative permeability

can be inferred in the saturation at the flood front. The assumption for this method is that the effect
of capillary pressure and gravity is neglected. However, with this method, the relathesapdity

points calculated by JBN metti@re typically scattered, and it is desirable to fit a smooth curve
through these points using proposed fitting analytical relationships in the least square sense. Some
parameters affect the relative permeabilitg @r effective permeability characteitstand these
include capillary number, Pore geometry, heterogeneity of the system, the anisotropy of the
system, fluid viscosity, interfacial tension (IFT), flow rate, and wettability, some will be discussed

below.
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2.10Capillary Number and its Effect on Relaive permeability
The capillary number refers to the dimensionless number that represents the relative importance

of viscous and capillary forces. It can be defined based on equation 2.8,

. AA (2.19

where,) hO Eifterfacial tension between oil and water, is water viscosityQis the flow
velocity, A 1[ @efers to the contact angle. The role of the capitlmber on relative permeability

was reported by Islam et al. (Islam & Bentsen, 1987) who found out that both viscosity ratio and
flow rate affect relative permeability data. At the same capillary number and IFT, a less permeable
core has a higher resialsaturation. This is expected because a less permeable core has pores that
are not well connected, and the invading fluid cannot easily displace oil from these. pérés.
deals with mobilization of discontinuous tapped oil in the watetrporous mediunWith a higher

capillary number, residual oil saturation is reduced as showigure 2.9,
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Figure 2.9: Schematic of capillary desaturation curves. (Lake, 1989).
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The figure above shows the correlation of residual oil witlcéipdlary number. It can be observed

from the graph that there is a range of capillary number over which the residual oil saturation
changes significantly, this also results in changes irelhéve permeabilities. In the case of water
flooding alone, da to higher IFT, the capillary number is low and is within the range over which

the residual oil saturation does not change with the capiilanpber Tertiary methods are applied

to increasehe capillary number in ranges that will result in oil mobilizat

2.11Effect of Temperature on Relative Permeability

Even though there are contradictory reports about the effects of temperature on relative
permeability, many researchers agreed that relpgvmeability changes as temperature changes.
Handy et al. (Hamada & Karoussi, 2008) performed a twbase flow in Berea sandstone and
indicated that at low IFT, relative permeability curves are affected by temperature. The author
noted that as temperaguincreases, relative permeability to oil increases and refagiveeability

to water decreases at a given saturation while residual oil saturation decreases, and irreducible
water saturation increases. Thewdter relative permeability curves shift takgs higher water
saturations. In general, as temperature irs@gaoil can flow much easier than water. The author's
results suggest that the sandstone becomes more-wetteimplying that the contact angle
decreases as temperature increases. Sufi(@udl, Ramey Jr, & Brigham, 1982) also found that

in the tempeature range of 20 to 8%, the relative permeability of oil and water obtained from
unconsolidated clean Ottawa sands does not change. In a separate experiment, they saw that as
temperaturancreases, ssdecreases. This observation is consistent witatwbas reported by

Handy et al. Sufi et al. also noted thatermperaturéncreases, the viscosity ratio of the-wihter
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system decreases. This reduction in the viscosigsigonsibldor the change of the fraction flow
curves thus, the change i is not necessarily due to a change in wettability.

2.12Conclusion

Practically, EOR studies require a comprehensive understanding of fluid flow characteristics such
aspetrophysical rock propertiesgservoir pressure, fluid flow ratefc and the volumef ead

fluid phasesnay beaffected by fluid flow behaviar in porous media. Depending on tieedf

the study, fluid flow can be visualized in 1D, 2D, 3D.ewenradial geometry. Moreover, fluid

flow can be steadgtate, unsteady state, or psestiEady stie. This chapter focused on the major
concepts and furathentals of fluid flow in the porous mediuthalsoprovidel a strongoasis and
afoundhation for other chapters in this thesis.
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Chapter Three: Nanoparticles as Potential Agents for Enhancing Oil Recovery

Graphical Abstract
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3.1 Abstract Nanoparticles have becomeoemously attractive materials for enhancing oil
recovery (EOR) at laboratory and field scales. Because of their nanosize, they can move freely in
the porous media and can interact more easily with the reservoir fluids. Thiadvantage in
contrast witlthe conventional and most commonly used chemicals, such as polymers, alkaline and
surfactants. The larger size of the chemicals increases their adsorption capability on the rock
surfaces which results in a negative impact artéfficiencies and applitan. In oil recovery
enhancement processes, nanoparticles are used as either nanofluidemulsins,
nanoadsorbents or nanocatalysts. In either way, various mechanisms results can significantly
reduce the residual oil saaion, which can extend th@oductivity of mature fields. Extensive
research has been reported on the use of nanoparticles in enhancing oil recovery ranging from
simple imbibition tests and core flood experiments to pilot plant applications. Ichtyér, we
summarized some of éhcritical evidence of the major types of nanomaterials commonly used in
EOR. we then addressed how nanofluids are stabilized and dispersed as tertiary agents in the
reservoirs, and thus contribute to EOR. Lastly, we providesuramary of the operating
pamameters, mechanisms that control nanoparticles belra¥ar oil recovery, and brief
environmental concerns of using nanopartighe®lation tooil and gas application.

Keywords: Enhanced oil recovery, nanoparticles, nanatetdyy, wettability, nanoflid

This chapter is adapted from the following publication:

Farad Sagala, Afif Hethnawi, and Nashaat N. Nad¥anoparticles as Potential Agents for
Enhancing Oil Recoverin Nanotechnology for Enhancing-Bitu Recovery and pgirading of
Oil and Gas Proe s s ipublisbed by Springer NatyréSubmited).
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3.2. Introduction

World conventional oil recovery methods, best known as primary and secondary methods,
typically extract approximately ortéird of the original oHin-place in the reservoir (Lakeglins,
Rossen, & Pope, 2014; Sen, 2008). Estimated reserves worldwideugatmé.5 trillion barrels

(Abas, Kalair, & Khan, 2015). Thus, it is estimated that the remaining oil as a residual oil after
conventional recovery methods would be approximately tfillion barrels (Council, 1976).
Several enhanced oil recovery (EORJeiques generally grouped as tertiary production schemes
have targeted these huge unexploited reserves (Alvarado & Manrique, 2010; Bilak, 2006; Siddiqui,
2010; Thomas, 2008; Yousehl-Saleh, & AlJawfi, 2012). However, finding a low cost and
effective méhod to extract this remaining residual oil after primary and secondary recovery
remains a challenge, given that the current tertiary practices depend on crude prices (Kong &
Ohadi,2010; Maggio & Cacciola, 2009). Hence, a search is needed for sustanosbédfective,
efficient, and environmentally friendly techniques.

Generally, EOR techniques are aimed at increasing the overall recovery factor (RF), which is the
product of swee (E/) and displacement g efficiencies. To increase the RF, mechanisonsh

as oilwater interfacial tension reduction (Shah, 2012), wettability alteration (Abe, 2005), and fluid
viscosity enhancement (Shu & Hartman, 1986) are performed. These mecharesathieved

using the common EOR techniques such as chemicals, misecidlénmiscible gas or liquid
flooding, and thermal methods. To design an EOR technique, the aim is to achieve any of the
aforementioned mechanisms. A successful design must alsosbeffective, efficient, and
reliable. However, most of the current madl are technically successful but highly expensive
hence creating a gap for venturing into more alternative techniques to recover the residstl oil

effectively and efficientl.
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Alternatively, efficient and effective techniques using nanoparticlextdogy are emerging as an
alternative agent for enhancing the performance of EORavel greatly changed the perspective

of researchers towards the use of smart matédalSirald, Benjumea, Lopera, C@&, & Ruiz,

2013; Hendraningrat, Li, & Torseeter, 2013; McElfresh, Holcomb, & Ector, 2012; Ogolo, Olafuyi,

& Onyekonwu, 2012; Torsater, Engeset, Hendraningrat, & Suwarno, .28a8ptechnology is

the design, characterizan, prodwction and application of devices, materials and systems by
controlling their size and shape at the nanoscale, all in the range from 1 t0100 nm at least in one
dimension (Khalil, Jan, Tong, & Berawi, 2017). Advances in nanotechnology have enabled
scientistgo develop a collection of various unique nanomaterials, nanodevices, and nanotools with
many possible uses in electronics, medicine, biomedicine, drug delivery, photography, wastewater
treatment, and energy (Chang & Wu, 2013; Cheng et al7;200ut, Moyano, Rana, & Rotello,

2012; Serrano, Rus, & GareMartinez, 2009; Shen, Zhang, Huang, Xu, & Song, 2014; Subbiah,
Veerapandian, & S Yun, 2010; K. Yang et al., 2012). The diversification in their uses is due to
their unique size and shape thisis theirchemical and physical properties in comparison to their
bulk counterparts (Kong & Ohadi, 2010). In bulk materials, the number of atoms at the surface is
significantly smaller than in the whole bulk material, which makes their chemical anaadhysi
propertes constant regardless of their size (Kong & Ohadi, 2010). However, when the size is
reduced, several properties such as quantum confinement, i.e., optical and electronic properties,
magnetism, thermal resistance, catalytic activities, intguregsuremelting point, dispersion

ability and intrinsic reactivity are all altered (Perez, 2007). This is due to the surface area to volume
ratio that becomes larger, and hence the number of atoms at the surface becomes significant, more
atoms are expesl to the grface of the material compared to the atoms in the bulk material thus
increasing the surface energy (Lei et al., 2010). Therefore, nanoparticles present favourable

54



characteristics, their active surface sites can be utilized in various waf@r &imid reason, doors

for research have been opened utilising these properties for oil anelagas applications (Ogolo

et al., 2012).

Besides, nanotechnology not only offers environmental aneefiesttive industrial processes but

also offers precisenanipulaton of atoms and molecules allowing the control of their properties
(Serrano et al., 2009). Therefore, the rapid advancement in nanotechnology in the past few decades
has led to the application of various nasiped materials in the oil and gaslustry, inthe fields

of exploration, drilling, production and pestoduction activities (Khalil et al., 2017; Matteo,
Candido, Vera, & Francesca, 2012). This is because of the global demand for energy caused by
the population growth, and the challengeth the airrently used conventional methods, hence
forcing the researchers to explore the mechanisms and applicability of nanomaterials in extracting
more hydrocarbons (Khalil et al., 2017), even from-nonventional resources (Ogolo et al.,

2012).

In the recent gars, the use of nanoparticles in enhancing oil recovery (EOR) has attracted
the attention of many researchers (Ogolo et al., 2012; Suleimanov, Ismailov, & Veliyev,
2011; T. Zhang, Davidson, Bryant, & Huh, 2010). Nanopatrticles can drastiogliove oil
recovery by improving several fluid properties such as viscosity enhancement, thermal
conductivity, reducing the interfacial tension, improving the heat transfer coefficient of the
injected or produced fluids, and altering the rock wettgbitiirough the Ifiid-rock
interaction (Golas, Louie, Lowry, Matyjaszewski, & Tilton, 2010; Mittal, Chisti, &
Banerjee, 2013; Saravanan, Gopalan, & Chandrasekaran, 2008). Based on their adsorption

capability, nanoparticles can also extensively be used ircaveng produgbn problems
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such as inhibiting asphaltene deposition and the subsequent formation damage (Negin, Ali,
& Xie, 2016). Some studies on the application of nanoparticles in EOR have concluded that
nanoparticles, in terms of their size, can peaie the porespace where the conventional
recovery techniques cannot reach, representing an advantage as they can change both the
reservoir fluid properties and improve oil recovery (Negin et al., 2016). Several applications
of nanoparticles in EOR havbeen extensivgl conducted mostly in laboratories to
understand the phenomena under which nanopatrticles enhance oil recovery. The focus has
been on mechanisms such as interfacial tension reduction (Hendraningrat, Li, & Torsater,
2013), wettability alteratin (J. Giraldoet al., 2013), oil viscosity reduction (Ehtesabi,
Ahadian, Taghikhani, & Ghazanfari, 2013), structural disjoining pressure (D. Wasan,
Nikolov, & Kondiparty, 2011), and how these mechanisms vary with different types,
morphologies and conceation of nanopdicles. Luky et al. (Hendraningrat & Shidong,
2012), conducted a study to investigate the impact of nanofluids injection on interfacial
tension reduction, permeability impairment, nanoparticle retention and how these
parameters contribute bil recoveryThey carried out their study in a glass micromodel and

the microscopic visualization showed that nanoparticles were adsorbed at the glass surface
due to the pressure log jamming that was observed during fluid injection. Subsequently,
nanopaticle entrapmet resulted in wettability alteration and at same time permeability
impairment was noticed. The authors reported that nanoparticle morphology, type, and
concentration are among the key parametersaffeait naneenhanced oil recovery (nano

EOR). They conladed that increasing nanoparticle concentration can drastically reduce the
IFT but also may result in a reduction of absolute permeability. Ali et al. (Esfandyari Bayat,
Junin, Samsuri, Piroozian, & Hokmabadi, 2014), investigated the imopalctminium xide
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(Al203), titanium dioxide (TiQ) and silica dioxide (Sig) nanoparticles on enhanced oll
recovery for a limestone media at several temperatures. At first, they carried out a transport
study and found out that AD; nanoparticles had thikwwest adsorpon rate of 8.2%,
followed by TiG with 27.8% and finally the Si€with the highest adsorption rate of 43.4%.
They also noticed that all these three nanoparticles could potentially change the wettability
of the core from intermediate to stigpwater wet ath reduce the capillary forces. Moreover,

a considerable viscosity reduction in the presence ##8nd TiQ nanoparticles at 58C

and 60°C was noticed. Different researchers (R. Hashemi, Nassar, & Almao, 2014; Ogolo
et al., 2012) have ed different naomaterials for enhanced oil recovery featuring different
mechanisms. The massive multiplicity of the nanomateFRmjare 3.1 arising from their

wide biochemical nature, sizes, morphologies and shapes, the dispersant in which the
particlesare present, thstate ofthe medium of the particles and most significantly, the
numerous probable surface adjustments the nanoparticles can be exposed to make this an
imperative active field of science. However, there are not so many available studies
addressing the aabination of the commonly used nanoparticles and the optimization of the
oil recovery parameters. Therefore, ttimptepresentthe opportunities and major critique

of the recently tested nanoparticles in EOR. It focuses on the undemhgolganisms of
nanoparticles in EOR, recovery parameters involved during the oil recovery enhancement
processes, nanofluid stabilization techniques applicable to EOR have also been reviewed.
Lastly, concerns and uncertainties raised due to nanomater@dswe® in oil ad gas
applications hee been reviewed. This review is helpful for readers, gaining insight into the

enhancement of oil recovery using stateart concepts and fundamentals for nanofluids.
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3.3 Types of nanoparticles commonly used in enhancing oil recovery

Crude oil properties like viscosity and density change depending on its sodroeation
(Mullins, 2011; Speight, 2014). Thereforeis necessary to study the effect of various types of
nanoparticles on a given type of oil. In this section, a detailed description of the most common

nanoparticles that have been investigated armhmetended for various reservoir formation in




3.3.1. Silica (SiQ) nanoparticles

In different parts of the world, silica or silicon dioxide is the major constituent of sand
(Pettijohn, Potter, & Siever, 2012). It is an oxidesiicon with the chemical formula SO

most commony found in nature as quartz and various living organigihese nanomaterials

are environmentally friendly due to their vast existence in nature (Darling, 2011). Besides, the
surface area of Sarely changes even when heated at elevated temperatl€€)6bhis

makes them thermally stable (L. Wang, Wangny, & Yang, 1999a), and appropriate for
EOR applications especially in harsh reservoir conditions (L. Wang, Wang, Yang, & Yang,
1999b). Current studies have embarked on the application of theseofypenoparticles for

oil enhancement either alone ornsygized with various conventional EOR methods
(Miranda, Lara, & Tonetto, 2012; Tushar Sharma, Iglauer, & Sangwai, 2016; Torsater et al.,
2012; H. Zhang, Nikolov, & Wasan, 2014). For instance, Ztabgbi et al. (Zargartalebi,
Kharrat, & Barati, 2015) iproved surfactant oil enhancement by using modified silica,
hydrophilic and hydrophobic type, together with an anionic surfactant. They performed an
extensive series of measurements for interfa@akibn and adsorption and observed a
reduction in surfaeint adsorption and interfacial tension in the presence of these
nanoparticles. They concluded that the performance of surfactant flooding can be significantly
improved by the addition of an optimizedncentration of Si@nanoparticles. (Jain, Wang,
JonesHawkett, & Warr, 2009) conducted a conclusive study, on the effect of particle size,
permeability, initial rock wettability, injection rate, and temperature using silica nanoparticles.
The author cocluded that small particle size increases oil recoveny displacement
efficiency due to the reduction of the contact angle as the size decreases. The author also
reported thatthe highest recoveries were obtained from the intermediate wet system.
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Increasing the injection rate reduced the oil recovery whibegasing the temperature resulted

in incremental oil recovery. The main recovery mechanism of B&9 been reported to be
mainly wettability alteration due to adsorption on the rock surface. Ggneras the most

widely and recommended EOR natype aent for all wettability conditions but performs

best in mainly sandstone reservoirs. Moreover, compared to other nanopatrticle types with the
same concentration, the adsorption behavior of silicapenticles has been reported not to
result in significanporosity and permeability impairment especially in sandstone formations
(Yu, An, Mo, Liu, & Lee, 2012b). Notwithstanding their great recovery potential and ability

to enhance oil recovery, silicamaparticles still suffer difficulty of reducing the intacial

tension to very ultrdow values compared to conventional surfactants. Although Roustaei et
al. (Roustaei, Moghadasi, Bagherzadeh, & Shahrabadi, 2012) reported a drastic decrease in
oil-waterlFT, from 26.3mN/m to 1.75 mN/m using lipophilic polysoin. This is considered
premature since a different trend was reported by Onyekonwu et al. (Onyekonwu & Ogolo,
2010) for the same polysilicon nanoparticles. Moreover, in both studies ethanol was ased
dispersing phase for the polysilicon nanopartieled IFT reduction might have been caused

by the presence of ethanol but not the polysilicon nanopatrticles alone. Hence, more research
and investigation are still desirable on how to obtain ddtvalFT using nanofluids. Also,

most studies are focusing asing commercial silica which has limited its applicabilitye

pilot and industrial levels. Therefore, synthesis pathways that are not only environmentally
friendly but also coseffective are st needed that can offer options for scalability foropil

and fieldtesting applications. However, from the aforementioned analysis, it is obvious to
anticipate that the use of silica nanoparticles in EOR offers many advantages compared to
other nanopaitles especially in sandstone reservoirs, owing to thieysical structure and
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affinity. Although, most of the reported works on this matter are still experimental studies
conducted on a bengtale level and no real process or field application has repented.
Hence, to have a clear understanding on the odlsilica nanoparticles in EOR, more
laboratory investigations at reservoir conditions and qsitatle testing are needed and are of
paramount importance to have a clear understanding of thety abibe accepted in the oil

and gas industry.

3.3.2. Auminium oxide (Al203) nanoparticles

Al>03 nanoparticlesxist in white powder form and are mainly composed of alphase
aluminium oxide, which exists naturally as aluminium oxide. Because oidé&savailability,
several researchers have usddritEOR applications (Esfandyari Bayat et al., 2014; Nazari
Moghaddam, Bhramian, Fakhroueian, Karimi, & Arya, 2015; Ogolo et al., 2012). The main
mechanism deduced for improving oil recovery using thige tgf nanomaterial has been
mainly viscosity reductioty disaggregatioand modulation of thasphaltenenorphology

insitu (Esfandyari Bayat et al., 2014; Zaid, Latiff, Rasyada, & Yahya, 2014). Studies have
been conducted either using it alone or symémgiit with other EOR conventional methods.
Zaid et al. (Zaid et al., 2014) compared the effectiveness-@i:Ahd zinc aide (ZnO) on
EOR.In their study, they measured interfacial tension in the presence of nanofluids and the
change in oil viscosity fovarious nanofluids concentrations. Core flooding experiments were
conducted and the oil recovery efficiency when nandfluwere injected was compared to
that of the commercial surfactant, 0.3 wt% sodium dodecyl sulfate (SDS) alone. 11.7%
increase in theil recovery was obtained after injection ob®@% nanofluids, compared to 0.3
wt% SDS. Based on the natype, 5.12% addional oil was recovered by ADzcompared to
ZnO-based nanofluids. The performance of anionic surfactant as wettability modifiers in
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sandstone cores was also improved by dispersing 100 ppm of alumina nanoparticles in the
surfactant (J. Giraldo et al., 2B)1 The authors concluded that alumbresed nanofluids can
improve the water flooding oil recovery efficiency in sandstone coresligying the
wettability of the cores from strongly oil wet to strongly water wet. Notwithstanding their
potential to imprge oil recovery, in comparison to Si@nd TiQ, Al20Os nanopatrticles have

been reported to be unstable especially in a brine of highie strength (Hendraningrat &
Torseeter, 2015). They tend to aggregate and form clusters that may impair the peymeabilit
during the flooding process especially in sandstone formations (Bayat & Junin, 2015). Similar
to SiQy, Al2Oz3 also do not reduce thaterfacial tension to very low ultr@alues. Also,
economical synthesis pathways that are not only environmentally Ifriéxtl also cost
effective are still needed that can offer options for scalability for pilot and-tBetthg
applications. From thaforementioned analysis, it is clear that the application of alumina
based nanoparticles in EOR offers many merits, dubeio physical structure and surface
morphologies. However, still, most of the reported work on their application in EOR is at
laboratory scale and ambient conditions. Although alumina nanoparticles were successfully
tested for field applications and ggwemising results (Zabala et al., 2014), more laboratory
investigations, pilescale and field testing are still required to hawdear understanding of

their ability to be adopted in the oil and gas industry.

3.3.3. Nickel oxide (NiO)anoparticles

Nickel (I) oxide (NiO) is notably a weltharacterized oxide of nickel. It is classified as a basic
metal oxide NiO is an importantransition metal oxide witla cubic lattice structure and has
attracted increasing attention owing to its potential use in various applications. It is widely used as
a catalyst during aquathermolysis processes for heavy oil upgrading (Meyers, Mishrasasa,Ben
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2006; Mukherjee et al.a®1), and as an adsorbent for asphaltene removal and disaggregation from
oil matrix (Franco, Montoya, Nassar, Pereitlanao, & Cortss, 2013; Nashaat N Nassar, Azfar
Hassan, & Pedro Pereifdmao, 2011a; Nashaat N. Nassar, #&zHassan, & Pedro Pereira
Almao, 2011). Sayed et al. (S. I. Hashemi et al., 284p)ored the effect of NiO nanopatrticles

for asphaltene disaggregation in porous media. In the presence of carbon dioxide, the NiO
nanoparticles were injected in the poranedium via gas steam injectiom which they were
uniformly dispersed using polydimethylsiloxane (PDMS). The results showed that under
miscible CQ state, there was a considerable improvement in permeability and porosity reduction
of the core, as well akss asphaltene deposition porous media, which increased the oil
recovery factor after NiO nanoparticles had been applied. The dominant mechanism for NiO
types of nanomaterials has been reported to be mainly viscosity reduction due to asphaltene
disaggegation especially in heavyl@nd acting as a catalyst duriaguathermolysiprocess

that result in oil upgardingNegin et al., 2016 (Ogolo et al., 2012) conducted a study on
different types of nanoparticles which included NiO, the results indithtatliO nanoparticles

are god EOR agents. However, the authors found that more recovery can be obtained by using
ethanol as the dispersing agent other than brine. Reduction of oil viscosity still was reported as the
main dominant mechanism foil recowery increment. Sandeep et a(Rellegadla et al., 2018)
recently reported that the performance of polymer flooding can be improved by adding nickel
nanoparticles. In their study, the authors used a blend of xanthan gum and nickel nanoparticles to
evaluatethe changes in the dilutedlston viscosity of xanthan when dispersed with nickel
nanoparticles. They found out that a mixture of xanthan gum and nickel nanoparticles has a higher
intrinsic viscosity of 55.25 dL/g compared to 49.13 dL/g for the xargamsolution alone. They
further conducted a displacement test in a sand pack to evaluate the efficiency of nanoparticle
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assisted polymer flooding by injecting approximately 0.6 PV of the solution. Flooding results
showed that additional 5.98% of oil imitiy in place could be recoven with xanthamickel
nanoparticle mixture in comparison to 4.48 and 4.58% for xanthan and nanopatrticles alone,
respectively. They concluded that a synergy of nickel nanoparticles with xanthan polymer can
increase oil recovgrcompared to xanthan polymer nickel nanoparticles alone. Nevertheless,
from the abovanentioned analysis, it is apparent to anticipate that the use of NiO nanoparticles
in EOR offers many benefits both in sandstone and carbonate reservoirs, due phythieal
assembly and struates. Like the previously mentioned nanoparticle types, also the application of
NiO is still at the bench scale with no real process or field application reported. Hence, more
laboratory, pilot and fiekbcale testing investigions are still desirable thhave a clear
understanding of their capability in EOR enhancement to be adapted in the oil and gas industry.
3.3.4. Zinc oxide (ZnO) nanopatrticles

Using ZnO in enhancing oil recovery is still limited as several researd@oged its negative
impact on the reservoir permeability (Ogolo et al., 20LBgse nanoparticles exhibit antibacterial,
anti-corrosive, antifungal and UV filtering properti@ecause of its higher density (5600 kdym

ZnO has found many applications rubber making (Gardiner, 1970; Lin et al., 2015), ceramic
industry (Sousa, Segadaes, Morelli, & Kiminami, 1999), and as additives in cement and various
paints as a coating agdiMoezzi, McDonagh, & Cortie, 2012; Oprea et al., 2014). Hassan et al.
(Solemani et al., 2018) reported some promising findingsZo© nanoparticles in EOR
applications by recoveringn additional 11.8% of oil initially in place. Their findings are
guestonedbecausé¢he 0.050.5 wt% concentration @&nOused in their study jusesulted in only

2% IFT reduction. Although they concluded that this was the major mechanism for oil increment,
this reduction is very insignificant to remobilize any trappedwd t capillary forces. Moreover,
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the authors did not report any wettabilityeasurements before and after adsorption of the
nanoparticles on the rock surfaédso, the concentration &nO used by the authors was so high

and no experimeat evidence wageported for the effect of h concentration on the rock
properties since prious studies such as Ogolo et(@lgolo et al., 2012) had earlier reported the
effect of such nanomaterials on the rock properties.

3.3.5. Iron oxide nanoparticles

These typs of nanomaterials mainly exist in two formsagnetitg Fe:O4) and its oxidzed
formma g h e mkFelOf. These nanoparticles are known for tiseiperparamagnetjroperties

that lead to their potential applications in mahgctrical and magnetic fields, where they may be
used as sensors and data storage (Negin et al., 20b@)eithancement, however, they are used

as catalysts and adsorbengspecially for heavy oil upgrading (Nassar, Hassan, Carbognani,
LopezLinares, & PereiraAlmao, 2012; Nashaat N. Nassar et al., 2011). Several studies have also
reported promising ressliwith the use of iron oxide in4situ upgrading processes (R. Hashem
Nassar, & Pereira Almao, 2013; Nassar & Husein, 2010). Nassar et al. (Nashaat N Nassar et al.,
2011a) investigated the role of288 nanoparticlesn asphaltene adsorption and catalyteam
gasification/cracking. The authors found out thetDs was \ery efficient in adsorbing asphaltene

and could also act as a catalyst for steam gasification/cracking. These findings agree with what
was reported by Xingxun whtound out thatFeOs nanoparticles significantly inhibited the
aggregation of asphaltene pelgs in a micresized pore by adsorbing asphaltene particles onto
their surface. Moreover, the authors noted that the asphaltene precipitation and aggregation could
be effectively prevated by increasing thEe:Oz concentration (X. Li, Guo, Sun, Lan, & Gu
2018).To the best of our findings, this nanoparticle type has been applied mainly in heavy oill
upgrading and mainly used as a catalyst or adsorbent. Viscosity reduction due tteasphal
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inhibition has been reported as the major underlying mechanrsoi fecovery(Kazemzadeh et

al., 2015; Taborda, Franco, Ruiz, Alvarado, & Cortés, 203@)ne nanoparticles withactive
charged sitesand with higher affinty for asphaltenesan provide real inhibitiolaspahltene
disaggregatiorsince they prevent thitucculation of asphaltene molecules and also shift the
asphaltene onset pressure whieinreduce the oil viscosity.

3.3.6. Zirconium oxide (ZrOz) nanoparticles

This nanomaterial is ithe form of a white powder composed of s of zirconium oxide, also
known as zirconia. It is used across a variety of fields for applications ranging from polishing
semiconductors, ceramics, to producing artificial jewellery (Nassar, 2012). Zircaproduced

when ions in zirconia are regaled with yttrium, stabilizing the cubic phase of the material. This,

in turn, makes it possible to produce sintered zirconium oxide products and allows the material to
conduct certain ions. The use of these tygfasanomaterials in the oil and gas inayss still in

its infancy stage, and few findings have been repo#gd. nanoparticle efficiency at different
nanoparticle concentrations-(005 wt%) was assessed through contact angle measurements. The
resuls from the experimental findingshowed that Zr@nanofluids have great potential in
changing oHwet limestone to the strongly wateet state. However, the best performance was
observed at 0.05 wt% Zp@anoparticle concentration which changed an orllyirstrongly oil

wet (152°) calde substrate towards a strongly wateat (44°) state. The authors concluded that
ZrO2 is a good agent for enhanced oil recovery (NwideeArdsari, Barifcani, Sarmadivaleh, &
Iglauer, 2016). Similar studies were condudigdKarim et al. (Karimi et al.2012) who used

ZrOy for wettability alteration together with a naoonic surfactant for a carbonate rock. The
authors reported that the nanomaterials used successfully altered the rock wettability from strongly
oil-wet to strongly wateiwet and that moreil could be recovered by spontaneous imbibition.
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However, the dsorption and growth atrO; nanoparticles on the rock surface was a slow process
that required at least two days. In recent studies, ZrO2 has been repodisglays superior
thermal and leemical stability compared to alumina and silica nanoparticles (Petit & Monot,
2015) . Mor e o-alenina nasopalrticles werearepartecto exhibit limited chemical and
physical stability compared with ZrO2 nanopaéds (Gopalan, Chang, & Lin, 189 ZrO2 has a

high catalytic effect and is reported to be the only metal oxide with four chemical properties on
the surface: acidic/basic and reducing/oxidizing properties (Tanabe, 1985). From the
aforementioned studieg,is clear that the applicatiorf @rO, nanoparticles in EOR is mostly in
carbonates formation and at laboratory scale. Therefore, to have a clear understanding of their
performance especially in sandstone and at reservoir conditions, more investigedictid a
needed to have a cleanderstanding of their underlying mechanism so that they can be adopted
in the oil and gas industry.

3.3.7. Graphene oxidéGOs)

Graphene oxide is a compound of graphene, oxygen, and hydibgas.many applications in
various fields, especially in modertechnology. Graphene oxide can be used in-kghtting

diodes (LEDs) and solar cell devices in electronics (Jo et al., 2012; Xuan Wang, Zhi, & Mdllen,
2008). Scientists are always looking for ways to increase the tapaci efficiency of energy
storaye, and advances in the processes to make graphene oxide have aided in this search. It is used
as a material for energy storage in supercapacitors (Pumera, 2011; Stoller, Park, Zhu, An, & Ruoff,
2008; L. L. Zhang, Zhou, & Hao, 2010).Its application in ehancing oil recovery has been
recently reportedcOs was applied to improve the viscosity stability of diluted polymer/seawater
solutions aged at reservoir conditions. In the presence of 300 ppm of GOs, the viscosity stabil
of 1700 ppm acrylamidbasedpolymer in a seavater solution increased from 92 °C to 135 °C
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(Nguyen et al., 2014). This showed that G&sa potential agent for enhancing oil recovery.
Nanofluids of graphenbased amphiphilic Janus nanosheets wereuslsd at low concentration,
addiional oil recovery was recovered due to interfacial tension reduction (Luo et al., 2016).
Graphene oxide (GO), nanographene oxide (nGO) and patrtially reduced graphene oxide (rGO)
were also studied as possible foam stabijzagents for C®based enhanced oil recovery
(Barrabino, Holt, & Lindeberg, 2018). Notwithstanding their recent reported potential and ability

to enhance oil recovery, however, most studies have been performed at ambient conditions and
fewer studies havbeen performed wh graphene in both sandstone and carbonates. Therefore,
further surveys are still required to understand a clear mechanism under which graphene may
enhance oil recovery, especially at reservoir conditions.

3.3.8. Carbon nanotubes (CNT)

Carbon nanotubeare tubeshaped material, made cdrbon having a diameter measuring on the
nanometer scale. CNT is unique because the bonding between the atoms is very strong and the
tubes can have extreme aspect rafldwse types of nanomaterials #ight, strong, resistant to
corrosion good conductors of heat, and have a very large surface area (D. T. Wasan & Nikolov,
2003).Nanotubes can be single, double, or ravtiled and each wall is made of graphene. CNT
exhibit astonishing properties duett® formation of the three $pybridized bond and presence

of extra electron from each carbon atom, making these nanomaterials potential materials for
electrical, thermal and mechanical applications. The use of carbon nanotubes for enhancing oil
recoveryhas been recently reported. Mohamed et al. (Alnarabiji et al., 2016) examined the impact
of multi-wall carbon nanotubes (MWCNTS) concentration on oil recovery efficiency and fluid
mobility. The authors used nanofluids of three different concentratiddis: @05 and 0.10 wt%.

A water flooding experiment was then carried out to assess the impact of these nanofluids. Results
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showed that the MWCNTSs fluid was a good EOR agent. The highest recovery efficiency of 31.8%
of residual oil in place (ROIP) was achesl with the 0.05 wt % MWCNTSs concentration.
However, by observing the values of the mobility reduction factor (MRF) used to investigate the
fluid behaviour, the researchers concluded that the behaviour of hydrophobic MWCNTSs in water
fluid was unpredictableTo the best of our findings, however, there has been little research about
the use of these types of nanoparticles for improving or enhancing oil recovery. Further
investigations are still required in both carbonate and sandstone reservoirs espeesdyatr
conditions to understand the mechanisms and phenomena involved when CNTs are used as EOR
agents.

3.3.9 Cellulose nanoparticles

Cellulose is considered the most abundant, renewable, and sustainable biopolymer on earth. It is
found in plants, tnicates, and some bacteria. Many distinctive chemical and physical properties
such as strength, the large surface area can be enhanced when cellulose is used at the nanoscale.
Its application in enhancing oil recovery has been reported. Bing et al. (W&n,LLi, & Wang,

2016) injected nanocellulose fluid of different particle charge densities and mass fraction in a
micro-glass model. They found out that oil recovery was a function of both the particle charge
density and concentration. Two nanocellulbka 1 and NG2, with charge density 0.72 and 1.51
meqg/q, respectively were used. The authors realized tha With higher particle charge was
forming a homogenous nanofluid than NMCIn terms of IFT reduction, N@ performed better

than NG1 due to paitle charge difference, and the viscosity loss of the nanocellulose was
noticeably lower than that of the commonly used hydrolyzed polyacrylamide (HPAM) normally
used in polymer flooding. They recommended nanocellulose as a potential candidate that can be
used as polymesurfactant materials to improve the macro and mdisplacement efficiency at
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low cost. However, this study was conducted under ambient conditions, the rheological properties
of nanocellulose nanofluids at various temperature is anothely shat requires further
investigation.Reidun et al. (Aadland et al., 2018) recently investigated the performance of two
types of nanocellulose, CNC (USDA) and CNC AIFT 0.1 wt% nanofluids as a good alternative
for current EOR technologies. In their studiie authors first investigated the retention and
transport behaviour of the two types in a sand pack as the porous media. From the static adsorption
experiments conducted, the authors found that neither of the two nanocellulose types seemed to
adsorb sigificantly on the sand grains. However, they noted that the retention of cellulose
nanoparticles on the rock surface depends on the salinity, size of the grains, type of nanocellulose
used, and flow rate. Adsorption of the nanocellulose on the rock safackgjamming was

reported as the major mechanism that caused the retention, especially at elevated salinity
concentrations and injection rate, respectively. They noted that as the size of nanocellulose
decreased, permeability reduction and nanopartietention increased, which was due to
aggregation of the nanocellulose. Moreover, each nanocellulose type was found to have
significantly different transport and retention properties. Nevertheless, the study was still
conducted under ambient conditiohkence, the use of cellulose nanopatrticles in EOR is still in

its infancy stage and more findings both in sandstones and carbonates at reservoir conditions are
still required to enhance their adaptability in oil and gas application.

3.4. Nanoparticle stabiization for EOR application

Nanoparticles are categorized as particles with various shape, sizes, particle crystallinity, surface
area, and chemical composition (Donaldson, Stone, Clouter, Renwick, & MacNee, 2001). As the
particle dimension decreases, thember of surface molecules exponentially increases resulting

in a higher surface area of nanoparticles compared to the bulk material. Nanomaterial can show
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hydrophilic, hydrophobic or doubliaced (Janus) characteristics depending on their application,
suface ligands, stabilizers and polymer/surfactants used (Singh, 2015). Nanoparticles for EOR
applications in most cases are dispersed in fluids such as oil, deionized water, brine, or gas to
formulate nanofluids. However, in most cases because of theg, siey are not stable and tend

to aggregate and form sediments that minimize their dispersity (Saidur, Leong, & Mohammad,
2011). Due to this aggregation and precipitation, large particles withmiéorm size distribution

tend to form clusters, creatimgactical challenges and limitations for oil field applications (R.
Hashemi et al., 2014; Hendraningrat & Torseeter, 2015). Accordingly, particle morphology,
topology and size distribution need to be closely monitored to avoid aggregation that may limit
the application of the nanofluids. Increase of agglomerated particle size results in continuous
destabilization of nanoparticle and several mechanisms can be involved. These mechanisms can
guantitatively explain the stability of the colloids in termghafenergy barrier. This energy barrier
represents the difference between the repulsion and the attraction energy as presented in figure 2b.
Significantly, overcoming this energy barrier would result in the particles approaching each other
and hence come intoontact. If the differece between the interaction and repulsion energy is
higher than the energy barrier, then the energy barrier is exceeded and the colloidal particles tend
to agglomerate, figure 2b (a). Otherwise, the colloidal particles remain @tatile aqueous
solution, figure 2b (b). Thus, depending on their\atigis in the stabilization of the colloidal
particles, various methods can be used to keep the particle stable in the nanofluids. These agents
can be considered as the driving forcedsing the nanoparticles in EOR. Therefore, the use of
vast categories of additivdseave been repeatedly reported, which fall into either hydrolyzing
agents, polymeric or surfactant functionalization (Radhakrishnan, Ranjan, & Brittain, 2006;
Studart, Amstad & Gauckler, 2007; Zhao, Milanova, Warmoeskerken, & Dutschk, 2012).
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Changing the dnic strength around the colloidal particles hasignificant effect on the
stabilization mechanism. For instance, the stability of the nanopatrticles can be reducedeésy doub
layer compression, which causaghange on the ionic strength induced fréme addition of
different electrolytes, resulting in destabilizing of the colloids under unstable conditions(Thio,
Zhou, & Keller, 2011). Consequently, colloids get close tdesher withthe presence of thin
electric double layers that contribwtsoverconing the energy barrier and subsequent aggregation
of the coll oi dés pthedoublelayerxan bavachieeed if salts ofcaunteo n o f
ion are added, exceedindoublelayer repulsion that leads to coagulation of particles. Charge
neutralizatbn is one more mechanism that can caaussck of stability for the nanoparticles.
Charge neutralization is often carried out by absorption of metal hydrolysis speciegantitie
surface, such that a negative surface charge can be neutralized by ymisgively charged
ligands. To avoid exceeding the energy barrier through charge neutralization or-ldgable
reduction, determination of Zetmtential of the colloidgparticles has to be an important concept
(Sennett & Olivier, 1965). It is esseditio estimate the optimal dosage needed for apaat of

zero chargeof the particles. Via effective control of the Zgtatential, the stability of the particles
can ke enhanced or by coating the particle surface with organic material/surfactaptetde a
steric repulsion between the particles by involving elastic and osmotic effect.

3.4.1. Commonly used stabilization techniques for EOR application

Nanoparticle ®bilization involves numerous procedures that have been propesec their
applcation in EOR. These include ultrasonication, steric, and electrostatic stabilization (Jiang,
Oberdoérster, & Biswas, 2009). In thdtrasonicmethod, nanaize particles a& dispersed in
liquids, such as solvents, water, oil, or resins using an ultrasomicator. The use of the ultrasonic

method to stabilize nanomaterials has manifold benefits, the most obvious is the homogenous
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dispersion ofmnanoparticlesn the liquid phasepreventingthem from agglomerating (Ghadimi,
Saidur, & Metselaar, 2011).

Eledrostatic stabilization of nanoparticles in a suspension as shokigure 3.2ais designated

by the DLVO theory (Derjaguin, Landau, Verwey, and Overbeek) (L. Wu, ZhaMjatnabe,
2011). The interaction between two particles in a suspension is ralatezl combination of van

der Waals attraction potential and the electric repulsion potential. However, electrostatic
stabilization is limited by the fact that it is applitakio only dilute systems, it is a kinetic
stabilization method, it does not apppdyelectrolyte sensitive systems, it is almost not possible to
disperse again the agglomerated particles, and since in a given condition, different solids develop
differentsurface charge and electric potentitis difficult to apply it in multiple phas systems.
Steric stabilization also referred to as polymeric stabilization, involves the addition of inhibitors
such as surfactants with walewing chains, wateloving polymers or other modifiers that prevent
aggregation of nanoparticles in suspensionsreating an effective repulsive force between the
nanoparticles (lijima & Kamiya, 2009; Lourenco, Teixeira, Simdes, & Gaspar, 1996). As shown
in Figure 3.2b) the additbn of polymers or surfactants helps to cover the system in such a way
that longtails extend out into the soluti®hamsiJazeyi, Miller, Wong, Tour, & Verduzco, 2014).
Colloidal particle stabilization via polymer encapsulation has been reported by resedoch
greatly improve nanoparticle stability. This is because the nanopastialelized by specific types

of polymers such ggolyampholyte and polyelectrolyte can remain stable even in harsh reservoir
conditions (Ranka, Brown, & Hatton, 2015). Miklgt al. (Ranka et al., 2015) reported that
nanoparticles stabilized with polyangiite polymers can be applied to reservoirs with extreme
salinity up to 120,000 mg/dinand up to 90°C with longterm colloidal stability. Also,
polyelectrolyte polymers suchs gooly(acrylic acid), poly(vinyl pyrrolidone) or poly(styrene
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sulfonate) can bapplied to provide electrostatic repulsion between nanoparticles and stabilize
them in high salinity conditions (Ersenkal et al., 2011). Nanoparticle encapsulation usingrpolyme
can be achieved in two ways, I . ®WVith giafgng ot | ng f
the coating is achieved by first immobilising an initiator on the nanoparticle surface and then
polymerization of the corresponding monomer follows. Fofftigia to, the encapsulation is
achieved by grafting the polymer on the surfat¢éhe nanoparticle via electrostatic interaction
which is the easier approach in most cases. For oil and gas application, polymers are coated on
nanoparticles surfaces usingtyrafting to technique (ShamsiJazeyi et al., 2014). In this method,
polymers wih functional groups that are reactive with groups on surfaces of nanoparticles are used
to achieve the modification. These groups can include, alcohols, carboxylic acid, aitane,
phosphoric acid etc, (Neoh & Kang, 2011). Various types of polymeesbieen used by different
researchers for nanoparticle stabilization. For instance, Barrera et al. (Barrera et al., 2012).
investigated thesffect of poly (ethylene oxidgilane graft molecular weight on the colloidal
properties of iron oxide nanopartisleThe authors used an-bdy photoelectron spectroscopy
initially to obtain information on the chemical nature of the nanoparticle surface before grafting,
the surface consigleof a mixture of amine groups and grafted polymer. They found out that the
expasure of the amine groups on the surface of the nanoparticle decreased as the polymer
molecular weight increased. This indicated that the particles obtained consisted dfsinmtale

cores coated with a polymer brush. The DLVO theory was used to arthlyparticle stability
considering electrostatic, magnetic, steric, and van der Waals interactions. Experimental results
and colloidal stability theory indicated that stalilwas achieved after the grafting process

(Barrera et al., 2012).
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Nirmesh Jairet al. (Jain et al., 2009). stabilized aqueous ferrofluids and magnetic nanoparticles of
6-8 nm diameter by grafting polyacrylamide copolymer (PAM) to form a thinnest stabitz¢d

layer attached on the iron oxide surface. The thermogravimetric andlyGSiA) showed an
increase in weight of the dried particles with a consistent polymer coating of a 1nm thickness
which confirmed the existence of the polymer on the surfac¢hefparticles. The mass
spectrometry and the dynamic light scattering were sterdi with 45 nm increase in the
hydrodynamic radius of the grafted nanoparticles and the magnetisation experiments indicated
nonmagnetic surface layers which resulted frotacaiment of poly (acrylic acid) block to the
nanoparticle surface (Jain et &Q09). A similar study, conducted by Patricia et al, stabilized
magnetite nanopatrticles using polyelectrolytes polymer types the colloidal stability of the particles
was assesed by measuring the turbidity of the sediments after a given time of incréesiogic
strength. The sedimentation results were supported by conducting the dynamic light scattering
measurement of the particle hydrodynamic diameter that remained sedpé&ndigh PH, the
polymers used because of their coordinative interaction wmath oxide surface improved the
particle stability. The author's investigation provided a guideline for the design of polymeric
stabilizers for magnetite nanoparticles acawgdio the PH and ionic strength of the intended
applications (Golas et al., 20110

Sterically stabilized systems tend to remain well dispersed even at high salt concentrations or under
circumstances where theta potentiabf the system is close to zeroir@ferri, Chen, Sethi, &
Elimelech, 2008). Steric stabilization effectivenessagcribed to the thermodynamic consequence
when one tries to curb polymeric chains to lesser volumes (Napper, 1977). Steric stabilization
offers advantages over the electrastatabilization method, wherparticles are always +e
dispersible since it i thermodynamic method. Moreover, with this method, a very high
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concentration can be accommodated, it is also not sensitive to electrolytes compared to the
electrostatic methgdnd it is suitable for multiple phase systems. Notwithstanding the advantages
of steric stabilization over the electrostatic method, using surfactants and polymers as stabilizing
agents makes the underlying mechanism due to the presence of nanopéiticletd predict.
Surfactants influence wettability alteration and oil/wdt€F properties while polymers affect
nanofluid viscosity. Therefore, using them as stabilizing agents makes it hard to identify whether

nanoparticles or surfactant/polymers trdouted to the EOR process.

Electrostatic stabilization (a) Steric stabilization (b)
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Figure 3.2: Schematic representation of electrostatic and steric stabilization.
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Figure 3.3: Schematic representation of electrostatic and steric stabilization.

Electrostatic stabilization can also be combined with steric stabilizatiooh is denoted as
electrosteric stabilization (Sung & Piirma, 1994). With tmeechanism, aggregation of
nanoparticles is inhibited by the combined effects of electrostatic anc Stisgilization usually
associated with the adsorptionpflyelectrolyes onto the particle surfac€his is achieved by
attaching polymers/surfactants to a charged particle surface and hence developing a polymer or
surfactant in such situations when tp@rticles approach each other, both steric and electrostatic
repulsion pevents agglomerationJsing both steric and electrostatic stabilization helps to make
use of the unique qualities of each method. Electrostatically stabilized dispersions aralkinetic
stable but are very sensitive to the presence of electrolyteg, sthiically stabilized dispersions

are thermodynamically stable and are much less sensitive to the presence of an electrolyte (Sung
& Piirma, 1994).

Ligand incorporation is anotheragility approach commonly used in the formulation of stable
nanofluids.With this method, different organic functional groups are grafted on the surface of
nanoparticles to improve their stability and dispersive ability in different solvents (Xinyu Wang,

Tilley, & Watkins, 2014). Organic ligand incorporation, in general, irgnthe most common
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method used to produce stable nanofluids especially for EOR application (Neouze & Schubert,
2008). Commonly used ligands depending on their functional groups éenclrtboxylic acid,
amines, phosphonic acid, silanes and thiols (Boyemddau, Murray, & van Veggel, 2009; De
Palma et al., 2007; Erathodiyil & Ying, 2011; Nobs, Buchegger, Gurny, & Allémann, Z06z!).
chemical reaction is one of the commonest stratagged to incorporation these organic ligands

on the surface of the naranicles. With this approach, organic ligands are chemically bonded on
the surface of the nanoparticles and depending on the reaction condition, ligands form various
types of interactins with the surface of the nanoparticle. For example, ligands withxggid
acidsbased ligands form three types of interactions while phosphates functional groups can be
modified with metal oxides via different five interaction modes (Boissezon, M@deaugeard,
Monge, & Robin, 2014; Khalil, Yu, Liu, & Lee, 2014). Foetsilane coupling agents with alkoxy
groups and organic functional groups, they use the OH group on the nanopatrticle surface as the
reactive sites during the interaction (Figure 2)e Bilane coupling agents improve nanoparticle
stability by introducing &rious organic functional groups on the particle surface that prevent them
from aggregatingOrganic ligands can also be anchored on the surface of the nanoparticles via
formation of mn-chemically bonding interactions. In such scenarios, the ligand fomesk bond
complex via electrostatic interaction or van der walls forEes.the case of carbon nanotubes
(CNTs), surface modification via ligand incorporation can be achieved viausachemical
reactions such as oxidative coupling, cycloaddition, dextations and reductive (€. Wu,

Chang, Liu, Zhao, & Zhao, 2010). Moreover, electrostatic stabilization combined with ligand
incorporation has been reported as an effective waytafrobg more stable nanofluids especially

for EOR applications (Baran &rCabrera, 2006; Dai et al., 2017; Y. Li et al., 20149.shown in

Figure 3.4, nanoparticles of nanopyroxene were functionalized with triethoxy(octyl)silane to
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generate hydrophobig/ppxene nanoparticles (HPNP). Changing the pH of the solution from 6.5
for the solution (a) to 9 for the solution (b) significantly improved the nanoparticle stability as

shown inFigure 3.5(Sagala, Montoya, Hethnawi, Vitale, & Nassar, 2019).

Figure 34: (a) Representation of a 2 nm nanopartaflpyroxene showing the hydroxylated
surface. (b) Representation of half of the pyroxene nanoparticle reacted with the
triethoxy(octyl)silane (ball and stick) anchored by the hydyyksent on the surface. (c)
Representation of the total pyroxene naartiple reacted with the triethoxy(octyl)silane (ball
and stick) anchored by the hydroxyls present on the surface.
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Figure 3.5: Nanofluids of nanopyroxerfenctionalized with (a) triethoxy octyl silane pH 6.5
and (b) same solution pH adjusted to 9 (Sagala et al., 2019).

The difference betweemdactant, polymer and ligand incorporation in nanopatrticle stabilization

is that,in situations wheré¢he surfactahis used, as the name indicates, surfactants are surface
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active materials. They chemically react with the surface of nanoparticles tmantharticle size

does not increase since surfactants have shorter chain molecule with a polar head and hydrocarbon
or nonpolar chains. Surfactant heads attach to the surface of the nanoparticle while the chain
remains free to move in the surrounding mad Polymers have large chains which entangle the
particle and thus increase the size that results in modificatibm&noparticle properties. In
situations where a capping agent or ligand is used, it mealy enclose the particle and does not react
with suface therefore, no effect on the nanoparticle morphology. However, for application
purposes, selection of eitherlypmer, surfactant or ligand depends on various factors such as
nanotype and intended application. For example, if nanopatrticles are tecbéousapplications

where we do not want much rise in viscosity, a surfactant is preferable. While for severaimgomi
biomedical applications capping by biomolecules is preferable. For oil recovery applications other
factors such as compatibility witkegervoir conditions may come into play.

3.5. Mechanisms of enhancing oil recovery using nanoparticles

Different mechanisms of nar&OR have been reported recently by different researchers using
nanoparticles as nanofluids, nammulsions or nanocatalyst6he most commonly reported and
proposed mechanisms are detailed below.

3.5.1. Wettability alterations and contactangle modifications

Wettability plays an important role in the oil recovery process and reservoir productivity (Farad et
al., 2016; J. Giddo et al., 2013). It is one of the fundamental factors that affect the waterflooding
process, oilwater relative peneability, capillary pressure, residual oil saturation, tertiary oll
recovery, and controlling the spatial fluid flow and distributionargois media (Anderson, 1986).
Regardless of the mineral composition of the reservoir rocks, most reservoirs atderesht

haveintermediatevettability; that is, they are neither completely wetted by oil or water (J. Giraldo
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et al.,, 2013). During oilacovery, altering the reservoir to wateet is preferred because it
accelerates the spontaneous imbibition of watty the rock matrix blocks, which results in
improved oil recovery especially during waterflooding (Salehi, Johnson, & Liang, 2008)oDue t
rock and fluid interaction, however, there always exists a change fromwettéo oilwet at
different stages ahe producing life of a reservoir. Wettability alteration tewét can be caused

by activities such as drilling, the drilling fluids esfaly the oitbased drilling fluids can alter the
wettability of the system to eivet or mixedwet (Yan, Monezes& Sharma, 1993). This occurs
because the ionic interactions and surface precipitation of these drilling fluids may precipitate at
the surfae in the presence of water and result in new wetting preferenddd#inari & Buckley,

2003). Contact angle measuremh is the common technique used to determine the wettability of
the rock. This is defined @aseangle conventionally measured through tlwiid, where a liquid

or a vapour interface meets a solid surfaceusace is said to be wateset if the contatangle is

< 9, or oil-wet if the contact angle is > 9BhamsiJazeyi et al., 2014). The spreading coefficient
(S) of water on a solid in contact with both oil and water can be defined in terms of the interfacial
tension between each phase by Equation

3 . ” ” (3.1)

whereToss, fwisand Tow are the interfacial energies between oil/solid, water/solid and oil/water,
respectively. The conta argle formed largely depends on the force balance at the interface,
redudng the interfacial tension at the watal interface, results in increased S which reduces the

contact angle and hence results in a watetrsystem (ShamsiJazeyi et al., 20130, the effect

of wettability alteration can be explained using the adimesiorkequation given byEq 2),

7 ,p AIfO (3.2)
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where7 is the adhesive force retaining oil on the rock surface (A)\Jfis the interfacial tension
between crude oil and nanofluids (mN/mJ, is the contact angle of oil/rock
surface/nanofluids(degheasured in the denser phaSem equation 2 above, the adhesive force
responsible for holding oil on the rock surfatedecreaes as the wettability is altered towards
water wet, which implies that crud#l can be more easily detached from the rock surface and
higher oil recovery can be obtained. Recerglydence has shown that nanoparticles dispersed in
various liquid agentsan strongly alter the wettability of reservoir rocks frorvedt to wateiwet

by changing the contact angle between the fluid and the {dckshi, Singh, Kumar, & Singh,

2008) investigated the variations in the macroscopic contact angle with varioasarteles.

They usedndiumoxide (IO)nanoparticlecoated Si substrates amvo different fluids like
deionized water and diethylene glycol (DEG) with diffeneamoparticlesizes. These

IO nanopatrticlebad welldefined shapes and sizes. The authorsloded that the contact angle
depends strongly on thmanopatrticlesize.

Forthenanoparticlesizes varying from 14 to 620 nm, the contact angle was found to vargffom

to 67° for the deionized wateiropletand from15° to 60° for DEGdroplet. They concluded that

the contact angle decreased with particle size for any givesh Mreover,adsorption of the
nanoparticle on the rock surface may have an impact on the permeability impairment which can
result in absolute permeability redioect and an increase in the relative permeability of the oil.
Wettability alteration and conthaengle are mainly affected by the size, type, concentration, and
morphologies of the nanoparticles used. However, nanoparticle size can affect the transportation
and adsorption capability of the nanopatrticles in the porous medium. In a study conducted by
Jianjia et al. (Yu et al., 2012b), the transport, retention and adsorption behaviour of nanoparticles
in three different porous media: sandstone, limestone ataimde. The results showed
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equilibrium adsorption of 1.272 mg/g, 5.501 mg/g and 0 mg/respdgtobtained in less than 12

h for the thregoporous media when 5000 ppm silica dispersion was used. The authors observed that
silica nanopatrticles could easilpW in the sandstone rock without changing the core permeability.
However, adsorption was notid during silica flooding in the limestone core, although no change

in the permeability was observed. They attributed this to the electrostatic attractivdy&iveesn

silica nanopatrticles and limestone at the surface. High particle recovery was hising
dolomite core, indicating less adsorption of the nanoparticles on the dolomite surface, however,
they observed a pressure drop across the core whiclatedioanoparticle plugging that might
have resulted in permeability alteration.

Surfactants hae always been used as wettability modifiers; however, studies of nanoparticles
combined with surfactants have reported better wettability alterations than usitigr
nanoparticles or surfactant alone. Studies have been conducted to determine thtisyeféegt

of surfactant and nanoparticles for various nanopatrticle types and nanopatrticle sizes. Karim et al.
(Karimi et al., 2012) investigated the effect wding zirconium oxide (Zrg) nanofluids in a
carbonate reservoir to alter the wettability ofbmmate rock. Several nanofluids were made
containing ZrQ nanoparticles and a mixture of a Aomic surfactant. Two nanoparticle
concentrations (50000 ppm an@0D00 ppm) were used for the test. The effect of wettability
alteration of the injected nanaftls was determined by measuring the contact angle before and
after treatment with the nanofluids. They found out that the designed nanofluids could significantly
alter the wettability of the rock from a strongly -wiet to a strongly watewet, resultingin
additional oil recoveryJuliana et al. (J. Giraldo et al., 2013) conducted a similar study but
dispersed aluminbased nanofluids with different concentraioanging from 100 ppm to 10000

ppm into an anionic commercial surfactant (PRNS). They allyzed the effect of their resultant

83



nanopuids on wettability alteration by measur
tests. They found outthatdeg ned nanopui ds containing anioni
change the wettability of éhsandstone cores from a strongly inducedvet to a strongly water

wet condition. It was aacluded that the effectiveness of the anionic surfactant as wiggtabil

modi yer could be improved when combined with
to 500 ppm because their best performance was achieved at a concentration of 100 ppm.

Rasoul et al. (Nazari Moghaddam et al., 2015) compared the effectaredifinanoparticles on

altering the wettability of carbonate rocks. They compared zirconiaxiddi (ZrQ), calcium

carbonate (CaC#) titanium dioxide (TiQ), silicon dioxide (Si@), magnesium oxide (MgO),
aluminium oxide (AdOs), cerium oxide (Ceg), andcarbon nanotubes (CNT) on their ability to

alter the wettability of carbonate rocks. The authdid a primary screening for the nanoparticles

by contact angle measurements. The selected nanopatrticles were subjected to core flooding and
spontaneous imbibon experiments. The results from the core flooding and spontaneous
imbibition experiments adfirmed the active role of CaG@nd SiQ nanoparticles for enhancing

oil recovery. The authors also examined the effects of the injected nanofluids on suttfal#itye

by drainage capillary pressure measurements and it showed an increase in irredaigble
saturation and entry capillary pressure after treatment with ga@fluids. However, the core

flooding study was conducted at ambient conditions, reliabsults may be obtainable when

similar studies are performed at reservoir conditions.

3.5.2 Viscosity reduction

Oil viscosity reduction is essential during production processes. Generally, crude oil with a
viscosity of less than 40@Pa.s at roontemperature is the classical maximum desired pipeline

viscosity (Hasan, Ghannam, & Esmail, 201Qjii¥z, Bricefio, Mata, Rivas, & Joseph, 1996;
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Schumacher, 1980). However, in many situations, this is not the case, and methods are being
devised on how viscasi reduction can be achieved. Thermal recovery methods are commonly
used for oil viscosity reduahn (Shu & Hartman, 1986). Because of their heat transfer abilities,
these methods have been improved by applying nanopatrticles. In these processes, tesopartic
can act as catalysts for cracking heavy hydrocarbon and/or as an adsorbent for disaggregating
asphaltene flocs (R. Hashemi et al., 2014). Researchers have investigated the use of nanopatrticles
in viscosity reduction and promising findings have beeonted. Wei et al. (W. Li, Zhu, & Qi,

2007) used a nanaickel catalyst that was prepared in metiyglohexanevatern-octanotAEOg
micro-emulsion system, for the viscosity reduction process of Liaohe-lkestray oil by
aguathermolysis. It was observed thahoenickel can catalyze the aquathermolysis reaction of
extraheavy oil at 280 °C. The experimahresults demonstrated that compared with the original
crude oil sample, the mean molecular weight of the upgraded sample decreased. Also, the content
of sufur changed from 0.45% to 0.23%, and the content of resin and asphaltenes was reduced to
15.83% ad 15.33%, respectively. During the cooling process after the upgrading reaction, the w/o
emulsion was formed in the presence of the surfactanbAd@nginghe viscosity of the original

crude from 139800 mPa-s to 2400 mPa-s at 50 °C. This is approlyira&8.90% reduction by

the synergetic effects of upgrading, emulsification, and diluting, demonstrating the ability of the
nickel catalyst to greatly lowehe viscosity of the heavy crude oil and improve the oil recovery.
Esteban et al. (Taborda, Frantmpera, Alvarado, & Cortés, 2016) reported promising results
using alumina, silica and acidic silica nanoparticles to reduce the viscosity of heavy cgH@® oi

The effect was evaluated througiCnasphaltene adsorption and aggregation tests usingislVv
spectrophotometry and dynamic light scattering. The authors selected the acidic silica
nanoparticles to prepare a watem s ed nanopui d ntrations ohiditifled waten t cCo
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because it exhibited the highest asphaltene adsorption capabilitg the batch adsorption test.

They added 2.0 wt% of nepnic surfactant to determine the effect of the surfactants in the
presence of the silica nanopamiglto reduce the oil viscosity. The shear rheological response was
obtained as a function of naranficle concentration, temperature, and shear rate ranging from 0

to 100s'. Experimental results indicated that increasing the concentration of nanopanrtities

mixture up to 10,000 ppm, leads to a viscosity reduction of approximately 90% in compétiso

the nanoparticlefree crude oil.The main mechanism of viscosity reduction in the presence of
nanoparticles is mainly attributed to disaggrgation medulation of asphaltene mophology that
results less viscous oilThe authors found that at higheoncentration of nanoparticles, the
effectiveness of heavy oil viscosity reduction diminishes as noted in an earlier study by the same
authors (Tabordaetal, 2017). The core pooding tests cond
of pore and overbusah pressures of 2600 and 3600 psi, respectively, and at 360 K resulted in an
additional 16% oil recovery after water flooding. They concluded that the redwdtviscosity is

achieved by adsorption of the asphaltenes on the surfaces of the dispersed nanopatrticles. This study
demonstrated that because of a synergistic e
containing a surfactant were more effectivan those that used surfactants alone.

Recently, the same authors Esteban et al. (Taborda et al., 2017) reported unexpected results while
investigating the effect of viscosity reduction of heavy and ehemy crude oils. Using
nanoparticles of differénchemical nature, which consisted of §i®Ge0s, and AbOs, they
observed a viscosity reduction in all cases evaluated. However, the maximum viscosity reduction
of roughly 52% was obtained at a concentration of 1000 mg/L with 8 nem@i®@particles and

shear rates below 10 s. The authors noted that particle size, concentration, and shear rate influenced
viscosity reduction. Increasing the particle size had less effect on viscosity reduction, due to the
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increased packing factor of the bigger naimed péticles that generate interaction and results in
nanoparticle aggregation. Also, increasing the shear rate slightly decreased the viscosity due to the
change in the internal structure of fluids that resulted in viscosity reduction. They concluded that
having an optimized concentration and particle size can significantly reduce the viscosity of heavy
and extra crude oil which can improve the oil recovery mobility as sdeigume 3.6.Increasing

the nanoparticle concentrations beyond the optimum resultssawosity increase instead of
decreasing itAccording to the authors, due to their higher surface area to volume ratio, its
postulated that nanoparticles can adsorb and disaggrgate asphatene and resins in the oil hence
reduce its oil viscosityNotably, t is important to note that these results where based on the type

of oil and nanoparticles used in their study. Possibly, a different trend may be obtained when other

oils are used since asphaltene behave differently.
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Figure 3.6: A representation of how nanoparticle concentration affects the oil viscosianh),
(b) effect of shear rate on viscosity for different volumes of nanoparticle (Duan, Kwek, & Crivoi,
2011; Shokrlu & Babadagli, 2014), respeely.
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3.5.3. Nanoparticks combined with polymer for enhanced oil recovery

Polymers are common chemical additives used in the recovery of heavy oil recovery. Scientists
have studied the macroscopic sweep mewetyani sm
(Wever, Picchioni, &roekhuis, 2011). They have concluded that polymer increases the sweep
efyciency mainly by decreasing water per meabi
They are suitable for vi sc engyssalwayslevdbedoscauss e wa't
yngering and permeability orientation due to
Cameron, 2009).

Synergistic studies of nanoparticles with polymers are emerging. Studies have been performed
either by graftingpolymer chains on nanoparticlasfsices or using optimized concentrations of
nanoparticles to improve the rheology of the poly@sed fluids. Grafting polymers on the

surface of the nanoparticle can drastically improve solubility and stability. THangsarticles

after polymer grliing also have higher ability to stabilize foams and emulsions (ShamsiJazeyi et

al., 2014). Using nanoparticles together with polymers in EOR can improve oil recovery compared

to the conventional polymers without nanopaes. Synergizing polymers witlanoparticles help

to (1) improve the rheological behauroof polymers by increasing the intrinsic viscosity and
elasticity of the system which is mainly attributed to cilogang properties of the nanoparticles

(Elias, Fenouillot, Majesté, & Cassagna&07; Maghzi, Mohebbi, Kharrat, & Ghazanfari, 2013),

(2) inhibition of polymer degradation by lowering the degree of degradation in the presence of
nanoparticles (L. J. Giraldo et al., 2017), improving the thermal $yabilpolymers in presence

of high temperature and salinity (L. J. Giraldo et al., 2017),(3) reduction of IFT and wettability
alteration from oil wet to water wet salso been reported by adding silica nanopatrticles to

polymer (Tushar Sharma et al.,, 2016Nanofluids containing polyacrgimide clay were
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investigated in a polymer flooding study for enhancing heavy oil recovery. Cheraghian &
Khalilinezhad focused on the roles of clay nanoparticles on polymer viscosity and their effect on
improving oil recovey for a heavy oil of about 200 cResults from the core floods showed that
nanoparticlepolymer fluids could increase the oil recovery in comparison to a baseline polymer
flood without nanopatrticles. After one pore volume fluid injection, the floodirghesved a 5%
increment of oil wih the nanoclay polymer solution compared to a polymer solution without the
nanoparticles (Cheraghian & Khalilinezhad, 2015).

Although studies have been performed to improve the application of pehaneparticles in
enhanced oil recoveries, more resdaron this application is still required. Nanoparticles are
economical and hold potential promises in enhancing oil recovery. Nonetheless, for proper usage,
they need to remain stable in harsh reservoir conditions andhasdligities. Therefore studies
about the maximum duration of chemical stability and minimum adsorption on the reservoir rock

still need to be conducted (ShamsiJazeyi et al., 2014).

3.5.4. Nanebased surfactant for enhanced oil recovery

These are closelselated to nanoparticlpolymer,as they are also created by either grafting the
surfactants together with a nanoparticle through electrostatic interactions or by synergising
optimized concentrations of nanoparticles with surfactants. When nanoparticlesaded by
surfactants, the swa€tants form a monolayer on the surface of the nanoparticle, and hence the
nanoparticles become more hydrophobic and can be used to form stable foam and emulsions
compared to using a surfactant or nanoparticles alonepidtsss depends on the concerdgmt

sizes of the nanopatrticles, and the surfactant type and concentrations used in the formulation (Sun

etal., 2014). Studies of nanopartitlased surfactants in enhancing oil recovery have been applied
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extensively in fam and emulsion stabilization {berg, Jansson, & Cederberg, 1976; Liu, Yang,
Huang, & Liu, 1996; Shupe & Maddox Jr, 1978). Researchers have recommended different
surfactants types for various applications, mainly based on the rock mineralogy comawsltion

the properties of a given mwoir. Poor selection of a surfactant can result in undesirable
wettability alterations that can affect the overall oil recovery. An extensive review of EOR suggests
that anionic surfactants are preferred for sandstorervass, though in specific sittians,
cationic, norionic or mixtures of both have occasionally been used. For carbonate reservoirs,
cationic surfactants or mixtures of them with fionic surfactants are preferred (Negin, Ali, &

Xie, 2017). A synergyfmanoparticles with biosurfactenhas also been recently reported. Wang

et al. (D. Wang et al., 2018) dispersed Si@noparticles in bio nanofluids. According to the
analyses via visual observation, optical absorbance measurement, zeta potentialateiarmand
particle size measuments demonstrated that the bio nanofluids with 25 ppm of the biosurfactant
achieved the optimal stability. From contact angle measurement and imbibition test, results
showed that bio nanofluids could alter the wettabdityil-wet sandstone to stronglyaterwet.
However, the best performance was achieved with a nanoparticle concentration of 1000 ppm.
Additionally, a micromodel test using bio nanofluid was carried out to evaluate the synergistic
effects of SiQ@nanoparties and the biosurfactant on desging oil. Nanofluid injection following
biosurfactant flooding improved oil recovery, yielding an additional 5% production. These results
reveal that the bio nanofluid prepared with Swdth the biosurfactant not only meined stable

but also provided potential way for enhanced oil recovery.

3.5.5. Application of nano stabilized foams for enhancing oil recovery

Foams in the oil and gas industry have been extensively used for mobility control during gas

flooding to attenate the fluid chanlkng in high permeability zones. Normally, surfactants of
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varying concentrations and types are typically used to generate foams (Heller, 1994). However,
foams generated by surfactants alone are thermodynamically unstable espduighyreservoir
temperature (Shasiazeyi et al., 2014). The role of nanoparticles in foam stabilization has
attracted attention from various researchers (Chengara, Nikolov, Wasan, Trokhymchuk, &
Henderson, 2004; Kondiparty, Nikolov, Wu, & Wasan, 2011\Masan et al., 2011; Yu, An, Mo,

Liu, & Lee, 2012a). Adoption of nanoparticles at the interface of water and gas requires more
energy which makes the resulting foams very stable even at high temperatures for longer periods
(Espinoza, Caldelas, Johnston, &mny, & Huh, 2010). Stable supeitiral carbon dioxide (Cg)

in water foams using 5 nm silica nanopatrticles was generated using nanopatrticles. The surface of
the nanoparticles was functionalized with skabvain polyethene glycol to form néonic
surfactats that were used to improve twvaterCQO; interaction and enhance the foam stability.

The authors noticed that at low concentration of 0.05 wt% of nanoparticles, stabilized foams could
still be formed even at slightly higher temperatures di®@3%owever, they concluded that larger
patticle sizes are required for enhanced foam stability at higher salinities (Espinoza et al., 2010).
It should be noted that this study focused on the application of silica nanoparticle only, other
researchers have fudr investigated the effect of nanojee types and size on foam stability.
Manan et al, examined the performance of silicon dioxide)Sauminium oxide (AIOs), copper

oxide (CuO), and titanium dioxide (T#pof different sizes in the presence dix@d concentration

of anionic surfactat (AOS) on foam stability. Nanoparticle concentrations of 0.1 wt%, 0.3 wt%,

0.5 wt%, and 1 wt% were used to investigate the foam stability. Displacement tests were performed
to determine the oil recovery at the optinn concentrations for each nanopartiele room
temperature and pressure. Results revealed that all different nanoparticles used could improve the
stability of CQ foam at certain concentrations. Aluminium oxide nanopatrticles, however, offered
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better foamstability compared to other types (M. Manan, S. Farad, A. Piroozian, & M. J. A.

Esmail, 2015). This contrasts with what has been reported by David et al. (D. Wasan et al., 2011)
who confirmed that silica nanoparticles were more effective in stabilifmams. Recently,

Songyan et al. (S. LQiao, Li, & Wanambwa, 2017) investigated the synergistic effect of using
hydrophilic SiQ nanoparticles and hexadecyltrimethylammonium bromide (CTAB) off@&n

stability to improve oil recovery during CG® o o d CTAB/SIO; was used in a concentration

ratio of 0.020.07, with 0.033 representing the best concentration ratio. The authors found out that
with the increase in the concentration ratio, the synergistic stabilization effect of CTAB/SIO
dispersiony r s t asedrawdrtreen decreased. In the monolayer adsorption stage (concentration
ratio from 0.02 to 0.033), when the hydrophobicity of Si@noparticles increased with the
concentration ratio. The nanoparticles were adsorbed on tHegiasinterfaceand the &bility

of CO; foam increased. However, for the douldger adsorption stage (concentration from 0.033

to 0.07), the nanoparticles existed in the bulk phase and the stability ohabOparticles
decreased. They concluded that CTAB/SiB8per$on stabilzed CQ foam via three mechanisms:
decreasing the coarsening of £laibbles, improving interfacial properties, and reducing liquid
discharge. The authors recommended that CTAB/&@m can greatly improve oil recovery

e ciency compao &Weipgng etalaW.erang et al., 2017) studied the effect of
positively charged AIOOH nanoparticles via the adsorption of the anionic surfactant sodium
dodecyl sulphate (SDS) by-sn t u modi ycation on foam stabild:i
Changesinth zeta potenti al and adsorption isotherr
effectiveness of this modiycation. The author
an SDS/AIOOH concentration ratio of 5:1, while a further increase in the $D&atration led

to a decrease and subsequent increase in foam stability. They concluded that nanoparticles with
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partial hydrophobicity, positive or slightly negative charge andllsaggregate size can be
adsorbed tightly to foam surfaces and form compaett wor ks i n the f oamés
stable foam. The SDS/AIOGktabilized foam also showed good stability under high temperatures

and in the presence of oil. They also nedithat SDS/AIOOkstabilized foams strongly enhanced

oil recovery due to #ir ability to remain stable even in harsh conditions. Qian Sun et al. (Sun et

al ., 2014) conducted a similar study 2but t h
nanoparticles wh the same anionic surfactant, sodium dodecyl sulphate (SDS), to inaase

stability. The authors used a micro model and a sand pack to assess the stability of the SiO
stabilized foam (SigSDS foam) on enhancing oil recovery. The experimental diataed that

the foam stability decreased with an increase in temperatu®e/S8IS foam showed better
temperature tolerance than the SDS foam (foam stabilized by SDS) due to the adsorption of
nanoparticles on the surface of the bubble. Almost all the bsibbkntained spherical or
ellipsoidal shape over prolonged periods duehto énhanced surface dilutional viscoelasticity,
which was different from that of SDS foam. Th
SiO,/SDS foam displaced more oil thannbne poodi ng, SDS solution [
pboodi ng al o ntability wes enhamaed, §as mailitysand channelling were controlled
effectively. Moreover, sand pack pooding resu
and pr woydffext wascamproportional function of the Si&@ncentration in SigdSDS foam.

They concluded that higher oil recoveries were obtained when thec8i@entration was less

than 1.5 wt% and recommended this synergy for oil recovery applications.t ditgldurtado et

al., 2018) investigated the effect of surface acidity Botharity of SiQ nanoparticle on foam

stability when applied to natural gas flooding in a tight gas condensate reservoir. In their study,
they stabilized foams by adding modifielica nanoparticles, of varying surface acidity and
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polarity. Four types oimodified silicabased nanoparticles with varying surface acidity and
polarity (coated with vacuum residue) were synthesized and evaluated using surfactant adsorption
technique. Thebasic nanoparticles exhibited a greater adsorption capacity of the aotfact
reaching an adsorbed amount of approximately 200 mg of surfactant per gram of nanoparticles,
and Type | adsorption behavior. The generated foams were evaluated based tabiligiusing
mechanical agitation and methane flooding, to determine dpigmal concentration of
nanoparticles to be used. The nanofluid prepared using a surfactant solution and 500 mg/L of basic
nanoparticles reached a ke 41% greater than thaf the fluid without nanopatrticles. This was
attributed tothe formation ofa steric layer due to nanoparticles adsorption on the surface of the
bubble, which hindered its contraction or expansion, thus allowing the nanostablized foam to have
more durabiliy than the foam without nanoparticles. Furthermore, the authors conducted a
displacement test to evaluate the perdurability and generation of the foam (with and without
nanoparticles) by methane flooding and the mobility reduction at reservoir tempefatQfe°C.

10% of the original oil in place was recovered after foam flogdilone anén additional 18%

was also obtained whdehe foam was synergized with nanoparticles due to the stable foam that
increased sweep efficiency. From the aforementionedtexpoesults by different researchers, it

is clear to anticipate that naraficles tremendously offer many advantages during foam EOR,
due to their physical structure and morphologies. However, more studies using other types on
nanoparticles may be regeit to enable their adoption for further pilot and filed applications.

3.5.6 Enhancing oil recovery with stabilized Pickering emulsions

Emulsion stabilized by solid particléisat adsorb at thiaterfacebetween twgphasess referred
to as Pickering emulsn (J.pickering, 2001)A mixture of oil and water forms small oil dropdet

which are dispersed throughout the water, eventually, these droplets will coalesce to decrease the
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amount of energy in the system. However, if solid particles are added to theentkey will

bind tothe surface of the interface and prevent the dtgfitem coalescing thus, forming a more
stable emulsion. The stability of these emulsions, however, depends on the properties of the
particles, including its hydrophobicity, shapen d s i z e . céntaet angléoithe sudalcee 6 s
of the droplet is al@racteristic of the hydrophobicity. If the contact angle of the particle to the
interface is low, the particle will be mosiiettedby the droplet and therefore will not likely

prevent coalescence of theoplets.

Currently, surfactants and colloidal &8 are used to stabilize emulsions. However, surfactants
are expensive and at high reservoir temperatures and in high saline conditions they are unstable
which limits their applicaon as emulsion stabilers. Temperature, composition, and droplet size

are among the major properties af emulsion, that determine their stability and rheological
behaviours (Hasan et al., 201@). recent yearspanoparticlestabilized emulsions haveeen

shown to offer bettr emulsion stability. This is because of theircsfie characteristics and
advantages over conventional emulsions stabilized by surfactants or by colloidal particles. The
solid nanoparticles can be irreversibly attached to thevatér interface and for a rigid
nanoparticle monolayer on the dropletfanes, which results in highly stable emulsions that can
withstand harsh conditions. Besides, in comparison to colloidal particles, nanoparticles are one
hundred times smaller, amsinulsions stabilized bthem can travel a long distance in reservoirs
without much retentionKong & Ohadi, 2010; T. Zhang et al., 2010). These characteristics

contribute to the applicability of these noesized particles for EOR applications.

Several sidies have been reporteah how nanoparticlstabilized emulsion improvedilo

recovery (Tushar Sharma, Kumar, & Sangwai, 203barma et al(T Sharma, Velmurugan, Patel,
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Chon, & Sangwai, 2015) noticed that a combination of 0.5 PV polymer flood and 0iske&viriy
emulsion in a Brea sandstone core sample was efficient to giadditional 6% oil recovery

after brine injection compared to the Pickering emulsion or polymer a¥mon et al. (Yoon et

al., 2016) carried out a core flooding test on a Beagadstone by flooding eomplex silica
colloidal dispersion of oil in wateforming a stabilized Pickering emulsion which produced a 4%
incremental oil recovery after water flooding. Their colloidal layer consisted of nanoparticles,
surfactant, and a patyer, they used silica naparticles, dodecyltimethylammonium bromide
(DTAB) as the cationic surfactant, and polys§renesulfonic acido-maleic acid) sodium salt
(PSSco-MA) as the anionic polymer. The colloidal layer was generated by adsorption @oPSS
MA on the silica nanparticle by the effect of van der waals forcesttation and then adsorbed

the DTAB onto the PS80-MA layer by electrostatic attraction, which provided a mechanically
stable interface. They concluded that emulsions produdée tore could flow realg in the rock

pores due to the eWater interfae that made a complex attachment with a colloidal phase and
improved the structural stability of the emulsion droplets resulting in incremental oil recovery
(Yoon et al., 2016).

3.5.7. Nanopatrticles for irhibition asphaltene and wax deposition

During oil production processes, it is well known that the reservoir conditions such as fluid
composition, pressure and temperature keep on changing. These changes may result in
precipitationof heavy organic solidsuch as asphaltenes (Montoya, Coral, Franco, Na&sar
Cort®, 2014). Asphaltene is one of the most polarizable components with the highest molecular
weight and complex structure. Investigations have shown that asphaltenes ensedigp crude

oil by resins as peptizing agents (Adebiyi & Thoss, 2015¢ePa et al., 2007; Rogel, Ovalles, &

Moir, 2010). Asphaltenes consist of aromatic rings attached to hydrocarbon chains and
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heteroatoms such as oxygen, sulphur, and nitrogen assvelces of heavy métdike nickel,
vanadium and iron, and its compleltaracterization differs from one crude to another (Doryani,
Malayeri, & Riazi, 2016).

Adsorption of the precipitated asphaltenes onto the mineral surface affects the entiréqmroduc
chain beginning ahe well where they plug the pores, damage thedton, and reduce the oil
effective permeability, and altering rock wettability towards more oil wet. Destabilized asphaltene
causes clogging in pipelines and wellbores, adsormtiothe refining equipn, corrosion and

fouling of production equipmentnd coke formation (Adams, 2014; Dubey & Waxman, 1991;
Kim, BoudhHir, & Mansoori, 1990). Furthermore, due to their amphiphilic behaviour, asphaltene
acts as a surfaezctive agentrad creates oilvater sepration difficulties by creating water in oll
emulgons. As a result, asphaltenes is undesirable for all crude oil processes because it makes
upgrading challenging, costly and environmentally unfriendly (X. Yang, Verruto, & Kitgatr

2007).

Presently,he common prevention measures typically used irovémg the deposited asphaltenes

and wax in the oil and gas industry include solvent injection, the addition of surfactants, wireline
cuttings and many other mechanical treatmenisi¢d, Ferreira, & da $ia Ramos, 2006;
Leontaritis & Mansoori, 1988; Yi& Yen, 2000). However, these methods are not only costly but
also temporary, since asphaltenes can easily redeposit again. Besides, these applied methods used
to inhibit asphaltere at the reservoir levedppear to be ineffective; because the asphaltene
inhibitors and the dispersants used almost have a similar chemical composition, making it hard to
prevent the formation of the residual (Zabala et al., 2014). As a result, sciergistgtivated to
searchfor smart materials and techniques that are mastamable, efficient, and cestfective.
Research on nanomaterial application in asphaltene deposition prevention in oil and gas industry
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has emerged (Betancur, Carmona, Nassande, & Cor®s, 2016;Franco, Nassar, Ruiz, Pereira
Almao, & Cort®s, 20B; Kazemzadeh et al., 2015; Mohammadi et al., 2DHHesearchers have
gained interest in using nanoparticles to inhibit asphaltene deposition because of their unique
properties, sth as their exponentigllhigh surface area to volume ratio which is cruéo
adsorption capability and changing asphaltene aggregation mechanism (Franco, Nassar, et al.,
2013).

Application of nanotechnology in asphaltene deposition inhibition has fegerted in several
studies that have been conducted at the laboratdog, and field scale. Recently, Nasser et al.
(Nashaat N. Nassar et al., 2011) conducted a batch study to investigate the potential adsorption
effect of asphaltenes using differanttal oxides nanopartés; including Fe@ CaOs, TiO,

MgO, CaO, and NiOThe asphaltene adsorption capabilities followed the order CaQGsz €0

Fey> MgO, NiO> TiQ, the authors concluded that adsorption mainly depends on the metal oxide
type (Nashat N. Nassar et al2011). A similar study by Mohammad et al. (Mohammadile

2011a) investigated how TiD ZrO; and SiO; nanoparticles can improve the stability of
asphaltene. They concluded that because of the formation of hydrogen bonds iroaditiors,

TiO2 nanofuids can enhance the asphaltene stability. The rewveas true for the basic conditions
because of the absence of hydrogen bonds. The authors suggested that the surface acidity of the
adsorbent can enhance asphaltene stability (Matedi et al., 2011b)These findings are in
agreement with that of Nassdra. (Nashaat N Nassar, Azfar Hassan, & Pedro Pefdinao,

2011b) who studied the effect of surface acidity and basicity of the alumina nanoparticles on
asphaltene adsorption. &@lauthors concludedhat the adsorption capability of asphaltenes onto

the alumina nanopatrticles followed the order, acidic > basic > neutral. This signifies that using
specific acids as functionalizing agents can significantly improve adseatisatbatenteractions.
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Yousefet al. (Kazemzadeh et al., 2015) also investigated#haviour of asphaltene adsorption

on other metal oxide types. SINIO and FeO4 nanoparticles were tested in a miglass module

to determine how they absorb asphaltene aadgnt its precipitatin. The authors concluded that
increasing rheptane irthe presence of the adsorbent resulted in more adsorption regardless of the
type of nanomaterial used. This enhanced the perdurability of asphaltene precipitation, however
for selection purposes, thayoted that the adsorption of asphaltenes followedrtier SiQ > NiO

> FexOs which implies that silicate nanoparticles have more affinity to asphaltene than NiO or
FesOa.

Camilo et al. (Franco, Nassar, et al., 2013) have investitfa¢eelffect of the abmical nature of

12 types of nanoparticles on asphadtedsorption on a porous medium under flow conditions at
reservoir temperature and pressure. They reported fast adsorption of asphaltenes on the
nanoparticle surface, indicatingetbromising nature afdsorbents for delaying the agglomeration

and inhibitng the precipitation and deposition of asphaltenes. The authors concluded that due to
the ability of the adsorbents to adsorb and stabilize the asphaltenes, the nanoparticbkewere
restore prodction which led to the improvement in oil recoverydirco, Nassar, et al., 2013). The

role of nanoparticle size and surface acidity in inhibiting formation damage was also investigated
by Stefania et al. (Betancur et al., 2016) hieirt study, they syhesized silica nanoparticles in a
range of 11 to 240m and investigated their ability to adsorb asphaltenes and reduce asphaltene
selfassociation using batehode experiments. They also determined the kinetics of asphaltene
aggregateggrowth in the presae and absence of nanoparticles using DLS measureméhts
different Heptol solutions. The authors found out that the smallest nanoparticle (11nm) exhibited
the highest adsorptive capacity feC7 asphaltenes among the nanopartistedied. These same
nanoparticles were modified using acid, base, and aetrgatments, as S11A, S11B, S11N,
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respectively. It was noticed that the asphaltene adsorption followed the trend S$1AB é

S11Né S11. Additionally, in their study, the autsquerformed a displament test using the best
performance in batemode experiments to treat the asphaltene damaged core under flow
conditions in porous media under typical reservoir conditinsg the nanoparticles. Nanofluid
treatment with silica namarticles increasedhé effective permeability to oil and enhanced the oil
recovery with an increase in the recovery factor of 11% under the reported conditions.

A successful field test was coredad by Zabala and coworkers (Zabala et al., 2014) who dpplie
commercial aluminim-based nanofluids to prevent formation damage that was caused by
asphaltenes. They first conducted a core flood test and later performed a field test by injecting
aluminiumbased nanofluids for asphaltene deposition inhibition irCingiagua sur oil fie in
Colombia. They reported cumulative oil production of 150,000 barrels of oil after 271 days with
the use of alumina nanoparticle injection. The authors concluded tHastalalized alumina

based nanofluids have good retentionhie formation for loger than 8 months. They suggested
that these nanoparticles may apply to the reservoir with very low permeability conditions (Zabala
et al., 2014).

Therefore, from the aforemgoned investigations, it is noticeable that the use of peanicles for
asphaltene inhibition offers many benefits compared to the conventional chemical and mechanical
methods commonly used, owing to their chemical, structuaesl surface functionality
Nevertheless, most of the reported studies on this magtératatively conducted at lab scale with

few field applications reported. Since, nanoparticles are a promising technique for asphaltene
deposition control during orecovery, to have a vibraohderstanding on their role in asphaltene
deposition inhibibn, more pilot and field test investigations are needed so that the technique can
be fully adopted in the oil and gas industry.
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It should also be noted that some @wd may contain considdske amounts of paraffin wax, that
constitutes the saturatech€tions of the aliphatic compounds (Roenningsen, Bjoerndal, Baltzer
Hansen, & Batsberg Pedersen, 1991). When the temperature of the crude oil falls below the wax
appeaance temperature (WAT), @ripitation of wax occurs in an orthorhombic unit cell as a
needle or platelike crystals (Edwards, 1957). Because of large aspect ratios, precipitated wax
crystals often form a fAhouse aopitated@mouhtsii winet wor
%) (F. Yang, Li, Li, & Wang, 2013), thus increasing the pour point, viscosity, yield stress, and
nortNewtonian flow behaviar to waxy crude oils. Furthermore, pipeline transportation of waxy
crude oil and precipitation of paraffin wax from the couatins oil phase results in viscosity
increase and pressure losses that affect the fluid flow (Wardhaugh & Boger, 1991). Efficient
management of paraffin wax precipitation and deposition remains a challenge for flow assurance.
Current industrial practicesfamproving the flowability of waxy crude oil involves the addition

of oil-soluble pour point depressant (PPD) such as, polyllethm e T vi ny|l acet ate) (
polymers, such as polyacrylate that help to change the morphology of the crystals aly cryst
alteration and entropic repulsion (F. Yang, Zhao, Sjéblom, Li, & Paso, 2015). Recently,
nanoparticle application for wax inhilin has also become an attractive study among different
researchers, especially when hybridized with the conventional polymers lyonsed. Wang et

al. (F. Wang et al., 2011) compared the performance of nanohybrid PPDs with conventional poly
( et hyihytagetaieM(EVA). According to the authors, the microscopic images of precipitated
wax crystals in the presence of nanohybrid PBimved that nanohybrid PPDs exhibit superior
pour point depression than EVAs alone. Norrman et al. (Norrman, Solberdprgjo® Paso,

2016) investigated the effects of the amount of coating materials by functionalizing the
nanoparticles with poly(octaddcgcrylate) (POA) on podpoint depressants and compared them
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with bare nanoparticles. They used a waxy model oil systemiemonstrate the pcepoint
depressing performance. Their study focused on how the amount of coverage of the nanoparticles
c o u | dthar pesfarmance. The adsorption of the POA on silica was determined using a quartz
crystal microbalance with dissipati monitoring (QCMD). The nanoparticle performance was

estimated with rheology tests to determine th

with di erenti al scanning calorimetry (DSC) t
di e rircnystadlization, and visual observation of the formed wax with polarized microscopy.
Rheol ogi cal measurements showed that nanopart.

on the strength of the formed wax gel, while nanopatrticles with fulleogee of P OA si gni
lowered the wax gel strength. Results from the DSC also showed that the wax appearance
temperature is | owered by the nanoparticles
nanoparticles with more POA than 100% coverage. D8@firmed that the presence of
nanoparticles changes the nature of the wax crystallization, most likely by introducing multiple
nucleation centres, causing a sharp peak in crystallization. Polarized microscopy showed that, in
the presence of the nanopae)l large particles were formed, compared to those with the added
silica. Research conducted showed that it is
on wax gels, so that already low dosages provided by such particles may be further, reduced
improving economic and environmental viability (Norrman et al., 2016). The Proposed possible
mechanism of nanohybrid in wax inhibition includes modulation of the crystal morphology,
reduction of gelation point and rheological yield stress. Nanopartatses act as additional
dispersed nucleation sites, resulting in the formation of a larger number of smaller crystals and co
crystallization incorporating into the forming wax crystals, thereby hindering, or changing the
crystal growth as shown iRigure 3.7. Because of various nucleation sites in the presence of
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nanohybrid, the precipitated wax crystals have a more regular shape (sghej@ald a compact
structure, which hinders the percolation process necessary to form a agganreng network of
wax crystals, which results in free wax crystals of a modified morphology, providing a mechanistic

impact of morphological modulation on PPD performance (F. Yang, Paso, et al., 2015).

o Nano-modification I . . .
4 000

Figure 3.7: Schematic representation of themhological modulation modified from reference
(F. Yang, Paso, et al., 2015) after permission.

3.5.8. Enhanced oil recovery due to structural disjoining pressure caused by nanoparticles

It has been found that structural disjoining pressure is one ofubrl factors that influence the

fluid spreading dynamics on the surface (Kondiparty et al., 2011; D. T. Wasan & Nikolov,

2003). Studies have shown that the presence of nanoparticles in three contact phases and contact
regions tend to create a wesdijen structure that forms this driving force (D. Wasan et al., 2011)

as shown schematically Figure 3.8 and 3.9.

(a) (b) . (c) Oil Droplet

Nanoparticles
Nanoparticles

Oil droplet Wedge-Film

isjoining pressure
gradient

Figure 3.8: lllustration of how nanoparticles detach oil from the surface due to the structural
disjoining force (@gala et al., 2019).
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Structural disjoining pressure is correlated with the ability of the fluid to spread on the surface as
a result of the interfaciaénsion imbalance between the solid, oil phase and an aqueous phase (D.
Wasan et al., 2011). These iritmial forces decrease the contact angle of the aqueous phase
(nanofluids) to almost®lresulting in a wedge film. This wedge film acts to separate dbam

fluids such as oil from the formation surface (Chengara et al., 2004). The spreading coefficient o
the fluid increases exponentially as the film thickness decreases (Chengara et al., 2004; Dai et al.,
2017), and the driving force for the spreadifthe nanofluids is the structural disjoining pressure
gradient or film tension gradierYr) which is directed towards the wedge from the bulk solution.
This gradient is higher at the vertex because of the nanoparticle structuring in the wedge
confinementas shown irFFigures 3.8 and 3.91t drives the nanopatrticles to spread at the wedge
tips as the gradient increases towards the vertex of the wedge (D. Wasan et al., 2011). Hua et al.
(Recovery, 2014) suggest that to optimize the recovery with nanoflgidg the structural
disjoining pressure, the formulation need to contain small nanopartigth low polydispersity.
According to their observation, higher variations of particle sizes or higher polydispersity tends to
reduce the structural disjoining peeaire. They also realized that as a rule of thumb, the formulated
nanofluids should have lagher osmotic pressure of at least approximately 200 Pa for 10 vol%
nanofluids. An analytical expression using the Laplace transformation was developed by
Trokhymchuk et al. (Trokhymchuk, Henderson, Nikolov, & Wasan, 2001) for estimating the
structural @sjoining pressure for any solution with nanofluid&is simple analytical expression

can be applied to understand the stability of liquid films containing collgdeicles. This
expression was given as

1D n E A
ANATYE 3 A A A h E A
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where d is the diameter of the nanopartiglis, the wedge film thickness, andethther parameters
(n,n,5,3 , k1) are fitted as cubic polynomials in terms of the nanofluid volume fraction
(3 and P is the osmotic pressure which is a function@htmofluids volume fraction given by

the equation below,
ME 4 —— (3.4)

wheremE O EpArticle number density, k is the Boltzmann constant asdffeitemperature. From
the equation above, the strucudesjoining pressure and osmotic pressure increases as the volume
of the nanofluids fraction increases. Also, a small tplese contact angle between the

nanofluids/oil and rock is desired to maxze the structure disjoining pressure.

o O
o o0 () () O () Nanoparticle
(®) suspension
o (@) O
®) Oil (e
l souo/ o \\l
Oil droplet Oil droplet
Nanoparticle
Structural disjoining Spreading P
pressure gradient force =
Ay X O | [ Wedge-Film
; —JaWedgeFim 27 5550838%
SOLID ] SOLID
Figure 3.9: Nanoparticle structuringinthewedgel m resul ting i n structur

gradient at the wedge vertex (D. Wasan et al., 2011).
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3.6.Effect of various factors on nanoparticle performance

Many different studies have tested the effects of variparameters on oil recovery during
nanofluids flooding. A summary of most of these factors that influence nanoparticle enhanced oil
recovery is disussed in the following sections.

3.6.1. Salinity

The stability of nanofluids in different saline environrmgsa is one of the critical issues that must

be considered during flooding, especially for the subsurface applications. Nanofluids are greatly
affected and almost fail in the presence of oppositely charged ions due to excessive charge
screening (Ranka et.a2015). The retention of nanoparticles in brine solution may be due to the
electrostatic attraction between the negatively charged particle cluster and parts of the formation
surface with a positive zeta potential (Nazari Moghaddam et al., 2015). ISese@ chers have
concluded that most nanteracting nanoparticles can be small particles with zero charge (Y. V.
Li, Cathles, & Archer, 2014; Nazari Moghaddam et al.,, 2015). Polyelectrolytes can be
encapsulated on the surfaces of nanoparticles bun faidh salinity conditions. However, special
polymers have been proposed to work in high saline condifidikkil et al. (Ranka et al., 2015)
recently reported that nanoparticles stabilized with polyampholyte polymers can be applied to
reservoirs with etkeme salinity up to 120,000 mg/drand longterm colloidal stability can be
achieved.

3.6.2. Nanoparticle concentration

Nanoparticle concentration is an important factor that affects nanoparticle enhanced oil recovery.
However, it is noguaranteed that laigh particle concentration yields higher oil recovery, and
there is always an optimum concentration that should be injected to maximize the oil recovery. In

a study carried out by Teng et al. (Lu, Li, & Zhou, 2017) to investigateetteets of the
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nanoparticle concentration on tertiary oil recovery by nanopartstlgactantstabilized foam
flooding, several flooding was carried out with nanoparticle concentrations ranging from 0 to
1.0%. In their study, the concentration of the surfaicteas kept conant at 0.5 wt%. For these
tests, the injection rates of the nanopart&lefactant dispersion and nanoparticle flugsre

both set to be 0.5 mL/miAs shown inFigure 3.1Q0 which shows the oil recovery as a function

of the nanoparticleconcentration, tbre was a significant increase in recovery with
concentrations between 0.1 wt% and 0.5 wt %. Afterwards, the increase in oil recovery with the
nanoparticle concentration became very slight. In that study, 0.5 wt% nanoparticle
concentratiorwas the optimuntoncentration in nanoparticktabilized foam flooding. Using
nanoparticle concentration beyond the optimum may not only have cost implications but also
can result in core plugging that can cause changes in the formation properties paasidg

and pemeability impairment. This can affect the flow of the fluids in the porous media as shown
in Figure 3.11 the impairment increased as the nanoparticle concentration increased (Lu, Li,

Zhou, & Zhang, 2017).
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Figure 3.10: Effect of nanoparticle concentration on oil recovery enhancement. Obtained from
reference (Lu, Li, & Zhou, 2017) with permission.
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Figure 3.11: SEM images of the core at different nanopatrticle concentrations showing
permeabiliy imparment (red circles) caused byeinjection of nanofluids. Obtained from
reference (Lu, Li, Zhou, et al., 2017) with permission.

3.6.3. Nanoparticle type and size

Nanoparticle types and size also affect oil recovery. Manan et al. (M. Manan,ad, Par
Piroozian, & M. Esmail, 2015) investigated the effectaarioparticles of ADs, SiG, TiO, and

CuO. As shown irFigure 3.12 it was observed that the addition of nanoparticles improved the
oi |l recovery after wat e rinitigh alondplacegvas resovered dyd i t i o
injecting a 0.8 PV solution containing nanoparticles ef4| followed by SiQ which displaced

11% recovery at 1 PV. Both Tiand CuO nanoparticles recovered 5% at 0.4PV. However,
selection of nanoparticle type depsnon theintended purpose, some types are good agents in
altering wettability, reducing oil viscosity, adsorbing asphaltenes, reducing IFT or other recovery
technique. Therefore, a clear understanding of the reservoir rock and fluid properties is needed
before thenanoparticle type selection based on the required objectives of nanofluids injection. For
example, nanofluids containing zirconium dioxide (r@alcium carbonate (CaGJ titanium

dioxide (TiQ), silicon dioxide (SiQ), magnesium oxide (MgO3uminiumoxide (AkOz), cerium
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oxide (CeO), and carbon nanotube (CNT), were selected for EOR in a carbonate formation. The
authors carried out a series of screening tests using spontaneous imbibition and contact angle
measurements to examine the abilifyddferent nanofluids to alter the wettability of carbonate
rocks. The authors concluded that Ca@@Dd SiQ nanoparticles were the best agents for this

application (Nazari Moghaddam et al., 2015).
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Figure 3.12 Effects of diferent naopatrticle types on oil recovery enhancement. Obtained from
reference (M. Manan et al., 2015) after permission.

On the other hand, nanopatrticle size influennegementabil recoveryas shown irigure 3.13.

Luky et al. (Jain et al., 2009) corztad a sidy to determine the effects of some parameters
influencing an enhanced oil recovery process using hydrophilic silica nanoparticles with three
different sizes in the range of40 nm. The authors found out that nanoparticles size had an
obvious irfluence @ incremental oil recovery. However, the variation of residual oil saturation
after waterflooding did not show a direct relationship between particle size and incremental oil
recovery. These results were observed from used cores S1 and S2 whigdreaseidual oil
recovery after waterflooding gave higher incremental oil recovery afterB@Ry the results

from cores S3 and S4 showed the opposite effect. However, the trend still showed that increasing

nanoparticle size decreased incrementakaibvery arelatively similar residual oil recovery. The
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highest incremental oil recovery was achieved from the smallest nanoparticle size. The trend
shows also incremental oil recovery and displacement efficiency due teE@Rancreases as

nanoparticlesize deceases (Jain et al., 2009).

Effect of Nanoparticle size to Incremental Oil Recovery
and Displacement Efficiency of Nano-EOR
(Nanofluids 0.05 wt.%; Qinj 0.2 cm?*/min)

S0% - 10%
B Inc. Oil RF

0%

e
7nm 7nm 16 nm 16 nm 40 nm 40 nm

=

o

'!‘;: . E
E 5% -&-Sor after WF % 'g
g 0% Disp. Eff. Of Nano-EOR B% o
o o35 ™ =
= @
Q 0% 8% 3
'g 52 o
m  25% 5% &
= Core 51 -
§ 20% % B
9 1oy 3% 8
w

= 53 54 =
8 10% » g
= 55 56 ®
2 sy 1% 5
5 — IR
4 0%

o

-]

w

Nanoparticle size

Figure 3.13: Effect of nanoparticle size on oil recovery enhancement. Obtained from reference
(Jain et al., 2009) after permission.

3.6.4. Injection rate

Nanofluids injection rate is also one o&thactors that influence the incremental oil recovery of
nanofluids flooding. Increasing nanofluids injection rates can significantly decrease incremental
oil recovery. Nanopatrticles tend to agglomerate with time, so increasing the injection rate may
affed the accumulating nanopatrticles near the core inlegiréttlan flowing through the pore throat
(Jain et al., 2009). An optimized injection rate is therefore always desired to maximize the oil
recovery. Also, due to viscous fingering in cases where thesopsity is greater than that of the
nanofluids, higheinjection rates may cause unfavourable mobility ratios that could affect the
sweep efficiency which in turn results in lower oil recovery rates (Ding, Zheng, Meng, & Yang,

2018; Tushar Sharma, SeheKumar, & Sangwai, 2014).
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3.6.5. Injection sequence

Alternating water with nanofluids has been found to enhance oil recovery compared to continuous
nanofluids injection. This has been attributed to the water, which is injected alternatively with the
nandluids, preventing the agglomeration of the nanopatrtittias could plug the cores. Teng et

al. (Lu, Li, Zhou, et al., 2017) conducted 3 runs using different pore volumes as sHegure
3.14.0il recovery increased as the injection cycles increésedins 3, 9 and 10, respectively.
Therefore, injectiorof nanofluids altered with water or brine is another area that requires more

investigations especially with different nanoparticle types, sizes, concentration and at different
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Figure 3.14: On the left (a) is the schematic diagram of different tested injection schemes and on
the right (b) is tertiary oil recovery rates for the selected runs. Modified from reference (Lu, Li,
Zhou, et al., 2017) after permission.
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3.6.6. Effect of temperature

Temperature is an important parameter that affects the rheology of the produced fluids. Higher
temperatures are significant in reducing oil viscosity and IFT, which can improve the oil sweep

and displacement efficiency. Esfamadli et al. (Esfandyari Bayat et al., 2014) dispersed three
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different nanofluids at different temperatures of 26, 40, 50 afi@ 60he results showed that there

was a higher tertiary recovery for all the different nartples at 60°C, while 26°C gavethe

lowest oil recovery as shown kigure 3.15.
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Figure 3.15: Oil recovery via A}Os, TiO2, and SiQ nanofluids at different temperatures after
brine flooding Obtained from reference (Esfgad Bayat et al., 2014) after permission.

This oil recovery increment after brine injection was attributed to both the decrease of the contact
angle and IFT in therpsence of different nanofluids as the temperatures decreased as shown in
Figure 3.16.At 26 °C there was no significant change for both contact angle and IFT for either
type of the nanoparticles used; both the contact angle and IFT reduced as the teeiperaased

which resulted in improved microscopic displacement efficiency and hendgoadd oil

recovery.
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Figure 3.16: Effect of temperature on IFT (a) and contact angle (b). Obtained and modified from
reference (Esfalyari Bayat et al., 2014) after permission.

3.7. Economic analysis of using nanoparticles

Nanoparticle cost analysis requires determination in relation to the current crude oil prices in the
markets and then compared with the cost of the currently us@drihods such as alkaline,
polymers, surfactants, etc. This will confirm the economicbilityg and adaptability of
nanoparticles for pilot and field EOR applications.ifstance most of the current studies have
focused and proved the use of mainlycsilinanoparticles for EOR application especially in
changing reservoir wettability from oalet to water wet. However, the synthesis protocol for such
materials may limit their scalability for field application. During silica nanoparticle synthesis,
normally the solgel procedure used in their synthesis and production involves the use of freeze
drying under nitrogen and calcination at higher temperatures which makes the entire synthesis
process unwieldy and expensive. Therefore, there is a need to dewwsigatavays that are not

only environmentally friendly but also cestfective and adaptéa The cost of the chemicals
together with the equipment used in synthesizing nanoparticles should be economically justifiable

and offer scalability options at lowosts. Currently, no economic analysis has been developed to
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compare the oil prices with naparticle cost. This is a big hindrance for adoption of nanoparticles
in real field application of oil and gas application.

3.8.Concerns anduncertainties of using nanotechnology in oil and gas applications

Although nanotechnology contributes tremendgpusl technological advancement in many
applications and is attracting attention for possible applications in medicine, health, agriculture,
and energy industries, tleeare still some unresolved criticahcertaintiedKahan & Rejeski,

2009). It has beenoaceptualized as an environmentally friendly technique over the last decade
and many indirect and direct applications of nanomaterials are being used in the marketplace.
However, there is minimal data on the nanoredfiect of nanoparticles on human tieand the
environment due to limited filed applications (Kahan & Rejeski, 2009). Some primary findings
reported no healthelated issues and concerns of nanomaterials (Nel, Xia, Méadler, & Li, 2006).
ForexampleUK Royal Society (London, UK) and the Royatademy of Engineering (London,

UK) released a report which concluded that nanomaterials in several applications pose no new
health risks (Society, 2004X-owever, the associated benefits of nanoparticles from the
environmental perspective are combinedhnghallenges that may be difficult to predict. Besides,
there is little information about the disposal, manufacturingactivationusage, regeneration,
disposal and any associated risk in the exposure to nanonsafBoavers et al., 2006). Karin et

al. (Mattsson et al., 201 ®emonstrated that plastic nanoparticles have an effect authal

of aquatic zooplankton and can penetrate the btodatain barrier in fish and cause
behaviaral disorders, however, mor&nding while using other nanopartiderequires
investigationsNanomaterials based on their dimensions, shapes, and surface energy, may match
with some of the biological body molecules such as proteins or nucleic acids. Hence, when they

come in contaawith the fluids of the body, they cae labsorbed easily. These adsorbed materials
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may spread to the target sites such as the heart, liver or blood cells and cause damage (Purohit et
al.,, 2017). However, studies have shown that remediation managementoammdl ©f
nanomaterials can reduce thenvironmental and health hazards (Purohit et al., 2QJe8s
exposure to nanomaterials and using respirators has been suggested as a possible measure of
preventing nanoparticles inhalation that may result in ratpiy irritation and damage to body

organs (Nel et al., 2006). For example, Titanium, nickel, and CNTSs, cobalt, and polystyrene have
been postulated as examples of nanoparticles responsible for respiratory toxicity compared to
guartz nanomaterials (Purofgt al., 2017). There is a need to teeathical related issues, test
protocols and procedures that will guarantee safe handling of nanomaterials for EOR laboratory,
pilot and field applications. Currentlyseveral agenciehave started health access and
environmentasafety inspection of naparticles and have developed precautions. For example, in

the United States, agencies such as National Toxicology Program (NTP), National f@enter
Environmental Research of the Environmental Protection Ag€aPy), National Institute of
Occupational Saty and Health (NIOSH)National Institute of Environmentalealth have all

been commissioned for application and risk assessment of nanomaterials (Nel et al., 2006; Yekeen
et al., 2018).

In summary, as a recommenidatto nanoparticle users, less expesiornanomaterials and using
respirators has been suggested as a way of diminishing nanopatrticles inhalation that may result in
respiratory irritation and damage to other body organs (Nel et al., 2006).

3.9.Conclusions and future outlook

Nanoparticles hava great potential of changing the perspective of the oil and gas industry in many
aspects. Presently, researchers have evidence that nanoparticles can be used in various sectors of

oil and gas ranging from exploraii, production to refinery. In this rew, we have explored some
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of the common types of nanoparticles used in EOR. The underlying mechanisms and operating
parameters that control oil recovery with ndf©OR in both sandstone and carbonate reservoirs
have &0 been explored. Also, for the applislity of nanofluids in oil recovery, stabilization
techniques recommended for naBOR have been reviewed. Notwithstanding the recovery
potential of nanofluids, there is a need to develop synthesis pathways tmararmosteffective,

efficient and ofér options for scalability to allow nanoparticles to be integrated into oil recovery
systems. Such nanoparticles should be easily adaptable and sustainable both to the users and the
environment. Most of the previougudies have focused on using isotrogftomogenous)
nanoparticles and fewer studies have been done with anisotropic types of nanomaterials in oll
recovery enhancement. Hence, more investigations using amphiphilic nanomaterials are still
needed. These mai@s have asymmetrical or double fgm@perties that mimic the commonly

used surfactants in recovering residual oil. Because of the synergistic abilities for both the
surfactant and the nanoparticles, we expect that proposed anisotropic nanomatenesonay

better compared to the exiggircommonly used isotropic nanoparticles. Also, many studies
regarding nandcOR have reported promising results but under ambient conditions. Therefore,
similar studies of nar&@OR are still needed to enhance theirpaakility for pilot and field
applicatons.
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Chapter Four: Nanopyroxenebased Nanofluids for Enhanced Oil Recovery in Sandstone
Cores at Reservoir Temperature

4.1 Abstract

Nanopaticles (NPs) have recently gained great attention as effective agents for enhanced oil
recovery (EOR) applications, especially at ambient temperatures. Nevertheless, harsh conditions
are needed to synthesize them, and many tend to lack stabihipjtieg strang limitations in

EOR application. As a solution, many researchers have used silica nanomaterials and grafted them
with various agents to enhance their stability and alter their functionality. However, altering their
overall functionality viacoatng couldlimit their stability in an aqueous media. Thus, partially
coated nanoparticles should be used, such that the functionalizing agent is bonded to certain active
groups on the nanoparticle surface. Herein, environmerdafly and tunable siatebased
naroparticles, nangyroxene, were synthesized at mild conditions. Nanopyroxene consists of two
forms of binding sites on the surface made from the structural framework iron imparting a negative
charge on the surface which is compensated bysors and tle hydroxyl groups present on

the surface of the silicate framework, that is responsible for its hydrophilicity. In this study, we
partially altered the functionality of the nanopyroxene by anchoring a hydrophobic functionalizing
agent of trighoxy (octyl) silane (TOS) to the hydroxylated binding sites, generating half and fully
hydroxyHunctionalized nangyroxene, namely: HPNPs and JPNPs, respectively.
Characterization techniques, such as SEM, FTIR, XRD, TGA, DLS, apdtehtial were
conduted fa the poduced NPs to confirm their surface identity, functionality, stability, and
morphology. After that, in comparison with brine, three different nanofluids were generated from
the synthesized NPs to test their performance toward EOR in sandsim® The EQR
performance was investigated by interfacial tension (IFT), contact angle, spontaneous imbibition,
and displacement tests. The results showed that the HPNPs have the best stability and functionality
compared with the other nanopatrticle typ€sntict angt in the presence of NPNP, JPNP and
HPNP nanofluids were measured as 44e N 2e,
wettability alteration from oilvet to wateiwet. Interfacial tension was also noticeably reduced

with the producedanofuids atall temperatures, showing their great potential of oil displacement
and to prove that a core flooding test was performed, confirming the capability of the stable
nanoparticles as effective EOR agents in hydrocarbon reservoirs by recoveraudyteonal

10.57% after brine flooding.

KEYWORDS Pyroxene, hydrophobic nanopyroxenenanofluids, imbibition, enhanced oil
recovery

This chapter is adapted from the following publication:

Farad Sagala, Tatiana Montoya, Afif Hethnawi, Gerakdtale, and Nashat N. Nasar
Nanopyroxendased Nanofluids for Enhanced Oil Recovery in SandstonesiCévalslished in

the Energy &-uels Journal, 201%ttps://pubs.acs.org/doi/abs/10.1021/acs.energyfuels.8b03749
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4.2 Introduction

Oil, even with thepresence of renewbtbsoures of energy, is remaining and expected to be the most
important source of energy (Asif & Muneer, 200A&gcordingly, global oil demand is expected to
increase to keep up with global energy needs by 2040 (Office, .28d@)ever,conventional oil
reservois are depleting and based on that, the trends of supplying oil are ded\isisigch, efforts on
enhanced oil recovery (EOR) techniques are required(Alvarado & Manrique, ZDL@nd gas
industries are currently focusing on xmaizing the recovey from mature oilfields, avoiding the
difficulty of discovering new oilfieldGAl Adasani & Bai, 2011; Cashin, Mohaddes, Raissi, & Raissi,
2014) The conventional EOR methods involve implementing processes that require the use of
chemicals and materialsahdo nd exist in the reservoir, to alter the physical interaction of the reservoir
rock and injected fluids. This leads to prolonging of obbduction especially in mature fields(Al
Adasani & Bai, 2011; Manrique et al., 2010; Thomas, 208&)instancewaterflooding is one of the

most common and oldest methods normally used after depletion of the natural reservoir driving forces.
However, ths method suffers from poor sweep efficiency due to adverse mobility ratios between the
displacing fluid (waterpnd thedisplaced fluid (oil), resulting in more oil being trapped in spherical
globules(Alvarado & Manrique, 2010; Rose & Witherspoon, 195&dditionally, higher capillary
forces due to high interfacial tension (IFT) between oil and water during flcettéing results in small
capillary number (I) that decreases the overall microscopic displacement efficiency (de Haan, 1959;
Terry, 2001; Thoms, 2008)

Chemicals such as surfactants, polymers and atkaalts as EOR agents, are added to water to
improve Nt and viscosity (1), and ultimately reduce the residual oil saturation (Pope & Ba@éde, 1
Sheng, 2015However, these EOR agents also exhibit some limitations in harsh reservoir conditions

such g tempeature, salinity, and chemical degradation by micr@ghésk Thomas, 1996; Donaldson,
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Chilingarian, & Yen, 1989; Olajire, 2014; Terry, 0. Furthermore, adsorption of these chemicals on
the rock surface increases their consumption during theifiggracess and has been postulated as
another problem during chemical EOR(Sheng, 20R&cently,nanoparticles (NPs) in the form of
nanofluidsor nanocatalysts hagained great attention as effective agents for enhanced oil recovery
(EOR) application@dashemiNassar, & Almao, 2014; Ju, Fan, & Ma, 2006a; Manan, Farad, Piroozian,
& Esmail, 2015; Onyekonwu & Ogolo, 2010; Suleimanov, Ismailov, &iyxev, 2011; H. Zhang,
Nikolov, & Wasan, 2014)These types of fluids are obtained by mixing nanoparticlas aifferent

base fluids (liquid or gas) for intensificatiofithe dispersing media at various volume concentrations
(McElfresh, Holcomb, & Ectqr2012; Suleimanov et al., 201Because of their small particle size,
high surface area, and dispersibilitidlcanmprove the rockluid interaction that leads to wettability
alteration and enhancement in heat transfer coefficient(Esfandyari Bayat,Samsuri, Piroozian, &
Hokmabadi, 2014; Ju, Fan, & Ma, 2006b; Kaka¢ & Pramuanjaroenkij, 20@6jeover, NB have

been proposed to be more stable agents than the conventional chemicals used for EOR(Cheraghian ¢
Hendraningrat, 2016MIso, the surfacesf NPs can be modified or manipulated to form more complex
stable materials which can withstand harsh resemanditions(Ranka, Brown, & Hatton, 2015)
Several researchers have confirmed that using isotropic or homogenous nanoparticles at optimizec
concentration, types, and sizes have a practical impact on tertiary oil recovery(Hendraningrat, Li, &
Torsater, 20113; lvanora, Cheremisin, & Spasennykh, 2017; D. T. Wasan & Nikolov, 2003; Yang, Ji,
Li, Qin, & Lu, 2015)

Several types of nanoparticles like CxNazari Moghaddam, Bahramian, Fakhroueian, Karimi, &
Arya, 2015), SiO2(Hendraningrat, Li, et al., 2013b; $. Hendaningrat, & Torsaeter, 2013),
TiO2(Ehtesabi, Ahadian, Taghikhani, & Ghazanfari, 2013; Hendraningrat & Torsaeter, 2014),
Al203(Giraldo, Bajumea, Lopera, Ca®, & Ruiz, 2013; Hendraningrat & Torsaeter, 2014), carbon
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nanotubes(CNT)(Nazari Moghaddashal., 2015) and graphene oxide(GO)(Luo et al., 2016; Luo et
al., 2017) have been proven to enhance oil recovery. The repogigitanisms throdgwhich these
nanoparticledased fluid solutions enhance oil recovery includewaiter interfacial tension
modification, rock hydrophobicity mitigation, and the structural disjoining pressure gradient (SDP).
This last mechanism is pautilarly interestig because it is unique to nanoparticle solutions and it
actively advances the thrphase oHwatersolid contact line while sweeping oil from the rock.
Comparing to polymeric or surfactant solutions, relatively little is known on thavimhr of these

types of fluids under reservoir flow conditions. Furthermore, despite all mentioned advantages of using
silica-based NPs in EOR especially in sandstone reservoirs, the effectiveness of these NPs can be
guestionedbased orthe fact that it $ difficult to acheve good performance compared with the
conventional methods. NPs tend to aggregate due to lack of stability, which limits their application in
enhancing oil recovery. To improve their stability, NPs are normally surface modified byriagcho
various mateals that can improve the electrostatic repulsive charges on their surfaces. This results in
either hydrophilic or hydrophobic stable NPs that may have a positive impact on NP stability and
surface activity, that may improve oil recovery.

Herein, we syntbsized pyroxenbased nanoparticles and tested them for EOR application for the first
ti me. Pyroxenes are synthetic and naturally o
been recently synthesized using a hydrothemmethod that requés low temperature and pressure,
forming pure nangyroxene or aegirine of sodium ir@iicate(NaFeSDe) (Vitale, 2013)
Nanopyroxene consists of two forms of binding sites on the surface made from the structural
framework iron imparfig a negative chge on the surface which is compensated by sodium ions and
the hydroxyl groups present on the surface of the silicate framework, which is responsible for its
original hydrophilicity. Thus, nanopyroxene are environmentally friendly and hbsce superficial
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capabilities for functionalization (Hethnawi, Nassar, & Vitale, 20IIMeir surfaces can be precisely
manipulated by anchoring different silane groups to improve their surface activity, sudhethat
functionalizing agent is bonded tertain active grops on the nanoparticle surface, which partially
alters their functionalityThis study aims to synthesize and evaluate the performance of different forms
of nanepyroxenes as unfunctionalized or neutral pyroxene (NPNP), half hydiuxgtionalized or

Janws pyroxene (JPNP) and fully hydroxfginctionalized hydrophobic pyroxene (HPNP) when each

is used as a nanofluid with a fixed concentration of 0.005 wt %. The performance of the formulated
nanofluids has been examined through contactearl§lT measuremestat various temperatures,
spontaneous imbibition, and core flooding tests to quantify the oil recovery using different pyroxene
based nanofluids.

4.3. Materials and Methods
4.3.1 Materials

A crude oil sample was provided by a localaimpany in Calgar, Canada, and used as a source of
oil in this study. The crude oil has a viscosity3@f30 + 0.0ZP at 25 °C, densit§.87 g/cmi at25 °C,

an approximate content of 5.09 wt % of asphaltenes, and an acid number < 0.1. Its dynaniti¢ viscos
as a functiorof temperature is provided Appendx A Figure Al. Sodium silicate (27 wt% SiK)10.85

wt% N&O), hexahydrate iron (Ill) chloride (Fef8H20, 99%), sulfuric acid (kF50s 97-98%), NaOH

(99 %), nheptane (99%), methanol (99%), wax with a melting point sXG#riethoxy (octyl) silane
(99%), cyclohexane (99 % purity), dichloromethane (99% purity), potassium bromide (KBr, 99%),
sodium chloride (NaCl 99%) and toluene (99%grev purchased from Sigma Aldrich and used as
received. For testing the oil recovergnslstone cores, with 2ZP% porosity and permeability of 63

100 mD, were prepared &ocurek Industries Inc., Caldwell, TX. The core characterization was
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conducted by ED>and SEM analysis and showed that the sandstone cores consisted qtian&n
More cktails are provided iAppendx A Figure A2 andA3.

4.3.2. Brine Synthesis

Synthetic brine (SB), representing reservoir brine, was prepared from sodium chloride (NaCl) at
2.0 wt % (20,000 ppm) and deionized water. The density, viscosity, and pH wereedassng

a pycnometer, Brookfield viscometer and digital pH meter, respectively. The SB was used as the
dispersant fluid for the prepared NPs, and the fluid propertekséed inTable 4.1.

Table 41: Properties of the syngtic brine and brine containing different types of NPS &€25

Fluid density(g/cn?)  viscosity (cP) pH

SB, NaCl 2 wt% 1.00 1.05+ 0.05 6.75
Neutral Pyroxen€NPNP), 0.005 wt% 1.01 1.02+ 0.05 6.34
Hydrophobic Pyroxene (HPNP), 0.005 wt% 1.01 1.01+ 0.6 6.67
Janus Pyroxene (JPNP) 0.005, wt% 1.00 1.03+ 0.05 6.76

4.3.3 Methods
4.3.4. Synthesis of Nanoparticles and Nanofluids Preparation

Pyroxenenanoparticles (NPNP) were synthesized, followed by complete and half hydroxyl surface
functionalizationwith triethoxy (octyl) silane (TOS) forming: Complete hydroxyl functionalized
nanepyroxene (HPNP), and half hydroxyl functionalized nanopyroxene (JPB)ectively,
following the protocol, reported elsewhere(Hethnawi, Nassar, Manasrah, & Vitale, 2017;
Hethnawi, Nassar, & Vitale, 2017; Nafie, Vitale, Carbognani Ortega, & Nassar, RN were
synthesized first from a hydrothermally treated gel. [geswas generated from the reaction
between acidic and basic solutions, which were prepared separdtelyacid solution was

prepared by dissolving 15.021 g anhydrous EB€&kahydrate in a diluted solution of sulfuric acid
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(18.067 g of concentratech&O; diluted with 90 g of deionized water) under magnetic stirring at
300 rpm. The basic solution was thaepared by adding 60.129 g of sodium silicate to a diluted
solution of NaOH (22.495 g of NaOH dissolved in 60 g of deionized water). Both solutions were
slowly mixed for 10 min, resulting in a yellow gel. The gel was transferred into-a\ BB&ARR

reacta for hydrothermal crystallization at 180 for 72 h under 300 rpm agitation. After treatment,

the crystallized nanoparticles were filtered off and wedstvith deionized water to achieve pH
close enough to 7. Then, the obtained solid was dried overni@s°€ and was recovered to
form the NPNP.

Second, thé¢dlPNP were synthesized from NPNP by completely anchoring the agent of triethoxy
(octyl) silane TOS) on NPNP surface. This was accomplished by dispersing and sonicating 500
mg of NPNP in 80 mL of cyohexane for 1 h. Then, 2.5 g of TOS was added dropwise to the
dispersed solution under agitation at 300 rpm. After that, the obtained solution wdageshait

5000 rpm for 10 min. Then, the supernatant was decanted and the solid was recovered, washed
with methanol, and dried at 6Q for 2 h, producing HPNP.

Third, amphiphilic JPNPs were synthesized similar to the procedure reported by Hongat@/|. (H
Jiang, & Granick, 2006)n brief, 200 mg of NPNPs were dispersed in a 40 mL deionized water
inside the ultrasonic bath for 30 min. Then, the sonicated suspended solution of JPNP was heated
up to 65°C. This was followed by adding 100 mg of paraffiamxwunder vigorous mixing with the

use of a bench stirrer at 1950 rpm for 1 h, forming a stabilizedsamubf nanoparticles. The
stabilized emulsion was then allowed to cool down. Cooling down the mixture led to the formation
of wax balls due to immobilation of the NPNPs on the wax surface. The wax balls were filtered
repeatedly with deionized water taash off the NPNPs that were weakly attached and then air
dried overnight. The wax balls were then placed in 80 mL of 2.5 mM TOS in methanol solution

136



andsalinization of the exposed surface NPNPs was carried out for 12 h. Pure methanol was used
to wash theavax balls after filtration to remove the excess amount of the TOS, and subsequently,
the wax balls were amnried again overnight in an oven at 80. The JPNPs were formed by
dissolution of the wax balls in excess of dichloromethane and toluene. Lateerttrifugation

was performed to obtain the amphiphilic JPNP from the wax balls. A summary of the surface

modifications made on the surface of npyr@xene with the silane is shownkigures 4.1(ad).

a) g'( b)

Figure 4.1: (a) Represatation of Triethoxy(octyl)silane, (b) Corey Pauling Koltun (CPK)
representation of nanoparticle of nanopyroxene showing the hydroxylated swface, (

Representation of half of the nanopyroxene nanoparticle reacted with the Triethoxy(octyl)silane
(ball andstick) anchored by the hydroxyls present on the surface. (d) Representation of the total
nanopyroxene nanoparticle reacted with the Triethoxy(=ityhe (ball and stick) anchored by

the hydroxyls present on the surface. Red spheres represent oxygsngagynspheres

represent carbon atoms; white spheres represent hydrogen atoms; yellow spheres represent
silicon atom; green spheres represent soditoms and purple spheres represent iron atoms. The

visualizer module of BIOVIA Materials Studio 2018 wased to draw the nanopyroxene

nanoparticles and their reaction with Triethoxy(octyl)silane.

For EOR, before application of chemicals or NPs, scregesfithe reservoir properties is important

for compatibility. Hence, direct applying of nanoparticles withoansidering the reservoir
conditions is challenging (Taber, Martin, & Seright, 19%fMong these conditions is the salinity.
Thus, the preparedribe solution was used to disperse the synthesized nanoparticles (NPNP,
HPNP, and JPNP). The nanofluid sadat was prepared by dispersing a small amount of
nanoparticles into brine at an approximate concentration of 0.005 wt%, as reported elsewhere

(Baya, Junin, Shamshirband, & Chong, 2015; Hendraningrat, Li, & Torsater, 2013a;
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Hendraningrat, Li, et al., 20b3 S. Li et al., 2013)For better dispersion of nanoparticles, the
nanofluid suspension was agitated in an orbital shaker at 250 rpm. Thenultreraenicated by
the ultrasonic bath for 1 h, and the prepared nanofluids were ready for further insageplerties
of the differently prepared nanofluids are also present&dlite 4.1.

4.3.5. Nanopatrticle and Nanofluid Characterization

Morpholagy, crystalline size, surface area, and functionality of the synthesized nanoparticles were
all determined sing a set of analytical techniques for the characterization. As for the morphology
and surface topology, it was performed by a JEN)O scanning ettron microscopy (SEM) of
JEOL, Ltd. For XRD, the Xay analysis was performed using a Rigaku ULTIMA IHra§
diffractometer with Cu Kalpha radiation as the-day source. The scan was performed in the range

of 3 to 90 degrees ofgusing a 0.05legreestep and a counting time of 1.0 degree per minute,
operating at 40 kV and 44 mA to obtain the full diffragtam for the analyzed material. The
processing of the data was carried out with the Software PDXL from Rigaku and the crystalline
domain sizes werealculated using the Scherrer equation as implemented in the PDXL software.
The Crystallographic Open Dataea(COD) was used to identify the crystalline phases present in
the samples. The functional groups of the functionalized nanopatrticles beforaeansuefice
modi ycation with TOS were identified by Fouri e
6700 FTIR of American Thermos Nicolet Company). Confirming the functionality of the
synthesized nanoparticles with TOS was also confirmed by adhgravimetric analysis (TGA)
analyzer (SDTQG600, TA instrument Inc., new castle, DE). TGA analysis wagrpedat an
airflow rate of 100 crfimin and a heating rate of 2R/min.

For nanofluid samples, a dynamic light scattering (DLS) apdt&ntial analyses were performed

to determine the average hydrodynamic size distribution and stability of the pantitiesrine
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solution as a function of pH, respectively. fadjustmentdr the pH was achieved by a standard
solution of 0.1M NaOH. Images of the prepared nanofluids are providagdpendixA Figure
A4,

4.3.6 Interfacial Tension (IFT) Measurements

Interfacial tension measurements (IFT) were performed for the prepared nanofluid to evaluate their
role in reducing the IFT between oil and brine at ambient pressure and temperatures at 25,30,40,50
and 60°C. The measurements were carried out by a systsige the higipressure chamber that

is manufactured by Biolin Scientific, Finland. The system consists of stainless steel (EN 1.4401)
chamber that enables surface and interfacial tension measurements at high pressure and various
temperatures, using theqmant drop technique. For sealing, arri@ is equipped with the
standard system according to the used fluids. At the top of the chamber, there are three connection
ports for a temperature probe, sampling, and bulk fluid introduction. For each IFT eneaxsiir

brine or one nanofluid was introduced inside the chamber. Then, an oil droplet was created through
a needle at the interface between the needle and the liquid phase using the pendent technique, IFT
was then determined for a given time interval. rAlasurements were repeated in triplicates, and

the mean + standard error of the mean was reported.

4.3.7 OikWet Core Plugs Preparation and Oil Presaturation

Generally, Berea sandstone grains develop greater molecular forces between themselves and water
than between themselves and oil. Therefore, they are commonly considered initially water wet.
They have a wettability indexyl around +0.7 to +0.9, which is considered strongly water wet
(Torsater, Li, & Hendraningrat, 2013)hus, before each test, tbg-wet state in the core plugs

was established as follows: Cores were cut into uniform cylindrical columns with length and

diameter of 3 and 2.54 cm, respectively. Then, each core was cleaned using a Soxhlet apparatus
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following the API standard to remowmy hydrocarbon and salt from the core samples (Rabiei,
Sharifinik, Niazi, Hashemi, & Ayatollahi, 2013)he cleaned cores later were dried in an oven at
70°C for 24 h. Next, the weights of the dried core were measured. Cores with (no initial water
saturaion) were completely submerged in 10 V/V% solution-tifaptane and crude oil. The cores
were left to age at 7 for 30 days. Then, each core was removed and washdtkejpiane. After

that, the cores were dried at 8D for 5 h, generating oil wet copugs(Karimi et al., 2012; H.

Zhang et al., 2014)These core plugs were then saturated with oil using a vacuum pump for 3 h.
The oilsaturated cores were taken out and kept in a glass jar for another 7 days to drain oil from
the core surface. After thageing period, oikaturated cores were weighed again, and the weight
difference was used to determine the volume of oil initially in each core (OIIP) and the cores were
ready for imbibition tests.

4.3.8. Contact Angle Measurements an8pontaneous Imbibtion Tests

A quantitative assessment of wettability of the core plugs before and after the treatment with
nanofluids was first achieved by contact angle measurements. Polished sandstone substrates were
cut and aged in oil for about 1 we& alter their mitial wettability at 70°C and atmospheric
pressure and later dried in an oven for 6 h &&0rhen, the wettability of the sandstone substrate

was first measured using a water drop before and after ageing in oil. Oil aged substatben
submergd into the prepared nanofluids for 48 h at°60 After that, each substrate was dried in

an oven at 558C for 2 h. Contact angle measurements between sandstone substrate and brine or
nanofluid and oil drop system of the substrates tdewi¢gh either brie or different nanofluids

were performed with an accuracy of°tZhe angles were then analyzed to quantify the effect of

the nanofluid on wettability alteration.
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The second technique to evaluate the wettability alteration was the sgmrgambibition tets.

All imbibition tests were performed using Amott cells to evaluate the performance of variously
prepared nanofluids in altering the wettability of the oil wet saturated core plugs in comparison to
brine. The cores were immersed in ibiton cells, whc h wer e yl |l ed with ei
wt % of each nanopuid under the same conditi
the nanofluids imbibe in the cores was expressed as a percentage of original oil in place (% of
OOIP) am was plotted verss time. It is worth mentioning that all spontaneous imbibition tests in
this study were performed with no initial water saturation based on the assumption of using the
generalized scaling equation (Shouxiang, Morrow, & Zhang, 1997)

4.39 Displacement Tsts

Figure 4.2 shows a schematic representation of the core flooding experimental setup. The core
flooding tests aimed to reveal the capability of nanopyroxene nanofluids to recover residual oil in
sandstone reservoir rocks after wdteoding. Based otthe stability and imbibition tests, HPNP
nanofluids were selected for the core flooding study. HPNP nanofluids were injected as tertiary
fluids. At the beginning of the teghe core was inserted in the sleeve and then mounted in the
core-holder.Low pressure (~250 psi) Cyas was passed through the sample for 1 h. Because of
its high diffusivity, CQ can displace and replace any air trapped in the pores. The remaining
CQO after evacuation would readily be dissolved in the saturating dead brine andtedsicom

the core sample during the latersitu saturation procesAfter flushing the sample by GQall

the flowlines and the sample inside the cbder were evacted using a vacuum pump for 6

h. The temperature was set to the reservoir temperasing heating tapes. Then, the core sample
was saturated using brine, confining pressure was maintained at 400 psi and the injection rate was
set to 0.1cc/minThe injecion rate was selected to approximate typical reservoir velocities
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(corresponding ta Darcy velocity of 1ft/day). The average steady pressure drop was obtained and
used in the estimation of the absol uttwateder me a't
with oil until the water cut was less than 1%. The system was allowec: tioathree weeks to

simulate the reservoir equilibrium conditions. Primary brine flooding was initiated and continued

until singlephase brine was being produced. Then, RRIEnofluid was injected into the core and

left to soak for 24 h. After that, brin@as reinjected to investigate if additional oil could be
recovered. Then the produced oil from the core was collected and measured iphasedluid

collector.

Figure 4.2: Displacement test diagram: (1) carbon dioxide @gin (2), manometer gauge, (3),

(4), and (5) transfer cells for oil, brine and nanofluids respectively, (6) valves, (7) pressure
transducer, (8) core holder, (9) data actjois computer, (10) back pressure regulator,
(11)collector, (12)scopump,(13) oerburden pressure gauge.
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4 .4. Results and Discussion

Pyroxene nanoparticles (NPNP) were successfully synthesized by the hydrothermal method as
reported in our previous stugafie et al., 2017)Prepared NPNP were characterized using XRD

and BrunewiEmmet-Teller (BET) (Brunauer, Emmett, & Teller, 1938he estimated crystalline

size and surface areas were 10 nm and 178/g, mespectively. NPNP nanoparticles were
complete and half hydroxyl functionalized with triethoxy (octyl) silane (TOS), producingPHP

and JPNP nanoparticles, respectively. TOS,@amnon functionalizing agent used in numerous
industries,(Chu, Kirby, & Murphy, 1993; Mittal, 2004; Papirer & Balard, 1990; Salon, Bayle,
Abdelmouleh, Boufi, & Belgacem, 2008; Weaver, Stoffer, & Day, 199%)coupling agent that

has reactive moieties dhe structure under aqueous conditions. Presence of alkoxy groups, OR,
allows anchoring to the surfaces bearing hydroxyl groups. The alkoxy groups OR in TOS are
composed of three functional groups of etagIH>CHs) bonded to three oxygen atoms, forming
tri-ethoxy groups (CECH20-).

Thus, TOS was anchored on the surface of NPNP that is composed of sodium, iron, silicon, and
oxygen. Anchoring of OR groups was carried out on the hydroxyl groups, whichrateddo the

silicon on the nanoparticle surfacehelresulting functionalized HPNP and JNPN nanopatrticles
with TOS could increase the hydrophobicity of the nppmxene since TOS has a chain of the
hydrophobic alkyl group. Therefore, functionalizing NPWRh TOS leads to the formation of
completely hydoxylated nanopyroxene (HNPN) or half hydroxylated nanopyroxene (JNPN).

4.4.1. Characterization Studies

4.4.2 Functionalization of nanopatrticles

Figure 4.3 (& b, & c) shows the SEM images of virgin or mel pyroxene and pyroxene

immobilized on the wax surface after functionalization with TOS, respectively. EDX mapping was
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performed to confirm the presence of pyroxene on the wax surface. Results of EDX mapping of

various points on the wax surface are pded inAppendix A FigureA6 (a&b).

D:419 mm Px: 29 nm

Figure 4.3: Optical images of (aNPNP and (b) wax balls stabilized with pyroxemsl (c) Janus
SEM mapping to comfm the presence of NPNP on waalls

Figure 4.4 shows the Xray diffracion (XRD) patterns of the synthesized nanomaterials before
and after hydroxyfunctionalization. As shown, the obtained XRD patterns of the prepared
nanomaterials confirmed the formation of the pyroxene strudiatest known as aegirine(Vitale,
2013), whch can be fitted with the standard profile in diffraction file (pdf) card-&062564

2005 International Center for the Diffraction Database included in the program JADE V.
7.5.1Materials Data XRD Pattern Progegsdentification and Quantification). Aordingly, the
nanocrystals of pyroxene have been successfully formed at small crystalline domain sizes without
damaging the core structure during the hydrofyhctionalization. Besides, the obtained patterns
shoved no significant changes in signal breanhg, indicating the low crystallinity of the
nanomaterial after hydroxyunctionalization that cannot be detected by the XRD scans. Thus, the
crystallinity of the nangyroxene after hydroxyflunctionalization vas not impacted (Hethnawi,

Nassar, & Vita¢, 2017)
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Figure 4.4. XRD pattern for the Virgin and functionalized nanopyroxene.

FTIR and TGA measurements were performed for the prepared nanoparticles before and after
grafting to onfirm the TOS functionalizationFigure 4.5 shows the obtained FTIR spectra for
NPNP, HPNP, and JPNP at framework regions of (a) 42@D cmtand (b) 180400 cmt. As
shown, great bands were obtained for all the nanoparticle types at the region@fit Hd@ibuted
to SO and FeO stretching. As anticipated for NPNP, a widéretching hydroxyl band around
3300 cm' was obtained due to the hydrothermal preparation of the pyroxene (Hethnawi, Nassar,
& Vitale, 2017) However, this band tends to becosterter and disappear due to iy and
complete functionalization of the hydroxyl groups for JPNP and HPNP, respectively. Presence of
Fe-O and disappearance of hydroxyl bands indicate thatfl@&ionalization is only carried out

on the hydroxyl sites of the nanoparticle surface. Absamptiinds at regions of 2900 ¢nand
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1458 cmt for HPNP and JPNP are assigned 46H, and GH stretching, respectively, which

confirmed the presence of alkyl groups due to successful functionalization of nanoparticles with

TOS.
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Figure 45: FTIR of pyroxene nanopatrticles before and after surface modification with TOS at
framework regions of (a) 406400 cmtand (b) 1806400 cmt.

Figure 4.6 shows the TGA thermograms for the oxidation of the pyroxene before and after
complete lgdroxyl and half functionalization with TOS. The analysis revealed that NPNP-lost 4

5 wt% while JPNP and HPNP lost 10 and 15 wt%, respectively. These losses in the sample weights
can be divided into minor and major losses in regions less thar’Q5hd 15-500 °C,
respectively. The major weight loss that occurred for the NPNP was mainly due to surface de
hydroxylation (Hmoudah, Nassar, Vitale, &-@&nni, 2016) The achieved weight loss in the

range between 15800 °C was attributed to the organic matteregmce for the grafted

nanoparticle samples being the major loss in the sample HPNP. In summary, the greatest weight
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loss for the HPNP depicts the presence of alkyl groups due to complete hyfdrwtidnalization

of the nanoparticles.
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Figure 4.6: TGA thermograms of pyroxene nanoparticles before and after functionalization with
TOS.

4.4.3 Nanofluid Stability (DLS and Zeta Potential Measurements)

Nanoparticles in the nanofluids are not stable and they have apgteatial to ggregate and
eventually form sediments that minimize their dispersity (Saidur, Leong, & Mohammad, 2011)
Due to this aggregation, large particles with qumiform size distribution tend to form clusters,
creating practical challenges andiliations in tte real oil field applications (Hashemi et al., 2014;
Hendraningrat & Torseeter, 2015ccordingly, particle size and size distribution need to be
closely monitored by surface modification during the synthesis of the nanoparticles (Baran Jr &
Cabrera, 2006tjima & Kamiya, 2009) In this study, surface modifications were achieved by
grafting TOS on the surface of the ngmooxene. For better evaluation of surface stability, Zeta

potential §) and DLS measurements were performed for NPNP nanofluids before and after
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grafting with TOS Figure 4.7 shows the averagemeasurements of NPNP, JPNP and HPNP in
different dispersants with different pH. As shown, the presence of salt in the dispessann
decreases thevalues of the nanofluids significantly.h e v a lofuhe nandfluids indicates
their stability, higher absolute values (i.e., > 30 or-30 mV indicate more stable nanofluid
compared with nawalds]asthedosmallyitenhdho flbcoulate and jprecipitate

(Hwang et al., 2008)
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Figure 4.7: Zeta potential of pyroxene nanofluids with different surface functionalities.

Before grafting, the major size distribution was high (>1000 nmljk&/the JPNP and HPNP that

had a lower range of size distribution, 800 and 600 nm, respectively. These measurements confirm
that the stability of the nanofluids was improved after surface functionalization. This improvement
is sensitive to solution pHEigure 4.8shows a wide range of stability change that was obtained

for the totally grafted nanoparticles. HPNP had a major size distribution at around 10 nm compared
with the half grafted and the virgin nanoparticles that had small deviation. At pH 9, many

oppositely charged ions (GHtend to bind on the surface of HPNP, creating an electrostatic
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repulsion that is dominated over the electrostatic attractive forces between the individual

nanoparticle (Wong & De Leon, 2010; Zhao, Milanova, Warmoeskerkeryt&bk, 2012).
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Figure 4.8: DLS particle size distribution (a) beforethe original pH of 6.5 and (b) after

adjusting the pH to 9.

4.4.4. Interfacial TensionMeasurements

Figure 4.9 shows IFT values for brine in comparisaith the nanofluids of HPNP, JPNP and

NPNP at various temperatures. As shown, the obtained IFT reduction follows the order: Brine >

NPNP > JPNP > HPNP, regardless of temperature chamg At 25°C, HPNP, JPNP andPNP

could noticeably reduce the IFT b@.9%, 25%, and 14 %, respectively. The results showed a

significant intermediate IFT reduction in the presence of nanofluids with different functionality,

dispersity, and stability. However, the reduction was mageificcant when the completely

hydroxyl functionalized nanofluids (HPNP) were used. Compared to NPNP and JPNP that are

likely to form clusters in the base fluid and settle at the bottom, HPNP does not agglomerate to

form such clusters that could reduceithdispersity at the oihanofluid interbce. Therefore,

nanoparticle stability contributes to IFT reduction. Reduction of IFT results in lower capillary

forces and higher capillary number which improves the oil displacement efficiency (Donaldson et
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al., 1989; Hendraningrat, Li, & Torseeter, 20E8ndraningrat, Li, et al., 2013a; Hendraningrat &
Torseeter, 2014; Joonaki & Ghanaatian, 2014; Sheng, 2015; Suleimanov et al., 2011)

24

2 & @ BRINE
A NPNP
20 . * + JPNP
A
B HPNP
Eus } ?
=
E 3 }
'E 16 - } *
' A
14 - + }
12 - % %
10 . . . . . ]
25 30 35 40 a5 50 55 60

Temperature °C

Figure 4.9: IFT of oil/fluid phases at different temperatures and atmospheric pressure

Although lowering the IFT has been proposed to have a direct effect on residual oil saturation,(Liu,
Dong, Ma, & Tu, 2007; Wagner & Leach, 1966) studies have revealed thatranadtate IFT is

also adequate for the capillary force to contribute to oil flownd) imbibition since reducing the

IFT weakens the capillarity (Mohammed & Babadagli, 20These findings were supported by

a study conducted by Schechter et al. (SchecBtesu, & Orr Jr, 1994)In their investigation,

with higher IFT (38 dynes/cmgountercurrent flow of oil from lateral faces of the cores was
observed. However, with an intermediate IEX.07 dyne/cm), they observed oil production from

all the faces othe core which indicated that both capillary and gravitational forces conttdute

oil recovery. Nanofluids in EOR methods depending on the type of oil and reservoir properties

usually results in an intermediate IFT (Hendraningrat, Li, & Torseeter, 20d/3&irAningrat &
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Torseeter, 2014; Y. Li et al., 2017herefore, during imbibitionvith an intermediate IFT, it is
expected that capillary forces are not weakened which results in more oil being recovered by both
forces. A similar finding was reported by Atad et al. (Austad & Milter, 1997) In their study,

they noticed that at relatilyehigh IFT values, in a watexet system, oil flow was countercurrent,
capillary forces were dominant and more oil could be recovered. On the contrary, when an anionic
surfadant was used, the IFT dropped to 0.02 mN/m and a crossover from counterauioent t
current flow was observed. They also noticed that in the grawityrolled region, oil production

was very slow compared to the capillary controlled region. They ccetititht the effect of
gravity increases as the height of the matrix blocks iseeaAlthough at lower IFT values, the
ultimate oil recovery is higher, the rate of imbibition is enhanced for intermediate IFTs in which
both gravity and capillary forces doibute to the imbibition process (Morrow & Mason, 2001;
Schechter, Dengen, & Odr, 1991) Marrow et al. (Morrow & Mason, 2001) found out that
reducing the IFT may accelerate or lower the imbibition process depending on the active role of
gravitational brces. Consequently, it is suggested that IFT reduction and wettability atietadio

to adsorption of nanoparticles on the rock surfaces are amongst the mechanisms of fiz@&luid
However, it is important to note that the results obtained from thily stte based on the oil and

the rock properties used as different mechanismsraralvery trends may be exhibited with
different crude oil and reservoirs properties.

4.4.5Contact Angleand Spontaneous Imbibition Tests

Contact angle measurements were perém before and after ageing the sandstone substrates in
oil. The original core wttability was strongly water wet, and after ageing in oil, contact angle
increased towardsil wet state due to partial adsorption of polar components in crude oil on the

sardstone substrate. This was confirmed based on the shape of the water drop thabdiaced
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on the original dried substrate, providedAppendix A Figure A7Visually, the water drop was
spreading almost completely;10° before ageing indicating strong water wetness. After the
ageing with oil, the water drop contact angle was rtiwaia 90 indicating oil wetness. As for the
ageing core, the core surface became strongly hydrophobic and could weakly interact with water.
These results confirmed converting the core surface from watetoweakoil wet(intermediate

wet) by the ageing qocess. Additionally, panel 1 irigure 4.10 showstheoil drop contact angle

in the presence of brine and the oil aged substrate, which2 Bidicating thantermediatevet

state. The shape of the oil drop in the presence of pyroxene nanofluidscée sken in panels

2-4 of Figure 4.1Q in comparison to that of brine. The contact angle can be measured with a water
drop or oil drop. Theariation in contact angle measurements was additionally obtained for the oil

drop in the presence of the brinadatifferent nanofluids.
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Figure 4.10: Contact angle measurements before and after treatment with nanofluidk: (1) o
drop/brine/substrate, (2) oil drop/NPNP fluid/substrate, (3) oil drop/HPNP fluid/substrate and (4)
oil drop/JMP fluid/substrate.

Figure 4.10shows the oil drop contact angle measurements that were obtained in the presence of
(1) brine (2) NPNP nanofldj (3) HNPN nanofluid, and (4) INPN nanofluid. The estimated contact
angles were around 82, 138, 125, and®13spectively. These contact angle values can be
explained by the approach reported by Anderson et al,(Anderson, 1987) according to his approach,
using (heavier phase) the range of contact angles measured are defined as follow; béBteen 0

the system isvaterwet. When the contact angle is in the ranges e1(0™, and 10518(, the

system corresponds to intermediatet, and oHwet, respectigly. Worthily mentioning here that

contact angles were measured in the presence of oil droplet and contatbrahgleenser phase
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can be estimated by subtracting the measured values frdtnTI&9efore, in this study, higher
contact angles will indida water wetness and lower contact angles less tHawilDhdicate oil
wetnessThe nanofluids gave a high daot angle value compared with the brine, indicating that
the core wettability was altered from-@iktting to strongly watewetting condition but there was

little variation with respect to the use of different functionalized nanoparticles.

The secondechnique used to evaluate wettability alteration was spontaneous imbibition (SI). Sl
evaluates the ability of a wetting phase to displace avaiting phase under static conditions. It
demonstrates the contribution of gravity and capillary during wetiakalteration and is
controlled by the interplay of these two forces-fatar, 2010; Austad & Milter, 1997)The
relationship between capillary and wetting phase saturation depends on the wettability. Water can
easily imbibe into a wateret system compad with an oHwet system because of positive
capillary pressure (Mohammed & Babadagli, 201%) evaluate tb performance of pyroxene
based nanofluids, four imbibition experiments were conducted for each nanofluid (i.e., brine,
NPNP, HPNP and JPNMigure 4.11shows the performance of three pyroxéased nanofluids

in comparison to brine after 17 days. HPNPNP and NPNP and brine recovered approximately
44.55%, 40.65%, 37.33% and 17.3%, respectively. The poor imbibition of brine proves the oil
wet stde of the sandstone core plugs. After ageing the core plugs for 3 weeks’@f e
measured oil/rock/brineontact angle was 8lindicating aveakoil-wetlintermediatestate surface

as shown in panel Bigure 4.10

It should be noted that for fluid tonbibe spontaneously into a porous medium, its contact angle
should be less than @MHowever, in the presencoé brine on the oilwet surface, the brine contact

angle was 99and the capillary pressure was negative based on equation 4.1.
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5 C, i(b €l — ®
where, ,—andi are the interfacial tension, contact angle, and poresatéspectively.

Hence, brine could not spontaneously imbibe into the pores, oil was recovered only due to
gravitational forcesresultingin lower brine recovery. In contrast, when nanofluids were used,
wettability was altered to water wet due to nanbplar adsorption on the rock surface. NPNP,
JPNP and HPNP contact angles werg B@ and 53, respectively and capillary pressure became
positive. Capillary forces initiated and maintained the imbibition of nanofluids displacing oil in a

countercurrent imde resulting in oil recovery by both capillary and gravitational forces.
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Figure 4.11: Imbibition of pyroxenebased nanofluids and brine in Berea sandstone &.60

From the oil production pointfariew, water wet systems are preferred since water can easily
displace the oil because of the positive capillary pressure. In contragtwiet systems capillary
pressure is negative and water cannot imbibe into the porous medium. Hence, oil isttaatigd

to the hydrophobic rock surface by capillarity.
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With negative capillary forces oil production is substantially controlled by gitstvduring
imbibition. Reduction of IFT becomes favourable when the capillary pressure is negative as it
reduces théorces that act against oil recovery by gravitational forces (Mohammed & Babadagli,
2015) Schechter et al. (Schechter & Zhou, 1994) regubthat the relative influence of gravity

and capillary forces acting on a strongly watet core can be estimatesl @n inverse of the bond
number KNg?), which is defined as the ratio of capillary fotogyravitational forceQuantitatively,

to assesghe relative influence capillary and gravity during wettability alteration caused by
nanoparticles, the equation wasdified by Standnes et al. (Standnes, Nogaret, Chen, & Austad,

2002) and is expressed as;

SWE i Z_"i
0 6 —Q T8
DrrQo
where C is a constant related to the pore geometry and equals to 0.4, the
symbols%hshhoriom ¢ Q- are the fractinal porosity, interfacial tension (mN/m),
permeability (crd), the density difference between two immiscible phases fy/@uoceleration
due to gravity (cm/A, core length (cm) andrepresent the wettabilityf the porous medium. It
has been postulatédatwhen NB! >> 5, flow is dominated by capillary forces (counterrent
flow), and when NB << 1 gravitational force dominate (ur r ent f | o'®) 1, Fbot &
gravitational and capillary forces ohinate the fluid flow(AtAttar, 2010; Schecbt et al., 1994).
In this study, in presence of brine NB< 1, indicating gravity dominated flow while in the

presence of nanofluids, because of wettability alteratiori! NB 5, suggesting that capillary

forces dominated the oil flow.
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4.4.6 Mechanism of EOR Using Pyroxenbased Nanofluids

The mechanism of EOR using pyroxdmesed nanofluids for the used oil and rock properties was
mainly attributed to wettability alteratiaand interfacial tension reductiofio have a clear idea, it

has been suggested that the presence of nanofluids enhance oil recovery following different
dynamic phenomena(D. Wasan, Nikolov, & Kondiparty, 2011). Among these phenomena is the
adsorption of naoparticles at the interface of tflaids. Highly active and stable nanoparticles
reduce the interfacial energy at the interface, which decreases the interfacial tension. Wettability
alteration is related to thrg#hase interactions between the nanogarticil drop, and the solid
surfaceas shown schematically Figure 4.12.When those three are in contact (i.e., an oil phase,
nanoparticle, and solid) structural disjoining force due to Brownian motion and electrostatic
repulsion between the nanopaeiis exerted that controls the spding ability of the fluids on

the surface. The disjoining force comes from interfacial tension imbalance between the solid, oil
phase and nanoparticles in suspension(D. Wasan et al., Z0&lijnbalance in interfacifbrces
decreases the contact angiween the solid and nanofluids to almdstreating a wedge film.

This wedge film separates oil from the solid surface(Chengara, Nikolov, Wasan, Trokhymchuk,
& Henderson, 2004)The spreading coefficient of the fluidcreases exponentially as the film
thickness decreaséShengara et al., 2004; Dai et al., 20II#)e spreadness of the nanofluids is
governed by structural disjoining force gradient or film tension grad¥ jtwhich is directed

from the bulk solutiortowards the wedge. This gradienthigher at the vertex because of the
nanoparticle structuring in the wedge confinement. The gradient drives the nanoparticles to spread
at the wedge tips. As the gradient emses towards the vertex of the wedtde stuctural
disjoining pressure becomsgonger than the adsorption force between the rock pore surface and

oil droplets resulting in crude oil droplets being detached from the rock surface and hence altering
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therock wettability from oil wet to water wefccording to(D. Wasan et al., 2011pnoparticles
exhibit a wedgdike structure which enhances their ability to detach or displace oil from the rock
surface. However, this detachment strength depends on tbparticles surface charge and the
type of oilused(Ju et al., 2006b). Based on tyyee of oil used in this study, in the presence of
NPNP due to higher particles in suspension, the wedge film structure formed exerts a greater
separation disjoining forcénat acts to separate the oil drop from thedsslirface compared to
JPNP, and HPR, respectively. However, NPNP due to its instability in brine solution, after some
time it aggregates and tends to plug the core pores, which decreased the imbibitialy rateve
Appendix A Figure A&A9. For the case of HPNP, wettability alteration daghe growth of

HPNP on the rock surface is a slow process since they maintain a uniform dispersion in the
solution. Thus, they resulted in limited aggregation. This emxplénhe differences in the oil
recvered by the various types of pyroxdmesed naofluids. NPNP recovered 7.22 and 3.9% less
than HPNP and JPNP, respectively. A similar relationship of wettability and imbibition oil
recovery has been reported by Rasouwle(Nazari Moghaddam et al., Z8)lwhen they applied

SiO; and CaC@ nanofluids. hus, it can be concluded that nanoparticle adsorption on the rock
surface induces a structural disjoining force that detaches the oil drops from the rock surface

Appendix AFigure A8.
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(a) (b) (c) Oil Droplet
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Figure 4.12 Underlying EOR mechanism die¢ pyroxenébased nanofluids for (a) without
nanoparticles, (b) in presence of nanopatrticles, and (c) wedge film of nanoparticles leads to a
disjoining pressure gradient.

4.477 Generalized Scalig Equation Based on Pyroxendased Nanofluids

Mattax and KytgMattax & Kyte, 1962) presented a mathematical scaling equation for imbibition
data and that was further developed and generalized by Ma et al. (Shouxiang et al., 1997) for
scaling of spontanesumbibition data for a strong wateret system. The equatios expressed

as follow:
0 0 0———— %)
8 X

Whered 4 is dimensionless time, C is a tiebnstant conversion fawtequals 0.018849 if the

imbibition time t is in minutesK is the permeability in mD, @ is the fractional porosjtythe
interfacial tension in dyn/cm, * * are viscosities in cP of water and oil, respesly

anda is a daracteristic length in cnThe assumputions for using this dimessiogleguation
include, the capillary pressure function must be identically proportional to IFT, wetterbilty should
be the same, relative permeability must be shene, intial conditions ust be duplicated,
viscosity/water ratio must be duplicated and graigityeglectedAs a rule of thumball imbibition

data are supposed to converge in a single line if all rock and fluid properties are the same (K. Li &

Horne,2002; Morrow & Mason, 20Q1Shouxiang et al., 1997). In this study, since the fluids had
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different properties (IFT), the imbibition scaled data could not converge in a single line.
Furthermore,fisome of core data do not fall on the same normalized/scated, they probably
mustbe part of different hydraulic flow units "HFU". When dealing with bstantial volume of

core data, a plot of reservoir quality index (RQI) vs. porosity;Riain help on deciding the
appropriate number of HFU for a given ®ym. It should be noted #t imbibition tests on a small
reservoir sample can scaftabibition behaviar for all reservoir matrix blocks of the same rock
type, shape and geometry (Mattax & Kyte, 1962). A single model was proposed by Aronofsky et
al. (Arondsky, Masse, & Natanson9%8) and further modified by Ma et al. (Shouxiang et al.,
1997) to fit the literature imbibition data of a strong watet system based on the following

eqguation.
~— P Q '8

where R is theoil recovery by imbibitionY is the ultimate oil recovery and is the oil
prodiction decline constankigure 4.13shows the data obtained frgptotting the normalized
percentage of recovery (R#B) of crude oil against dimensionless tims) {iy using the prepared
nanofluids.Figure 4.13also includes the fitting of the obtainedpeximental data with equation

4.4, such that the obtained data &lentified by points having different colours and the lines
represent their fitting with equation4dA norntlinear curve fitting between the experimental data

and the equation was performading Origin Pro 8 SR4 software version 8.095. This fitting
allowed us statistically to estimate the oil production decline constary( minimizing the sum

squaes of the difference between the experimental data and the predicted ones by the same

equdion. As a result, the value of Ghguare X?) for each curve wsaobtained, which was low in
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all cases. Having low values ¥f indicates good fitting and agreement between the data and the
equation.

Table 4.2displays the nanofluids types and their esponding values ¢f andX?. According to
Aronofsky et al(Aronofsky et al., 1958)a strong watewet system can be fitted thithe above
model with| 181 L For NPNP, the results were fitted with T8t u TWENP and HPNP were
fitted with| 18t @ Tamd 0.0902, respectivelyhese results correspond to that of a gfreater

wet system and consistent with contact angle measutenesuits. Although HPNP recovered
more oil, the recovery and imbibition rates were higher for NPNP followed by JPNP nanofluids.

The lower recoverywith NPNP could be attributed to particle aggation which led to pore

plugging.
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Figure 4.13: Normalized oil recovery against dimensionless imbibition time for NPNP, JPNP
and HPNP fitted by single parameter model. Pointegperimental data, dashédes are

model fiting (Equation 4).
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Table 42: Estimated parameters obtained from fitting the obtained imbibition data.

System (Medium) Fitting ParaError Amal ys
NPNP 0.0542 0.0008
JPNP 0.0600 0.0025
HPNP 0.0902 0.0016

4.4.8 Dsplacement TestsTo study the oil recovery after nanofluid flooding in a reservoir core,
displacement tests were carried out and the effect of injecting HPNP was investigated. The
properties of the used reseivcores plugs are summarizedriable 4.3.The results from i core
flooding tests are summarizedTiable 4.4showing the initial water saturation, initial oil in place

and the selected nanofluids effect on EOR. Results plott&igiure 4.14 showed hat brine
flooding could recover an averagé €6.57% oil recovey at 60°C, which almost remained
constant after 4 PV injection of brine. At the same temperature, HPNP improved the oil recovery
up to 77.14%. The higher recoveries obtained from brine andfluids injections were also
influenced bythe crude oil API ad the temperature. At 6C, the reduction of oil viscosity and

IFT enhanced both the sweep and displacement efficiencies as a result of improved mobility ratio
and capillary number, respeatly. The results are consistent with theada¢ported in the
literature, confirming the reduction of IFT and the increase in oil recovery with increasing
temperature. (Polikar, Ferracuti, Decastro, Puttagunta, & Ali, 1986, Zhang, Tong, Xiong, &

Zhao, 2017) (Sinnokrot, Ramey Jr, & Marsden1®71) (Hamouda & Kussi, 2008; Tang &
Morrow, 1997) Since the stability of nanoparticle has an impact on the rock properties, to assess

the colloidal stability and effect of the injected nanofluids on th& pwoperties, the resistance
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residual facto(RRF) was estimatedaefore and after nanofluid injection. RRF is the ratio between

the differential pressure after and before the nanofluids injection. Based on the estimated RRF,

there was no significant change the rock properties before and after rfand injection

Appendix A Figure A0 (Hendraningrat & Torseeter, 2014).

Table 43: Characteristics of the core sample used for the flooding test

Sample no Length(mm)

Diameter(mm)

Lithology Porosity (%) PV(cc) K, mD

1 48.0

25.4 Sandstone 19.2 4.68 63

Table 44: Recovered Oil during the Displacement Tests before and after Nanofluids Injection

Core no Nanofluids SwWe Initial oil Oil recovery Oil recovery via Total oil
saturation via brine % HPNP Nanofluid%  recovered %
(QlIP)

1 HPNP 0.35 0.64 77.67 10.67 88.33
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Figure 4.14: Oil recovery and differential pressure (DP) profiles vs injectedd?¥rine in the
secondary mode andmafluids in the tertiary mode

4.5 Conclusion

In this study, nanopyroxene nanoparticles have been successfully synthesized and modified to
formulate different surface functionalities, namelyeutral nangyroxene (NPNPs), Fully
hydroxyl functionalized nmao-pyroxene (HPNP), and half hydroxyl funat@ized Janus nanro
pyroxene (JPNP)Nanofluids were prepared using the three types of NPs and have been used as
EOR agents in sandstone core plugs for the first time. Pyrdcaser nanofluids reduced the IFT
which was greater with HPNP nanofluids. HPNIPNP and NPNP could noticeably reduce the

IFT by 32.9%, 25%, and 14 %, respectively. This implies that surface modification had a
substantial impact on IFT compared to the unmodified pyroxene andanbélfied proxene
possibly due to their difference ia&tity. Although the use of half modified nanoparticle (Janus)

has been previously reported, there was no comparison between the effect of the half modified and

fully modified nanoparticles. In this study, dle surface modifications have been evaluated
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Contact angle measurements in the presence of NPNP, JPNP and HPNP nanofluids was measured
as 44e FFahd N5 respectively confirming wet:t
strongly water wetwhich is in line with the structural disjoimg force mechanism reported in the
literature. The unmodified narmyroxene (NPNP) form a thicker wedge film near the contact
point in comparison to JPNP and HPNP. Consequently, wettability is altered towandsvsater

-wet. However, NPNPs due to thanstability at higher temperatures formed agglomerates, and
their adsorption on the rock surface resulted in pore blockage, that later slowed down the oil
recovery process as finally obtained in the imbibitiesuits. A scaled decline constant of greater

than 0.05 for all nanofluids showed that the data proved a strongwigtteystem (consistent with

contact angle measurements). Core flooding tests confirmed the capability of pyasede
nanofluids as efféive EOR agents in hydrocarbon reservoirgdnpvering an additional 10.57%

after water flooding.
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Chapter Five: Hydroxyl -Functionalized Silicate-BasedNanofluids for EnhancedOil
Recovery

5.1 Abstract

During the prodation life ofareservoir, wettability alteration from an @ilet to a strongly water

wet condition and/or lowering the interfacial tension (IFT) lestv the water and oil phases is
required at various stages to enhance oil recovery (EOR). Several chagantd as potential
wettability modifiers (e.g., surfactants and polymers) have been regarded and widely used in oil
wet systems. Recently, variouanefluids, prepared by dispersing nanoparticles in brine solutions
or solvents, have attracted attentia® injecting fluid due to their unique properties. A large
number of nanoparticles are being investigated for EOR applications either aalstend in
combination with surfactants and/or polymers. Because of its stability in brine even at low
concentréons, totally or partially hydroxyfunctionalized nangyroxenes are capable of
recovering additional oil after water flooding. However, the infagenf their concentration on
various parameters has not been previously investigated. Thus, in thisvgtudygestigated the
influence of nangyroxene on wettability, IFT and asphaltene aggregation. Wettability
measurements were performed by contactleamgeasurements, imbibition experiments and
wettability index to understand the underlying mechanisfbe interaction between
nanopyroxene and asphaltene size distribution was investigated as a function of nanopyroxene
concentration by dynamic light scating (DLS) measurements. Results from the IFT
measurements, contact angle, imbibition experiments anel fbooding tests confirm that
nanopyroxene affects oil recovery. Contact angle and wettability index measurements confirmed
that adsorption of the naparticles on the rock surfaces alters the wettability from intermediate
wet to stronger watewet in theabsence and presence of initial water films. In the presence of
irreducible water saturation during wettability index measurements, depending ominthe b
composition and pH, initial alteration with ageing resulted in a mixed or intermediate wet that
changed to stronger watewxet as the nanopyroxene concentration increased. Moreover, increasing
the concentration of nanopyroxene resulted in a noticéableeduction but not an ultdaw range

that can remobilize trapped oil due to higher capillary forcese @ooding tests indicated that
nanopyroxendased nanofluid injection offer® 12-14.5 % additional oil in addition to
waterflooding.

KEYWORDS Silicate, nanopyroxene, nanofluids, imbibition, enhanced oil recovery

This chapter was adapted from the following publication:
Farad Sagala, Afif Hethnawi, Nashaat N. Nassgdrbixyl siicate-based nanofluids for Enhanced
oil recovery, Published in Fely 2020. https://doi.org/10.1016/j.fuel.2020.117462
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5.2. Introduction

The demand for oil as an energy source has been raising over the last few decades(Melichar &
Atems, 2019)Even thouglthe oil and gas industry faced some challenges in the lastdaes y
arising from unstable oil prices, it continues to play an important role in terms of energy supply.
However, the unpredictable oil price translates itself into the need for morergffamsteffective

and environmentally harmless ways of produdigdrocarbons (Thorbecke, 2019). Conventional

oil production is declining, and exploration of new oil fields is also plummeting; thus, EOR
techniques are required to extend the production naiture and already producing
reservoirs(Babadagli, 2007; Miller &orrell, 2014; Muggeridge et al., 201@hemical flooding

is a commonplace technology that has been extensively used for the past years in EOR(Shutang &
Qiang, 2010) Through injecting certain chemicals.g., alkaline, surfactants, and polymers),
better recovery is achieved due to the improvement of the mobility ratio, reduction of the IFT, and
the wettability alteration of the ro¢sheng 2014) For instance, the employment of wasaduble
polymers to recover the tapped oil results in a mobility ratio of less than one. However, most of
the oil is still trapped or adsorbed into the rock surface, because of the high capillary forces that
arise dueo oil-wet rock and high oil/water IFT(Green & Willhite, 1998)oreover, conventional

EOR techniques such as alkaline flooding, surfactant flooding, polymer flooding, or a combination
of one or more of these methods have other chall§Kggésnde& Sagah, 2019; Zhu, 2015High
chemical consumption is among the commonly reported problems of chemical EOR. This is
attributed to the reservoir heterogeneities, dilution with resident water, adsafptioemicalson

rock surfaces, chromatographic aggtionof the mixture, imbalanced salinity in the reservoir and
breakdown of the chemicals by bacteria and its adsorption on the rock g@faea & Willhite,

1998) Applying the conventional EOR flooding fluids individually or together not only has
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limited sucess in increasing the sweep and displacement efficiency but also adds extra operational
and capital costs to the EOR process. Furthermore, crude oils compounds such as asphaltenes and
resins, due to change in reservoir properties such as prassuiemprature, tend to interact with

rock surface resulting in wettability alteration from initial wabhest to oikwet which lowers the
microscopic displacement efficien€y. Buckley, Liu, & Monsterleet, 1998; Collins & Melrose,

1983) In oil-wet resevoirs, pontaneous imbibition of water is not possible due to negative or
smaller capillary forcegStandnes & Austad, 200Qbln such situations, even during water
injection, water bypasses the oil without displacing any significant amount of oil, ngsalfpar

sweep efficiency and early water breakthrofghv Anderson, 1986)As such, efficient EOR
techniques are required to mitigate these problems. Nanoparticles, in the form of nanofluids, are
proposed as an alternative flooding fluid for EOR becauisther potentialability to exhibit
exceptional properties, owing to their small size and large surface area as well as dispersion ability
(Kong & Ohadi, 201Q)The high dispersion of stable nanoparticles depends on its functionality
and interparticlenteractons (Sagala, Montoya, Hethnawi, Vitale, & Nassar, 20Mgnofluids

have been evidenced in the past decade, to offer tremendous advantages; they are thermally stable,
highly reactive and offer favourable catalytic properties compared to the gxibmials used

in EOR (Hashemi, Nassar, & Almao, 2014; Nassar, Hassan, & Pékbirao, 2011) Moreover,
depending on the nanomaterial type, nanopatrticles possess superficial ionic exchange properties
that permit surface modification by grafting diffetr@mganc groups on their surface which can
improve their performance, especially in harsh reservoir condi{iRaska, Brown, & Hatton,

2015; Sagala et al., 2018OR mechanism(s) for nanofluids have been reported in the literature
(Karimi et al., 2012) Underlying mechanisms include viscosity reduction,(Ehtesabi, Ahadian,
Taghikhani, & Ghazanfari, 2013) wettability alteration,(Karimi et al., 2012; Sagala et al., 2019)
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IFT reduction,(Joonaki & Ghanaatian, 20B#juctural disjoining pressufg/asan, Nikobv, &
Kondiparty, 2011psphaltene inhibition formation dama@4ohammadi et al., 201 Btc,Giraldo

et al.(Giraldo, Benjumea, Lopera, C@t & Ruiz, 2013postulated that alumiAased nanofluids

can significantly alter an induced strongwigtwettablity in sandstone cores to a wateet state.

The authors also found that the effectiveness of anionic surfactants as wettability modifiers can be
improved by adding a relatively low concentration of alumina nanopatrticles. Tendleat,dli,

Zhou, & Zhang, 2017) studied the performance of silicon dioxide gpi@anofluids in low
permeability sandstone cores. The authors found that cyclic nanofluid injection can provide higher
tertiary oil recovery than continuous nanofluid injection. Approximatél$810.33% of
additional oil could be recovered during the nanofluid injection. However, many nanomaterials
are produced with rare metals and/or expensive ones that are not suitable for large scale
implementation for the oil and gas industry applicatidierdore, more environmentdtiendly,

and inexpensive practical materials must be produced. radole mineralike nanomaterials,
compatible with the environment with an economtiealsible synthesis method, should be
considered as well.

In this stuy, iron-silicate pyroxene materials, known as aegirine (Nafagicomply with the
aforementioned requirements and offer cheap options for large scale commercialization are
consideredVitale, 2013) In comparison to silica nanoparticles, that are comynased for EOR
applications(Cheraghian, Kiani, Nassar, Alexander, & Barron, 2017), pyroxene nanoparticles do
not require welmonitored synthesis conditions (e.g., calcination at higher temperatures and
freezedrying like in the case of silica)(Rahman &davetan, 2012)Silica nanoparticles, without
surface coating or functionalization, are characterized by having a high tendency to agglomerate
due to lack of stability, especially in high salinity and at Higimperature conditions(Miranda,
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Lara, & Toneto, 2Q12). In term of synthesis, nanopyroxene materials can be prepared at mild
hydrothermal conditions and require no calcination which offers options for scalability for pilot
and field applications(Vitale, 201L3As characterized previously, nanopyrogesurfice has a
superficial ion exchangeapabilities permitting its surface modificatiofVitale, 2013) Thus,
nanopyroxene can be considered as a better alternative for silica nanoparticles for EOR
applications. In our previous study, totally hydroxyi-ethoxy- octyl-silane functionalized
nanopyroxene, compared with partially and 4fienctionalized nangyroxene, has proven to
enhance the recovery of additional oil from a sandstone core by spontaneous imbibition and core
flooding tests(Sagala et al.2019) It has been reported that adding the functionalized
nanopyroxene to brine was capable of reducing the IFT and alter 4vetditduced wettability

to waterwet (Sagala et al., 2019The results obtained from the core flood revealed that, in the
presene of brine, nanopatrticle type as well as their functionality, played an important role in the
oil recovery. Similar to our previous study, core flooding experiments have been reported to
describe the influence of different parameters of nanopartiglection on oil recovery
(Hendraningrat, Li, & Torseeter, 2013; Hendraningrat, Li, & Torsater, 204@)ever, these
studiedack the understanding of how oil recovery is affected by nanoparticles at different initial
wetting conditions using both statincadyramic experiments, especially in sandstone reservoirs.
Moreover, the effect of initial brine composition and pH on the initial rock wettability and how
the rock wettability may alter when contacted with oil containing polar components in the presence
and alsence of nanoparticles is not clearly understood. Herein, in continuation of our previous
work, the role of pyroxenbased nanofluid for EOR applicationsBerea sandstone cores under

the influence of various hydrodynamic and wetting conditioneiagonvestigated. Thus, the
effects of different initial wetting conditions using various concentrations of fully
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hydroxylated/partially hydrophobic nanopyroxene were investigated by performing contact angle
measurements, spontaneous imbibition testgroh@ing the AmottHarvey index of an induced

oil/intermediatewet sandstone rocks and core flooding tests.

Acid Base Gel  Homogenization ~ Pyroxene ydroxyl -
solution solution nanoparticles Functionalization
(NPNP) with TOS

(HPNP)

Figure 5.1: Stepby-step schematic illustration of nanoparticle synthesis and its application for
oil recovery.

5.3. Materials and Methods
5.3.1 Materials

Synthetic brine (SB), representing formation brine, was prepared from sodium chloride (NacCl) at
2.0 wt% (20,00 ppm), and deionized water, was used as the base fluid for dispersing the
nanoparticles in all experiments. dlriethoxy (octyl) silane (TOS) 99% purity was purchased
from Sigma Aldrich and used as received. Decane (99% purity), NaOH (99% purity)yratass
bromide (KBr, 99%), sodium chloride (NaCl 99%)heptane, methanol, and toluene (99%) were

all purchased tm VWR (Canada) and used as received without any purification. The oil phase
was provided by a local oil company in Calgary, Canada. The vigadshe crude oil i81.30+

0.02cP, density).872 g/cm, asphaltene content of 5.09 wt.%, and acid numifet «ll measured

at 25 °C. The hydrophobic nanopyroxene particles used in this study were prepared in house as
detailed in our previous study(&a et al., 2019)I'he density, pH and viscosity were measured

using a pycnometer and Brookfield viscometel @s0.05 g/cr, 6.75 + 0.05 and 1.05 + 0.05 cp
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at 25 °C respectively. For testing the oil recovery, sandstone cores, with a poros#326t Ehd
permeability of 66100 mD, were prepared kKbcurek Industries Inc. (Caldwell, TX) and used as
received.

5.32 Nanopartide and Nanofluid Synthesis andCharacterization

The fully hydroxylated nanopyroxene nanoparticles (HPNP) were synthesized from the virgin
sample of nanopyroxene (NPNP) by completely anchoring the agent of triethoxy (octyl) silane
(TOS) on NNP surface aseported in our initial study (Sagala et al., 2001%e summary of the
synthesis is also shown figure 5.1. For nanofluid synthesigjanofluids of three different
concentrations 25, 50nd 100 ppm wex dispersed in synthetic brine (2 wt% NaCl) using an
orbital shaker and ultrasonicated until the nanoparticles were uniformly dispersed irPbgine.
adjustment for the pH of the nanofluids to 10 was achieved by a standard solution 0.1 MdNaOH
improve their dispersion and stability as reported previously (Sagala et al., Pal@)5.1shows

the physical properties of the brine and prepared nanofltigshydrodynamic size distribution

of nanoparticles in brinevas analyzedefore and aftepH adjustmentusing dynamic light
scattering (DLS)Malvern Nano Sight NS300 supplied Malvern Instruments Ltd, USAFor
comparison purposes, brine alone with pH similar to the nanofluids was used for all experiments
to determine its effect on recovegi residual oil, since the NaOH used in the pH adjustment is an
alkaline thataffectsEOR.

Table 51: Physical properties of the brine and prepared nanofluids’@t 25

Fluid Density (g/cn¥) pH Viscosity(cp)
Brine 1.009+0.010 6.52+0.05 1.01+0.01
HPNP-25 ppm 1.008+0.010 10+0.05 1.01£0.01
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HPNPR-50 ppm 1.009+0.010 10+0.05 1.02+0.01

HPNR100 ppm 1.010+0.010 10+0.05 1.03+0.01

Brine -pH-10 1.015+0.010 10+0.05 1.01+0.01

5.3.3. nC7 Asphaltenes Extraction andEffect of Nanopyroxene ®ncentration on the
Asphaltene Aggregate Size

(a) Asphaltene extraction

Asphaltene content in the oil sample was determined by a standard procedure reported elsewhere
(Standnes & Austad, 2000&xperimentally, 10 mL of oil was addd¢o 400 mL of Fheptandn
aroundbottom flask. The mixture was boiled for 35 min to expedite the precipitation process and
allowed to cool down. After that, the mixture was filtered using -Qudbfilter paper under a
vacuum dryer and then weighed. Thaeaunt of asphaltene pripitated was obtained from the

mass collected and its elemental analysis is providédlae 5.2.

Table 52: Asphaltene elemental analysis

Element %

C 82.24
H 7.34
N 1.13
@] 4.7
S 4.4
H/C 1.05
Mo 0.0033
Ni 0.0233
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\W 0.002

Fe 0.0038
\Y 0.1086
K 0.0017

(b) Aggregation size study

One of the proposed mechanisms for nanoparticle enhanced oil recovery is oil viscosity reduction,
which is usually attributed to destabilization or adsorption obdghaltene present in thaude
oil(AristizabalFontal, Cortés, & Franco, 2018)o investigate the role of nanoparticle
concentration on4C7 asphaltene aggregation, 0.1 wt% eEnasphaltenesere added to different
tolueneheptane (HeptoBolutions such as Heptol 50, Heptol &f@lddeptol 70 mixtures to obtain

the initial conditions for testing the nanoparticles. Then the solution was sonicated for 1 h and
aliquots of the solution were taken to determine & aggregate size £¢) usinga dynamic

light scattering (DLS)Zetasker Nano ZS9, Malvern Panalytical, Canada. |IAtter that, to
investigate the role of nanoparticles ofCndisaggregation anstabilization, Heptol 60 was
selected for testing the nanoparticles and three diffesemdparticle concentrations, i.e., 25, 50

and 100 ppm of HPNP were added to Heptol 60 and again sonicated for 1 h each. All measurements
were repeated in triplicates per sample as a function of time, and the mean size was used to build
the aggregation cues as a function of time. All experimentere performed &5°C.

5.3.4. Interfacial Tension (IFT) Measurements

The IFT between the oil and the brine/nanofluids was measured by using a tensiometer (Biolin
Scientific, Sweden ) at different temperatures (25, 30, 40, 50 af@)6fbllowing the procedure

reported in our previous study(Sagala et al., 208&) each FT measurement, the chamber was
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filled with the aqueous phase. Then, an oil droplet was created through a needle and the IFT
measured by using the pendant drop technique. IFT wasweed for a given time interval. All
measurements were repeated in icgikes, and the mean + standard error (5%) of the mean was
reported.

5.3.5 Preparation of the OitWet Cores Plugs, Substrates and Pr8aturation

Berea sandstone core plugs with 2cB4 diameter and an average length of 4.0 cm were used to
perform imbibitian experiments. Before imbibition experiments, all cores were first dried up to 90
°C to obtain a constant weight. The initial weights of the dried cores were measured. Two
saturatim procedures were followed before imbibition experiments: (1) cores witto iditial

oil saturation and (2) cores with irreducible water saturation. For 100% saturated cores, oll
saturation using a vacuum pump for 24 h was used and full core oil satwatoobtained. The
porosity of the fully odsaturated cores was recaldeth with respect to oil to confirm full core
saturation using the weight difference between the dry and fully saturated cores, bulk volume, and
oil density. For cores with initial &ter saturation or at irreducible water saturation;)Savy
cylindrical cores were saturated with brine under vacuum for 24 h. After that, pore volume (PV)
and porosity were determined from the weight difference, which was obtained from brine density
andbulk volume. To establish ionic equilibrium between brine and the rocétiteents, brine
saturated cores were left soaked in the same brine solution for about Afteythat, cores were
mounted in the Hasler core holder and flooded witimadlll directions to alleviate end effeci®o

drive the core plugs to irreducibbgine saturation, oil flooding at lower injection ratefs0.05
cm?/min and,confining pressure, not more than 500 psi was used. Using this method, cores could
remain consistentlyasurated with initial water close to Z0%. The oil injection pressure wias

the range of 50 to 66 psi. This last procedure was also used in measuring the wettability index as
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proposed by Anderson et al (W. Anderson, 1986&gr establishing initial oikaturations with the
designated crude oil, the cores were completely stgmden a solution of oil and-heptane to

cause surface precipitation of asphaltene on the mineral surface to alter the initial wettability. The
fully saturated cores (100% oil saation) were aged at 80°C for 20 days in a closed container.
Using initid core weights before oil saturation, the oil initially in place (OIIP) was obtained after
the ageing period. To avoid the escape of light ends during the ageing process, theoatgsimey

was covered with aluminium foil and sealed with highmperaturglue. TableB1 of Appendx B

shows the summary of the cores used in the imbibition experiments.

5.3.6. Contact Angle and Spontaneous Imbibition of Oil Wet Sandstone Rocks

To asses the effect of nanoparticle concentration on the contact angle, the wettability of the core
plugs before and after the treatment with different concentrations of nanofluids was evaluated by
contact angle measurements. Sandstone substrates wéneca@ed in a mixture of 1:40 solution

of crude oil/rheptane at 88C and atmospheric pressure for 24 h. Later, the substrates were dried
in an oven for 6 h at 61C. Oil aged substrates were then submerged into the prepared brine, brine
at pH 10 or naofluids of different concentrations (25, 50 and 100 ppm) for 48 h &C6&ach
substrate was dried in an oven at’60for 24 h. Contact angle measurements between sandstone
substrate and brine or nanofluids of different concentrations and oil drepnsgktle substrates
treated with either brine or different nanofluids were performed with an accuracy.of B

angles were then analyzed to quantify the effect of the nanofluid concentration on contact angle
and wettability alteration.

Wettability alteation was also quantified using spontaneous imbibition tests to support the contact
angle measurement results with cores 100% saturated with oil. Imbibition experiments were

performed using Amott cell to assess the performance of variously preparedidsanofiltering
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the wettability of the otwet core plugs in comparison to brine or brine at pH 10. The cores were

i mmersed in imbibition cells, which were vyl |
nanofluids. The imbibition experiments werendactedat 6CC. The produced oil volume from

the cores as the fluids spontaneously imbibe in the cores was expressed as a percentage of original
oil in place (% of OOIP) and was plotted against time.

5.3.7. Effect of Nanopyroxene Concentration on Wettabtly Index

To evaluate the effect of nanopyroxene concentration on the wettability index, the Hanagty
relative displacement index method was used (W. Anderson,.108@&s were first driven with

oil to irreducible water saturations close to 25% byedtwoding as discussed in Section 2.5. To
investigate the role of nanoparticle concentration on the wettability index, brine was injected into
the core and later displaced with oil to reduce the core plugs to irreducible water saturation (IWS).
Then, thepil-satuated cores were immersed in standard Amott cells containing either brine, brine
at pH 10 or nanofluids of different concentrations. The volume of oil displaced by spontaneous
imbibition of the imbibing fluids was measured as the volume of prodoitegisched a constant
value 0 . Then, the core was mounted in a hassler core holder and brine or nanofluid was
injected to forcefully displace any remaining oil. The volume of oil displaced by brine or
nanofluids was recorded as . After tha, the same brine saturated core plug from the previous
test was immersed in oil. The volume of brine produced by spontaneous imbibition of oil was
measured as the volume of produced brine reached a constanb valuEinally, the core was

again oitflooded forcefully to displace any movable brine/nanofluids and the amount of brine
displaced by forced imbibition of oil was measuwved. The difference between displacement by

water ratiocO and displacement by oil rati@gives the Anott-Harveyrelative displacement index
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w "@Equation5.1). Properties of the used core plugs for the imbibition test are listEabieB2

of Appendx B. The produced oil was measured with an accuracy of + 0.05 mL due to errors that
may have occurred duag core saturation and when reading the volumes of the produced oil during
spontaneous and forced imbibition. The Antdérvey relative displacement index'Qvas then

used to quantify the wettability of the rock with and without nanoparticles.

w00 0 — — (5.1)

5.3.8.Effect of Initial Water Saturation and pH on Wettability Alteration

To determine the wettability index, r@s were first driven to irreducible water saturation as
proposed by Anderson (W. Anderson, 1988pwever, the presence of initial water saturation,
composition and pH affects wettability during the ageing process. Therefore, we investigated their
effectsbefore imbibition with various fluids; even though manye@chers(Nazari Moghaddam,
Bahramian, Fakhroueian, Karimi, & Arya, 2015; Zhang, Nikolov, & Wasan, 2014) conducted
imbibition studies and created initial -@ilet conditions in the laboratory usiri)0% fully
saturated oil core plugs. In reality, reservaiositain initial water saturation with various ions.
Therefore, it is important to investigate the effect of this initial water saturation, composition and
pH on wettability alteration and later tdemine the role of nanopyroxei@sed nanofluids on
wettablity reversal.

To investigate the effect of pH on wettability alteration in the presence of monovalent ions, a test
known as the bottle test was used as reported elsewhere (Dubey & DoeCl98133d sandstone

rock was used as a sample.-Beatment pcedure was followed to prevent leaching of ions from

the glass to the actual test solution. Eight glass vials (one for each pH to be tested) were

equilibrated with 4 cc of the test brine and feft48 h. The brine was then discarded. After that,
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4 g ofsand were added to each empty vial and equilibrated for 48 h with a new brine of appropriate
pH. Brine was then withdrawn and saved in the second series of vials. Then, oil was added in each
vial containing the sand and vigorously shaken to mix oil with Wet sand. Shaking was
performed twice a day and then brine was added back to the vials. With this technique; a water
wet system could be identified when oil floats on top and satedt at thebottom. For a non

water wet case, oil sticks on the sand aand appear to be discolored or saturated with oil as
shown in Figurd81in Appendx B. The experiment was performed2afC.

5.3.9. Core Flooding Experiments

Figure. 5.2shows a schematic repeggation of the core flooding experimental setup. Gtwe

flooding tests aimed to evaluate the capability of nanopyrekesed nanofluids as potential
agents of enhancing oil recovery in sandstone reservoir rocks after water flooding with various
concentations. At the beginning of each testcore was irexted in the sleeve and then mounted

in the coreholder. Low pressure (~250 psi) C@as was passed through the sample for 1 h.
Because of its high diffusivity, C{Zan displace and replace any air prag in the pores. The
remaining CQafter evacuation wauld readily be dissolved in the saturating dead brine and
evacuated from the core sample during the latesitin saturation procesgfter flushing the

sample with CQ@ all the flowlines and the sangpinside the corbolder were evacuated using a
vacuumpump for 6 h. Then, the core sample was saturated using brine, confining pressure was
kept at 600 psi and the injection rate was set to 0Zwim The injection rate approximates typical
reservoir véocities (corresponding to a Darcy velocity of 1ft/flajAhmed, 2018) The average
steady pressure drop was obtained and used in the estimation of the absolute permeability using
Darcyods | aw. Then, the cor e wa beresvasthnomoeetorene wi t |

being produced to establish ihéial core saturations. Primary brine flooding (imbibition process)
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was initiated and continued until singddase brine was being produced. Then, HPNP nanofluids
of different concentrations as 253) &nd 100 ppm in separate experiments were injectedha

core at the same injection rate with approximatelylos/ of nanofluids being injected to evaluate
their effects on the remaining residual oil after brine injection. The produced oil froréhe/as
collected and measured in a tpbase fluid cthector. The experiment was performed at°6D
using heating tapes to generate the heat source. Balé¢Appendx B shows the summary of

core plug properties used in the core flooding experiment.

[

Figure 5.2: Displacement test diagram: (1) carbon dioxide cylinder, (2), manometer gauge, (3),
(4), and (5) transfer cells for oil, brine, and nanofluids respectively, (6) valves, (7) pressure
transducer, (8) core holder, (9) datcquigion computer, (10) back pressure regulator, (11)

collector, (12) ISCO pump, (13) overburden pressure gauge.
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5.4. Results and Discussion
5.4.1. Core Plugs, Nanoparticle, and Nanofluid Characterizations

The core and nanoparticle characterizatese conlucted by using SEM, EDX and XRD. The
analysis showed that the sandstone cores consisted of maartg as shown iRigures 5.3(a

d). Figure 5.3.(a &b) SEM images of Berea sandstone HD)X mapping for confirmation of the
minerals in thesandsone cores anl), XRD diffractogram of powdered sandstone grains sample.
The X-ray diffraction (XRD) analysis of the sandstone reservoir samples is shown inrthe X
diffraction (XRD) was performed using a Rigaku ULTIMA lIFpay diffractometer (contry) with

Cu K-a radiation as the Xay source. The scans were performed in the range of 3 to 90 degrees
of 2-q using a 0.05legree step and a counting time of 1.0 degree per min, operating at 40 kV and
44 mA to obtain the full diffractogram for the ayédmaterials. As can be observed, the rock is
mainly composed of amorphous quartz due to the presence of sharp peaks on the XRD spectrum.

Peaks at 22and 28degrees attributes to the presence of kaolanitk glauconitesespectively

SEM MAG: 100x HV:15kV. WD:10.6 mm Px: 1.46 pm
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Figure 5.3: (a &b) SEM images of Berea sandstone showing the mineral composition, (c) EDX
mapping for confirmation of the minerals in the sandstone cores and (d), XRD diffractogram of
powdered sandstone grains sample.

Figure 5.4a shows the SEM imge of the hydroxyted nanopyroxendsigure 5.4b shows the

particle size distribution based on the DLS experiment at two pH leRasults of a
semiguantitative EDX elemental analysis and the mappings afahepyroxeneslements that
confirm the preser& of oxygen, siliconiron, and sodium in a ratio roughly consistent with
nanopyroxenare provided infTable B4 and FigureB2 of Appendix B Due to the presence of

other elements besides silica in the nanopyroxene structure, this makes nanopyroxenera super
nanomaterial over the commonly used silica for EOR applications. The presence of other elements

allows nanopyroxene to possesses superficial ionic exchange properties that permit nanoparticle

surface modifications.
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Figure 54: Scanning electron microscope (SEM) of hydroxylatedopyroxene and (b) particle
size distribution based on the DLS experiment (before and after pH adjustment) blue and red
respectively).

Figure 5.4(b)shows the DLS results obtained for the nanofilattwo levels of pH. As noticed,
different distribution of hydrodynamic size was achieved for the nanofluid of HPNP, by varying
the pH of the mediumAt high pH (adding negatively charged hydroxyl groupike major
distribution of hydrodynamic size wasoarnd 10 nm, indicating the stability of HPNP
While the absence of stability for HPNP was noticed at normal pH with the major distribution of
hydrodynamic size around 300 nm. The hydrodynamic size distribution obtained by the DLS
results for the nanofluidoluion can help elucidate the structural properties of the nanopatrticles.
The HPNP, according to our previous study, is composed ofgr@8d nanopyroxene. The
surface of nanopyroxene contains sodium, silicon, iron, and oxygen, with silicon iron edtenic
(Si/Fe) of (2/1) Pyroxene nanoparticles are composed of reegirine materials that have
superior surface properties(Vitale, 2018% reported previously, the synthesis of nano
aegirine by hydrothermal recrystallization method forms granulatedcrnetals with

surfaces that offer superficial imxchange properties(Vitale, 2013)he surface of the
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nancepyroxene has a $d-Fe bond type that resembles that of zeolites, where a proton can
be anchored (ion exchange of the sodium that is compeng#a¢inggative charge on the
iron). The SiO-Fe bond, under aqueous medium, can form hydroxylated silicon as well as
negatively charged iron ion3hus, the surface offers great tendency for anchoring various
polymers and legendsducing the pH (addingrotons) causes electrostatic charge neutralization,
which subsequently lowers its steric stabilization. However, at higher pH, on the other hand, the
nanoparticles tend to remain more stable without neutralizing the surface, resulting in the
formation ofmore stable nanofluids. For this purpose, at low pH, there is more tendency for surface
neutralization (close to the point of zero charge), which results in nanoparticle agglomeration due
to lower nanofluid stability.

5.4.2.Characterization of the Crude Oil Sample and Sandstone Rock and the Implication to
the Rock Wettability

The type of reservoir rock formation and mineralogical composition, sandstone or carbonates
influences the interaction between the polar componentside @il and the rock]. Buckleyet

al., 1998; Pillai & Mandal, 2019alror the oil sample used in this study, the method proposed by
Lante et al. (Carbognani et al., 2010) was used to determine the oil components; saturates,
aromatics, resin, and aspleaie (SARA).The quantification o6EARA (maltenes) was performed
assuming a response factor for flame ionization detector (FID) of resins aa€0sh®wn iTable

5.3.
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Table 53: SARA Analysis of the Crude Oil Sample

Parameters %

saturates 42.7
aromatics 20.6
resins 31.6
asphaltenes 5.09

Crude oil has higher fractions of saturates (42.7%) and aromatics (20.6%). It can be noticed that
the oil also had a significant fraction of asphaltenes 5.09 % and Bds6(, respectively. The
presence of asphaites and resins, based on their solubility in the crude oil and the reservoir
conditions, plays a major role in altering the wettability of a sandstone rock fromwseitty oit

wet. When they interact with thieck surface, they tend to precipitate anehtlidsorb on the rock
surface especially as temperature and pressure vary hence changing the initial core wettability.
Wettability alteration of the rock affects the oil microscopic displacement efficiencgriaius

stages of oil recovery. In the absenta water film, the major mechanism for interaction is polar
interaction(J. Buckley et al., 1998With higher saturate and aromatic composition, the interaction
between the rock and oil would be minimal, dimel wettability alteration towards eNet ma/ be
negligible(Pillai & Mandal, 2019h)Sandstones surfaces are anionic, hydrophilic and negatively
charged in nature in contrast to carbonates which are normally cationic and positively charged
(Pillai & Mandal, 2019a)This makes sandstone strongly @rawet by nature, due to their strong
affinity for water. However, Buckley et al. (J. Buckley et al., 1998) noted that the presence of clay
in sandstones improves its interaction with the polar components anutle oil. Asphaltenes and

resins have higlienolecular weights and multifunctional characteristics hence their adsorption on
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specific mineral sites is the major cause of wettability chafigelsey & Waxman, 1991; Sheng,

2013) Moreover, the adsorptionf these components on specific mineral sitepethds on the
stability and thickness of the water film. Some of the researchers suggested that the presence of a
thin water film on the rock surface reduces the adsorption of asphaltenes on the mineral surface
and can affect their adsorption kinetics(CGal& Melrose, 1983)Other parameters that affect the
adsorption of asphaltenes include chemical and structural nature of the mineral substrate,
asphaltenes and resins content in crude oil, and the presaasmhaftenes and resins in crude oll

in form o aggregates and the ability of the hydrocarbons fraction in crude oil to stabilize or
dissolve these aggregates(J. Buckley et al., 1998; Dubey & Waxman, AB&1¢haracterization

of the sandstone iRigure 5.3d shows diffractograms of powdered sandstooek samples. A

single major peak at 26.8 correspondguartz. There are a couple of trace minerals that the JADE
Identification software was able to match such as kaolinite and glauconite that indicate the
presence of clay minerals. Hence the polarmoaments could easily interact with this clay and
change th original wettability of the sand surface.

The presence of interaction between sandstone and crude oil was confirmed by using the FTIR

analysis, as shown Figure 5.5
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Figure 55: FTIR spectra of sand (green), oil sample(red) and sand aéiegagith oil(blue) at
the framework of 40@000 cm.

For that purpose, the FTIR analysis was used to detect the structure of chemical species and
provide qualitative measureme based on thadsorption and molecular vibration peaks. The
results of the FTIR test for neat sand before and after its interaction with crude oil are presented
in Figure 5.5 Presence of infrared spectra of neat sand shows twdmaNn characteristic

bands ofclay obtained at a wavenumber of 776.33 éand 1080.17 chn! the region of
stretching vibration for SD-Si symmetric and asymmetric bond, respectively. Thus, the
sandstone contains silica as the main component, confirming the results obyainecKkRD
analysis. For the crude oil sample, it can be noticed from the spectrum that the aforementioned
peaks are not present. However, two adsorption peaks obtained for the crude oil sample at
2958 and 2850 crhcorrespond to the stretching vibratiosfsC-H andCH; and these bands

tend to be slightly shifted to 2851.85 'chand 2924.64 chnafter interacting with the

sandstone rock. This slight shift in theHzand CH bands confirms the interaction of oil with

193



sandstone making it more oil wet. TheGiSi bards that are obtained around 1000 dior
oil wet sandstone geared to be wider than that for the raw sandstone sample, which can also
be attributed to the eBandstone interaction.

5.4.3. Effect of Nanoparticle Concentration on Asphaltene Disaggregati

To evaluate the interaction between nanopyroxene and-@yeasphaltene aggregates,
kinetic tests were performed at ambient conditions and the effect of nanopyroxene
concentration on 4€7 asphaltene disaggregation was investigated. Asphaltenes, as a
complex fraction of crude oil, is highly soluble in toluene anmtoluble in R
heptane(Betancur, Carmona, Nassar, Franco, &&a2016) The complexity refers to

the presence of large percentages of complex organic materials (aliphatic or aromatic).
The elemental analysis presentedTiable 5.2 showed that 90 wt% athe asphaltene
composed of organic compounds (large hydrocarbons contains various functional groups
derived from N, O, and S) and very low mass fractions of heavy metals (<0.5wt%). For
thatpu pos e, asphal t e nue depending encthre pripitatoom methedh a v i o
has limitations and cannot be easily observed. The investigation is not possible without
obtaining the optimal solubilizing conditions for the asphaltenes. Since asphaltenes a
insoluble in Rheptane increasing the heptane in the solutioreases the rate at which n

C7 asphaltene selissociate to form larger agglomerates(Nassar, Betancur, Acevedo,
Franco, & Co®, 2015; Rahmani, Masliyah, & Dabros, 2008}ithout complete
solubilization, precipitation of asphaltenes will interferehwihe determination of its
interaction on the rock surface. Thus, solvent mixture at various volume ratio should be
used to achieve the best test conditiémngure. 5.6(a)shows thekinetics behaviouof the

n-C7 with Heptol ratios 50, 60 and 70 V/V. &maggregated size was increasing as the
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amount of rheptane in Heptol solutions increased Heptol 60 was selected to test the
aggregation kinetics of-@7 asphaltenes with anditlivout nanoparticle dispersion. As
shown inFigure.5.6(b),it can be observed dihthe presence of nanopatrticles reduced the
aggregate size of the-@ asphaltenes. It is worth mentioning that nanoparticle
concentration affected the aggregation size. Tisemgeduction trend of-@7 asphaltenes

as the concentration of the nanopynexeincreased from 25 to 50 ppm. When the
concertation increased to 100 ppm the size increased again probably due to the formation
of big flocs of RC7 asphaltenes and nanopeles in the solution. This implies that there

is an optimum concentration regeid to reduce the sedfssociation of +C7. Increasing the
concentration beyond an optimum value may not reduce the siz&Cpfsphaltenes
aggregatedNassar et al. (Nassara., 2015) found that the ability of the nanoparticles to
reduce the aggregaséze of RC; asphaltenes depends on their ability to diffuse into the
solution. The presence of nanoparticles changes the nature of the asphaltene aggregation,
most likely byintroducing multiple nucleation centres. The proposed possible mechanism
of asplaltene inhibition includes modulation of the aggregate morphology, reduction of
gelation point and rheological yield stress. However, as the nanoparticle concentration
increass, the aggregation phenomena dominate the growth, and the aggregate size
increa®s rapidly. When the aggregates grow lager enough, the hydrodynamic pressure
prevails so that disintegration becomes significant until equilibrium is reached(Betancur
etal., D16; Nassar et al., 201%) simple terms, increasing the nanoparticle coneéiotr

beyond the optimum, due to nanoparticle aggregation/flocculation, the rate of nanoparticle
diffusion in the solution decreases as a result the aggregation phenomenatesnaind

the flock size of the asphaltene increases rapidly.
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Subsequently,hie reduction in aggregate size is significant with an optimum nanopatrticle
concentration used. It is also appropriate to note that a different behavior of naneparticle
asphaltee interaction may be obtained when different crudeasphalten®r nanopartilesare
used. Therefore, this optimum concentration may not necessarily apply to all other types of

asphaltenecrudesand nanoparticles
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Figure 5.6: Kinetics of nC7 asphaltene aggregation in Heptol 50,60, and 70 solut&ra( (b)
kinetics of RC7 asphaltene aggregation in Heptol 60 in the presence of 0, 25,50 and 100 ppm.

5.4.4. Effect of Nanoparticle Concentration on Interfacial Tension

Figure 5.7shows the IFT values for brine, brine at pH 10 and with 25, 50 and H0@{pHPNP
nanofluids, at vaous temperatures. Experimental results from the measured IFT indicated that
increasing the concentration of the nanoparticles could noticeably reduce the IFT but not
significantly enough to remobilize residual oil after theiahiwater flooding. It wagvident that

IFT was reduced as the temperature increased for all the fluids used. To remobilize residual oil,
ultra-low IFT reduction is required to achieve a very high capillary number that can remobilize the
trapped oil. Dumg water flooding, the cafary number ranges from 7Go 10°. To increase the

capillary number to at least #0which is the critical capillary number required for residual oil to
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start being remobilized, requires ultcav IFT values.(Lake, 1989) Threfore, IFT reduction is

most likely not among the mechanism for recovering trapped oil by using this nanomaterial even
when the concentration is increased. However, it is noticeable but not significant for the trapped
oil recovery. Probably, increasiniget concentration of nanopi&tes beyond an optimum result in

the formation of agglomerates, which reduces their dispersity at tivatait interface. Moreover,
increasing the nanoparticles may not guarantee additional oil recoRatier it may be
unecamomical which may limit itsapplication for pilot and field studies during the seate

process.
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Figure 5.7: IFT of oil-fluid phases at different temperatures and atmospheric pressure.

5.4.5. Quantification of Rock Wettability Before and After Treatment with and Without
Water Films

During oil production, the wettability of sandstone reservoirs at various stages of oil production
may be altered from strongly wateet to oitwet, which can affect the oil recovery rates(Al
Maamar & Buckley, 2000; J. Bucldy et al., 1998)The proposed mechanism of interactions that

result in the wettability of sandstone rocks being altered from strong-wateo oilwet includes
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the following: Polar interaction that predominates normally irethbeence of water films be¢en

the solid and oil and aciblase interaction that controls the surface charges at thensaikd and
oil-water interface. Other mechanisms include surface precipitation which depends mainly on
crude oil solvent properties thi respect to asphaltenesdaresins and finally ion binding or
specific interaction between charged sites and higher valency(dorBuckley et al., 1998;
Mohammed & Babadagli, 2013 this study, wettability alteration with and without the presence

of initial water films was considered. In the absence of initial water films i.e. 100% cores saturated
with oil, the cores were treated with a mixture of crude oil ahéptane using ahuition of 1:40
causing surface precipitation of asphaltenes on ttiacguiof sandstone rock. The rocks were again
aged for 20 days at 8C and the wettability of the rock before and after alteration was determined
by contact angle measurements, spordasémbibition and relative index method or the Amott
Harvey wettabiliy index (IW). As shown ifrigure 5.8 (a) the substrate after ageing was close to
oil-wetlintermediatevhich confirms the procedure used in changing the initial wagtrstate of

the cae, Therefore, the predominate mechanism(s) that caused the wettahiligy surface to
change in the absence of water film was precipitation onto the surface and polar interaction. For
the imbibition test, the treated core {wniet) expelled no oil fothe first 5 days, and maximum oll
recovery of approximately 5% was rbad after 20 days. On the other hand, the \watsr
sandstone recovered oil immediately after the first day, as sdggure 5.10aconfirming the

initial wettability of the core andhe treatment which is consistent with the contact angle
measurements. ddeover, for the oil wet rock sample under brine alone, oil was produced only
from two sides of the core rather than all sides of the core indicatingar@nt flow controlled

by manly gravity. This explains the lower recoveries during brine imbibitior the watekvet

core, oil was produced from all faces indicating counterent flow governed by mainly capillary
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forces. In the presence of irreducible water saturation, befateather ageing the cores, the
measured index IW was +0.87 before treatin which indicated that the cores were initially
strongly water wet. After treatment, IW of core samples change@.3&, which is considered
intermediate wefW. Anderson, 1986)

54.6. Effect of Nanoparticle Concentration on Contact Angle, Wettabilityindex, and
Imbibition Rate

The contact angle is a quantitative technique of measuring the wetting preference of a surface in
the presence of more than one phase. According to Andetsal(W. G. Anderson, 1987) a
surface is either water wet, intermediatet or oidwet if the contact angle is betweesv(® e-, 7 5
105e¢e ah80el,05respectively when the contact ang
Figure 5.8 shows the oil drop coatt angle measurements that were obtained in the presence of
(a) brine0 ppm nanofluids (b) brine at pH 10, (c) 25 ppm nanofluid, (d) 50 ppm nanofluid, and (e)
100 ppm nanofluid. The estimated contact angles were around 76,103, 106, 132, @nd 139
respectrely measured through a less dense phase. As we increase the naocoficéfgration the
contact angle increases, indicating that the core wettability is altered from intermediate wetting to
strongly wateiwetting condition. Worth mentioning that althouthie highest concentration (100

ppm) resulted in a more watetet state oil recovery of using higher concentrations beyond the
optimum may not necessarily resulthiigher oil recovery. At higher concentrations, hanoparticles
tend to form clusters or agggates and if injected in the porous medium, they can block the
reservar pores and reduce the fluid mobility. Therefore, an optimum concentration is always
desirable forappropriate EOR applicatior(slu, Azmi, Raza, Glover, & Wen, 2016; Lu et al.,
2017) The increase of contact angle as the concentration increases is tel#&teddisjoining

mechanism that causes the structural disjoining force to increase towards the vertex and detach
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more oil as the concentration increas#auctural disjoining presseiis correlated with the ability of

the nanofluid to spread on the ao# as a result of the interfacial tension imbalance between the solid,

oil phase and an aqueous phase. These interfacial forces decrease the contact angle of the aqueous
phase (nanofids) to almost 4resulting in a wedge filmiThis wedge film acts to parate formation

fluids such as oil from the formation surface duéydrophilic and hydrophobic moieties of the
nanoparticle adsorption on the surface altering the inducesletito strongly watewet which

affects the oil, water and rock contg8tgah et al., 2019)

(a) (b) ()

Figure 5.8: Contact angle measurements before and after treatmitbntanofluids: (a) oil
drop/brine/substrate (0 ppm), (b) brine with pH 10, (c) oil drop/25 ppm nanofluid/substrate, (d)
oil drop/50 ppm flud/substrate, (e) oil drop/100 ppm fluid/substrate.

5.4.7. Effect of Nanoparticle Concentration on Wettability Irdex

Unfortunately, there is no standard universal technique for quantifying the wettability of the
reservoir rock. However, the most common moelis and industrially recognized techniques used
to obtain quantitative information on the rogkttability are the imbibition rate measurements and
the Amott Harvey index(l)(W. G. Anderson, 1983imilarly, the wettability of core materials can

qualitatively be obtained by comparing the imbibition rates of a given imbibing (@rdue,
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Tonheim, & Baldwin, 1995; Jadhunandan & Morrow, 1993¢nerally, as the rock oil wetness
increases, the rate of water imbibition decreases. To compare the rate ofioamibdsidifferent

core plugs, the initial rock conditions must be duplicékéd, Morrow, & Zhang, 1995)This has

been fulfilled by using cores that are initially 100% saturated with oil. This has been used
frequently but does not represent what happenise reservoi(Dai et al., 2017)This procedure
allows the core to have uniform imogenous wettability conditions that provide better
comparisons for imbibition recovery for different ro¢kéa et al., 1995)However, other factors
affect the alteratioof the core wettability from watewret to strong odwet such as the rock type,
preence of irreducible water saturation and its composition, crude oil type, ageing time and
temperaturéW. G. Anderson, 1987; J. Buckley et al., 1998y etermining wettaility index(W1),

using the AmotiHarvey relative displacement method, cores wese diriven to irreducible water
saturation,(W. Anderson, 198Bla, Zhang, Morrow, & Zhou, 199@nd then aged in crude oil.
Therefore, in this study, we investigated thée rof initial water saturation towards wettability
alteration and later, investigatétk role of nanopatrticles on the relative index with and without
nanofluids. Originally watewet sandstones were driven to irreducible water saturation. When
treated wih oil/heptane mixture at high temperature (90 °C) for a long period (4 weeks)desulte
in an intermediate wet state or partially watest system as shown Figure 5.9.The wettability

index ranged from intermediate to more watet in the presence of naparticles and it was
dependent on the nanoparticle concentration. This is in litle koth the contact angle
measurements and imbibition tests. A detailed summary of the Amott relative displacement

measurements is provided in TaBlg of AppendixB.
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The effect of nanoparticle concentration on the imbibition rate was also studied using fully
hydroxylated nanoparticles (HPNP). The imbibition experiments were coxdat®0C with

cores 100% saturated with oil and others at irreducible water saturation, using brine, brine at pH
10 or nanofluids of different concentrations in the range of 25 to 100 ppm. The results are
summarized below. As seen kgures 5.10a and 5.10b, the imbibition rate increases as the
concentration increases. For the cores without initial water saturation, there was a delay in the
spontaneous imbibition of all the fluids due to the strong interaction of the asphaltenes and the
rock at the surfacerhich made the outer surface of the core stronglyna@t. The induction time
decreased following the order HPNP 100 ppm < 50 ppm < 25 < pH 10 < brine. This indicates that
as the concentration increased, more nanoparticles could diffuse to the rockndetaateoil

from the surface and changing the surface towards more-wateand more oil could start to be
mobilized due to the shift from negative to positive capillary force. This indicates a significant

impact of nanoparticle concentration on wetibalteration.
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5.4.8. Effect of Zero Water Saturation on the Core Wettability

In several studies, researchers have conducted imbibition studies without irreducible water
saturations(Nazari Moghaddam et al., 2015; Sagala et al., 2019; Zhang et al.ai2dgve
created initial oHwet conditions using silica surfaces in the laboratory by saturating cores with
100% oil and then aged them in oil. Under these conditions, wettability alteration occurs when
polar functional groups present in the oil and psitas @ the mineral surface interact(J. Buckley

et al., 1998) This results in nomniform distribution of surfacactive components around the
core, phenomena known as chromatographic separation that caudesmugeneous wetting
conditions(Austad & Sandnes2003) Normally, the measured contact angles are intermediate or
weak watetwet and the interaction between the rock and oil is minor even after ageing under
temperature or with time(J. Buckley et al., 199B)is was also evident based on theaoisd
contact angle measurementsHigure 5.7a,with brine alone after ageing, wettability of the rock
was still weakly odwet. However, it is important to note that these interactions are based on the
used crude oil/asphaltene properties in the custently, & different asphaltene in other crude oils
may show different behawio depending on their composition/behavi®f the polar groups
present. From the imbibition experimentHigure 5.10a, after 5 days, no oil was recovered from

the cores under ¢éhbrine . The induction time for the fluid to start spontaneously imbibing increased

in the order brine > pH10 > 25 ppm > 50 ppm > 100 ppm. Austad et al. (Austad & Standnes, 2003)
reported that very little or no imbibition may be observed in the indudhos, tesgcially for
strongly oilwet cores. However, the induction time according to Marrow and Mason(Morrow &
Mason, 2001) is not clearly understood but the authors related it to the time required for water
pathways to be established. Standnes and A&tau{nes Austad, 2000a) observed that during

the ageing period, an organic layer or a stronger coating is deposited at the rock surface which
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makes the rock surface more-oiét than the cerg of the core hence extending the induction time

especially inpresene of brine alone. However, in the presence of the nanofluids, it is clear that

the induction time could be reduced as the nanoparticle concentration increased due to diffusion

and possibly desorption of the asphaltene from the core surface tlmosildstart to be produced.

Nanoparticles adsorb on the rock surface and create a detaching force or disjoining force that acts

to change the rock wettability to strong watest, therefore the water can spontaneously imbibe

into the core due to positiapillary pressure(Sagala et al., 2019; Zhang et al., 2014).

100 ppm

(a) el |(b)

100 ppm

—8—50 ppm

=50 ppm —&—25 ppm

—e-pH 10
——25 ppm

#-Brine

0il Recovery(%) 00IP
o
w
Oil recovery (%)
e
w

—&-pH 10

®—8—%® e Freshcore
= o000 %
e = sample

e A A A h—h—h—h—A Brine
A
e

......
.....
e
o @

) 0 5 10 15 20 25
0 s 10 fime (days) 15 20 25 )

.____.\____ e Time (days)
Induction time Induction time

Figure 5.10: Spontaneous imbibition of various fluids without initial water saturation (a) and in
the presence of initial water saturation (b) af@0

5.4.9. Effect of Irreducible Water Saturation on Wettability Alteration and Imbibition

Ideally, reservoirs containoanate water with various ions (monovalent and divalent)(Tang &
Morrow, 1999) Therefore, it is imperative to investigate the effect of this connatervead
composition on wettability alteration and its effect on imbibition in the presence of nanofluids.
Experiments performed in the laboratory without initial water saturation do not represent actual
reservoir conditions. To also understand the rokesphaltene properly in wettability alteration in

the presence of initial water saturation and the impananoparticles, we first investigated their

interaction with the rock interface. Several studies have documented a strong interaction between
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asphalkenes and solids, especially clays(Clementz, 1982; Czarnecka & Gillott, M&@over,

the presence of ater due to its higher dielectric constant=(8.5) has been postulated to
contribute to greater ionic interaction strength between the solid an@fl&idckley, 1995)To
establish the irreducible water saturation, the cores were flooded with oihinlieaction and the
volume of produced water from the core after oil saturation was used to estimate the oil in place.
After that, the cores were agéar 4 weeks at 90C with a similar oil heptane mixture used
previously. In the presence of initial wataturation, a longer period of ageing and the higher
temperature was desirable. For cores without initial water saturation, adsorption of polar
comporents on the rock surface is faster because there is no barrier (water film) for the interaction
to take pace. However, in the presence of initial water saturation, the polar ends must pass the
water barrier and adsorb at the sandstone surface then ligerigetine pore structure. As such, to

get closer to the required thermodynamic state, and speed upotiesg) the ageing time and
temperature were increased higher than the previous temperature (without initial water) for
laboratory applications evenahgh this does not guarantee a thermodynamically stable system.
Asphaltenes are not soluble in water, kger, brine with a significant concentration was found to
dissolve in crude oil and the presence of initial water saturation increased the interanolecul
interactions between crude oil and the solid surface(J. Buckley, .108%gr authors, on the
contrary have reported that the presence of initial water saturation reduced the asphaltene
adsorption(Clementz, 1982; Collins & Melrose, 1983) their stuly, they concluded however

that asphaltene adsorption also depends on the initial water saturatioAsatie. initial water
saturation increases, it can act as a shield and prevent the direct interaction of the surface with
asphaltenes. Also, dependioig the DLVO forces that affect film stability, water in thin films may
prevent or promote the interactiohthe asphaltene and the rock surface. From this current study,
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based on the brine concentration used, the obtained wettability index (I) for¢hplwg under

brine alone after aing was-0.31. This indicates that in the presence of only monovaiastin

the initial water saturation, core plug did not result in a stronghweil state due to week
interaction between the rock and asphaltendénpresence of water film. Cuiec.(Cuiec, 1984)
postulated that a system is intermediats when-0 . 3 Bl Th&refore, the results of brinefoil

rock interaction from this study were found to result mimtermediateof either patchy sort,
dalmatian, or binterconnected watexet and norwater wet pathways. This is consistent with
what was reported by Satatl. (Salathiel, 1973) The effect of initial water saturation on
wettability alteration might be negative or positive depending on its ratio. [nratie presence

of initial water saturation, only areas that are contacted with a crude oil changettihg that is
significant to the displacement process. This was reflected in the recovered oil during the
spontaneous imbibition of brine alorfeidure 5.10b).A very slow spontaneous imbibition was
observed even after 20 days resulting in 7.14% of oil recovered, while during forced imbibition
still with brine almost 40% of OIIP was recovered. The slow recovery during spontaneous
imbibition may be attbuted tothe strong interaction of the asphaltene and the rock surface that
resulted in strong oil wetness at the surface hence water could not easily create pathways to access
the pores. Also, possibly because of the saturation end effects duringahiéskestentof the
irreducible water saturation. However, when nanofluids were applied with increasing
concentrations, oil could be easily recovered due to nanoparticle diffusion that could result in the

preferentially strong watewxet surface.
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5.4.10. Unckrlying Mechanism(s) of Interaction of Oil and the Rock with and Without Initial
Water Saturation and Implications to Wettability

In the absence of initial water saturation, the mechanism of interaction that causes wettability
alteration may be polar int&rtion andsurface precipitation between mineral sites and polar oil
componentskigure 5.11panel (a) and (b) respectively. In the presence of initial water saturation,
polar interactions between oil and wet mineral surfaces are less significant siacésveawvys

the first fluid occupying the pores(J. Buckley & Liu, 1998herefore, another mechanism such

as surface precipitation as a result of a change in reservoir properties mainly pressure and
temperature reduction that causes asphaltene preicpitait ofcrude oil, aciebase interaction

or ion binding may be the source for wettability alteration as show#igure 5.11(b-d). In the
presence of initial water saturation with mostly monovalent ions, the interaction between the
rock/oil and brine dpends onhie composition and pH(Dubey & Doe, 199Bhe mechanism that
controls the interaction between the rock/oil/brine is shown in panels (c) and~dud 5.11in

the presence of initial water saturation. However, without divalent ions, the nsohafrigure

5.11(d) becomes less significant. Comparing the two cases were the first scenario, 200% oil
saturated core plugs were used in the imbibition test using various concentrations, the oil recovery
as a function of time shown Figure 5.1Q andthe secondgcenario of the test that was done in

the presence of initial water saturation showrFigure 5.10. In the former case wettability
alteration is mainly due to polar interaction and surface precipitation while in the later, wettability
alteratio may be de to the acitbase interaction panel (c) Figure 5.11 or ion binding (J.
Buckley & Liu, 1998; J. Buckley et al., 1998) panel (dFigure 5.11.In the presence of initial

water saturation, both the solid and oil interface become electridaisged deending on the

available components in the oil and composition of bfiheS. Buckley, 1994)The polar
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components from the mineral surface and the oil surface both behave as Brgnsted acid that
dissociates resulting in a proton and negativelargéd ion. This proton can easily be
electrostatically gained by a base with a positive ch@rgBuckley et al., 1998)n presence of

initial brine containing mostly monovalent ions like in this current study, the influence of DLVO
forces in stabilizinga water fim between oil and the mineral surface mainly depends on pH. The
collapse of the water film is the first step in wettability alteration and as a result, oil/brine interface

can adsorb on the mineral surface.
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Figure 5.11: Mechanism of interactions between crude oil components and solid surface, (a)
typical crude oil components with polar functionality, (b) surface precipitation, (chasiel
interaction, (d) ion binding.

5.4.11. Effect of Stution pH During Wettabil ity Alteration

We conducted a simple bottle test to better understand the effect of pH on wettability alteration in
the presence of monovalent ions. pH affects the stability of water film in the presence of various
salts. The santtsne surface in the presse of monovalent aqueous solutions is negatively charged

when the pH is above 2. Over a wide range of pH values, crude oil/brine and rock interface can
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have charged sites that are either positive or negatively charged. The Déd§ ¢hn be used to

predict if the water film that is initially in contact with the surface will remain stable using the
ionizable site models of the oil/brine interface(J. Buckley et al., 1%@8)low ionic strength in

the presence of mainly monovaleons, especially NaCl, éhwater film remains stable at higher

pH and unstable at low pH(J. S. Buckley, Bousseau, & Liu, 1%36¢ water film breaks, oil can
contact and adsorb on the rock surface, resulting in a weakly-watemtermediatavet or al-

wet surface. Since zetpotentialdepends on pHwe investigated its effect and the wettability
implications in the presence of brine with monovalent ions. Zeta potential measurements were also
conducted to determine the surface sign charge at thérbiieal or oil/brine intrface at various

pH values. The measurements indicated that the surface charges were negative. However, Dubey
et al. (Dubey & Doe, 1993) postulated that the surface charge of sandstone due to the presence of
various traces of alumosilicate minerals (fiel spar and clay) may show diverse behawidhey

also concluded that the overall zeta potential magnitude and charge mainly depends on the brine
pH. Oil is positively charged at low pH, as the pH increases the zeta potentig$ dezero at

the isoeletric point (pH less than 2) and then becomes strongly negative(Dubey & Doe, 1993).
Figure 5.12shows the measured values of zeta potential against pH@tfabthe Berea sand in

brine. It can be observed that zeta potentialiased towards more neiyatas the pH increased.

Small changes in pH imposed significant changes in the surface charge of the rock. When the pH
increases, the electrical charges shift from positive to negative at the rock/brine interface, also, the
forceschanged from attractivie electrostatic repulsive between the rock and oil which makes the
rock more watewet due to double layer expansion and stabilization of the water film surrounding
the rock. Moreover, the measured wettability index in the preseingH 10 alone showedsaift

from -0.31 t0-0.22, indicating the significance of pH in changing wettability, which is consistent
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with zeta potential measured results. Also based on the bottleidase B1 Appendk B, as the

pH increased more clear sand could be seen indicstinonger water wet. This could explain the
additional oil recovery of 4.37% obtained when a brine alone at pH 10 was injected in the core at
the tertiary stage. Therefore, adjusting the nanddlpH to10 not only improves their stability and
dispersitybut also enhances the ability of nanofluids to change the rock wettability towards more
waterwet.
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Figure 512 Zeta potential for the Berea sandstone in brine at various pH.

5.4.12. Core flooding Experiments

The effect of diferent nanopyroxenbased nanofluids concentrations on EOR after brine injection
was investigated through core flooding experiments usingdisplacement tests. A summary of
results is shown iTable 5.4.The effects of the injected nanoparticle conaamins on tertiary
recovery for the injected fluids can be seeRigure 5.13.The additional oil recovered after brine
injection increaseds the concentration of the nanoparticles increased. It should be noted that
before the injection, the pH of the naluids was adjusted to 10 to improve their stability.
Therefore, for comparison, brine alone with pH adjusted to 10 was used to invetstigtést on

EOR. Brine with pH 10 was injected into the porous medium after the initial brine flooding (WF1)
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andallowed to soak for 24 h comparable to what was performed in the case of nanofluid injection.
An additional 4.31% was recovered with brind @0 after WF1.Figure 5.13 shows the oll
recovery before and aftemanopyroxene injection of various nanofluid centrations in
comparison to pH 10. The additional oil recovery for pH 10 brine can be attributed to the change
in pH for the medium that mak the system more strongly watest. Also, based on the bottle
testFigure B1 in AppendixB shows that with inci&sing pH the system becomes more waitet.

Table 54: EOR Scenarios and Experimental Conditions

Core Initial oil Injection Nanopatrticle Waterflood Tertiary Final
no saturation rate(cni/min)  concentration recovery  reoqvery  recovery
(QnP) (Ppm) (%) (%) (%)
1 0.61 0.2 100 62.43 14.28 76.71
2 0.64 0.2 50 62.92 13.54 76.46
3 0.62 0.2 25 60.01 12.57 72.76
4 0.61 0.2 Brine at pH 10 60.15 4.31 64.46
100 16
14.3%
o (a) 1| (b) o 13.5%
< g
E’ 60 - glﬂ
: 40 1 —8—WF1 HPNP-100 ppm ——WF2 el
o —A—HPNP-50 ppm ——WF2 -o-WFI £ 4.3%
20 —A—HPNP-25ppm ——WF2 - WF1 e 44
—A—PH-10 ——WF2 5
0 0 i I

0 1 2 3 4 5 BRINE PH 10 25 ppm 50 ppm 100 ppm

Injected Pore Volume(PV) Injected Fluids

Figure 5.13: Oil recovery (a) and additional tery recovery (b) against injected PV for the
considered fluids.

During nanofluid injection, rock wettability may change towards strong weaer This affects
the oil relative permeability hence the displacement efiicy increases as the nanofluid

conentration increases. Because of a post flush WF2 after soaking with 1 PV, any modification
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due to the interaction between the rock and nanoparticles resuliisdisplacmentthrough a
porous medium. Moreover, duringmaluid injection, as shown ifigure 5.14athere was a

slight differential pressure increment along the core which is attributed to the deposited
nanoparticle on the rock surface that tends to cause pressure increase as the oil is detached/washed
from the core during the post flushing stagith additional water injection after soaking with the
nanofluids. Altering the rock wettability results in increasing the microscopic displacement
efficiency (ED) and this was slightly a function of nanoparticle cotmagon. ED increased as the
nanopaticle concentration increased as showlrigure 5.14h Altering the wettability to strong
waterwet as the nanoparticle concentration increases shifts the relative permeability to the right,
the relative permeabilityot oil also increases while that farater decreases which ultimately
results in more residual oil being remobilized (Giraldo et al., 2018) displacement efficiency

was estimated frorequation 2, the detailed calculations for the required parameterngraxéded

in theappendix BTableB6.
o p — (5.2)
where,
'O = displacement efficiency

i € residual oil saturation after brine flooding

i € residual oil satuttéon after nanofluid flooding
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Figure 5.14: (a) Pressure profiles for the first brine flooding (WFI), brine with nanofluids or
brine at pH 10 and subsequent brine WF2 and (b) for displacement efficiency during tertiary
recovery.

5.5. Conclusion

In the current study, an investigation of the mechras) of EOR with completely hydroxylated
nanopyroxene by varying the concentrations was evaluated. Interfacial tension (IFT), asphaltene
aggregation kinetics and wettability measements were performed by contact angle
measurements, imbibition experimerasd wettability index to understand the underlying
mechanism(s). From this study, IFT reduction was noticeable but not significant for remobilizing
trapped oil since it was nob ian ultralow rangedespite increasing theanoconcentation. A
chemical nechanism for adsorption and desorption of asphaltene in the crude oil deposited on the
sandstone surface was suggested that involvetisorption/disaggregation of asphaltenemfro

the oil/mixedwet sites using nanopyroxene with and without initial watguration. The results

showed that partially hydrophobic nanopyroxene has a higher affinity for adsorbing asphaltenes
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in oil and reduce their aggregate size, however, thereaptamum concentration beyond which

the asphaltenes size reduction may bdigiete and insignificant to EOR. Treatment of sandstone
cores that are initially strongly water wet with heptane/oil mixtures ezbuita mixed wet of

either patchy sort, dalman, or of interconnected wataret and norwater wet pathways or
intermedide-wet as shown by the relative index measurements. Moreover, nanopyroxene
nanoparticles significantly affect the contact angle, imbibition, and wettability index, as they
increaseas the nanoparticle concentration increases. In the presence of only lanhawas,
wettability alteration depends on thene/oil composition and pH of brine in the initial irreducible
water saturation. Furthermore, adjusting the nanofluid pH to .6my improved the nanofluid
stability and dispersibility but also had a substantial impact on EOR, almost 4.03% of the residual
oil could be recovered possibly due to the shift in the zeta potential that makes the rock surface
more watetwet. Core flooding experiments showed that nanopyroxbased nanofluid injection

can recover an additiond12-14.5 % after waterflooding.
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Chapter Six: Integrating Silicate-based Nanoparticles with Low Salinity Water Flooding
for Enhanced Oil Recovery in Sandstone Reservoirs
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6.1. Abstract

A large number of researchers have endeavored to delineate the efia@stofg brine with a

low ionic strengthn oil reservoirs in the last decade. However, we still cannot conclude the
overriding mechanism(s) of recovering oil from this technique. Even with a detailed review of
literature, the effect of low salinity watéiooding (LSWF) shows that a bewilderingray of
conflicting results have been reported. From the physicochemical point of view, understanding
how brine and oil chemistry affects oil recovery helps to optimize recovery from such processes.
Furthermore,lte use of brine with low ionic strength gded with nanoparticles during enhanced

oil recovery (EOR) especially in the presence of monovalent ions and/or divalent cations presents
a new field of study that requires further investigations. Herein, the ob@ctive of this study

was to investigatthe fluid/rock interactions at different salinities in the presenearndus surface
modified pyroxene nanoparticles. Pyroxene was surface modified using polyethylene amine (PEI),
polyethylene oxide (PEO)and triethoxyoctylsilane (TOS). Surface chargsettability
measurements in the presence of various ions in the irreducible water and core flooding
experiments have been conducted to understand the underlying mechanism(s). Surface charge was
evaluated by eta potential measurements and wettability weterdhined by the contact angle,
imbibition, and relative permeability measurements. Sandstone outcrops and three oil samples with
different composition were used. The results show that adding 0.005 wt% riahep&o brine

with low ionic strength (1000pn) can improve the nanofluid stability and EOR. Additionally, in
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the presence of LSWF combined with nanoparticles, the thickness of the-thougslen the rock
surface greatly expands, thus increasing thgnitude of zeta potential compared to LSWF @lon
Contact angle in the presence of LSW alon®BOD, NPEI, and NTOS nanofluids was measured

as 94 3 &18\ 3 ®1N 3 £30% N,3espectively, conforming wettability alteration from oil/neutral
wet to strongr waterwet. Moreover, the greater repulsivede due to double layer expansion
creates a significant shift in the relative permeability curve to the right. Consequently, this results
in improved oil recovery by about 15% of the oil originally in plaBased on the obtained
findings, LSWF coupled wit hanoparticles provides a prospect of being applied in EOR.

This chapter is adapted from the following publication:

Farad Sagala, Afif Hethnawi, and Nashaat N. Nagsagrating Silicatédbased Nanoparticlesith
Low Salinity Water Flooding for Enhancedl ®ecovery in Sandstone Reservoirs. (Published in
Industrial and Chemistry Researchifps://doi.org/10.1021/acs.iecr.0c02326

6.2. Introduction

The al industry has relentlessly endeavored to digyaew feasible and economical techniques

of producing oil from mature and already producing fields due to the growing energy demand
globally (Chu & Majumdar, 2012; Miller & Sorrell, 2014Moreover, oil companies are
persistently under pressure, contingly looking for novel techniques to recover the trapped oll,
which has taken up a huge portion of the total cost during oil recovery. Witnbegence of
nanotechnology, researchers have explored the usage of nanomaterials in the oil recovery
especiallyin EOR applicationgNassar, Hassan, & Pereitdmao, 2011a; Saha, Uppaluri, &
Tiwari, 2018) Currently, various types of hanoparticles suchhatals and metal oxides have been
proven to recover additional oil after water floodifige main fundamental @hanisms of EOR

by injecting nanoparticles include; disjoining pressure that aids detachment of oil drops from the
pore surface,(Wasan, Nikolp& Kondiparty, 2011) rock wettability alteration towards waitest
conditions,(Hou et al., 2019; Lu, Li, Zho&,Zhang, 2017) reduction of interfacial tension (IFT)
between oil and brine,(Esfandyari Bayat, Junin, Samsuri, Piroozian, & Hokmabadi, 2014)
asphaltene and wax precipitation inhibition(Nassar, Hassan, Carbognani, -Lo@ees, &

PereiraAlmao, 2012; Nassa Hassan, & PereirAlmao, 2011b; Yang et al.,, 2015) and pore
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channels pluggingSun, Zhang, Chen, & Gai, 201 Besides nhanoparticles can be synergized

with other conventional techniques such as alkaline, surfactants or polymers to recover trapped oil
from the reservoifShamsiJazeyi, Miller, Wong, Tour, & Verduzco, 2014; Zargartalebi, Kharrat,

& Barati, 2015) Notwithstandhg the substantially increasing interests of nanoparticle applications

in EOR, there still exists some challenges that limit thelir ddoption to fieldscalesuch as
nanoparticle aggregatioNormally, due to harsh reservoir conditions such as salimtgy
temperature, nanoparticles tend to aggregate and form clusters due to the force imbalance between
the attractive and repulsivertes (Bagwe, Hilliard, & Tan, 2006; Min, Akbulut, Kristiansen,
Golan, & Israelachvili, 2010)Agglomeration of nanoparticteresults in a reduction of the
effective surface area to volume ratio, which impacts the overall performance of the nanofluids,
espeially in these harsh environmen{3imofeeva et al., 2007)Nevertheless, dispersing
nanoparticles in brine with a low gaty can help to improve their stability in solution and enhance
their performanceOver the past decade, Low salinity water flogdibSWF) is one of the least
expensive new techniques that have been recognized as an alternative for EOR applications.
Moreover,laboratory experiments and field tridlave shown that LSWF can recover additional

oil in sandstone reservoi(Katende & Sagla, 2019; Nasralla, Alotaibi, & Na$tl-Din, 2011)

The EOR prospect of LSWF was not considered until Morrow and his kerganvestigated the
effects of brine composition and/or chemistry on oil recovery; they evidenced that oil recovery
could be improed by injecting brine with a lower ionic composition(Jadhunandan & Morrow,
1995; Yildiz & Morrow, 1996) Since then, Tangnal Morrow(Tang & Morrow, 1999) advanced

the exploration of the effect of brine composition on EOR, followed by active investigaiions
theBritish Petroleum oil company, or BRager, Webb, Black, Singleton, & Sorbie, 2008; Lager,
Webb, Collins, & Richmod, 2008) With this technique, the injected brine composition is the
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driving force that determines the additional oil recovemgsatly, researchers have consistently
regarded several mechanisms of LSWF in EOR which include wettability alteration, cation
exchange|FT reductiondue toion-exchange reactions and mineral dissolution that result in pH
increase due to the formation of ess hydroxyl ions, OH , and/or saponification that results in
the formation of natural surfactan@artels, Mahani, Berg& Hassanizadeh, 2019; Katende &
Sagala, 2019; McGuire, Chatham, Paskvan, Sommer, & Carini, 2005; Rivet, Lake, & Pope, 2010;
Sheng, 204). However, there is no unanimity about the controlling or leading mechanism(s). The
complex behavior of LSWF remains &wn field of study by various researchers despite the
extensive laboratory and field testblevertheless, wettability alteration frorail-wet or
intermediate wet to watavet has been postulated as the main mechanism for the additional oil
recoveryduring LSWF, especially due to doubgyer expansion in sandstone reserviitasralla

& Nasr-EI-Din, 2014a) Wettability plays a key rolenithe process of oil recovery and reservoir
productivity as it controls the spatial fluid distribution, locatiomg #low in the porous medium

(W. Anderson, 1986; Farad et al., 201B¢cause wettability controls the fluid distribution in the
porous medim, any changes in the reservoir rock wettability affect capillary pressure, water
flooding behavior and relative preability (W. G. Anderson, 1987)Parameters such as oil
composition, rock surface chemistry, irreducible water saturation and its cormpasit pH are
cited as the major factors that control the wettability of the (8dédtaibi, Nasralla, & Nasil-

Din, 2011; J. Buckley, Liu, & Monsterleet, 199%ater flooding in a strongly watavet system
results in higher oil recoveries at breakthrougvith little additional oil recovery after
breakthrougfW. G. Anderson, 1987 ontrary to water flooding in wakwet reservoirs, water
breakthrough in oil weteservoirs occumsuch earlier and most of the oil is recovered after a long
simultaneous mduction of water and oil(W. G. Anderson, 1985%3% thus, water floods are less

222



efficient in oilkwet systems comped to wateiwet systems. Nevertheless, the injection of water
with low ionic strength as a secondary or tertiary technique has provenifwaigly increase oll
recovery in sandstone formations(Alotaibi et al., 2011; Nasralla et al., .20bijow et al
(Morrow, Tang, Valat, & Xie, 1998) reported that 9% additional of the initial oil in place (OIIP)
could be obtained by reducing the ionieagth of their formation water by at least 10%. Zhang

et al(Zhang, Xie, & Morrow, 2007) recovered almost 16 %itamthl of the initial oil in place
(OlIP) by injecting less than 1,500 ppm NaCl as a tertiary mode. Additionally, successful field
applicaton has been recently reported with the use of LSWF as a tertiary technique for EOR
applications (Katende & SagaR()19).Even though wettability alternation has been postulated as
the major mechanism behind this technique, understanding the factoronbral wettability
variation are not clearly understood due to the occurring complex interactions in the aitibkine/
system and requires further investigatidine ability of the rock surface to retain its initial
wettability depends on the thicknesglatability of the water film between the rock surface and
crude oil (Cuiec, 1984). Furthermore, water film stipiiepends on the repulsion of the electrical
doublelayer between the rock/brine and oil/brine as a function of the surface cbegmte
extensive studies of LSWF, the role of nanoparticles when dispersed in water with low ionic
strength for EOR applation is a new field of study that requires further investigation. With its
higher efficiency and widely anticipated potentials, LSWF combinigh nanoparticles presents

a promising future to tackle operational challenges, reduce environmental foogmhtsllow

more feasible recoveries at low production costs hence increasing the ultimate oil recovery.
Reduction of fine migration in presem of nanoparticles has been reported as one of the possible
mechanisms during LSWF coupled with nanoparticle(@@013). Nonetheless, there several
other challenges that arise suchtesselection of appropriate nanoparticles that can be integrated
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with LSWF for EOR applicatiolNumerous nanomaterials are manufactured with unusual metals
that are not suitable féarge scale application for the oil industry. Therefore, more environmental
friendly, and inexpensive practical materials must be usedloriraade mineralike
nanomaterials, compatible with the environment with an econoffigiasible synthesis method,
should be considered as well. As thus, isllitate pyroxene materials, known as aegirine
(NaFeSiOe), comply with the aforementioned cri@rand offer cheap options for large scale
commercializationHerein, we synergized our previously prepared pyrexesmomaterials with
LSWF by functionalizing its surface with various agents. Pyroxene is natdezilyed iron-
silicate nanomaterials thiaave specific ionic exchange properties that can allow surface alteration
to introduce various agents. This makiesir surface attractive for heavy metals, polymers, and
capping agents, without primary surface treatment or modifications (Hmoudah, Néisday &
El-Qanni, 2016; Vitale, 2013). Hence, in this study, we are separately anchoring the surface of
pyroxene nanomaterials with triethoxyoctsilane (TOS), polyethylene amine (PEI) and
polyethylene oxide( PEO), and then tested for their effectiveae&OR agents when dispersed

in brine with low ionic strength. The impact of injecting an optimized brine withnaidmic
composition in the presence of various modified pyroxene nanomaterials was investigated by
conducting surface charge or zeta poténtieasurements, contact angle measurements, imbibition
experiments, relative permeability measurements and coodirflp experiments. This study
provides an insight to the oil industry who propose to improve the performacoawntional

water flooding ly injecting nanoparticles dispersed in LSW, as one of the appropriate techniques
of recovering residual oil. Theusty also provides insights on the underlying chemistry of LSWF
when combined with nanoparticles for EOR applications in sandstone resawdifferent

salinities.
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6.3. Materials and Methods

Materials n-decane (99% purity), magnesium chloride (Mg@9%), calcium chloride (Cag&l
99%), sodium chloride (NaCl 99%), potassium bromide (KBr, 99%gptane and toluene (99%)
were obtained from VWRCanada) and used without treatment. Branched polyethylareimi
(PEI) (99%) and polyethylene oxide (PEO) (99%) were purchased from VWR International,
Edmonton, Canada. Triethoxyoctylsilane (TOS) and cyclohexane both with 99% purity were
provided by Sigma Wrich, Ontario, Canada. Deionized water (0 ppm NaCl) wad as¢he base

fluid in all preparationsThe fluid properties such as pH, density, and viscosity were determined
using a pH meter, pycnometer(VWR, Canada) and Brookfield visconiiga]eboro (USA)
respectively. Pyroxene nanomaterials used in this stedlg prepared as detailed in our previous
study(Sagala, Hethnawi, & Nassar, 2020; Sagala, Montoya, Hethnawi, Vitale, & Nassar, 2019)
Sandstone core plugs, with a permeability of160 mD and parsity of 1922% were supplied

by Kocurek Industries Inc., Cavell, TX, USA. For zeta potential measuremes&ndstone
outcrop rock containing mainly quartz crystehs crushed to powder to meet the particle size
requirement and used in the zeta potemtiahsurements using the Malvern Nano Sight NS300
supplied byMalvern Instruments LtdWestboroughUSA. Sandstone powder samples were
analyzed by Rigaku ULTIMA Il Xr ay ( XRD) di ffractometeay with
source to assess the minerglag the samplesThe analysis indicated that the sandstone rocks
mainly contain quartz and clalggolinite and illite) as described igure C1 in AppendixC.

Oil samples. Three oil samples designated as A, B and C were used in this study. Sample A has
been used in oyrevious experiments(Sagala et al., 2019), while oil sample B was obtained by
diluting a heavy tank oil with toluene at a volume ratio of 80:20. The acid number (AN) of crude

oil B before dilution was 2.46 mg KOH/g oil and reduced to 0.71 after dilutibisa®ple C was
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toluene. The oil properties are summarized able 6.1and the reasured olil viscosity versus

temperature plot is presentedrigure C2in AppendixC.

Table 6.1. Properties of selected oil samples.

Ol AN (mg Asphaltene Saturates((wt%) Aromatic Resin  Density(g/mL) API°
KOH/g) (wt%) (Wt%) (Wt%)

A 0.1 5.09 42.7 20.6 31.6 0.87 29.3

B 0.71 9.6 12 58.4 20 0.94 17.4

C NA 0.86 N/A

6.3.1. Fluid formulations.

Different salts such as (KCI, NaCl, CaCandMgCl.) were used to generate various agueous

solutions of synthetic brine. Formation bri(feB) synthetically, was prepared in three different

forms namely, brine A, B and C as summarizedable 6.2.Deionized water (O ppm NaCl) was

used as the base ftuin all brine preparations.

Table 62. Properties of Syntheti€ormation Brine

FB sample A(wt%) B(wt%) C(wt%) LSW(wt%

NacCl 2.0 2.0 2.0 0.1

KCI 0.0 0.2 0.2 0

CaCkb 0.0 0.2 0.4 0

MgCl2 0.0 0.1 0.2 0

6.3.2 Zetapotential measurements and LSW preparation:
The charges at the brine/sand interface were measuregl usinh e Zet a potenti al

understand the relationship between electric doelayler and rock wettability using brine with
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different salinities, with and without nanoparticles. Charges at brine/solid interface and the
electrostatic interactionbetween the interfaces of brineck and oilbrine are some of the
parameters that control the stability of the water layer film surrounding the rodkeand rock
wettability (Nasralla & NasiEl-Din, 2014b) Therefore, to prepare and select the LSWetaiged

in this study, zeta potential measurements were performed by mixing 0.5g of sand with different
brine composition such as NaCl( 0,500,1000,2000,5000,10000 and 20,000)ppm, and formation
brine B and C cataining divalent cations as summarized @able 6.2. The Brine composition that
resulted in the highest zeta potential was selected to be used as the LSW.

6.3.3. Preparation of Nanopatrticles and Nanofluids

In the first step, the pyroxeneanoparticles (NPNP) were synthesized at mild conditions, as
reported in our previous workSagala et al., 2019After that, functionalizing of pyroxene
nanomaterials with TOS, PEI, and PEO was carried out following various steps also reported
previousy (Hethnawi, Nassar, & Vitale, 2017; Sagala et al., 20PB¢ nanofluids solution were
formulated by dispersing approximately 0.005 wt% of each of the synthesized nanopatrticles to the
selected brine. For better nanoparticle dispersion, the suspendiemaitofluid was mixed using

an orbital shaker at 250 rpm. Theittrasonicated using the ultrasonic bath for 1 h, and the obtained
nanofluids were ready for further usage. The nanofluids properties are presérabteif.3

Table 63. Physical properties of the brine and prepared naiadgflat 25C.

Fluid Density (g/mL) pH Viscosity(cp)
FB Brine (A) 1.009 6.34 1.01
FB Brine (B) 1.011 5.94 0.98
FB Brine (C) 1.011 8.38 0.97
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LSW alone 0.993 5.98 1.03

LSW + 0.005 wt¥dN-PEO 0.987 7.88 1.2
LSW + 0.005 wt% NTOS 0.989 7.89 1.05
LSW + 0.0% wt% N-PEI 0.988 7.64 11

6.3.4. Nanoparticles and Nanofluid Characterization

Before testing the performance of nanopatrticles used in the preparation of nanofluids, their surface
characteristics and stability were tested using an array of charaaberizegthods. Crystallinity

and surface topology of the prepared nanoparticles vesfe@med by a JEM2100 highresolution
transmission electron microscopy (HEEM) that was manufactured by JOEL Ltd, Peabody MA,
USA. For the analysis, around 5 mg of eaahaparticle sample was suspended in 5 mL ethanol
under sonication. Then, few dropisthe suspended solution were placed into a carbon copper grid
sample holder and left to dry. Finally, the images were obtained by an FEI Tecnai F20 FEG TEM

with an accelating voltage of 208V.

To prove that the nanoparticles were successfully fonalized we performed-ourier transform
infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA) for the-pyangene,
before and after anchoring with TOS, PEIJ&EO. The FTIR analysis was performed by Nicolet
6700 FTIR that was manufactured by American Thermoscol®i Company,
Waltham,MA, USA. This was performed by mixing a small amount of hanopari®ea{g) with

KBr (D500mg), and then, mounted in the DRIFTS sample holder. The resulting spectra for each
sample were obtained with a resolution afn? in therange of 4004000cm’ ! TGA analysis

was performed by heating each sample to @@nder an aflow rate of 100cm®min and a
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heating rate of 28/min using a simultaneous thermogravimetric differential scanning calorimetry
(TGA/DSC) analyzer (SDT Q600,ATInstruments, Inc., New Castle, DE). The instrument was
calibrated for mass and heat changgsising sapphire and zinc as references, respectively.

test the stability of the nanofluid and zeta potential measurements for the nanofluids and the
sand/bmne interface, dynamic light scattering (DLS) and zeta potential analyses were performed
using aZetasizer instrument bialvern PanalyticalWestboroughlJUSA. For solid/brine zeta
potential measurements, a milled sand powder approximately 0.5 wt% was mixed with a fluid
under investigation. Then, the solutions were agitated at 100 rpm for 48 @t 28er that
aliguots were added to the cell for zeta poténi@asurement at 25 °C. Three measurements were
performed for each sample and the average value was reported.

6.3.5. Core preparation and Wettability Index Measurements

To perform wettabilityndex and spontaneous imbibition experiments, Berea sandstengegs

with an average length of 4.0 cm and 2.54 cm diameter were used. Cores were dried first up to 90
°C to obtain a constant weight. The weights of the dried cores initially were recGated were

then saturated with brine of different salinitiesng a vacuum pump for 24 h. After that, pore
volume (PV) and porosity could be determined. To estimate the effect of wettability index using
different oil composition, the brine saturatedewere first driven to irreducible water Swi, by
injecting oil A or B using a Hasler core holder. The cores after saturation were aged in the two oll
samples A and B for at least 1 month and then used in wettability index measurements to determine
the efects of oil composition and brine salinity on the initial costtability. A similar procedure

was reported by Anderson et @V. Anderson, 198@Ma, Zhang, Morrow, & Zhou, 1999or the
wettability index measurements. The properties of the cores usedetitability index

measurements are summarized able 6.4
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Table 64. Experimental details for cores used in wettability quantification

Core no Diameter(D) L(cm) Swi (%) Taging(°c) PV Vb a (%)
C-A 2.54 3.9 29.07 60 4.51 19.75 22.84
C-B 2.54 4.0 27.02 60 4.52 20.26 22.32
C-D2 2.54 4.0 24.09 60 4.48 20.26 22.11
C-Na" 2.54 4.0 37.77 60 4.49 20.26 22.21

6.3.6. Contact Angle Tests:

For contact angle assessments, substrates were prepared from the Brea core plugs ahtbpolishe
remove any contaminants and reduce the comtagie hysteresis caused by surface roughness.
The polished substrates were first cleaned wi
for drying. The cleaned rock patches were soaked in FuNffefent composition of monovalent

and divalent,e. A, B and C for at |l east 5 days at 60
After that, the substrates were placed in oil and centrifuged to displace the water drops and remain
with only irreducible water (SWon the rock surface. Then thebstrates were aged in oil at 8D

for 1 week and later slightly soaked in toluene to remove the excess oil from the surface of the
rock. After that, the substrates were then aged in the prepared nds&ilu48 h and then dried

at 60 °C. The contact gles of oil droplets between sandstone substrate in the presence of heavier
phases brine with various ion composition or nanofluid were performed with an accura€y of +3

Oil sample B because of its highpercentage of asphaltenes was used for the contact angle

measurements.
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6.3.7.Spontaneous Imbibition Tests:

The effect of LSW coupled with nanofluids was also investigated by spontaneous imbibition
experiments with ca&s having no initial water saturai using Amott cells. Oil sample B was used

in the imbibition experiments. After saturating and ageing the cores for 1 month, they were all
immersed in imbibition cells, containing formation water and the produced oillewasled as a
function of time. Ater no more oil was being produced with formation water, either LSW or
nanopuid were added to the cells to replace
from the cores was also recorded and the total odywed at the two stages was expeesas a
fraction of the original oil in place (% of OOIP). One test was performed for each imbibition
experiment. The petrophysical properties of the cores used in the imbibition experiment are shown
in AppendixC TableC1.

6.3.8. Core Flooding Experimerd

A schematic representation of the core flooding experimental setup is shd®igurié C3 in
Appendix C The core holder was surrounded by heating tapes to provide the required reservoir
temperature. The fluids used in this experiment were stored imaih&fdr cylinders. Each test
measurement started withserting the core in the sleeve, and then mogritie sleeve in the core
holder. By injectindower pressure approximately 250 psi£fas through the core sample for 1h
allowed opening the pores areinove any trapped air. GBas a high diffusivity, therefore; it can
replace any air trapped in the per After thatall the pipes, fittings and the sample inside the-core
holder were evacuated using a vacuum pump for 6 h. Then, the core samplauvedsdsasing

brine at annjectionrate of 0.2 mL/minThe injection rate approximates typical reserveiocities
corresponding to a Darcy velocity of 1ft/d&yhmed, 2018)The pressure drop between the inlet

and outlet of the core was measured by tlesgure transducers. The absolute permeability was
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estimated using the obtained average pressure diffeeemt by Darcyés | aw. To
fluid saturation, the core was flooded with oil until there was no more brine produced. Brine was
then inpcted (imbibition process) and continued until only brine was being produced. Then, fluids
under investigtion either formation water, brine with low ionic strength or nanofluvese

injected irio the core to evaluate their effect on the remaining rebmilaaturation after water
flooding. The oil produced from the core was measured in aptvase liquidcollector. The
experiment was performed at 8D and the overburden pressure was kept at 600 psi and the pore
pressure(BPR) set at 200 pSummary otthe petrophysical properties and fluids saturation for
various cores is shown ifable 6.5.

Table 6.5.petrophysical properties and fluids saturation for various cores

Core no Diameter(D) L(cm) Swi  Soi (%) PV Bulk /]

(%) (mL) volume(Vb)(mL) (%)
C1 3.81 4.9 42.20 57.79 12.11 55.84 21.68
C2 3.81 5.0 26.82 73.17 11.62 56.98 20.37
C3 3.81 4.6 23.89 76.10 11.17 52.42 21.31
C4 3.81 4.6 18.56 81.44 10.44 52.42 19.90
C5 3.81 5.0 40.80 59.25 10.97 56.97 19.25
C6 3.81 4.9 26.00 74.00 11.35 55.84 20.30
Cc7 3.81 4.8 2520 74.80 11.37 54.69 20.80
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6.3.9. Estimation of the Relative Permeability Curve

The relative permeability (Kr) curves were obtained from the experimental data by history
matching the production data, differential pressure (DP), anebemd data of the relative
permeability that were obtained experimentally. Thetstive permeabily curvemeasurements
started by injecting brine at different injection rates and estimating the absolute permeability of
the cores. Then, oil was injected to dés@ the brine and effective permeability to oil at irreducible
water saturation was obtaindo at sw). Then brine was injected to measure the effective
permeability, (Kw at Sor) before nanofluid injection. A similar procedure was followed using LSW
alone and during LSWF coupled with nanopatrticles. The obtained data experimentally were used
in the simulator to construtte relative permeability curves. Other input data for the simulator
include core plug data (such as core plug dimensions, porogitgbasolute permeability), initial
water saturation Swinjection rate, and fluid viscositieShese data were imported into CMG core
flood simulator to build a model as shown in Eigure C4-C6 in the Appendix CThis simulator

can simulate black oil anoke used to history match the core flood experiments to estimate the Kr
curves.

6.4 Resultsand Discussion
6.4.1 Characterization Studies
6.4.2. Functionalization of Nanoparticles

TEM and SEM images of namuyroxene before and after modification with PEEO and TOS
are shown inFigure 6.1(ah) and Figure C7 in Appendx C, respectively. Moreover, the
elemental analysis of the prepared nanopyroxene is provided inGabieAppendx C. Figure
6.2 shows the FTIR and TGA results of the prepared nanopestoefore and after anchoring of

TOS, PEO and PEI agents. As seen, the crystalline structure of thpyrarene was maintained
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after the surface functionalizatioRigure 6.2adepcts the attained FTIR spectra forfNNP, N
TOS, NPEO and NPEI at framewtk regions of 40000 cm. Before functionalization, all the
signals showed a widaroadening band at 3300 érthat exists due to the hydrothermal synthesis
procedure of the narayroxene(Hethnawi et al., 201 After functionalization, the broadness of
the band presented at 3300 tmas changed after anchoring the surface with TOS, PEI, and PEO,
which might occur due to the interactions between the modifying chemical agetit aodface

of the nanoparticles. For the cases ePBI and NPEO, the ban@xpanded due to presence of
free hydroxyl groups presented on the surface of 4qpgmoxene in addition to the stretching
vibration of N-H that is formed from the interactions dE® and PEI to the nanopatrticle surface.
While the band assigned at 3300 tmvas reduced and tend to disappear due to completely
anchoring of TOS on the hydroxyl groups present on the-pgraxene for the case of-INOS.
Also, stretching vibration of €1 and NH, were assigned at 1500 cfor N-PEI, suggesting
successful functionaation of NPNP with PEI. While absorption bands at 2900*and 1458
cm?® for N-TOS are attributed teCH, and GH stretching, respectively, which confirms the
presence of alkygroups due to nanoparticle surface modification with TOS. TGA resultbdor t
oxidation of the pyroxene before and after grafting with TOS, PEI and PEO are shBigar
6.2b. As seen, virgin pyroxene (RNP) lost 45 wt%, while NPEO lost 5.7 wt%, NTOS lost
7.9%, and NPEI lost 10.3%. The changes in the sample weights drer eitinor or major losses

in regions less than 18C and 156600°C, respectively. The significant weight loss that happened
in the virgin sample is mainly attributed to -dgdroxylation of the nanopyroxene
surface(Hmoudah et al., 201@) the range beteen 150 and 508C, the attained weight losses

are ascribed to the presence of organic matter in the agents used in grafting the nanoparticle
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samples, which are the main lossethinPEI sample. The TGA graph shows that the virgin sample

was successfullgpnodified with the grafting agents.

Figure 6.1: Selected TEM images for of a,bfRNP), c,d (NPEI),e,f (NPEO) and g,h (N
TOS).
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Figure 6.2: FTIR (a) and TGA thermograms (b) of pyroxene nanoglagibefore and after
functionalization with TOS, PEI and PEO.

6.4.3. Zeta Potential Measurements and Nanofluid Stability

Figure 6.3ashows thes measurements obtainedngg different brine salinities with 0.5 g of sand,

while Figure 6.3bshows the effects of nanoparticlesgim presence of LSW(1000ppm) and/or
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FB. The highest was obtained for brine containing NaCl, salinity 1000 ppm repoged7a7

mV, andlowest for brine containing divalent ions reported-83.50 m\. Moreover, ¢ later
dropped significantly t65.77 mV when the divalent concentration present information brine C
was doubled. Thus$jgher salinity, especially the presencelivflent ions, bBd a significant effect
one. Using formation brine, the ebrine interface resulted in the zeta potentiall@45mV. The

zeta potential polarity at the dirine interface plays a significant role in controlling whether
improved oil reovery will occurduring LSW injection. Normally, the hypothesis is, EOR will
occur during LSWF when the electrostatic repulsion between therind and rockbrine
interfaces increases as a resuthefchange in brine composition during brfieoding which was

the obained trend for our zeta potential measurements for the used rock sZetpl@otential
measurements help to understand and control colloidal suspensions(Alotaibi et al., 2011). If the
interface has opposite charges, repulsive electrostatce occurshat keeps the disjoining
pressure high hence maintaining a thick water filfrherefore, brine salinity (1000 pprthat
resulted in the highest zeta potentighs selected as the LSW concentration and dispersing
medium base fluid for the naparticles sinewas expected to give the highest repulsive force,
higher disjoining pressure and result in additional oil recavégditionally, when 0.005 wt%
pyroxene nanoparticles were added to the mixture of 0.5g sand and the optimized 1000g@pm bri
it showed asignificant improvement afdepending on the modification type used on the pyroxene

surface as shown irigure 6.3b.
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Figure 6.3: (a) Zeta potential measurements of sand particles in the presence of different
solutions and (b) effect of nanopatrticles on Zeta potential measurements of LSW(1000ppm)
combined with 50ppm for each nanoparticle type in comparison to FB(B).

For nanopdicle stability, agairs and DLS analysis were used to investigate their siaml the

selected brineBecause of their size, and presence of harsh reservoir conditions such as high
temperature and salinity, nanoparticles tend to agglomerate andtdepdse rock surface (El

Diasty & Aly, 2015). This results in porosity and peability impairment that affects the fluid

flow in the porous medium. Therefore, before their practical application, nanoparticles have to be
stable. Nanofluids were formulatég adding 0.005 wt% of each nanoparticle type to 1000 ppm

of brine.Zeta potenal measurements were performed at room and elevated temperegure.

6.4ashows the measuredalues. Temperature and salinity had a significant effect on nanoparticle
stability. ¢ v aof the@anofluids indicate their stability, the higherglie.e., <-30 or > 30 )mV
greaterthemmanof |l ui d stabil ity saluesctypicallydemdbtd dggregates wi t

Nanopyroxene surface modified with both polymers RiEd PEO were not stable based on
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Figures 6.4b However, NTOS showed better didity based ore and DLS measurements, at all
temperatures. Nevertheless, wheff @S was dispersed in the formation brine, due to the presence
of divalent ions, the nanoparticles were not stable which indicates the impact of brine with low

ionic strengthon nanofluid staitity.
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Figure 6.4: (a) Zeta potential measurements using LSW (1000ppm) combined with 50ppm for
each nanoparticle and DLS measurements (b) for the nanofluids.

6.4.4. Impact of Brine Composition on Initial Wetting Conditions

The impact of initial brine and oil composition on the rock wettability were investigated using
contact angle and wettability index measurements. Wettability tests were performed using core
substrates and core plugs with initial brine wiiff efent ion composition. Contact angle and
wettability index were used to quantify the initial wetting condition in the presence of these ions
and oil. Figures of contact angle measurements are shiowigure 6.5 and wettability index
measurements aregwided in Figure C8 and Table C3, in Appendix Crespectively. In the
presence of brine with only monovalent ions in brine, the brine/rock interactions resulted in an

intermediate/neutral wet systefigure 6.5a In the presence of divalent cations @gndCa*
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ions) in brine, the rock wettability skéfd to oitwet as shown ifrigure 6.5b, and then to strongly
oil-wet when the composition of €aand Md¢" in the formation brine was doubl&dgure 6.5¢

These results were consistent withnd wettability ndex measurements. In theesence oFB-

A, the wettability index was0.57, in the presence of FBthe index changed t®.67 and with

FB-C, the wettability index changed t0.71 for the same oil composition. Moreover, in the
presence of FBB, and usingoil sample B, the index increased-t86. This indicates that oil
composition also had an impact on the initial rock wettability and could alter the wettability to
strongly oil wet. The presence of divalent ions may or may not increase the chanctaholitye
alteration of a given rockegpending on the oil composition (J. Buckley & Liu, 1998). When the

oil is pushed into proximity with an initially watevet surface, the water film on the surface is
surrounded by a brine/oil interface on one side lande/rock surface on the other sickn
electrostatic force of repulsion will only occur if these interfaces have like charges. This effect
increases the disjoining pressure and a thicker water film will be maintained, which will also
maintain a watewet system (Abdo & Haneef, 2012; J. Bueklet al., 1998). Conversely, if the
rock/brine and oil/brine interface have opposite charges, attractive electrostatic forces prevail. This
reduces the water film thickness and pulls the oil towards the rock susfaiod, increases the
oil-wetting tendeay of the rock (Dubey & Doe, 1993). The divalent ion content in brine plays a
vital role in controlling the surface charge Fjelde e(l&l.Fjelde, Polanska, Taghiyev, & Asen,
2013) found out that the retention of @olcrude oil components onto clay nrials and the
reservoir rock increased as the concentration of divalent ions increased, which is in line with our

current findings.
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Figure 65: (a) Contact angle measured in presence 6fdNme in brine, (b) the presence of
divalent ions (M§" and C&"in brine) (C) twice the concentration of Cand Mg* in the
divalent ions in brine.

6.4.5. Contact Angle andSpontaneous Imbibition Tests

Figure 6.6shows thecontact angle measuremenibe estimated contact anglesing oil B were

94 N12% N,3Ex N30 N 3oe(a) LSW alone (b) NPEO nanofluid, (c) NPEl nanofluid,

and (d) NTOS nanofluids, respectively. The contact angle measurements indicate that the
presence of LSW alone gldl alter the wettability frm strongly oitwet to intermediate wet, while

in the presence of nanoparticles, there was a significant change to strongiyetatetPEI and

N-PEO almost had the same behavior in terms of wettability alteration in compariNenOS.
Presence of LSW @mges the electrostatic interaction between the fluid and the rock interface.
Adding nanopatrticles depending on the type, concentration and surface charge increases the
electrostatic repulsive force that makes the wedge filmwdsmn the surface and oil lwenes larger.
Consequently, the nanofluid spread on the surface and depending on their affinity with the rock

surface, they detach the oil making the surface more water wet.

240



Figure 6.6 Contact antp measurements for (a) LSW alone, (b) LSW with npyimxene
modified with N-PEI, (c) modified with NPEO, (d) modified with NTOS measured at 6C for
24h.

Figure 6.7shows the obtained spontaneous imbibition results. Formation brine asrigswlef

to imbibe for the 20 days until no more oil was recovered. The lower oil recovery of 23% in the
first 20 days can be attributed to possibly gravity as a dominating mechanism. Since the wettability
of the cores after ageing were strongly odtwoil coutl not be produced by capillary forces and

the flow of oil was possibly courrent (Mohammed & Babadagli, 2015). Fréigure 6.7, Point

1 indicates the induction time that was required for the formation brine to start imbibing, while
Point 2 indcates thetart point of nanofluid imbibition. As seen;NOS could imbibe and recover

an extra 5% in the additional 10 days whild®PEO and NPEI almost showed similar recovery

properties by recovering an additional of approximately 2% in the same pédodiays.
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Figure 6.7: Spontaneous imbibition experiments for the nanofluids 4C6@oint 1 shows
induction time at which water started imbibing and point 2 showspsiartof nanofluid
imbibtion after maximum imbibtio of formaton brine.

Table 66. Relative permeability measurements

Property FW injection LSW injection LSW+N-TOS
Qati (mD) 0.28 0.32 0.61
Q ati  (mD) 0.075 0.074 0.19

Y % 46.1 41.3 30.0

Y % 25.3 29.2 0.36
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Based ornthe zeta potential measurements, contact angle and imbibition experimern@S N
based nanofluids were selected to perform the relative permeability measurdfigants.6.8

shows the o#water relative permeabilities of the Berea sandstone éefod afteinjection of

LSW or LSW coupled with nanoparticles. It can be evidenced that after LSW injection, there was
a slight increase in () and a reduction in ¢3. However, the crossover point was still less than
50%, and there was reggnificant shift inthe relative permeability curve. After adsorption of
nanoparticles, the oil phase relative permeability curve moved to the right (i.e., towards reduced
oil saturation and increased water saturation). The subsequent oil saturatioat@nsgaturation

at the intersection point during LSW shifted from 0.39 to 0.44, and after nanoparticle injection,
there was a shift from 0440 053as summarized ifiable 66. It can be concluded that adsorption

of the nanoparticles results in a more evavet system, whicimproves the relative permeability

of the oil phase. This indicates that nanoparticles, when added to low salinity brine, has a
significant effect on the expansion of the electrical doldjer that changes the rofllaid
interactionsand hence shift thevettability towards more watevet. These results are consistent
with the contact angle and zeta potential measurements. Theoretically, water film remains stable
depending on the interaction of the existing forces based on DLVO tf@oephata & NasEl-

Din, 2015; Xie, Saeedi, Pooryousefy, & Liu, 2016). A watet system is maintained depending

on the strength of the film, in case the water film becomes destabilized, oil can contact the rock
surface and depending on the rock chemistimygilwet system mgaresult. Injection of brine with

low salinity can cause changes in the charges that affect the thickness of thdaj@rliteat can

result in additional oil recoverfturthermore, the addition of 0.005 wt% of pyroxene nanoparticles
grafted with TOSsignificantly changed the charges at the rock interface as demonstrated in the
zeta potential measurementdHigure 6.3 which can result in increased douldger expansion.
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This results in altering the rock wettability from oil wet tooager water wet, lmee improving

the microscopic oil displacement efficiency.
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Figure 6.8: Relative permeability curves for the (a) base tdaek and red line in presence of
formation water alon@W) followed by LSW injedbn doted lines bluand greerand (b)LSW
red and blackollowed by LSW + NTOSgreen and blue

6.4.6. Displacement Tests

Seven displacement experiments were performadtierstand the role of nanoparticles during
LSW injection. Core flooding experimentgere performed in #hsame way for all scenarios but
with different injecting fluids. As explained in Section 2.7, core flooding experiment started with
brine injection tareach the 100% water cut, ther2 PV of the 1000 ppm of LSW alone or with
nanopaitles was injected toecover the remaining oil.able 6.7 shows a summary of the results
for the displacement tests performed during this study.

Table 6.7 Summary of theasults of the core flooding experiments

Core Type of oll Type of Initial oil Waterflood Tertiary Final
ID water(FB)  saturation recovery (%) recovery recovery

(OnP) (%) (%)

C1l Oil A FB-A 0.58 67.9 0 67.9
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C2 Oil A FB-B 0.73 63.5 6.8 70.3

C3 Oil A FB-C 0.76 65.9 4.7 70.6

C4 Oil B FB-B 0.81 56.5 2.4 58.9

C5 oilC FB-B 0.59 33.8 0.0 33.8

C6 Oil sample FB-B 0.75 56.0 15.4 71.4
A+N-TOS

C7 Oil sample FB-B 0.75 58.8 9.4 68.2
B+N-TOS

6.4.7:Effects of Brine Salinity in Irreducible Water Saturation During LSW Flooding
6.4.8. Presence of Monovalent lons in Initial Brine

Core plug C1, adgwwn inTable 6.2,was used to study the effects of LSW with only monovalent
ions in the irreducible water before nanopatrticle injection. The core wasdtrgated with FW,
containing NaCl alone(FB\), to establish the initial water saturation. Afteatthoil sample A wa
injected into the core to establish the initial oil in place. Secondary recovery was initiated by
injecting the same FB alone untilno more oil was produced or 100 % water cut. Then LSW,
1000 ppm was injected and as showfimgure 6.9, no additional @ was recovered at the tertiary
stage. This implies that with the absence of divalent ions in the irreducible water, LSW did not
resultin any additional oil recovery despite the presence of polar components in oil. Besides that,
most d the oil was recoered before the water breakthrough which indictitesthe water wet of

the system did not changdhen therock contacted with oil (WG. Anderson, 1987). Also, the pH

did not significantly change before and after LSW injection. Noyméle increase arthange in

pH during LSW may be ascribed to cation exchanged on the Quartz,(Katende & Sagala, 2019;
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McMillan, Rahnema, Romiluy, & Kitty2016) which possibly did not occur here. Therefore, in
the absence of divalent ions in FW, no catexthange occurrednd hence no additional olil
recovery was obtained. This indicates the significance of divalent ions during LSW flooding.
Similar findings have been reported by Behruz et @haker Shiran & Skauge, 2013) This

indicates that the compogit of irreducible water affect LSW enhanced oil recovery.
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Figure 6.9: Oil recovery profile (primary vertical axis) and pressure drop (secondary vertical
axis) between injection and production end (DP}liercore plug C1 test

6.4.9. Presencef Divalent lons (Mg?* and C&*) in the Irreducible Water

A different run usingcore plug C2 was conductdy injecting 1000 ppm of LSW again in the
presence of formation brine (FB) containing divalent iongMg?* and C&") in the irrelucible
water and #er injecting (FB)B in the secondary mode. An additional oil recovery of 6.8%e

oil originally in place (OOIP) was recovered during the tertiary mode, as showrgure 6.10,
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which shows the significance of divalent ions in fotimawater during ISW injection. Nasrallah

et al.(Nasralla & NastEl-Din, 2014b)investigated the role of LSW in recovering residual oil and
confirmed that the presence of divalent ions in the connate water results in cation exchange
between the surfacd the rock, connatevater and LSW which results in a change of the surface
chargesof the rock. On the other hand, Skrettingland et(@krettingland, Holt, Tweheyo, &
Skjevrak, 2011) suggested that the initial wetting condition affects LSW injecticoriparice.
Divalent ations stabilize the clay and lower theesulting in loweringof the repulsive forces
between the rock and brine. The polar oil components (like resins and asphaltenes) get attached to
clay surface due to the presence of these divaltiins making theurface more oil wet. When

brine with a lower salinity is infed in presence of these divalent cations, delalyler expansion

occurs due to cation exchangencreases again and the polar components get detached from the
rock makingthe surface more aterwet, and thus more oil is recovered{@4edi, Flori, & Bady,

2019; Austad, RezaeiDoust, & Puntervold, 2010). Moreover, reducing the water salinity results in
a thicker and stable water film compared to higher salinity injectiertaelectrical dobie-layer

expansion which increases the oil displacement effay.
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Figure 6.10: Oil recovery factor and pressure drop between injection and production end (DP)
for thecore plug C2 test.

6.4.10. Presencef Twice the Conceftration of Divalent lons in Irreducible Water

Since rocksurfaces have different ion affinities, the consequence of multicomponent ion exchange
(MIE) is having divalent ions like Gsand Md* strongly adsorbed on rock surfaces until riek

is fully satuated. Multivalent cations at clay surfaces are bondgubkar compounds present in

the oil phase (like resins and asphaltenes) or the polar components can adsorb directly onto charged
surfaces forming organmetallic complexes and prommag oil-wetness omock surfaces (Ingebret
Fjelde, Omekeh, & Sokamdeuyam,2014). For this reason, another core flooding experiment
using core plug C3 was conducted while doubling the concentration ?6ar@aMd” in the
formation brine(FBC) as shown ifFigure 6.11 Resuts of this displacement tests are shown in
Table 6.6Coreflooding results showed that after injection of (EBin the secondary mode, an
additional oil recovery of 4.7% of the OOIP was obtained after injection of 2000 ppm LSW at the
tertiary stage whicls slightly less compared to core plug C2 test. FFagure 6.3, its noticeable

that the when the concentration of divalent ions in the formation water was doubled, the zeta
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potential dropped fror7.7mV to-5.77mV. This significant din zeta potentiahcreases the

oil adsorption tendency towards the roeckface due to the weak water film at the rock/brine
interface. As a result, the polar components from oil easily get attached to the rock surface making
it strongly oil wet.The dbtained results amxpected sincevaterfloods are less efficient in stromge
oil-wet systems compared to lesswét systems (W. G. Anderson, 198¥).oil-wet systems,

some organic polar components are adsorbed directly to the mineral surface, djsplasin
cations presnt at the clay surface and increasing theveiiness (JS. Buckley, Bousseau, & Liu,

1996). Hypothetically, removal of polar components from the clay surface results in a stronger
waterwet surface that increases oil recovery. Basedhe multiple iorexchange mechanism,

polar oil components bond stronglydiay surfaces by divalent cations. As a result of delayer
expansion due to LSWF, the polar oil components bonded to the divalent cations can thus be
exchanged (Lager, Webbl|agk, et al., 2008)With twice the concentration of divalent ions fCa
andMg?"), the reservoir rock strongly becomeswit based on the measured contact angle and
wettability index, as shown in Figure S8c and Tdlsan the Appendix C As a result,liere was

a slight eduction in the oil recovered during the tertiatgge compared to core plug C2 with less
concentration of divalent ions. However, the pressure profiles were similar in all flooding
experiments during the initial brine flooding, closeynains constantntil breakthrough, slightly

decreases after breakbugh, and then remains constant again.
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Figure 6.11: Oil recovery factor and pressure drop between injection and production end (DP)
for thecore plug C3 tst.

6.4.11. Effectof Oil Composition

Three oil types A, B and C ofdifferent acid number, asphaltene content and SARA composition
were used for this test to select one oil type for testing the effect of LSW coupled with the
nanoparticles during EOR usgjrtore plugs C2, Cédnd C5. Oil recovery profiles for different oil
samples of A, B and C are shownRigure 6.12 The recovery profiles were obtained by injecting

3PV of FBB during initial fluid saturations and in the secondary mode followed by 2P0Q#f 1

ppm of LSW in he tertiary mode. Oil A with a lower asphalteatent and lower acidic number
resulted in the highest recovery compared to B and C. This can be attributed to its properties such
as the density and asphaltene content compared to B wéicbe classifieds a heavy oil based

on its AP1. The oil propers affect its recovery performance during EOR. Normally heavy oils
because of viscous fingering due to adverse mobility ratios results in lower sweep efficiency that

affects the water flading performancentt results in lower recoveries. Moreover, oil gasition
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may contribute to LSW injection significantly depending on crude oil acid/base number and the
content of polar compounds like asphaltenes and resins. However, some reseateti¢naiihe

crude oils with higher asphaltene content may not nearlgsshow any improvement in oil
recovery using LSW injection,(Chawdiyauch, Lu, & Firoozabadi, 2019) which is similar to our
findings here. On the other hand, the presence of a@dipanents in crudeil has been reported

to result in additional oitecovery during LSW injection (Shaddel, Tabatabagad, & Fathi,

2014). FromFigure C9 in Appendix G with oil C (Toluene) did not result in any additional oil
during LSW injection. Thican be attributedo the absence of polar components from this oil
sample. In the presence of oil containing polar components, like the case of oil samples A and B,
the polarcomponents get adsorbed on the clay surface by bonding with previously adsorbed
divalent cations. file LSW injected since it contains less divalent ions?(Mgd C&"), replaces

the polar components and divalent ions with less complexed cations whicheshhegrock
wettability to more watewet, hence increasing the oil recoveryl(idr et al., 2015Sorbie &

Collins, 2010). However, this depends on the properties of the oil used. This explains the additional
oil recovery for oil samples A and Based orthis test, we selectedl @amples A and Bfor the

synergy of LSW and nanopates.
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Figure 6.12 Oil recovery profiles for the oil samples A, B and C UsingB-Bnd LSW alone
Using cores C2, C4 and Cb5.

6.4.12. LSW Coupled with Nanofluids

After investigating the different scenarios under which LSWF mezypver additionabil, the

effect of injecting ISW assisted by nanoparticles was examined by performing core flooding
experiments using the two oil samples A and B since they both exhibited better response during
LSW injection. Core plugs C6 and C7 andnfiation brine FBB were used in this part of the
study. NTOS dispersed in 1000ppm of LSW was selected for the flooding experiments based on
the stability test. It is imperative to note that unstable nanoparticles can aggregate and negatively
affect oil recovery performancéarticles with sizes in therder of micrometes close to the pore

space openings can cause formation damage and pore plugging (Giraldo, Benjumea, Lopera,
Cort®, & Ruiz, 2013; Lu et al., 2017). Therefore, based on the previous regpési oil samples

A and B were used to investigahe EOR perfornrace of LSW coupled with NOS nanoparticles
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using formation brine A(FEB). In either case, LSW coupled with NOS did not only result in

stable nanofluids but also increased the oil recovery up to 15%, depending on the oil composition.
Oil sample A recovexd more oil compared to B due to their different composition or properties,

as shown inFigure 6.13 The mechanisms of improving oil recovery by coupling LSW and
nanoparticles can be attributed to mainly wettability alteration due tofisant increase fo
disjoining pressure, asphaltene inhibition and changes in pH (Sagala et al., 2020). Moreover, in
both cases, temperature impacssaBd EOR by reducing the IFT between oil and water and also
increasing the solubility of the polmomponents (Olayiwola &ejam, 2019). Nevertheless,
removal of active cation from the mineral surface (clay) is an exothermic process, as the
temperature increases the desorption rate for these polar components also increases making the

surface more watavet (McMillan et al., D16).
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Figure 6.13: Comparison of oil recovery profiles for the two oil samples A and B in the presence
of LSW coupled with NTOS using cores plugs C6 and C7.
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6.4.13. The pH of water produced
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Figure 6.14: Effluent pH for different tests.

Figure 6.14:shows the measured pH under different experimental conditions. The figure shows
that the effluent pH slightly increased with the injection of LSW in absenceT@®8l While the
enhancement in the &fent pH was more significant in presence oT®S. In the absence of
nanoparticles, a slight enhancement in the medium pH was observed due to the basic effect that
resulted from ionization of salts that are presented in 8\ LWith NTOS, on the otherdnd,

the pH value increased due to the negative surface charge of the pyroxene nanopatrticles. However,
the oil composition and the nature of its interactions with sand might also contribute to changing
the effluent pH. Austackt al. (Austad et al., 2010; éstad, Strand, Madland, Puntervold, &
Korsnes, 2007) suggested that the polar components in oil become more soluble in the agqueous
phase when they contact brine with low ionic strength. In such conditions, due to the replaceme

of adsorbed G4 ions by H, pH may increase in the locality of the clay surface, due to the
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interactions between the negatively charged dBisny() and the positively charged ion (e.g;"@a

as shown in equation 6.1.

Oawd®w OUP 0a® oO6w VO oD

Several researchef{sulu, Himsg, Strand, Puntervold, & Austad, 201RezaeiDoust,
Puntervold, & Austad, 2011) have proposed interaction equations between the sand, oll
components and saline water. They suggested that oil is composed of polar and nonpolar parts.
The polar part is composed of complex hydrocarbon chai®s While the nonpolar part mainly
contains carboxylic acidCOOH) and amine N\H") functional groups. Therefore, oil can be
presented in forms likér 6 0 0 A1 % 0 "O. When both organic compoundge adsorbed on

the rock surface, they can be presented in form8 of,(0 &Y 6 U 0afd 60 a & U 0. With
thelocal increment in pH (addition of OKireactions between adsorbed basic and acidic materials
are carred out, similar to thosthat take place in ordinary aeizhse proton transfer reaction.
Accordingly, both acidic and basic organic compounds are desorbed from the clay surface as
shown in equations 6.2 and 6.3.

OO0 WAXOULUL®OP 0AAYOULUO 0OV (6.2)
00w UVLO 00OP Clay+YU0 + 00 (6.3)

For better understaling, Figure 6.15 describes the mechanisms of organic compound
desorption from the clay surface (e.g., Kaolinite) at high pH. As shown, the adsorbed organic
compounds of @ O WY O U 0@ & W O 'O tend to become proton donors (Bsted

acid), such that adsorbed organic compounds react with the free hydroxyl giol@s, (
generating liberated conjugate bases™f® 0 Uand'Y 0. This weakens the coulombic force
between the organic bases and rock surface and heneasasrtheock surface hydrophilicity

(Austad et al., 2010). Subsequently, the increase in pH values causes the organic material to detach
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from the clay surface which changes the wettability of the rock towards stronger water wet. The
difference in the uperd shiftin effluent pH during FW, LSW, or LSW coupled with nanopatrticle
injection can also traditionally be ascribed to the exchangé fdrHNa" on the clay surfaces, due

to the negatively charged kaolinite and quartz surface sites.(Nasralla &Nasr, 2014 The
presence of NNOS improved the effluent pH possibly due to additional exchangé witH the

OH  groups.

=
o o= F
o.0 ) e ” v
5 J.J H,0
1 H,0

$ L

Kaolinite Surface Kaolinite Surface

Figure 6.15. Schematic representation describing the mechanism(s) involving organic
compound desorptioinom theclay surface at high pH. Colored spheres: red represgngen
atoms; white represents hydrogen atoms; dark green represents aluminium atoms; orange
represents silicon atoms; grey represeatbon atoms; dark green represents nitrogen atoms.

6.4.14. Regilual Oil Saturation After Tertiary Stage

Oil recovered at the tertiary stage (EOR%) and residual oil saturatighb) (Sfter different

scenarios of injection are shownkigure 6.16 The residual oil was estimated using Equation 4.
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Y¢ b (4)

where N is the oil in placd) is the volume of the produced oil and B the interconnected pore
volume.

Presence ofitferent brine composition affected botly: 8nd EOR during LSW injection. There
was no EOR in the absence of divalent ions in the irreducible water during LSW injection. In the
presence of divalent ions ithe formation brine, EOR was noticeable and iase&l as the
concentration of divalent ions in the formation brine decreased. Oil composition also had a
significant effect on § and EOR during LSW injection. Using oil sample C (Toluene), there was
no oil recovery at the tertiary stage. This implies thalar components in oil have a significant
impact during LSW injection. Comparing oil samples, A and B, more oil could be recovered during
LSW for oil sample A than B due to their difference in composisoch as viscosity and
asphaltene content that e@ffts their sweep and displacement efficiency. Also, combining
nanoparticles with LSW had a significant effect gna®d EOR. From a phenomenological point

of view, it can be argued that if nanoparticlehwiigher affinity for both the oil and the roctea
coupled with low salinity water, the performance of the treatment or the ability to alter the
wettability of the rock can be improved which can significantly reduce the trapped oil. Moreover,
nanopartiads can help to avoid a posterior aggregation efdistached oil molecules by keeping
them in suspension and hence easily displace the residual oil to the producingGiralldo et

al., 2013)
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Figure 6.16: Residual oil satration and tertiary recovery obtained at différ@jection
scenarios.

6.5. Conclusion

In this study, static and dynamic displacement tests were used to evaluate the performance of
LSWF coupled with surface modified pyroxene nanoparticles ubimg oil samples and three
brine types in Berea sandstofeom this study, the following conclusions can be made; absence
of polar components in crude oil does not result in any additional oil recovery during LSW
injection based on the three oil typegdisMoreover, LSW significantly improved nanoparticles
stablity compared to conventional brine. It was noted that, at a higher temperature, the stability of
the nanofluids depends on the type of the nanomaterial/surface modifier useebyKamene
modified with TOS showed better stability and oil recovery coeghém the polymers (PEO and
PEI), moreover, at a higher temperature. The presence?favid C&* in the connate water could
result in significant differences in sandstone wettability and depgdithe oil composition they
impact the performance of LSWiring EOR. Electrékinetically charged oil/brine and solid/brine

interfaces get significantly affected by adding 0.005 wt% nanoparticles to brine with low ionic
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strength based on the zeta pot@mneasurements. Contact angle in the presence of LSW, alone
N-PEO, NPEI, and NTOS nanofluids was measured asN® 18N 3 1N 3 3@ N,3 e
respectively, conforming wettability alteration from oil/neutral wet to stronger wader
Furthermore, the geger repulsive force due to double layer expansion creates a significant shift
in the relative permeability curveo the right, hence improving the microscopic oil sweep
efficiency. During the displacement tests, the effluent pH increased during LSV\edauifth
nanoparticles possibly due to dissolution/ion exchange of clay and formation of excess hydroxyl
ions, OH .Injection of LSW alone resulted in 6% additional recovery during the tertiary stage,
however, after incorporating the-NOS an increment of puto 1215% could be obtained
depending on the oil composition.
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Chapter Seven: Conclusions and Recommendations

Since a separate detailed conclusiomsigdl in each chapter, just essentialatesions and major

contributions of this thesis are showerefollowed by recommendations for future studies.

7.1. Conclusions

T

The synthesized pyroxene nanoparticles usedase study showed the great prospective
as EOR agents since they resulted inhbrgoil recovery during imbibition and
displacement experiments. This could be due to their ability to alter the induced oil wet
state to more watewet.

The synthesized nanoparticles can greatly improve the regg@aformance either as a
standalone or tien synergized with some conventional techniques such as low salinity
water flooding by mostly wettability alteration.

The synthesized nanofluids showed aigeatble IFT reduction but not significant to
recover traped oil due to higher capillary numb&herefore, alteration in wettability had

a greater effect on recovering trapped oil than lowering the IFT in this study.

Using these synthesized nanofluid€El@R application offers future prospects, the major
mechaism of oil recovery can be deducted &gaining pressure, enhancement of zeta
potential mechanism that results in wettability alteration that improved the displacement
efficiency.

Increasing the anoparticle concentration does not guarargeeémprovemat of oil
recovery. An optimum concentran is always desirable for EGRANO application;
however, this may depend awariety of factors such as nanoparticle type, size dispersing

medium slug sizenjection time etc.
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7.2. Recommendations for Future Wok.

Based on this research, the followigommendations can be made for future studies on the use

of nanopyroxene in oil recovery.

Even though the proposed synthesized nanoparticles showed impravienvards oil recovery

by mostly wettability alterationt imperative to try synergizing thesanoparticles with different

types of surfactant® reducethe interfacial tension to ultdaw IFT values. This will help to

enhance the microscopic dispdacent efficiency and hence improve the recovery factor.

l

T

The mechanism of nanoparticle transportha porous medium and relevant governing
models require further investigation to understand the nano distribution in the porous
medium.Therefore, extensivexperimental work should be performed to understand the
relevant mechanisms of the migration angnsport behavior of nanoparticles in the
porous medium.

Extensive laboratory studies are still required to formulate more effective nano solutions
to providea comprehensive understanding of more underlying meshenfor improved

oil recovery using nan@pticles.

Application of these nanoparticles in form of nanofluigls/roxene nanofluids) in
carbonate reservoirs requires further investigation to understaedunderlying
mechanisms in comparison to sandstonervess.

Better performance and new appliion may be revealed if two or more different
nanoparticles, and at different concentrations, are investigated for the possibility of
synergism in their hybrid substances. Besides, the creation of newflnaisomay be

possible if nanoparticles are desiged in a mixture of different fluid types. Consequently,
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studies orsynergistic effects/hybridsre suggested for investigation in future
nanotechnology research.

Majority of the oil and gas industry nanotechriploeseachis reported at laboratory dea
therefore, field trials are appropriate to further understand their applicability of the
synthesized nanopatrticles in the oil indusiyanoparticles are expensive; so, it will be
cost beneficial to use the lostenanopdicles concentration possiblehile still achieving

an acceptable level dhe desired performance. Hence, optimization studies are also

recommended for examination in future nanotechnology research

Moreover, these synthesized nanoparticles beagoterial components for enhancing the

performance of drilling fluids, enhancing the cement rheology and hydraulic fracturing.
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Appendix A. Supporting Information for Chapter Four
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Figure A1l. Oil viscosity as a function of temperature.
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Figure A2. Sandstone core morphology (a)datb) before adsorption (c) after nanopyroxene
adsorption.
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Figure A3(a). EDX mineral composition of the sandstone core plug before -pgraxene
adsorption.
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Figure A3(b). EDX mapping for mineral composition afteanepyroxene adsorption.
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Figure A4. Photograph of the three prepared pyroxkbased nanofluids.

Figure A5. SEM mapped points 1, 2, 3 and 4 for different wax ball regions to confirm nano
pyroxene on the waxusface during JPNP synthesis.
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Figure A6(a). EDX of mapped points 1 on the whall regions (no pyroxene).
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Figure A6(b). EDX of mapped points 2 on the wax ball regions (shows pyroxene
presence).

Figure A7. Waterdrop contact angle before and after ageing in oil.
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Figure A8. Photographs lowing oil recovery from Berea sandstomethe presence of (a)

pyroxenebased nanofluids and (b) brine

Figure A9: Imbibition experiment (1) Brine (2) & (3) nanofluids after 17 days.
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