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Abstract

Conventional oil production methods produce approximately one-third of the initial oil in place
from a reservoir, on average. The remaining oil is a large attractive target for Enhanced Oil
Recovery (EOR) techniques. Recently, the potential of using nanoparticles in EOR methods
has been explored with some promising results from preliminary evaluations. However, the
application of nanoparticles in real oil reservoirs is limited by knowledge gaps. The stability
of nanoparticles in the injection or formation water containing diverse types and concentrations
of ions is a challenge. It is still unknown whether and under which conditions nanoparticles
can self-assemble at the oil-water interface and alter the oil-water interfacial properties. The
wettability alteration capacity of nanoparticles usually investigated by contact angle
measurements is affected by subtle experimental artefacts; hence, the result of conventional
contact angle measurements may not be reliable to evaluate the effect of nanoparticles on the
wettability of substrates. Moreover, the mechanism of wettability alteration by nanoparticles
is not clear yet.

The stability of nanoparticles in the aqueous phase is the primary challenge to using
nanoparticles in reservoir conditions. Nanoparticles are extremely unstable in high salinity
seawater or formation water. Typically, seawater or formation brine is used for water-flooding
and EOR purposes. Therefore, if we want to modify the fluid-fluid or fluid-rock properties by
injecting nanoparticle enhanced water, then the stability of the nanoparticles in high salinity
seawater or formation brine is extremely important. A novel method to stabilize silica
nanoparticles in seawater is proposed. First, the stability of silica nanoparticles in the presence
of different ions is investigated. The results show that the presence of multivalent counter-ions

in the electrical double layer of nanoparticles can destabilize silica nanoparticles. To reduce



the concentration of positive multivalent ions around silica nanoparticles, a method called “H+
protected” is proposed and its effectiveness is tested by particle size, turbidity, zeta-potential,
and pH measurements. Experimental results show that the H+ protected method obtained by
adding hydrochloric acid (HCI) to the solution, can effectively stabilize silica nanoparticles in
seawater.

By investigating the controlling parameters of nanoparticle attachment at the interface (bulk
suspension properties including the concentration of nanoparticles, concentration of HCI,
salinity, size and charge of nanoparticles and operating conditions i.e., temperature and
pressure) and coupling them with nanoparticles’ stability in the solution, the conditions under
which silica nanoparticles can reduce oil-water interfacial tension are experimentally
investigated. The maximum IFT reduction occurs when there is a packed monolayer of
nanoparticles at the oil-water interface. For instance, increasing nanoparticles’ concentration
and salinity to their optimum value would lead to achieving smaller IFT values. Further
increasing the concentration of nanoparticles and salinity beyond the optimum value can
destabilize the nanoparticles and increase their average size in the solution, which can reduce
the number of nanoparticles at the interface and thus increase the IFT value. In general, the
minimum IFT occurs when the surface energy reduction due to the adsorption of nanoparticles
is minimum, i.e., the chance of nanoparticles desorbing from the interface due to thermal
fluctuations (especially in the elevated temperatures) is high and aggregation of nanoparticles
in the bulk solution is initiated. We believe that IFT reduction is partially but not fully
responsible for incremental oil recovery greater than water-flooding alone. We test our

hypothesis by conducting silica nanoparticles in seawater flooding experimentally and



comparing the results with simulations that examine the effect of a) IFT reduction only and b)
the effect of altering the relative permeability, wettability, and IFT reduction.

The mechanism of wettability alteration by silica nanoparticles is investigated. The impact of
experimental methods in conventional contact angle measurements on the wettability alteration
data is evaluated. In conventional contact angle measurements, the rock samples are either
aged with (immersed in) nanoparticles-fluid before conducting the experiments or contacted
with the nanoparticles-fluid before the oil droplet is attached to the rock substrate. In both
cases, nanoparticles exist in the oil-rock interface before initiating the contact angle
measurements (pre-existing nanoparticles). A real reservoir scenario would be to inject the
nanoparticle-fluids into an already established equilibrium condition of oil-water-rock. Hence,
the contact angle measurements are modified using a new displacement contact angle method
to represent the injection of nanoparticle-fluids into a reservoir. The impact of pre-existing
nanoparticles on the contact angle measurements is examined for simple (n-decane, NaCl
brine, pure substrates) and complex (crude oil, seawater, and reservoir rock) systems at various
wetting conditions of the substrates (water-wet and oil-wet). The effect of the surface and
nanoparticle charge on the contact angle is evaluated by adjusting the aqueous phase salinity.
We also differentiate between the disjoining pressure mechanism and diffusion of silica
nanoparticles through the oil phase by testing the attachment of nanoparticles on the rock
surface. The results illustrate that a substantial portion of the wettability alteration ability of
nanoparticles reported in the literature may be attributed to the method of measuring the contact
angles where nanoparticles can adsorb at the rock sample before contact angle measurements.
Silica nanoparticles are shown to further reduce the contact angle (make the substrate more

water-wet) only when we have water-wet condition initially. Under oil-wet conditions,



nanoparticles cause no notable change on the contact angle. The synergic effect of structural
disjoining pressure and capillary pressure reduction might be a possible mechanism of
wettability alteration in the water-wet conditions. In oil-wet conditions, the only possible
mechanism is capillary pressure reduction. This chapter is presented as a paper in the

International Symposium of the Society of Core Analysts.
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1.CHAPTER ONE

Introduction and Overview



1.1. Motivation

British Petroleum’s (BP) 2035 Energy Outlook [1] estimated that global energy demand will
increase 30% by 2035. The U.S. Energy Information Administration [2] predicted that
worldwide petroleum and liquid fuel consumption will increase from 90 million barrels per
day in 2012 to 121 million barrels per day by 2040. This demand must be met by discovering
new oil fields or maximizing oil recovery from already discovered and producing oil fields.
The chance of finding new large petroleum fields is negligible. Hence, maximizing oil
extraction from existing reservoirs through Enhanced Oil Recovery (EOR) methods appears to

be an accessible way to meet this demand.

The natural energy of a hydrocarbon reservoir is sufficient to produce only a small fraction of
the initial hydrocarbons in place. Remaining oil is trapped because of the interplay between
the viscous, gravity, and capillary forces in the porous media. In general, EOR refers to
implementation of a recovery method that increases the recovery of oil beyond what the
primary and secondary methods (natural production and pressure maintenance with gas or
water, respectively) would normally be expected to yield. On average, conventional production
methods produce approximately one third of the initial oil in place from a reservoir. The

remaining oil is a large attractive target for EOR techniques [3].

Recently, there has been a growing interest in the application of nanoparticles in EOR
processes [4-8]. Nanoparticles are defined as particles with a size, at least in one dimension,
between 1 to 100 nm [9]. Due to their ultra-small size and high surface-area to volume ratio,
they can penetrate pores and alter the rock-fluid and fluid-fluid properties favorably.
Nanoparticle enhanced water flooding, or simply nanoparticle-EOR, may result in extra oil

recovery from oil reservoirs by altering reservoirs’ fluid-fluid and rock-fluid properties.
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Numerous studies have evaluated the effectiveness of nanoparticle-EOR on oil recovery with
some promising outcomes based on preliminary results [5-7, 10, 11]. The majority of
researchers believe that the EOR potential of nanoparticles is through two important factors;
oil-water interfacial tension (IFT) reduction [12-15], and wettability alteration of reservoir rock
surfaces [16-19]. Despite all these efforts, there is still a long way to apply nanoparticles in
real oil reservoirs as an EOR technique. Beside the feasibility of storage and transport of
nanoparticles-fluids (especially for offshore reservoirs), the knowledge gap is the main
limitation to the application of nanoparticles in the oil fields. The goals of this research were
to characterize and assess the behaviour of nanoparticles in realistic reservoir water (aqueous
one phase solution), two phases (oil and water), and three phases (oil, water, and rock) to

address some of the most fundamental challenges of the nanoparticle-EOR methods.

1.2. Problem statement

Three main technical obstacles to using nanoparticles as a water flooding additive in the

realistic reservoirs are:

1. Stability of nanoparticles: The stability of nanoparticles in high salinity, multivalent
ionic solutions is the first and foremost challenge in the application of nanoparticles in
practical EOR techniques. For nanoparticles to alter fluid-fluid or rock-fluid properties,
they must be dispersed in seawater or formation water as the two major water resources
for water flooding and EOR processes. Unlike nanoparticles in deionized water or low
salinity brine solutions, nanoparticles are extremely unstable in seawater or in high
salinity formation water.

2. Effect of nanoparticles on fluid-fluid interactions: It is still unclear whether and

under which conditions nanoparticles can reduce oil-water interfacial tension (IFT).

3



The controlling parameters of nanoparticles’ attachment at the oil-water interface, the
influence of bulk suspension properties (the concentration of nanoparticles,
concentration of stabilizer, salinity, and surface charge and size of nanoparticles in the
suspension) and operating conditions (temperature and pressure) on the self-assembly
of nanoparticles are still unknown or debated.

Effect of nanoparticles on rock-fluid interactions: The ability of nanoparticles to
alter the wettability of reservoir rock is still being studied. Unfortunately, most studies
that have evaluated the effectiveness of nanoparticles in wettability alteration by the
contact angle method, have overestimated the effect of nanoparticles, due to the method
of contact angle measuring, because nanoparticles can adsorb on the rock sample before
contact angle measurements. The mechanism of wettability alteration by nanoparticles
is still unknown; it is still unclear how nanoparticles can reach the rock surface to alter
the wettability of substrate or detach the oil droplet from a surface. In practical EOR,
we are dealing with three multicomponent, interconnected, complex systems for which
minor changes in one phase can lead to severe alterations in the interfacial properties
between phases. Nanoparticles must be dispersed in the aqueous phase, which contains
various types and concentrations of ions. The interactions between the ions and
nanoparticles dictate the characteristics of nanoparticles (particle size, zeta-potential,
etc.) in the aqueous solution. Similarly, the oil phase may contain many surface active
components like asphaltene and naphthenic acids, which can interact with
nanoparticles at the oil-water and oil-rock interfaces. In reality, the rock sample is a
heterogeneous, non-smooth, mixed-wet substrate composed of various minerals. The

electrical charge of minerals can vary when contacted with an ionic fluid. This causes



alteration of the electrostatic repulsion between substrate and nanoparticles and
consequently can either attract or repel the nanoparticles. Hence, the role of
nanoparticles must be evaluated considering multicomponent complex fluids and real
formation rock.

In this thesis, we addressed these three obstacles to facilitate the application of nanoparticles

in real reservoirs.

1.3. Thesis structure

This thesis consists of six chapters as follows:

Chapter One presents the motivation of the study, states the problem and provides the structure

of the thesis.

Chapter Two provides a literature review on nanoparticle-EOR technique and the fundamental
surface chemistry concepts which are required to evaluate the interactions between
nanoparticles, the aqueous phase, oil phase, and rock surface. We mainly focused on the studies
that have investigated untreated silica nanoparticles without additional additives. Chapter two

will form the basis of a review article that we will soon submit.

Chapter Three has been published in the Journal of Fuel, and describes the effective parameters
in the aggregation of silica nanoparticles, proposing a novel method to stabilize silica

nanoparticles in seawater (H+ protected method).

Chapter Four has been published in the Journal of Molecular Liquids and describes the
behaviour of silica nanoparticles at the oil-water interface, explaining whether and under which

conditions silica nanoparticles can alter fluid-fluid interactions.



Chapter Five has been published by the Society of Core Analysis (SCA), and includes a
comparison of the wettability alteration capacity of silica nanoparticles in simple and complex
systems, evaluation of the impact of pre-existing nanoparticles at the oil-rock interface,
assessment of the mechanism of wettability alteration by nanoparticles and the effect of

nanoparticles and rock surface charge on the wettability alteration capacity of nanoparticles.

Chapter six contains a summary, conclusions, and recommendations for future work.



2. CHAPTER TWO

Literature Review



2.1. Nanoparticle-EOR

EOR is used to recover post water flood or gas flood mobile and immobile residual oil from a
reservoir by altering the fluid-fluid or fluid-rock properties to overcome the capillary, viscous,
and gravity forces. The goal of any EOR process is to achieve a high ultimate recovery factor
by reducing the mobility ratio and/or increasing the capillary number. Mobility ratio (M) is
defined as the mobility of the displacing fluid over the mobility of the displaced fluid (equation
1). The mobility of a phase (4;) is the effective permeability of that phase (x;) divided by its
viscosity (u;) and mathematically defined as equation 2:

Adisplacing fluid

M= (2-1)
Adisplaced fluid
1=k (2-2)
' Ui

The mobility ratio can be reduced by decreasing oil viscosity, increasing water viscosity,
increasing the effective permeability to oil, or decreasing the effective permeability of the
displacing fluid. Capillary number is defined as the ratio of the viscous forces to the capillary
forces. It was reported that a three orders of magnitude increase in capillary number will result
in recovery of 50% of the oil from a water-flooded reservoir and thar an increase of four orders
of magnitude is required to displace 100% oil from a core [20]. EOR methods are generally

divided into four broad groups [21, 22]:

Thermal (steam/hot water injection, combustion, etc.)

Miscible/Immiscible gas injection (CO2, hydrocarbon gas, nitrogen, air, etc.)

Chemical (alkali, surfactant, polymer, nanoparticles, smart water, etc.)

Other (microbial, electrical, leaching etc.)



Nanoparticle enhanced water flooding, or simply nanoparticle-fluid EOR, is a relatively new
chemical-EOR technique, which may result in extra oil recovery from oil reservoirs by altering
reservoirs’ fluid-fluid and rock-fluid properties. Diverse types of nanoparticles are tested to
explore their potential in EOR. Some of these nanoparticles and the major outcomes of the
experiments are listed in Table 2-1. As shown in the table, the positive effect of diverse types
of nanoparticles on oil recovery is observed through core-flooding, micromodel experiments,
IFT, and contact angle measurements. Different concentrations of NaCl solution are typically
used as the aqueous phase. Silica nanoparticles (silica dioxide- SiO2) are the most common
nanoparticles tested by researchers and their positive effect on oil recovery at the laboratory
scale is shown. In this research, we focused on the behaviour of silica nanoparticles in agueous
solutions (one phase), between two phases (oil and water), and in three phases (oil, water, and

rock surface).

Table 2-1: Effect of nanoparticles on enhanced oil recovery

Type of Major Major results Aqueous phase Rock Type  Reference
nanoparticles experiments
Silica dioxide Micromodel 10% to 20% increase in 3.6 wt% NaCl Brine [23]
(SiOy) (WAG) oil recovery solution
Silica dioxide i . Up to 14% increase in oil o : Berea
(Si0) Core-flooding recovery 3.0 wt% NaCl Brine Sandstone [14]
33% IFT reduction, 34%
oil viscosity reduction
. . for aluminum oxide
Aluminum oxide
(Al03) IFT and Oil .
Lo . I 37% IFT reduction, 24% o :
T|t_an|um oxide viscosity oil viscosity reduction 0.3 wt% NaCl Brine Limestone [24]
(TiOy) measurements oo .
A for titanium oxide
Silica dioxide
(Si02) 42% IFT reduction, 8%
oil viscosity reduction
for silica dioxide
S|I_|ca dioxide Core-flooding 17% increase in  oil DI-water Sandstone [8]
(Si02) recovery
e o —
Polysmcpn Core-flooding Up to 30% increase in oil 3.0 wt% Brine Sandstone [25]
nanoparticles recovery
Nanoparticles increase
Silica dioxide i . oil recovery up to 14 % o) Ry Berea
(Si0y) Core-flooding in high permeability 3.0 wt% Brine sandstone [26]

rock, but no guarantee to
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Type of Major Major results Aqueous phase Rock Type  Reference
nanoparticles experiments
increase oil recovery in
low permeability rocks.
Zirconium
dioxide (ZrO,)
Calcium
carbonate Primar
(CaCo0s) Y Based on contact angle
o L screening by o
Titanium dioxide measurements,  silicon
. contact angle S .
(TiOy), dioxide and calcium
- . measurements, .
Silicon dioxide core-floodin carbonate nanoparticles
(Si0y) 9 are selected. 8- 9 wt% NaCl Brine of 8-12 wt%  Carbonate [27]
. . and spontaneous . S
Magnesium oxide . T increase in oil recovery
imbibition -
(MgO) - observed for both silicon
; . experiments for o .
Aluminum oxide dioxide and calcium
the selected .
(Al205) . carbonate nanoparticles
- . nanoparticles
Cerium oxide
(Ce0y)
Carbon nanotube
(CNT)
20°  contact  angle
Silica dioxide ;I;lend contact reduction is observed in Seawater [28]
(SiOy) g the case of 0.05 wt%
measurements

nanoparticles

The objective of nanoparticle-EOR is to mobilize and recover the immobile oil from oil
reservoirs. Several mechanisms are suggested for nanoparticle-EOR including: oil-water
interfacial tension reduction [29-31], wettability alteration [16-18, 32] , increasing the viscosity
of the injection fluid [33], pore channel plugging [34], in-situ emulsification [35], and
preventing asphaltene precipitation [36, 37]. Despite these conjectures, it is still unclear why
nanoparticles mobilize oil ganglia. The experimental results reported in the literature regarding
the effect of nanoparticles on fluid-fluid and rock-fluid interactions are controversial and in
some cases, contradictory. The lack of knowledge about the interactions at the fluid-fluid and
rock-fluid interfaces and the impact of nanoparticles in such interactions have caused imprecise
analysis of laboratory results. In order to understand the reasons behind the controversial
results in the nanoparticle-EOR methods, it is required to be familiar with the intermolecular

forces at play in nanoparticle-EOR methods.
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2.2. Basic concepts

The major intermolecular forces in nanoparticle-EOR suspensions are: van der Waals forces,
electrostatic forces, steric interaction, bridging, hydrophobic interactions, and hydration-
solvation interactions [38]. The balance between these forces governs the stability of the
nanoparticles in bulk solution, and the adsorption of the nanoparticles at the fluid and rock
interfaces.

2.2.1. van der Waals Interaction

Van der Waals forces are typically attractive forces, which arise from dipole—dipole, dipole-
induced dipole, and London (instantaneous induced dipole-induced dipole) interactions [39].
The effective distance of van der Waals forces is normally limited to less than 10 nm [40]. Van
der Waals interactions between two equally sized spherical particles can be calculated using

the following equation [41]:

Evaw _ _ Aiz2 [ 2R?

kgT 6kgT [d2—4R2

d2—4R2)] (2-3)

2R?
+ = + In( y

where R is the particles’ radius, d is the center to center distance between two nanoparticles
and Auizz is the Hamaker constant. The Hamaker constant can be obtained using the Hamaker
constant of particle (surface) number 1 (A,;), bulk solution (As3), and particle (surface)

number 2 (A,,) using equation 2-2 [42]:

Az = (\/An - \/A33)(\/A22 - \/A33) (2-4)
The van der Waals attraction forces (E, 4,,) for a spherical particle (with radius R) and a surface
(similar to the adsorption of nanoparticles at the oil-water interface or rock surface) can also

be obtained using the following equation [43]:
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d d+2R+ln(

d+2R)]

2.2.2. Electrostatic forces

Electrostatic repulsion forces are influenced by the surface charge of nanoparticles (or a
surface) and the ionic strength of the surrounding medium [44]. Electrostatic force is typically
active within the electrical double layer extension of a charged particle (or a surface) [45]. The
idea of an Electrical Double Layer (EDL) was introduced by Helmholtz [46] and improved by
Gouy-Chapman and Stern [47, 48]. When a charged particle (or surface) contacts an ionic
fluid, at the first layer from the surface, a dense layer of opposite charge ions (counter-ions) is
adsorbed onto its surface due to chemical interactions. This layer is called the “Stern layer”. In
the second ring (or layer) from the surface, the number of counter-ions still exceeds that of
similar-ions. lons interact with the surface via Coulombs forces and can move freely under the
influence of electric forces or thermal motions. In this layer, the concentration of counter-ions
decreases with increasing distance from the Stern layer to the outer limit where electro-
neutrality is reached [47]. This layer is known as the "diffuse layer" [49]. Figure 2-1 depicts
the distribution of ions surrounded a negatively charged particles (or charged surface). The
electrical double layer is defined as the distance from the particle’s charged surface to the outer
boundary of the ‘diffuse’ layer, incorporating both Stern and diffuse layers. The thickness of
this layer (known as the “Debye length”) will change depending on the ionic strength of the
solvent. Increasing ionic strength of the solution compresses the EDL and shortens the Debye
length. The Debye Length (kx in nanometers) is a function of the valence (Zi) and number
density of ith ion in the solution (poo;), the system’s temperature (T in Kelvin), and relative

permittivity of the solution (g,.) and can be calculated using following equation [50]:
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(2-6)

where e is the elementary charge of an electron (C), & is absolute permittivity (F/C) and Kg
is the Boltzmann’s constant. The electrostatic repulsion between two equally sized spherical

particles with diameter of a, can be calculated as [51]:

32nKgTe €p ry>
-_ B k; PolV o1 kla>5 (2-7)
Vg ~ 2T eriK le 4 Kk la > (2-8)

Equation 2-8 is known as the linear Poisson-Boltzmann approximation [50]. The vy is called
the reduced surface potential and is a function of surface charge of particles (y,) and the

system’s temperature [51]:

ZEII)()
= tanh 2-9
Y GR,T (2-9)
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Figure 2-1: The schematic diagram of ion distribution around a charged particle (a), a charged
surface (b), and the effect of increasing salt concentration on the electrical double layer of a
charged particle (c), and a charged surface (d) (after [52]).

For the case of a spherical particle (P) with a radius of R and surface potential of y, and a
plate surface (S) with the surface potential of s (comparable to the adsorption of
nanoparticles at the oil-water interface), the electrostatic repulsion forces (Eg;) can be
calculated using following equation [53]:

1+ exp(—KD)
1 —exp(—KD)

Eg, = me, &R {leplps ln< ) + (Y2 +¢2)In[1 — exp(—ZKD)]} (2-10)

where K (= k1) is the inverse Debye length, D is the distance between the nanoparticle and

the surface.

2.2.3. DLVO theory

The DLVO theory presented by Derijaguin, Landau, Overbeek, and Verwey [54, 55] was
primarily used to predict the stability of a colloidal suspension in a bulk solution by comparing
the net attraction (van der Waals) and repulsion (electrostatic) forces on the particles. It is

currently the cornerstone of our understanding about the interactions between particles in the
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solution, adsorption of components to the interface, and particle deposition to planar substrates

[56]. The DLVO profile can be obtained by calculating the net potential [54, 55]:

Net potential = Eg;, — Epqw (2-11)
In the DLVO theory, as depicted in Figure 2-2, the net potential is plotted versus the distance
between two particles. Colloid particles must overcome the energy barrier to aggregate in the
bulk solution (or adsorb at the interface or rock surface). A larger energy barrier signifies more
resistance to particles’ aggregation (or adsorption). Stronger energy barriers are typically found
in lower ionic strength solutions. As the ion (salt) concentration increases, the electrical double
layer around charged particles compresses; therefore, the electrostatic repulsive force reduces.
However, the ion (salt) concentration does not affect the van der Waals attractive forces [56].
Hence, the net repulsion energy decreases without changing the attraction and, subsequently,
the energy barrier decreases. In the case where there is no significant energy barrier, particles
are said to be in their “primary minimum” potential, as shown in Figure 2-2. Aggregation of
particles occur if particles are at primary minimum potential. The secondary minimum
normally does not influence the aggregation kinetics. Particles in the secondary minimum can
coalescence without changing their original size, due to a mild attractive force between
particles. The aggregation of particles in the secondary minimum can be easily broken by

external forces such as shear or mechanical forces [57].
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Figure 2-2: Schematic of the DLVO profile [56]

The DLVO profile is more sensitive to the presence of multivalent ions than monovalent ions.
As shown in Figure 2-3, very small concentrations of multivalent ions can remove the energy
barrier and causes the aggregation of particles (or adsorption of particles at the interface). Also,
it is observed that in addition to ionic strength and ion type, the aggregation of particles is also
influenced by the charge type (positive or negative) of ions. (We will discuss these effects in
chapter three). For instance, the stability of negatively charged particles is dictated mainly by
the negatively charged multivalent ions and positive ions do not have a significant effect on

the aggregation of the negatively charged particles [58, 59]. As a result, the accuracy of DLVO

theory in the presence of multivalent ions decreases.
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Figure 2-3: Changing the DLVO profile with altering NaCl concentration (left) and MgCl»
concentration (right) [58]

The DLVO theory was proposed based on comparing two independent forces of van der Waals
(attractive) forces and electrostatic (repulsive) forces. Researchers later developed this theory
to account for the effect of other forces (non DLVO forces) such as steric forces [60, 61],
hydration-solvation interaction [62, 63] and hydrophobic interactions [64, 65]. These models

are classified in a general group of extended-DLVO theory.

2.2.4. Steric repulsion force and bridging

Each atom within a molecule can only occupy a limited space. When atoms come closer
together, the energy of the system increases due to overlapping electron clouds [66]. An
increase in the energy of the system when atoms approach each other is known as steric
repulsion or steric hindrance. When two particles with an adsorbed polymer or surfactant on
their surface approach to each other, as shown in Figure 2-4, the entropy per adsorbed molecule
decreases, causing desorption and a simultaneous increase in the interfacial energy. Hence,
additional work is required to bring the particles together and the particles repel each other
[67]. Under certain circumstances, however, high molecular weight polymers can adsorb on

separate particles and draw them together. This phenomenon is known as bridging flocculation
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[68]. Bridging between particles occurs under conditions when particles are not totally coated
by the polymeric or surfactant species. If particles are fully covered with polymers or
surfactants, bridging can take place only if there is either detachment of some portion of the
already adsorbed polymer (or surfactant) on a particle, to provide sites for attachment of
polymer (or surfactant) fractions adsorbed on other particles, or polymer—polymer (surfactant-
surfactant) bonding itself. It is suggested that maximum flocculation occurs when the fraction
of particle surface covered by polymer molecules is close to 0.5. For steric stabilization and
bridging flocculation by adsorbed polymers or surfactant, there is still no satisfactory

quantitative theory [67].
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Figure 2-4: Schematic diagram of bridging and steric forces [69]

Bridging

Steric effect

2.2.5. Hydration force

When charged surfaces are contacted with water, the surfaces induce some changes in the
adjoining layers of water. The properties of this thin layer (known as the hydration layer) differ
from the bulk water. Overlap of hydration layers of two approaching particles (surfaces) causes

some interaction, which is called hydration force [70].

The hydration force is a strong short-range repulsive force that acts between polar surfaces

separated by a thin layer of water, which decays quasi-exponentially with decay lengths of
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about 1 nm [71]. Although there are some theoretical explanations about the origin of a
hydration force (e.g. water-structuring models, image-charge models, excluded-volume
models, and dielectric-saturation models [72]), colloidal science researchers generally believe

that despite the proposed explanations, the origin of hydration repulsion remains unclear [73].

2.2.6. Hydrophobic interaction

Hydrophobic particles (surfaces) have a tendency to clump together when placed in polar
solvents (typically water). This tendency is known as the hydrophobic effect. Hydrophobic
surfaces can minimize their contact with water by hydrophobic interactions [74]. This force
can exist naturally or be induced by the adsorbed hydrophobic species [67]. Hydrophobic
forces is much stronger compared to van der Waals forces and its effectiveness distance is
much longer [75]. Hydrophobic interaction (En) between two equally sized spherical particles

with a radius of R can be calculated as:
d
En, = —2nRyApexp(— /1—) (2-12)
h

where y and A, are empirical parameters that range between 10-50 mJ/m? and 1-2 nm,

respectively.

2.3. Interfacial tension (IFT) reduction

Interfacial tension is a property of the interface between two immiscible fluids which arises
from the net inward forces on the molecules of the fluids at the boundary of two phases [76].
The IFT is commonly expressed by mN/m or dynes/cm, which are equal. Distribution of fluids
in the porous media is mainly determined by the oil-water interfacial tension. Generally,
reducing IFT value can drive immobile oil, cause oil drops to flow easily through porous media
and increasing oil recovery. However, the magnitude of IFT reduction required to mobilize the
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immobile oil is controversial. Some authors believe that 2 or 3 orders of magnitude decrease
in the IFT value is necessary to initiate the movement of immaobile oil [77]; others stated that
even less than one order of magnitude IFT reduction can be sufficient to observe a significant
increase in oil recovery [78]. IFT reduction can increase the capillary number; which is defined
as the ratio of viscous forces to capillary forces [79]. The mathematical model for the capillary

number is given by the following equation [80]:

v
N.= 2-13
¢ ocosO (2-13)

where v is Darcy velocity, u is the viscosity of displacing fluid, o is the oil-water
interfacial tension, and 6 is the contact angle between the oil-water-rock interface. Based on
the classic capillary desaturation curves, as shown in Figure 2-5, by increasing the capillary
number beyond the critical capillary number, less residual oil can be yielded. The critical
capillary number for wetting and non-wetting phases is different and a larger capillary number
is required to mobilize the wetting phase [81, 82]. Most researchers propose that the critical

capillary number can be achieved in the ultralow IFT values (0.1 to 0.01 mN/m) [79, 81].
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Figure 2-5: Plot of capillary number’s effect on oil residual saturation [83]

IFT reduction can also affect the relative permeability [81, 84]. Although some small changes
in the relative permeability curves are reported when the IFT value decreases to less than 5
mN/m [85, 86]. More remarkable changes can only be expected for ultra-low IFT (0.1 to 0.001
mN/m) [81]. Wettability alteration is another parameter which can affect the capillary number
and the relative permeability during nanoparticle-EOR [87]. The wettability alteration of rock

surfaces by nanoparticles will be discussed in the next section.

Surfactants are the most common materials widely used to reduce the IFT value [88]. Surface
active agents or surfactants are components with at least one hydrophilic and one hydrophobic
portion in their molecules. Water molecules in the aqueous phase take an equal forces in all
directions. Hence, the net force is zero for these molecules. However, as shown in Figure 2-6,
the molecules in the interface are experiencing unequal forces from the water molecules and
oil molecules. More unbalanced force on the interface molecules leads to more oil-water

interfacial tension. By increasing the similarities of the structure or intramolecular forces in
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two phases, the IFT value decreases. Surfactants, due to their amphiphilic nature, tend to
accumulate at the interface. By replacing the original oil or water molecules at the interface
with surfactants, the interaction in the interface can be change from oil-water molecules to the
oil-hydrophobic part of surfactant and water-hydrophilic part of the surfactant. Since the
interactions between hydrophobic portion of surfactant-oil and hydrophilic portion of
surfactant-water are much stronger than oil-water interactions, the tension in the interface
reduces significantly [89]. The IFT value depends directly on the replacement of water
molecules with surfactant molecules at the interface. The maximum IFT reduction occurs when

the oil-water interface is saturated with a monolayer of surfactants.
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Figure 2-6: Schematic diagram of surfactant effect on the intermolecular force balance of
marginal molecules at oil-water interface
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The IFT reduction potential of nanoparticles is not conclusive. Some authors declared that

nanoparticles can be considered as potential agents to reduce the IFT value [12-14, 90-92];
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however, opposing opinions can also be found in the literature [93-95]. Using a surfactant to

stabilize nanoparticles provoked this contradiction in some cases. Some researchers believe

that nanoparticles alone cannot influence the IFT value significantly; however, when a

surfactant is added, the synergistic effect of nanoparticles and surfactants can reduce the IFT

value [93, 96-98]. However, Hendraningrat et al. [14] showed that 0.05 wt% silica

nanoparticles dispersed in 3.0 wt% of NaCl brine decrease oil-brine IFT from 19.2 Nm/m to

7.2 Nm/m. Adel et al. [99] reported that silica nanoparticles and alumina nanoparticles can

reduce IFT value; however, silica nanoparticles are more effective than alumina nanoparticles.

Although most authors believe nanoparticles can reduce oil-water IFT, however its magnitude

may not be sufficient to significantly increase oil recovery. Table 2-1 summarizes the effect of

nanoparticles on oil-water interfacial tension in the literature.

Table 2-2: The effect of different nanoparticles on oil-water IFT

Size e .

Type of Conc. . Initial  Final
Nanoparticles E)LI;I)P (%) Aqueous phase  Qil phase IET IET Reference
Silicon oxide 7 005 3wt%NaCl  Crudeoil 1920 16.90  [100]
(SiOy)
Silicon oxide 12 5  5wi%NaCl  Crudeoil 21 21 [101]
(SIOz)
Silicon oxide 0 Light
(Si02) 12 0.4 5 wt% NaCl crude oil 26.5 1.95 [90]
Silicon oxide 0 Heavy
(Si02) 12 0.4 5 wt% NaCl Crude oil 28.3 7.3
Silicon oxide 2140 005 3wt%NaCl  Crudeoil 192 7.9 [14]
(Si02)
Silicon oxide
(Si0) 15 1 Pure water Hexane 51 51 [93]
(Sé'i'(gg)” oxide 2070 04  5wt%NaCl  Crudeoil 265  38.4 [102]
Iron oxide 20-35 0.3 2.25
(Fe304)
Aluminum oxide 2.5wt% NaCl  Propane 38.5 [91]

40 0.3 2.75

(Al203)
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Type of SiZé o, Initial  Final

Nanoparticles ?r]:nl:l)P (Wi%) Agqueous phase Oil phase IET IET Reference
Silicon oxide
(Si0y) 10-30 0.3 1.45
Aluminum oxide 2 wt% .
(Al,03) 20 0.5 NaCl+CTAB Crude oil 846  1.65 03]
Zirconium 2 wWt% .
dioxide (ZrO,) 40 0.5 NaCl+CTAB Crude oil 8.46 1.85
Non-ferrous 9. \I/Dvl;t[?aﬁo -
metal 0.001 ' Crude oil 314 9.2 [8]
. 110 wit%
nanoparticles Sulphanole

The mechanism of IFT reduction by nanoparticles is similar to that of surfactants. The presence
of nanoparticles at the oil-water interface alters the force balance on the interface molecules.
Increase or decrease in the IFT value depends on the strength of molecular interactions between
oil-nanoparticle molecules and water-nanoparticle molecules at the interface compared to the
original oil-water molecular interactions. Stronger interactions result in lower IFT values [89].
Similar to surfactants, a tightly packed monolayer of nanoparticles at the interface leads to a

lower IFT value [104].

Controversial results regarding the effect of nanoparticles on the IFT value may arise from the
fact that it is still unclear whether and under which conditions nanoparticles can adsorb onto
the oil-water interface. For instance, it is reported that silica nanoparticles are extremely
hydrophilic and have more tendency to remain in the aqueous phase instead of settling at the
interface; for nanoparticles to adsorb at the interface, their surface must be modified by
surfactants or polymers to reduce the hydrophilicity of silica nanoparticles and increase their
tendency to adsorb onto the oil-water interface [105]. Changing the wettability of nanoparticles
by surfactants depends on the relative concentrations of nanoparticles and surfactants. As

shown in Figure 2-7, by increasing the concentration of surfactant in the solution, the
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adsorption of surfactant as individual ions changes the wettability of the particles and provides
a partially hydrophobic character to the surface; thus nanoparticles can be adsorbed onto the
interface and reduce the oil-water interfacial tension. The hydrophobic property of the surface
increases with surfactant concentration; however, by further increase of surfactant
concentration, a surfactant bilayer will form and make the nanoparticles hydrophilic again [93].
Lan et al. [106] suggested a range for the concentration of silica nanoparticles and CTAB
surfactant. Within that range, the nanoparticles and the surfactant molecules can interact with
each other to reduce the paraffin oil and aqueous phase IFT more than when using CTAB
alone. According to their results, the IFT decreases when CTAB concentrations are lower than
0.01 mM and the nanoparticle concentration is less than 1 wt %. They observed that by
increasing nanoparticles’ concentration to 2 and 5 wt %, IFT increases. However, at higher
CTAB concentrations (greater than 0.01 mM) IFT increases versus nanoparticle concentration.
To conclude, they reported a concentration range of less than 0.1 mM CTAB and between 0.01
and 1 wt % for silica nanoparticles, within which just enough CTAB molecules can settle at
the nanoparticles’ surface to modify them to be appropriately hydrophobic to adsorb on the
interface and promote IFT reduction. Jafari et al. [106] proposed that silica nanoparticles
without surfactants can adsorb onto the oil-water interface. However, the reduction of
interfacial energy due to the adsorption of nanoparticles is not sufficient to have irreversible
adsorption. Hence, nanoparticles may desorb from the interface. They concluded that an
elevated temperature can increase the chance of nanoparticles desorbing from the interface due

to thermally exciting the nanoparticles.

Oil phase properties such as oil composition, concentration of natural surfactants,

concentration of polar components, etc. can affect IFT reduction with or without nanoparticles.
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For instance, crude oil may contain natural surfactants (naphthenic acids and asphaltene);
consequently the aqueous properties such as type and concentration of ions can directly affect
the distribution of these surfactants in the oil or water phases [107]. The presence of salt in the
aqueous solution can alter the electrostatic forces at the interface, and therefore, the natural
surfactants’ distribution at the interface. Naphthenic acids present in crude oil can accumulate
at the interface due to a salting-out effect and lower the IFT [108]. Adsorption of charged
nanoparticles onto the oil-water interface may also change the distribution of natural
surfactants at the interface. Hence, based on the concentration of these surfactants in the oil
phase, different IFT trends may be obtained in the same aqueous phase but for different oil
phase systems. Furthermore, the oil composition can affect the strength of molecular
interactions between oil-nanoparticle molecules and water-nanoparticle molecules at the

interface, which dictates the ultimate IFT value.
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Figure 2-7: Schematic representation of nanoparticles’ wettability alteration by surfactants
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2.4. Wettability Alteration

Wettability is the preferential tendency of a solid (reservoir rock) to be in contact with one
fluid in the presence of another fluid. In water-wet reservoirs, water preferentially wets the
rock surface, as shown in Figure 2-8, where the apparent contact angle 6 between the rock and
water is less than 90°. In oil-wet reservoirs, the oil attaches on the rock surface and the apparent
contact angle is greater than 90°. In the case of neutral or intermediate wettability, no
preference is shown by the rock to either fluid [109]. Generally, for an oil-brine-rock system,
the rock is considered as water-wet when the apparent contact angle between a water droplet
and rock is less than 75°, intermediate wet if the contact angle is between 75-105° and oil wet

if the contact angle is 105 - 180° [110, 111].

Water-Wet
(0°<©<75%) (105° <6 < 180°) (75°<©<105°)

Figure 2-8: Schematic diagram of different wettability status
It is reported that nanoparticles can alter the wettability of reservoir rock from an oil-wet
toward a water-wet condition [16-18, 32] which might be favorable for oil recovery. In fact,
wettability alteration is proposed as the main mechanism for nanoparticle-EOR methods.
Wettability can be measured on the surface of a solid substrate using the contact angle method,
or within the entire core plug using the Amott Wettability test [112] or U.S. Bureau of Mines
(USBM) method [113]. The wettability of a core is represented by the wettability index (WI),

which can be calculated by the following equation:
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Wil=rn,—r, (2-14)
where 1, and 7, are the displacement-by-water ratio and the displacement-by-oil ratio,

respectively, and can be calculated as:

Spontaneous water imbibition

— (2-15)
Total Water Imbibition

w =

Spontaneous oil imbibition

— (2-16)
Total Water Imbibition

T, =
The wettability index can be a number between -1 and 1, where 1 is strongly water-wet, -1 is
strongly oil-wet and 0 is neutral wettability [114]. Li et al. [115] showed that hydrophobic
nanoparticles have no effect on the WI of cores; however, hydrophilic nanoparticles can
increase the WI. Moghaddam et al. [27] observed that spontaneous imbibition increases in the
presence of silica nanoparticles in the aqueous phase, due to the wettability alteration toward

the water-wet condition.

The wettability alteration of the rock surface in the presence of nanoparticles is mainly
examined using the contact angle measurement method. The effect of nanoparticles on the
wettability alteration of different rock surfaces is listed in Table 2-3. Here, the focus is placed
on the contact angle measurement method. As illustrated in the table, for different rock
surfaces, regardless of their initial wettability, the presence of nanoparticles altered the
wettability of the rock surface toward a more water-wet condition. Researchers typically use
the conventional contact angle measurement method to evaluate the wettability alteration
capacity of nanoparticles. In this method, the substrates are either aged with (immersed in)
nanoparticle-fluids before conducting the experiments or contacted with nanoparticle-fluids

before the oil droplet is introduced to the rock surface.
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Table 2-3: Effect of nanoparticles on the oil-water-rock contact angle

Tvne Aqueous Conc. Oil phase Rock Type Aging method Initial Final Refer
yp phase  (Wt%) CA CA  ence
Silicon oxide 5 wt%
(Si0y) Nacl 2 Aged in 12230 [116]
Zirconium n-decane Calcite nanoparticles-
dioxide 0.05 fludfor3hrs 955 44
(ZI’Oz)
Silicon oxide  5wt% Light Crude Laid in
(SiOy) NaCl 0.4 oil nanoparticles- 1355 66
- ) Sandstone . [90]
Silicon oxide 5 wt% 0.4 Heavy Crude fluid at room 130 101
(SiO») NaCl ' oil temperature
Iron oxide 134 100
(F6203) A .
ged in
Aluminum 25wt 0.3 Propane Nanoparticle
oxide (Al,05) brine 0.3 Sandstone solution for 3 131 95 [91]
(NaCl) 0.3 hrs
Silicon oxide
(Si0y) 1325 82
Silicon oxide 3 wt% . Berea
(SiOy) NaCl 0.1 Crude oil Sandstone >4 22 [14]
Aluminum 2 wt% . .
oxide (Al,O5) NaCl 0.5 Crude oil Submerg_ed in 129 124
_ _ Dolomite nar]opartlcles- [103]
Zirconium 2 Wit fluid for 48
dioxide Nac| 05 Crudeail hrs 135 129
(ZI’Oz)
Titanium 0.5 wt% .
Oxide (TiOy) NaCl 0.01  Crude oil Sandstone 125 90 [117]
Silicon oxide 3 wt% .
(Si0) NaCl 0.05  Crude oil Quartz 131 112 [100]

The mechanism of wettability alteration of reservoir rock in the presence of nanoparticle-fluids

is not clear yet. The traditional concepts of simple liquid spreading [118], due to the complex

interactions between the nanoparticles and the solid surface, do not apply to a nanoparticle-

fluid [119]. Kondiparty et al. [120] experimentally evaluated the dynamic spreading of

nanoparticle-fluid by directly observing the self-layering of nanoparticles from both the top

and side views simultaneously using an advanced optical technique. They reached the

conclusion that the three-phase contact line spontaneously decreases to reach an equilibrium
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condition. Then, nanoparticles form ordered structures in the confinement of the three-phase
contact region. This ordering in the wedge-film area causes an extra pressure in the film
compared to the bulk solution and separaes the oil drop from the surface. This pressure is
known as “structural disjoining pressure”. A schematic diagram of oil drop removal by
structural disjoining pressure is illustrated in Figure 2-9. Sefiane et al. [121] reported that the
change in the contact angle of oil, water and rock surface can be due to a combination of

“structural disjoining pressure” and “adsorption” of nanoparticles on the rock’s surface.

Wedge-film

Figure 2-9: Nanoparticle assembling in wedge film causes to structural disjoining pressure
(After [120])

The wettability alteration of substrates using nanoparticle-fluids is sensitive to many factors
including: nanoparticle size and concentration, drop size, primary contact angle of the droplet
[122], particle charge, surface wettability of nanoparticles [123], charge and roughness of the
substrate, concentration of stabilizer, type and concentrations of ions in the nanoparticles-fluid,
bulk pressure and temperature, etc. Wasan et al. [122] tested a canola oil drop spreading on a
glass surface when surrounded by silica nanoparticles-fluid. They pointed out that by
increasing the concentration of nanoparticles, the structural disjoining pressure and spreading

rate of nanoparticles-fluid increases. They also noticed that the spreading rate of nanoparticle-
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fluid decreased with a decrease in the drop’s volume. Wang and Wu [123] examined the effect
of particle charge and surface wettability of the nanoparticles on oil drop detachment from a
surface using molecular dynamic simulation. Their simulation showed that full detachment of
an oil droplet from a solid surface by nanoparticles is possible when the charge of particles
exceeds a threshold value. They concluded that highly charged hydrophobic nanoparticles have
the best performance in oil detachment. Lim et al. [124] demonstrated that an oil drop detaches

faster when the temperature and hydrophilicity of the substrate increases.
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3.CHAPTER THREE

Insight into the Stability of Hydrophilic Silica
Nanoparticles in Seawater for Enhanced Oil Recovery
Implications (Paper 1, Published)

This chapter has been published; Sofla, Saeed Jafari Daghlian, Lesley Anne James, and Yahui
Zhang. "Insight into the stability of hydrophilic silica nanoparticles in seawater for Enhanced
oil recovery implications.” Fuel 216 (2018): 559-571.
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Abstract

The stability of nanoparticles in the aqueous phase is a major challenge in the application of
nanoparticles in Enhanced Oil Recovery (nanoparticle-EOR) processes. Previous studies
evaluated the performance of nanoparticles for EOR purposes; either deionized water or water
at very low ionic strength was used. Nanoparticles can be easily dispersed in the deionized or
low salinity water, whereas they are extremely unstable in high salinity seawater or formation
water. Typically, seawater or formation brine is injected for water-flooding and EOR purposes.
If we want to change the fluid-fluid or fluid-rock properties by injecting nanoparticle enhanced
water, then, the stability of the nanoparticles in high salinity water is extremely important. In
this work, a method to stabilize silica nanoparticles in seawater is proposed. First, the
aggregation of silica nanoparticles in the presence of different ions is investigated. The results
show that the presence of positive multivalent ions in the electrical double layer around
nanoparticles can destabilize silica nanoparticles. In order to reduce the concentration of
positive multivalent ions around silica nanoparticles, a theory based on “H* protection” is
proposed and its effectiveness is tested by particle size, turbidity, zeta-potential, and pH
measurements. The effect of the concentrations of nanoparticles and HCI on the stability of
silica nanoparticles in seawater is evaluated. Experimental results show that H* protection,
which can be obtained by adding HCI to the solution, can effectively stabilize silica
nanoparticles in seawater. The experiments show that the size of nanoparticles in the seawater

directly depends on the concentration of nanoparticles and inversely to the HCI concentration.

KEYWORDS: Enhanced Oil Recovery, Silica Nanoparticles, Stability of nanoparticles,

Electrical Double Layer, DLVO theory

3.1. Introduction

Recently, there has been a growing interest in application of nanoparticles in the Enhanced Qil

Recovery (EOR) processes. Numerous experimental works has been published discussing the
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effect of nanoparticles on increasing oil recovery [5-7, 10, 11]. It is reported that nanoparticles
can adsorb at liquid-liquid interfaces and reduce interfacial tension [29-31]. Whether
nanoparticles adsorb at the interface or they change the oil-water interfacial tension is still an
ongoing debate. It is accepted that this phenomenon occurs because the adsorption lowers the
total energy of the system [125]. Furthermore, nanoparticles can alter surface wettability from

oil-wet to water-wet [16-18, 32] which is favorable for oil recovery.

One of the most important challenges in the application of nanoparticles for EOR methods is
their stability in an aqueous solution. Nanoparticle dispersion in the aqueous phase is not a
thermodynamically stable. Dispersed nanoparticles are always subject to Brownian motion
with frequent collisions between them. The stability of a dispersion is thus determined by the
nature of the interactions between the particles during such collisions[126]. Although the
potential of silica nanoparticles in EOR processes is widely studied and their effectiveness is
well-documented [7, 127, 128] the applications of hydrophilic silica nanoparticles are limited
because the nanoparticles’ high energetic hydrophilic surface, causes the silica nanoparticles

to be easily agglomerated [129].

In most studies which evaluated performance of nanoparticles for EOR purposes with
wettability, IFT measurement and core-flooding experiments, either deionized water or water
at very low ionic strength (especially NaCl brine) is used [12, 13, 19, 35, 130-133]. However,
nanoparticles are extremely unstable in seawater, formation water and concentrated ionic
solutions of multiple types and charges of ions. Water flooding and EOR projects, especially
for offshore reservoirs, use seawater. Even higher salinity formation water is present in the
reservoirs as well. The stability of nanoparticles in these fluids is crucial for any successful

nanoparticle-EOR processes. In this paper, nanoparticle stability in mixed ionic solutions is
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systematically investigated and a method to stabilize hydrophilic silica nanoparticles in
seawater is proposed. We first examine the effect of the most common ions in seawater on the
stability of silica nanoparticles. Based on the results of these experiments, a new method is
proposed to stabilize silica nanoparticles in seawater. Second, the effectiveness of proposed
method, using hydrochloric acid, in the stability of silica nanoparticles in seawater is tested by
particle size, turbidity, zeta-potential and pH measurements. Furthermore, in each part, the

results of experiments are compared with DLVO theory.

3.2. Theory of nanoparticle stability

Colloidal systems consist of one or more dispersed phases and one continuous phase. On the
nano-scale, due to an increase in the surface area and possible changes in the structure and
composition of the surface, surface energy, and consequently the total energy of the system,
increases. Nanoparticles tend to aggregate to reduce the surface energy, thereby making a
colloidal dispersion at the nano-scale non-thermodynamically stable. Particles in the colloidal
systems are always subject to Brownian motion and collisions frequently occur between
particles. The nature of interaction between the particles during these collisions determines
their stability in the solution. Van der Waals, electrical double layer, steric interaction,
bridging, hydrophobic and hydration-solvation interaction are six main types of particle—
particle interaction forces that can exist in the dispersion medium [38]. The sum of the
attractive (van der Waals, bridging, and hydrophobic forces) and repulsive (the electrical
double layer force, steric effect, and hydration force) forces between individual particles
govern the stability and aggregation of particle dispersions. In general, to prepare a stable
dispersion or to kinetically slow the aggregation, repulsive forces between particles should

overcome attractive forces [134].
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Derijaguin, Landau, Overbeek and Verwey [54, 55] proposed the DLV O theory to explain the
stability of colloids in the absence of any polymer or surfactant. This theory combined two
independent van der Waals attraction and electrostatic repulsion forces, explain dispersion

mechanisms of colloids in the polar solution.

Electrical double layer: Helmholtz [46] first introduced and termed the idea of the electrical
double layer, which was later extended by Gouy-Chapman and Stern [47, 48].The electrical
double layer is a structure that appears on the surface of a charged surface when it is exposed
to a fluid. The first layer, the surface charge (either positive or negative), is comprised of
ions adsorbed onto the surface due to chemical interactions. This layer, which consists of a
dense layer of ions of the opposite charge (counter-ions) that form around the nanoparticle, is
known as the “Stern layer”. The second layer is composed of ions attracted to the surface
charge via the Coulomb forces, electrically screening the first layer. This second layer is
loosely associated with the surface. It is made of free ions that move in the fluid under the
influence of electric attraction and thermal motion rather than being firmly anchored. It is thus
called the "diffuse layer” [49]. The high concentration of counter-ions within the diffuse layer
gradually decreases with increasing distance from the nanoparticle until equilibrium is reached
with the ion concentration in the bulk of the solvent [47]. The distribution of ions in the

electrical double layer around negatively charged nanoparticles is illustrated in Figure 3-1.
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Figure 3-1: lon distribution in electrical double layer theory (after [52]).

The thickness of the double layer that forms at the charged surface is called “Debye Length”.
Based on the electrolyte theories, interactions in the low ionic strength solutions decrease
exponentially with distance or the Debye screening length. By increasing the ion concentration
in the solution, due to effective screening of charges over short distances, this length decreases
monotonically [135]. Greater nanoparticle surface charge and longer Debye length leads to
increasing nanoparticle stability in the aqueous solution [136, 137]. The thickness of the double

layer is a function of ionic strength. The ionic strength can be defined as [138]:

I 1 z 2
2 i | Aad § (3_1)

where z and c are the charge number and molar concentration of ith ion, respectively. The

Debye length (x or k~1) in nanometer can be calculated as [50]:
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KgT
1= |5t _ (3-2)
e? Y pooZ;

where e is the elementary charge of an electron (C), T is the temperature (K), & is (F/C), &,
is absolute and solution relative dielectric constant, Kg is the Boltzmann’s constant, and poo;
is the number density of ion i in the bulk solution. The electrostatic repulsion between two
equally sized spherical particles with ka > 5 (where k is the reciprocal of Debye length

(nm™1) and a is the radius of spherical nanoparticles in nanometer) can be calculated by

[51]:
32nKpTe, &P TY? . (3-3)
EL = 12 e
where y is the reduced surface potential and can be calculated as [51]:
_ h zeE
y = tan (4KBT) (3-4)

where E, is the potential on the surface. For a surface charge (E,) below 30 mV or ka <5,

the electrostatic potential can be calculated by linear Poisson-Boltzmann approximation [50]:
Vi, ~ 2me,erEy ke %4 (3-5)

Surface charge of hydrophilic silica nanoparticle: It is well documented that when a
nanoparticle is immersed in an aqueous solution, the protonation/deprotonation capacity of the
particle surface is a key parameter for the charge transfer between solvent and particle. The
relative basicity or acidity of the solvent and the particle indicates the direction of protonic
transfer [139, 140]. Two protonation reactions (reaction R1 and R2) are suggested for silica

nanoparticles (see also Figure 3-2) [141].
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SiOH S Si0™ + HY (R1)
SiOH} S SiOH + H* (R2)

Due to the presence of a functional group containing oxygen on the surface of silica
nanoparticles, the solution’s pH can significantly affect the charge of silica nanoparticles.
Because oxygen can be protonated or deprotonated to become charged [142]. It is impossible
to directly measure the Stern potential. Instead, the zeta potential (E), the potential at the
shear plane close to the Stern plane, can be experimentally measured and is often used as a
measure of the surface potential [38]. The surface charge of the hydrophilic silica nanoparticles
as a function of pH is well documented in the literature [59, 143, 144]. As shown in Figure
3-3, the surface charge of silica nanoparticles is virtually unchanged for a pH greater than 6,

and its point of zero charge (pzc) occurs when the pH is between 2 and 3.

Neutral site
OH
—=C
/N
\ Proton donor
| - Si h_o—
o
\
_ S_‘/

OH; Proton acceptor

Figure 3-2: Schematic diagram of side-binding model for silica dioxide [139]
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Figure 3-3: Charge of silica nanoparticles in different pHs (after [143]).

Van der Waals Interaction: van der Waals forces are general attraction forces that occurs
between molecules and consists of dipole-dipole, dipole-induced dipole, and London
(instantaneous induced dipole-induced dipole) forces [39]. For two spherical nanoparticles
with radius R and center to center distance of d, the VVan der Waals attraction interaction energy

can be calculated as [41]:

Ewav _ _ 4131 2R?

kgT 6kpT [d2—4R2

PN (3

where Aqa; is the Hamaker constant and accounts for the interaction between two nanoparticles
of the same material (component 1) through a solvent medium (component 3). For silica
nanoparticles in water, the effective Hamaker constant is reported as 36.2 x 10722 [145], kg

is the Boltzmann constant, and T is absolute temperature (K).

Classical DLVO theory generally fails to predict particle stability in the cases of strongly

hydrophilic or hydrophobic particle suspensions [146] and aqueous phases containing
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multivalent ions especially with high ionic strength [147]. It is proposed that other interaction
energies (non-DLVO forces) [65, 148], in addition to van der Waals and electrostatic repulsion
(DLVO forces), are the main reason for this shortcoming. In the case of hydrophilic
nanoparticles in an agueous solution with high ionic strength, hydration repulsion energy may
be considerable [149, 150]. The hydration force is a strong short-range repulsive force that acts
between polar surfaces separated by a thin layer of water, which decays quasi-exponentially
with decay lengths of about 1 nm [71]. Although there are some theoretical explanations about
the origin and mechanism of hydration force (e.g. water-structuring models, image-charge
models, excluded-volume model, and dielectric-saturation models [72]), colloidal science
researchers generally believe that despite the proposed explanations, the origin of hydration
repulsion remains unclear [73]. The hydration force in the acidic solutions, due to the

penetration of protons into the surface, is not observed [151].

Based on these studies, in the absence of any surfactant or polymer, the electrical double layer
can be considered as a possible repulsion force between hydrophilic silica nanoparticles while
the van der Waals forces are responsible to the attraction force for hydrophilic silica
nanoparticles. Since silica nanoparticles in the seawater are extremely unstable, van der Waals
attraction outweighs the electrical double layer. In this research, a new method to disperse
hydrophilic silica nanoparticles in seawater with the assistance of hydrochloric acid (HCI) is
proposed and its effectiveness is experimentally evaluated. It worth to mention that there are
numerous works have been done using surfactants and polymers to stabilize nanoparticles in
high salinity solutions [152-154]. However, using surfactants or polymers is made challenging
by a number of factors, such as the adsorption of surfactant to the rock during the injection and

lost their effectiveness in the hard salinity and high temperatures which raise the possible
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plugging. Conventional surfactants for EOR are also sensitive to hydrolysis [117, 155].

Moreover, surfactant and polymers are relatively expensive in the compare of using HCI.

3.3. Experimental section

The general description of experiments is shown in Figure 3-4 where the experiments are
divided into two general categories including part A and part B. The first part discusses the
effect of most common ions in seawater on the stability behavior of silica nanoparticles. Based
on the results of these experiments, in the second part, a new method is proposed to stabilize
silica nanoparticles in seawater (using HCI) and its effectiveness in stabilizing silica
nanoparticles in seawater is examined by visually inspecting the appearance of the dispersion,
particle size, turbidity, and zeta potential measurements. It is worth to mention that the first

part is done only for confirmation of previous findings (see reference [59, 156]).

Experiments

|

( Effect of hydrophilic nanoparticles W (Examine the effect of HCI on the stabﬂityl

stability in the presence of different ions of silica nanoparticles in seawater

Sa(l(t)_(;%nocoe ntr&rlrt:)on Cation Type A_nion TYP?_ Hcl Nanoparticle
I (Na* and Mg?*) (C1” and 50,7) Concentration concentration
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T

Conducted Experiments:
1. Visual inspection
2. Particle size

Conducted Experiments:
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Particle size
Turbidity
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pH measurements
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Figure 3-4: General description of experiments
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3.3.1. Materials

Nanoparticles: The colloidal silica nanoparticle suspension (25 wt% silica nanoparticles in
deionized water) with 5-35 nm diameter sizes was purchased from US Research Nanomaterial,
Inc. The purity of the 25 wt% SiO> nanoparticles is greater than 99.99%. The solution of

silica nanoparticles was used without further modifications in part A and B

Aqueous solutions: In part A, solutions of different concentrations of inorganic salts in
deionized water was used as an aqueous solution. Inorganic salts including NaCl, Na>SOa,

MgCl, and MgSO4 with minimum purity of 99% was purchased from Sigma-Aldrich.

In part B, seawater was used as an aqueous solution. Seawater was collected from the Grand
Banks, offshore Newfoundland which its composition is given in Table 3-1. Furthermore,
different concentrations of hydrochloric acid (HCI), a 6M solution was used to form the H*

protection layer around the nanoparticles.

Table 3-1: Seawater composition

Specification Concentration (ppm)
Sodium (Na*) 1,078

Magnesium (Mg?*) 1,284

Calcium (Ca?*) 412

Potassium (K*) 399

Chloride (CI) 19,353

Sulfate (SO472) 2,712

Bicarbonate (HCO3) 126
Other ions 114

Total Salinity 35,181
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3.3.2. Methods

Stability of hydrophilic silica nanoparticles in the presence of different ions: In this part, the
stability of silica nanoparticles in the presence of different ions is evaluated. These
experiments are designed to investigate the effect of type, and concentration of most common
ions in seawater (Na*, Mg?*, CI- and SO42) on the stability of silica nanoparticles. Hence, salt
solutions with diff erent concentrations of inorganic salts were prepared. Then, 0.05wt% silica
nanoparticles are added to the prepared solution and ultra-sonicated for 15 minutes. To study
the effect of salt concentration on the stability of silica nanoparticles, the salt concentration
was changed from 0 to 0.5 wt%. This range of salt concentration appears to be sufficient for
Mg?* and SO42 ions because their concentrations in seawater are less than 0.5 wt%. However,
for ClIand Na* ions, due to their higher concentrations in seawater, the stability of silica
nanoparticles in the presence of ClI" and Na* ions is examined up to the critical salt
concentration of NaCl. Critical salt concentration is the maximum concentration of a salt in a

nanoparticle solution in which the solution is still stable.

The influence of cations on the stability of silica nanoparticles was explored by selecting the
salt solutions with the same anions but different cations. For instance, in order to evaluate the
effect of Na* and Mg?* ions on the stability of silica nanoparticles, the stability of nanoparticles
in the solutions of NaCl and MgCl, or Na2SO4and MgSO4 was compared. In these cases, the
effect of anions on the stability of nanoparticles in the both solutions is similar and the
differences are due to cations. Similarly, to examine the effect of anions, the salts with the

same cation but different anions were selected (NaCl- Na,SO4 and MgCl,- MgSOs).

In all experiments, the procedure described in supplementary material is used to evaluate the

stability of silica nanoparticles. According to this procedure, in the first step, the samples are
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visually inspected. The duration of this step depends on the required stability period for the
practical application. In this study, the duration of the first step for all experiments was 48
hours. The purpose of this step is to inspect and record the cloudiness of solutions and possible
sediments in the solutions. At the end of this step, the solutions without obvious precipitation
or severe cloudiness were selected for particle size measurement and solutions with
precipitation or severe cloudy solutions were considered unstable. It should be noted that the
analysis of appearance characteristics can be only used for screening of the obvious unstable
solutions with possible stable ones and the final decision about the stability or instability of
solutions cannot be made in this stage. In order to judge the stability or instability of
solutions, first, based on the purpose of experiments and its practical applications, the term of
“stability” should be defined clearly. Then, the particle size measurements should be conducted

to see how the solutions meet the defined criteria.

The “stability of nanoparticles” needs to be defined clearly for enhanced oil recovery purposes.
To use nanoparticles in the EOR processes safely, the size of nanoparticles in the solution
should be far less than pore throats diameter to avoid possible plugging in the pore throats (log-
jamming). In the conventional oil reservoirs, the size of pore throats (diameters) is generally
greater than 2 um [157]. For instance, for the coarse sandstone reservoirs this size is mostly
ranging between 4 to 7 um [157, 158] and for carbonate reservoirs range of 3 to 10 um is
reported in the literatures [159, 160]. In addition of pore throat size and particle size, log
jamming is also affected by particle hydrophobicity, particle retention, fluid ion strength, and
formation conditions [161]. Hence, it is difficult to find a unique size for nanoparticles to
prevent log jamming. Based on the definition of nanoparticles, the particle that their size (at

least in one dimension) is between 1 to 100 nm [9], we choose 100 nm, assuming that if the
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size of nanoparticles in solution is less than 100 nm, the samples are still “stable” and can be
applied for EOR processes. However, if the size of nanoparticles is greater than 100 nm or the
particle size measurement instrument did not pass the quality check, the solution is considered
unstable. Normally, in the case of high polydispersity or bad optical quality (severe cloudy

samples) the instrument does not pass the quality criteria.

In this research, the size of the nanoparticles is measured with a Malvern Zetasizer Nano Series
ZS instrument which calculates the size of the particles by measuring the Brownian motion of

the particles in a sample using Dynamic Light Scattering (DLS).

Effect of hydrochloric acid on the stability of silica nanoparticles:

Several experiments were designed to assay the impact of hydrochloric acid on the stability of
silica nanoparticles in seawater. The detail of experiments is provided in the supplementary
section. The appearance characteristics of nanoparticle solution for the listed concentrations of
HCI and silica nanoparticles were analyzed. Then, particle size, turbidity, zeta-potential and
pH of solutions were measured. In order to avoid any contamination during measurements, the
solutions after preparation were split into five samples. One sample was used for visual

inspection and four of the samples were separated for the following experiments.

Particle size measurements: After completing the visual inspection, the visually stable
solutions were selected for particle size measurement. It should be noted that DLS-based
instruments like the Malvern zetasizer, measure the hydrodynamic size of the nanoparticles.
This size is directly related to the diffusive speed of the particles in the solution. The diffusive
speed can be affected by altering the Debye length. Hence, the hydrodynamic diameter not

only depends on the size of the particle “core”, but is also governed by the surface structure,
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the type of ions, and the ionic strength of the solution. At low ionic strengths, the thickness of
the electrical double layer or Debye length increases and consequently, the diffusion speed

reduces, and a larger apparent dynamic diameter is obtained.

The size of nanoparticles in each sample was measured in three separate runs at ambient
temperature and pressure. For each run, the intensity-weighted mean diameter was recorded
and the average of the three runs is reported.  The intensity-weighted average is very sensitive

to the presence of aggregates and contaminants.

pH measurement: One of the four sets of samples was selected to measure the pH. The pH
of the samples was measured with a Denver instrument up-5 pH-meter. In order to avoid any
contamination, the pH probe was carefully cleaned with deionized water and calibrated using
standard or “buffer” solutions before each measurement. For each nanoparticle solution, three

separate pH measurements were conducted for repeatability and the average value is reported.

Turbidity measurement: To detect very small changes in the solution clarity, the turbidity of
the samples was measured using a Turbidimeter 2100Q StablCal Standards instrument. The
turbidity-meter measures the cloudiness or haziness of the fluid sample and normally is
reported in Nephelometric Turbidity Units (NTU). The instrument was calibrated by using
the StablCal® turbidity standards and the calibration was checked regularly during
measurements. The turbidity of each nanoparticle solution was measured four times for

repeatability and the average value was taken.

Zeta-potential measurement: The zeta-potential of the samples was measured with a Malvern
Zetasizer nano series ZS. Before each zeta-potential measurement, the zeta cell was rinsed

carefully with alcohol and deionized water. In order to ensure the accuracy of the measured
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data, we ensured the instrument’s quality check passes for each nanoparticle solution and the

measurements were repeated three times.

DLVO calculation: The results of the experiments were compared with the well-known DLVO
theory. To calculate the DLVO theory, equations 3-1 to 3-5 were used to calculate the
electrostatic repulsion (Eg;,) and equation 3-6 were used to calculate the Van der Waals

attraction forces (E,q4y)- The total potential was calculated by using the following equation:
Total potential = Eg; — Eyqw (3-7)

3.4. Results and discussion

3.4.1. Effect of different ions

The sizes of silica nanoparticles in the solutions containing different salt concentrations were
investigated and the results were compared with DLVO theory. As depicted in the
supplementary section, for the nanoparticle solutions containing up to 0.5 wt% of NaCl and
Na>S0;s salts, no remarkable change in the size of the nanoparticles was observed and the silica
nanoparticles were stable in both solutions. The NaCl and Na>SOa4 have the same cation (Na*)
but different anions (CI- and SO4% , respectively). Since silica nanoparticles are negatively
charged in a wide pH range, anions are repelled with the nanoparticles while the cations are
attracted. Hence, it is safe to assume that the concentration of anions in the electrical double
layer of silica nanoparticles is far less than that of cations. Therefore, the stability of silica
nanoparticles is mostly governed by the type and concentration of cations. Since the type of
cation in both cases was the same (Na*), the stability of silica nanoparticles was only dependent
on the concentration of the cation. The concentration of Na™ in Na2SOa is twice that of NaCl

(for the same salt concentrations), however, tested concentrations are far less than the critical
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salt concentrations of Na* and because of that, the size of nanoparticles is virtually the same
for both cases. It is worth to mention that critical Na* concentration was obtained as high as 6

wit%.

The stability of silica nanoparticles in the presence of Na>SO4and NaCl is modeled with DLVO
theory and the results are illustrated in Figure 3-5. DLVO calculations show that there is a
relatively large “repulsive energy barrier” or ‘“energy barrier” for the aggregation of
nanoparticles in both salts solutions. In other words, the electrostatic repulsion in both cases
of the calculated concentrations is stronger than the attractive van der Waals force in a wide
range of distances between particles. Hence, when nanoparticles approach each other, the

energy barrier prevents them from sticking and aggregating.

The value of repulsive energy barrier for the NaCl solution in all concentrations is higher than
Na2S0a. The repulsive energy barrier of NaCl is about 5x higher than Na,SO4 in 0.1 wt% and
it increases to around 9x in 0.5 wt%. There are two main reasons for this trend. First, in the
same concentration of both salts, the concentration of Na* in the Na>SOs is twice that of NaCl.
Second, the charge of SO+ is also twice that of CI-. These differences cause a shorter Debye
length for nanoparticles in the Na2SO4 and consequently less electrostatic repulsion and less
of an energy barrier. On the other hand, there is a secondary minimum in the Na,SO4 solution
especially for the solution of 0.5 wt%, which it is not observed in the same concentration of
NaCl. The secondary minimum shows a weak aggregation structure which can be broken with
modest shear stress. In general, DLVO theory predicts the stable solution for both cases which

have a great harmony with experiments.
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Figure 3-5: DLVO calculation for silica nanoparticles in the presence of (a) Na;SO.and (b)
NaCl

The size of silica nanoparticles in the presence of different concentrations of NaCl-MgCl» and
Na>S04-MgSO0s is illustrated in Figure 3-6a and Figure 3-6b, respectively. It was observed that
for concentrations higher than 0.1 wt% of MgCl, and MgSQg, the size of the nanoparticles
grew rapidly and the silica nanoparticles were not stable. However, they were stable in the
solution of NaCl and Na>SO4 salts in the tested concentrations. Again, this stability behavior
of silica nanoparticles should be sought in the cations of the salts. The results show that Mg?*
as a divalent ion can destabilize nanoparticles more effectively than Na* as a monovalent one.
These results are consistent with the literature [59, 156]. In general, it appears that divalent
ions are screening the charge of silica nanoparticles more effectively than monovalent ions
where divalent (and multivalent) ions in the electrical double layer of nanoparticles can

destabilize the nanoparticles in the solution.
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The stability of silica nanoparticles in the presence of different concentrations of MgSO4 and
MgCl; is modeled by DLVO theory and the results are shown in Figure 3-7. For MgClzsalt in
0.025 wt%, a repulsive energy barrier is predicted which it goes zero in 0.5 wt%. Therefore,
the critical salt concentration is predicted to be 0.05 wt%. This means that the silica
nanoparticles in solutions that contain less than 0.05 wt% MgCl; are stable. However, they are
unstable in solutions of higher concentrations. For MgSOs salt, the DLVO theory predicts an
unstable solution for all modeled concentrations. In general, DLVO theory has a great
consistency with experimental data in the high salt concentrations. However, while the DLVO
theory was predicted to be an unstable solution for all concentrations of MgSQa4, experimental

results show that for less than 0.1 wt% of MgSOa, nanoparticles are stable.
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Figure 3-6: Silica nanoparticle size in the presence of (a) NaCl and MgCl, ions, and (b) Na;SO.
and MgSO, ions
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Figure 3-7: DLVO calculation for silica nanoparticles in the presence of (a) MgCl, and (b)
MgSOa..

3.4.2. Stability of silica nanoparticles in seawater and H+ protected theory

As Keller et al. [162] studied, metal oxide nanoparticles are not stable in seawater. To confirm
the instability of silica nanoparticles in seawater, two solutions of 0.15 wt% of hydrophilic
silica nanoparticles in seawater were prepared. One solution was ultra-sonicated for 15 minutes
and another one was mixed by a magnetic stirrer for one hour. After 48 hours, their picture was
taken and the results are illustrated in Figure 3-8. It was observed that silica nanoparticles
aggregate rapidly when they are introduced in seawater and they sediment in a short time (less

than 1 hour).
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Figure 3-8: Silica nanoparticles in seawater without HCI after mixing with magnetic stirrer (A)
and ultra-sonication (B).

The stability of silica nanoparticles in seawater was also modeled with DLVO theory. As
shown in Figure 3-9, DLVO theory predicts a small energy barrier to aggregation of silica
nanoparticles in seawater. However, there is also a relatively large secondary minimum which
nanoparticle can trap in that. If we consider that the nanoparticles are trapped in the secondary
minimum, then their aggregation most probably is reversible and they should disperse again
with a magnetic stirrer or by using ultra-sonication. However, as mentioned, the experimental
results show that the proposed methods are not effective in stabilizing nanoparticles and

breaking the aggregations.
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Figure 3-9: DLVO calculation of silica nanoparticles in seawater.

We propose a new method to stabilize silica nanoparticles in seawater and call it “H*
protection”. As discussed in the part A of this research, the stability of silica nanoparticles is
mostly governed by the presence of multivalent ions in the electrical double layer of
nanoparticles. It was observed that even small concentrations of multivalent ions can
destabilize silica nanoparticles. Hence, to stabilize silica nanoparticles in a solution, the
presence of multivalent ions in the electrical double layer of nanoparticles should be limited.
Tombacz, and Szekeres reported that H* has a very high affinity to neutralize negatively
charged surfaces [163]. Hence, H* and multivalent ions in seawater (mostly Ca?* and Mg?*)
compete to be present in the electrical double layer of silica nanoparticles. More recently, it is

reported that HCI can influence the surface chemistry iron oxide nanoparticles [164].

We now demonstrate that H* ions can stabilize silica nanoparticles in seawater. The positively
charged cations including H*, Na*, Ca?*, and Mg?*, H* ions are attracted and want to
concentrate in the electrical double layer of silica nanoparticles. We believe that with the
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sufficient H* ions in solution, the H* ions can form a protective layer around silica
nanoparticles to reduce the concentration of multivalent ions in the electrical double layer of
silica nanoparticles. This is represented in Figure 3-10. First, we examine solution
preparation of the H* protection and its effect on the stability of silica nanoparticles in seawater,
after which we examine the effect of concentration of the silica nanoparticles and HCI used to

H* protect and stabilize the silica nanoparticles in seawater.
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Figure 3-10: H* protection layer around silica nanoparticles
Preparation procedure: To determine whether or not the preparation procedure influences
the stability of silica nanoparticles in seawater, solutions are prepared based on two different
procedures. As shown in Figure 3-11, in the first procedure, hydrochloric acid (less than 10
pL) is initially diluted with a small amount of seawater (about 1000 pL) to form an acidic
solution. Then, silica nanoparticles were added into the solution. In the last step, the prepared

nanoparticle dispersion was further diluted with the desired amount of seawater to achieve the
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desired concentration. In the second procedure, the silica nanoparticles were added to the
seawater and then, hydrochloric acid was added to the solution. All solutions, after preparation,
are mixed with a magnetic stirrer for 15 minutes. Two samples with described procedures were
prepared. Table 3-2 provides detailed information about the prepared samples. The results
show that the size of the silica nanoparticles in the sample A after 48 hours was still around 20
nm showing that the silica nanoparticles in this solution are stable. However, the average size
of silica nanoparticles in the sample B after 48 hours was 436.5 + 4 nm showing that the

nanoparticles are aggregating.

In the sample A, by initially diluting the HCI with a small volume of seawater, an extremely
acidic solution was created. By adding the nanoparticles to this solution, there were sufficient
free H™ ions in the solution to accumulate in the electrical double layer of nanoparticles. Hence,
the H* protection layer formed quickly and with a further addition of seawater, the protection
layer was still stable.  Preparation method B is when the nanoparticles were directly added to
the seawater (neutral pH) and then the HCI was added. The multivalent ions were first to
occupy the nanoparticle electrical double layer and when the HCI was added, the free H* ions
could not invade the electric double layer to form an H* protection layer. Hence, multivalent
ions that accumulated in the electrical double layer could destabilize the silica nanoparticles.
Adding the H* ion to this solution could not remove the attracted multivalent ions from the
electrical double layer of silica nanoparticles and the nanoparticles aggregated in preparation

method B.
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Figure 3-11: Two different preparation procedures (A & B) to prepare H* nanoparticle
seawater solutions

Table 3-2: The composition of two prepared samples and their stability

Preparation Nanoparticle Seawater HCL(aq) HCI Measured Visual Particle
Method concentration Volume 6M Volume Concentration pH Stability? size after
(Wt%) (ml) (ml) (Wt%) 48  hours
(nm)
A 0.15 100 0.01 0.0022 6.70+0.05  Stable 20.02+0.8
0.15 100 0.01 0.0022 6.58 £ 0.05 Unstable 436.5+4.0

pH of solution is another evidence for the formation of the H* protection layer. The pH of
preparation method A is higher than preparation method B. This implies that in sample A,
some of the free H" ions were attracted in the electrical double layer around nanoparticles and

there was less free H* for the pH meter to detect.

3.4.3. Effect of HCI on the stability of silica nanoparticles in seawater
The effect of HCI on the stability of silica nanoparticles in the solutions that contain different
concentrations of nanoparticles and HCI was investigated. All samples were prepared

according to sample preparation method A and the stability of nanoparticles was tested based
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on the procedure described in the supplementary section. The samples were visually inspected
after 48 hours. Figure 3-12 to Figure 3-15 show the visual status of different concentrations of
silica nanoparticles in the solutions of 0.025, 0.0076, 0.003 and 0.002 wt% HCI after 48 hours,
respectively. As shown in the figures, at low concentrations of silica nanoparticles, the
solutions are clear and there are no sediments or cloudiness. However, with increasing
concentrations of nanoparticles, the solutions become cloudy. The change in clarity also
depends on the concentration of HCI. Decreasing the concentration of HCI shows that the
samples become cloudy in lower concentrations of silica nanoparticles. For instance, in Figure
3-12, for samples containing 0.025 wt% HCI, a little cloudiness is observed for samples with
nanoparticle concentrations of 0.4, 0.45 and 0.5wt%. However, in Figure 3-13, for samples
with 0.0076 wt% HCI, the obvious cloudy condition begins at sample 7 (sample with 0.3 wt%

silica nanoparticles) and increases in Samples 8 to 11.

Figure 3-12: The visual status of silica nanoparticles with different concentrations (the
concentrations are written on the top of each sample) in the solution of seawater with 0.025
wt% HCI after 48 hours.
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Figure 3-13: The visual status of silica nanoparticles with different concentrations (the
concentrations are written on the top of each sample) in the solution of seawater with 0.0076
wt% HCI after 48 hours.
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Figure 3-14: The visual status of silica nanoparticles with different concentrations (the
concentrations are written on the top of each sample) in the solution of seawater with 0.003
wt% HCI after 48 hours.
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Figure 3-15: The visual status of silica nanoparticles with different concentrations (the
concentrations are written on the top of each sample) in the solution of seawater with 0.002
wt%.

Turbidity is a better measure of cloudiness than visual inspection. The turbidity of the prepared
samples was measured and the results are reported in Figure 3-16. As expected, the turbidity
of samples is directly related to the concentration of nanoparticles and reversely to the HCI
concentration. For the samples containing 0.025 wt% HCI, the turbidity does not change
significantly by increasing the concentration of silica nanoparticles. Furthermore, it is observed
that for samples containing 0.0076, 0.003 and 0.002 wt% HCI, the cloudiness is starting from
samples 6, 6 and 5, respectively. The turbidity of these samples is pointed in Figure 16. For
the samples containing 0.003 and 0.002 wt% HCI, the observations are confirmed with the
turbidity measurements. However, in the sample with 0.0076 wt%, the cloudiness is starting
from sample number 6 which is not distinguishable with visual observations. Hence, in order

to reduce the possible human errors, replacing the visual observations with the turbidity
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measurements can be considered as an option. It is worth to mention that the accuracy of

measured turbidity is + 0.05 NTU.
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Figure 3-16: The turbidity of samples as a function of the concentration of nanoparticles and
HCI

In the second step of the stability analysis, the average size of nanoparticles is measured. The
change in the average size of nanoparticles by altering the concentration of nanoparticles in
the solutions of four distinct HCI concentrations including 0.025, 0.0076, 0.003 and 0.002 wt%
HCI is shown in Figure 3-17. The error in the measurement of particle size is £0.8 nm. As
illustrated in the figure, for all four HCI concentrations, with increasing the concentration of
silica nanoparticles from 0.03 wt%, the average size of nanoparticles exponentially increases.
However, the rate of increasing is different for the samples with different HCI concentrations.
For instance, in the solution of 0.025 wt% HCI, increasing in the size of nanoparticles is very
gentle, however, for 0.003 and 0.002 wt% of HCI, the relatively sharp increasing in the size of
nanoparticles is observed. Generally, with decreasing the HCI concentrations, the rate of

increasing in the size of silica nanoparticles, increases. The exponentially increasing in the size
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of nanoparticles is ending at the “break point concentration” where with further increasing of
the concentration of nanoparticles, the size of nanoparticles is jumping to very high values.
The “break point concentration” for the solutions of 0.0076, 0.003 and 0.002 wt% HCI are
obtained as 0.45, 0.25 and 0.25 wt% of silica nanoparticles, respectively. These points are
illustrated with arrows in Figure 3-17. For the solutions containing 0.025 wt% HCI, the “break
point concentration” is higher than 0.5 wt% of silica nanoparticles. The stability analysis
experiments are ended at the “break point concentrations”. After this concentration, the

samples not only are not stable, but also the nanoparticles may sediment during operation.
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Figure 3-17: The size of silica nanoparticles in the solutions with different HCI and silica
nanoparticles- The arrows are showing the “break point concentrations”

Based on the stability definition, as shown in Figure 3-18, all samples with 0.025 wt% HCI,
samples 1 to 7 for 0.0076 wt% HCI and samples 1 to 6 for solutions with 0.003 and 0.002 wt%
HCI are considered as a stable sample. It is worth to mention that maximum oil recovery can
be obtained using solutions in which the concentration of nanoparticles varies between 0.05 to

0.1 wt% [14, 32, 165]. These concentrations are obtained using core displacement experiments.
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Figure 3-18: The samples with less than 100 nm size

In the solutions with constant HCI concentration, at low concentrations of silica nanoparticles,
there are sufficient free H™ ions in the solution to accumulate in the electrical double layer of
each nanoparticle. Hence, the H* ions form an effective protection layer and prevent
nanoparticles to aggregate. However, by increasing the concentration of silica nanoparticles,
constant number of H* ions should be divided into more numbers of silica nanoparticles.
Hence, the concentration of H* ions in the electrical double layer of silica nanoparticles, with
increasing the concentration of nanoparticles, decreases. In this case, the multivalent ions had
an opportunity to present in the electrical double layer of nanoparticles. Therefore, the H* ions
could not completely prevent the nanoparticles from aggregation and the size of nanoparticles
(aggregation of nanoparticles) increases. This can be observed in the change of pH in the
solution. In fact, the pH-meter is measuring the number (concentration) of free H* ions in the
solution.  As illustrated in Figure 3-19, for four samples of HCI, without silica nanoparticles,
the pH is less when silica nanoparticles are introduced into the solution. With increasing the
concentration of silica nanoparticles, the pH increases. The rate of increasing in the pH is sharp

for low concentrations and the rate decreases with increasing the concentration of silica
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nanoparticles till reach plateau at high concentrations of silica nanoparticles. This trend shows
that with introducing the silica nanoparticles in a solution, the free H* ions are accumulating
around silica nanoparticles and the concentration of free H* ions in the solution decreases. With
further increasing the concentration of silica nanoparticles, the concentration of H* ions in the
solution is not enough to form a complete H* protection layer around all nanoparticles. In this
point, nanoparticles have adsorbed almost all added H* ions and the pH of solution moves

toward the neutral pH and do not change anymore.
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Figure 3-19: Change in the pH of samples with altering the concentration of silica nanoparticles
in different concentrations of HCI

Zeta-potential measurement is another useful method to understand the mechanism of
dispersing silica nanoparticles in seawater in the presence of HCI. As shown in Figure 3-20a,
with increasing the concentration of HCI in the solutions, the zeta-potential of silica
nanoparticles from negative values is moving toward zero, and then to positive values. On the
other hand, except for the samples with 0.025 wt% HCI, the zeta-potential of samples has a
decreasing trend. Regardless of HCI or silica nanoparticle concentration, the absolute value of

64



the zeta-potential in the most samples is less than 10 mV and for some samples is even less
than 4 mV. At this ranges of zeta-potentials, due to the weaker electrostatic repulsion force, it
is expected that the nanoparticles aggregate rapidly. However, as discussed before, the
nanoparticles are stable in these ranges after 48 hours. It appears that some H* ions are
screening the charge of silica nanoparticles with firmly sticking on the surface of silica
nanoparticles between the surface of nanoparticles and the shear plane which are also the part
of H* protection layer. Furthermore, as shown in Figure 3-20b, the zeta-potential of silica
nanoparticles is not completely the function of pH. For instance, for the pH range 6-7, the zeta-
potential of silica nanoparticles can be any value between -11 mV to -4 mV. It appears that in
the presence of sufficient free H* ions in the solution, nanoparticles are adsorbing H* ions and
the zeta-potential of nanoparticles goes to near zero or positive values. However, when the
concentration of H* ions in the solution is not enough to screen all charge of nanoparticles,
only a portion of the charge of nanoparticles is neutralized with the H* ions and the final zeta-
potential of nanoparticles remain negative. It is worth to mention that the zeta-potential of

silica nanoparticles in DI-water and at neutral pH was -22+0.5 mV.
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Figure 3-20: (a) Zeta-potential of silica nanoparticles in the samples with different HCI and
nanoparticle concentrations, and (b) Zeta-potential of nanoparticles as a function of pH

65



3.5. Conclusion

In this paper, a method to stabilize silica nanoparticles in seawater is proposed. Silica
nanoparticles are extremely unstable in seawater and they aggregate as soon as they are
introduced in seawater. Ultra-sonicating or mixing the solution is not effective in stabilizing
nanoparticles and breaking the aggregations. Based on the stability of silica nanoparticles in
the presence of various ions in the aqueous solution, using hydrochloric acid to stabilize silica
nanoparticles in seawater is proposed and its effectiveness is tested. It was observed that

hydrochloric acid can effectively stabilize silica nanoparticles in the seawater.

The “H* Protection” is the possible mechanism for stabilizing of silica nanoparticles in
seawater by using HCI.  H* ions limit the presence of multivalent ions in the electrical double
layer of nanoparticles and prevent them from aggregation. We observed that the average size
of nanoparticles in seawater is increasing by raising the concentration of nanoparticles and

decreasing the HCI concentration.
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4, CHAPTER FOUR

Understanding the behavior of silica nanoparticles at oil-
water interface for Enhanced Oil Recovery Implications
(Paper 2, Published)

This chapter is published by Journal of Molecular Liquids: Saeed Jafari Daghlian Sofla, L.A.J.,
Yahui Zhang, Understanding the behavior of H+ protected silica nanoparticles at oil-water

interface for Enhanced Oil Recovery Implications. Journal of Molecular Liquids 2018
(accepted)
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Abstract

A large number of core-flooding and micromodel experiments have examined the potential of
nanoparticles to increase oil recovery. The mechanism of enhanced oil recovery using
nanoparticles (nanoparticle-EOR) is still unclear. Nanoparticles may aid enhanced oil recovery
because they may alter rock wettability and possibly reduce oil-water interfacial tension (IFT).
The effect of nanoparticles on the oil-water IFT is controversial, as some have found that
nanoparticles reduce IFT and others have illustrated that they have no significant effect.
Nanoparticles’ attachment at the oil-water interface, which causes IFT reduction is complex
and bulk fluids properties (water and oil) directly affect their self-assembly. Fully
understanding the driving forces causing self-assembly of nanoparticles at the oil-water
interface and its controlling parameters are crucial for determining the effect of nanoparticles

on IFT.

In this research, by investigating the controlling parameters of nanoparticle attachment at
interface (bulk suspension properties including the concentration of nanoparticles,
concentration of HCI, salinity, size and charge of nanoparticles, and operating conditions i.e.
temperature and pressure), and coupling them with nanoparticles’ stability in the solution, the
conditions under which silica nanoparticles can reduce oil-water interfacial tension are
experimentally investigated. The results reveal that by appropriately designing the operating
conditions, H*-protected silica nanoparticles can reduce oil-water interfacial tension. The
maximum reduction of the oil-water IFT was obtained for 0.20 wt% of silica nanoparticles in
a solution containing 0.025 wt% HCI and 0.15 wt% nanoparticles in 0.0076 wt% HCI, where
IFT reduced from 23.56 £ 0.36 mN/m to 12.81 £ 0.77 mN/m and from 22.61 + 0.41 mN/m to

14.01 £ 0.87 mN/m, respectively. However, the minimum IFT reduction occurs when the
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surface energy reduction due to the adsorption of nanoparticles is minimal, i.e. the chance of
nanoparticles to desorb from the interface due to thermal fluctuations is high, and nanoparticles’

aggregation on the bulk surface is initiating.

Keywords: Enhanced Oil Recovery, Silica Nanoparticles, Interfacial Tension, Self-assembly,

Adsorption Kinetics

4.1. Introduction

According to BP’s 2035 Energy Outlook [1], the global energy demand will increase by 30%
by 2035. At least for the foreseeable future, fossil fuels such as oil and gas will continue to
play a significant role in the energy supply. Beside other techniques such as accelerating the
use of renewable energies and discovering new oil fields, maximizing oil recovery from
discovered and producing oil fields through Enhanced Oil Recovery (EOR) will help to meet
this demand. EOR, in general, is the recovery of oil beyond primary and secondary methods
(natural production and pressure maintenance with gas or water, respectively). On average,
conventional production methods produce approximately one-third of the initial oil in place.

The remaining oil is a large attractive target for EOR techniques.

Recently, the potential of using nanoparticles as an EOR method has been explored and some
promising results have been obtained in primary evaluations [4-8, 166-168]. Nanoparticles
with their ultra-small size and high surface-area to volume ratio have the ability to penetrate
pores and alter the rock-fluid and fluid-fluid properties favorably. It is reported that
nanoparticles may affect the oil-water interfacial tension [12-15] and rock wettability [16-19];
the effect of nanoparticles on the oil-water interfacial tension is not conclusive. Some

researchers have shown that nanoparticles can reduce the oil-water interfacial tension [12-14,
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90-92, 169], but opposing results can also be found in the literature [93-95]. In some cases,
this contradiction arises from using surfactants as the stabilizer of nanoparticles in the solvent.
It is well-documented that surfactants can stabilize nanoparticles in a high salinity aqueous
solution by providing steric repulsion forces [170, 171]. Some researchers believe that
nanoparticles alone cannot change the oil-water interfacial tension and the IFT reduction is due
to the synergistic effect of surfactant and nanoparticles [96-98]. Ravera et al. [93] showed that
silica nanoparticles alone are completely hydrophilic; hence they have no effect on the oil-
water interfacial tension. However, by increasing the concentration of surfactant in the
solution, the adsorption of the surfactant as individual ions alters the wettability of particles
and provides a partially hydrophobic character to the surface, thus nanoparticles can be
adsorbed at the interface and reduce the oil-water interfacial tension. The hydrophobic property
of the surface increases by surfactant concentration; however, if the concentration of used
surfactant is increased further, a surfactant bilayer will form which would make the
nanoparticles hydrophilic again. These controversial results can also be found in experiments
using nanoparticles without any surfactant. Table 4-1 summarizes the effect of pure
nanoparticles (without additional additives) on oil-water interfacial tension. Hendraningrat et
al. [14] showed that 0.05 wt.% of silica nanoparticles in 3.0 wt% NaCl brine can reduce the
crude oil-brine IFT from 19.2 Nm/m to 7.2 Nm/m. However, Ravera et al. [94] illustrated that
silica nanoparticles alone (without any surfactant) in 0.06 wt% NaCl had no effect on the oil-
water interfacial tension. Since the reduction of the oil-water interfacial tension can reduce the
capillary pressure and helps to recover the trapped oil, it is necessary to resolve this uncertainty.

To this end, the mechanism of oil-water IFT reduction by nanoparticles and the conditions
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under which the nanoparticles can reduce oil-water interfacial tension should be addressed in

detail.

Table 4-1: The effect of different nanoparticles on oil-water IFT

Type of Size Conc. Aqueous phase Oil phase  Initial Final Reference
Nanoparticles of NP (wt%) IFT IFT

(nm)
Silicon oxide 7 0.05 3 wt% NaCl Crude oil 19.20 16.90 [100]
(Si0Oy)
Silicon oxide 12 0.4 5 wt% NaCl Light 26.5 1.95 [90]
(SiOy) crude oil
Silicon oxide 12 04 5 wt% NaCl Heavy 28.3 7.3
(SiOy) Crude oil
Silicon oxide 12 5 5 wt% NaCl Crude oil 21 21 [101]
(SiOy)
Silicon oxide 15 1 0.06 wt% NaCl Hexane 51 51 [94]
(Si0Oy)
Silicon oxide 15 1 Pure water Hexane 51 51 [93]
(Si0Oy)
Silicon oxide 21-40 0.05 3 wt% NacCl Crude oil 19.2 7.9 [14]
(Si0Oy)

Silicon oxide 20-70 0.4 5 wt% NaCl Crude oil 26.5 38.4 [102]
(SiOy)

Non-ferrous 90- 0.001  Pure water Crude oil 31.4 9.2 [8]
metal 110

nanoparticles

Iron oxide 20-35 0.3 2.25

(Fe304)

Sluminum oxide 40 03 25wi%Nacl  Propane 385 70 [91]
(Al203)

Silicon oxide 10-30 0.3 1.45

(SiOy)

Nanoparticles must first adsorb on the oil-water interface if they are to affect the interfacial
tension. The first challenge is to determine whether, and under what conditions, nanoparticles
can adsorb onto fluid-fluid interface. Nanoparticles can adsorb on the interface by forming a
Langmuir monolayer (also called “spreading monolayer” [172]), or Gibbs monolayers (or
“adsorption monolayer” [173] ). In the Langmuir monolayer, a particle film with the assistance

of a spreading solvent directly deposited onto the interface [174]; however, in the Gibbs
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monolayer, the nanoparticles spontaneously adsorb onto the interface from the bulk suspension
[175]. Specific circumstances are required to form Gibbs monolayers. Adsorption needs to be
energetically favorable [174], in other words, particles move from the bulk solution to the
lowest-energy position at the interface [174]. Hence, for strong trapping of nanoparticles at the
interface, a significant decrease in the free energy of the interface is required [173]. Surface
(interfacial) energy reduction (AE) due to the adsorption of a single spherical particle can be

obtained by the following equation [176]:

AE = —yonr?(1 — |cos8])? (4-1)
where r is the radius of the spherical particle, y, is the pristine interfacial tension and 6 is the
contact angle of the nanoparticle at the interface. In order to have an irreversible adsorption,
AE needs to significantly exceed thermal fluctuation of particles (KgT). Adsorption of
micrometer-sized particles at the oil-water interface is extremely stable due to very high
attachment energy (10’ KgT, where Kg is the Boltzmann constant and T is temperature)
[177]. However, for nanoparticles, the attachment energy is on the order of thermal fluctuations
(KgT), which makes them very unstable at the oil-water interface [178]. Therefore, adsorption
of nanoparticles at the oil-water interface at reservoir conditions (high temperature) can also

be limited by thermal fluctuation of nanoparticles at high temperature.

Measuring the particle contact angle at the interface is very challenging [179]. It makes
equation 4-1 difficult to use in the practical calculations. Hence, a new alternative equation is

proposed to calculate the surface energy reduction [180]:

Yo — Vo 2 (4-2)

AE = nr
Do
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where y,, isthe interfacial tensionand @, isthe fractional coverage of the interface at steady
state condition. Bizmark et al. [148] developed a new model to calculate the adsorption energy
(AE) exclusively by using dynamic interfacial tension measurements. At early time, the

nanoparticle adsorption to the interface can be calculated by:
early time: t - 0 Y =Yo— (4-3)

ZNAIAEICO\/%

where Na and Co are Avogadro’s number and molar bulk concentration, respectively. D can

be calculated using the Stokes-Einstein equation:

KyT (4-4)
D=
6mur

where Kg is the Boltzmann constant, T is temperature and p is the viscosity of the solvent.

Further adsorption of particles at the interface may be shielded by other nanoparticles that are
already adsorbed at the interface [174]. Spontaneous adsorption occurs when enough space is

created at the interface for new particles to adsorb in the adsorption time scale [181].

The adsorption mechanism of charged nanoparticles from a polar solvent onto the interface
can be even more complicated. If the particles in the aqueous phase and oil-water interface
carry the same charge, particles will be repelled by the interface [98]. This phenomenon is
common when the particles are introduced from the aqueous phase. Overlap in the electrical
double layer around particles and the interface creates a strong repulsion that prevents particles
from adsorbing at the interface [182]. Moreover, the interactions between adsorbed charged

particles at the interface can hamper further adsorption [173]. This phenomenon illustrates
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itself in the later times of dynamic IFT measurements which the following equation is proposed

to model that [173].

late time: t » o Y =Y + (4-5)

K1 |AE| 1
(mr2)2N 4Co | Dt
where K, is a dimensionless adsorption parameter which can be calculated by the following

equation:

K — mr2N,CoD@3, (4-6)
7 | K, 4.64

where K, isthe adsorption constant. The ultimate coverage of hydrophilic silica nanoparticles
at oil-water is controlled by van der Waals and electrostatic forces. The theoretical ultimate
coverage can be obtained using equation 4-7 [183]. A hexagonal area is used to calculate the
theoretical ultimate coverage because, in the case of repulsive net inter-particle forces, the
adsorbed nanoparticles would be expected to rearrange themselves in a hexagonal pattern
[184].

B occupied area B 3md? (4-7)
~ total hexagonal area  [6v3(d + h)?]

o)

We recently proposed a novel method to stabilize silica nanoparticles in seawater using H*-
protected method [58]. We used hydrochloric acid (HCI) to form an H* layer within the
electrical double layer of silica nanoparticles to prevent the accumulation of multivalent ions
in the diffuse layer of nanoparticles and thus stabilize them. In this research, the self-assembly
of H™-protected silica nanoparticles at the oil-water interface is studied. The nanoparticles are

dispersed in an aqueous phase (NaCl and seawater) and the influence of some controlling

74



parameters such as bulk solution properties (concentration of nanoparticles, concentration of
HCI, size and charge of nanoparticles), and operating parameters (temperature and pressure)
on the self-assembly of nanoparticles and interface energy reduction is investigated. The
behavior of H*-protected silica nanoparticles dispersed in seawater is compared with silica
nanoparticles dispersed in the NaCl solutions. Based on these evaluations, the condition under
which H*-protected nanoparticles can reduce oil-water IFT is proposed. Finally, the possibility
of IFT reduction as a main nanoparticle-EOR mechanism is evaluated by simulating core-
flooding experiments. The main goal of this study is to investigate the role of IFT reduction
(due to the presence of nanoparticles) on oil recovery. We believe that IFT reduction is partially
but not fully responsible for incremental oil recovery greater than waterflooding alone. We test
our hypothesis by conducting silica nanoparticles in seawater flooding experimentally and
comparing the results with simulations that examine the effect of a) IFT reduction only and b)

the effect of altering the relative permeability, wettability, and IFT reduction.

4.2. Experimental Section

4.2.1. Materials
Nanoparticles: Amorphous hydrophilic silicon dioxide nanoparticles (SiO2) (25 wt.% in
deionized [DI] water) with the average diameter of 19.0 £ 0.8 nm and purity of greater than

99.9% were purchased from US Research Nanomaterial, Inc.

Aqueous solutions: Two distinct aqueous solutions were used in this research: a) different
concentrations of NaCl solutions (1, 5, and 6 wt%) and b) seawater which was collected from

the Grand Banks, offshore Newfoundland (NL). Silica nanoparticles are not stable in seawater
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and they quickly aggregate. Hence, the method described in [58], “H" protected” method was
used to disperse silica nanoparticles in seawater. Based on this method, hydrochloric acid
prevents the multivalent ions in seawater to accumulate in the electrical double layer of silica
nanoparticles by forming an H-protected layer and thus stabilizes them in seawater. We used
0.025 and 0.0076 wt% of 6M HCI (ACS Reagent, 37%, Sigma-Aldrich) to stabilize silica

nanoparticles in seawater. The general properties of seawater is provided in Table 4-2.

Table 4-2: General properties of seawater

Properties Unit Value
Density at 22°C g.cm? 1.02
Compressibility factor of seawater[46] psi?t 4.2x10®
Thermal expansion of seawater [46] °ct 2.78x10

The NaCl solution, due to its simplicity, gives us the opportunity to evaluate the effect of
salinity and adsorption Kkinetics with a great accuracy. However, injection of silica
nanoparticles dispersed in NaCl solution for nanoparticle-EOR is not practical. Seawater is
widely used for water-flooding and water-based EOR methods in offshore; the dispersion of
nanoparticles in seawater allows us to study the effect of silica nanoparticles on oil-water
interfacial tension at practical conditions. Furthermore, discussion about the mechanism and
the conditions of IFT reduction by silica nanoparticles when the nanoparticles are dispersed in

seawater helps us to design more effective nanoparticle-EOR projects.

Oil phase: Newfoundland offshore crude oil was used as the oil phase in all experiments.

General properties of the crude oil are listed in Table 4-3.

Table 4-3: General properties of the crude oil
Properties Unit  Value
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Gravity of dead Oil °API 35
Density at 22°C g.cm? 0.875
Oil compressibility factor ~ psit  10x10°
Thermal expansion °Ct 0.0007

4.2.2. Methods

The experiments conducted are shown schematically in Figure 4-1 where we investigated the
behavior of silica nanoparticles at the oil-water interface using two distinct aqueous phases of:
a) NaCl solution and b) seawater. Nanoparticles are dispersed in seawater using H*- protected
method. The purpose of the experiments is to study the self-assembly of nanoparticles at the
interface and its controlling parameters in the conventional brine solutions with different ionic
strength and compare these parameters with the H™-protected silica nanoparticles dispersed in
seawater. We used dynamic interfacial tension method to study the self-assembly of the
nanoparticles. Dynamic interfacial tension measurement is widely used to analyze the behavior
of nanoparticles and evaluate the adsorption of nanoparticles onto the interface [43, 148, 185,
186]. Since adsorption of nanoparticles on the interface and nanoparticles’ stability in the
dispersed medium takes place concurrently [65], it is necessary to couple these two properties
to have a clearer picture of the behavior of nanoparticles at the interface. Hence, we also

conducted particle size and zeta-potential measurements for NaCl and seawater experiments.

The critical salt concentration of NaCl (the maximum concentration of a salt in which the
nanoparticles are still stable in the solution) was reported to be 6 wt% at ambient conditions
[58]. Therefore, the NaCl concentration in this study varied up to 6 wt%. The concentrations
of HCl and silica nanoparticles were selected based on our previous study [58], where we found

that we could stabilize up to 0.3 wt% nanoparticles in seawater using 0.0076 and 0.025 wt%
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HCI. The pressure and temperature ranges are chosen to represent North Atlantic offshore oil

reservoir conditions (temperatures up to 90 °C and reservoir pressures up to 5000 psi).

[ Experiments ]
I

[A} NaCl Solutions] [ B) Seawater ]
A
r : Al r - A N
Adsorpjuon IFT Particle size Zeta-Potential AdS.OI’p.thH IFT Particle size Zeta-Potential
Kinetics Kinetics
1
f ! J,
Sl
Nanoparticle 13‘::5:
0.05 wt% 4
5 wt% ! 1
0.1 wt%
0.15 W‘t‘;o 6wt Nanoparticle HC1 Temperature é Pressure )
0.2 Wit 0.03 wi% 0.025 wi% 2°C 0 psig
0.05 Wt% 0.0076 Wt% 10°C 500 psig
0.1 wit% 60 °C 1000 psig
0.15 wi% 70 °C 1500 psig
0.2 wi% 90 °C 2000 psig
0.25 Wt% 2300 psig
3000 psig
4000 psig
\ 5000 psig /

Figure 4-1: Schematic diagram of conducted experiments

IFT measurements: The pendant drop method (Vinci IFT700 instrument) was used to
measure the oil-water interfacial tension. The oil phase was injected from a needle at the
bottom of the cell and the image of the drop was taken at a frequency of one image per second.
The schematic diagram of the oil-water interfacial tension measurement is illustrated in Figure
4-2. As shown in the figure, the droplet is held by a needle in the aqueous solution at the
experimental conditions. The oil-water interfacial tension is determined from the image of the
droplet, where the shape of the droplet was fitted to a shape predicted by the Young-Laplace
equation and the oil-water interface is calculated by the Vinci software. The density of the
crude oil and the aqueous phase was measured experimentally at ambient conditions. The

density at experimental conditions was calculated based on the ambient density,
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compressibility and thermal expansion of the oil and aqueous phase. To check the repeatability

of the measurements, the oil-water IFT was measured three times and the average value is

reported.
View N
cell Panel —
" 4:] s ’ H{ ‘ H H
D4
Aqueousm
solution

pump

Figure 4-2: Schematic diagram of the IFT measuring instrument

Particle size and zeta-potential measurements: The size and zeta-potential of nanoparticles
in different solutions were measured using Malvern Zetasizer Nano Series ZS instrument. This
device measures the hydrodynamic size of nanoparticles using Dynamic Light Scattering
(DLS) [47]. Disposable cells were used to measure the size of nanoparticles and to check the
repeatability of the measured values, the size of nanoparticles for each sample is measured in

three separate runs and the average reported.

It is not practical to directly measure the surface potential within the Stern layer. Hence, the
zeta potential, as the best approximation for the surface potential, can be experimentally
measured and is often used as a measure of the surface potential [38]. Prior to measuring the

zeta-potential, the cell (clear disposable zeta cells DTS1060) was cleaned with ethanol and
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deionized water. Then, the cell was rinsed with the prepared nanoparticle solution and
filled. To prevent bubble formation in the cell, the nanoparticle solution was injected very
slowly. The cell was then placed into the zetasizer and the zeta-potential of nanoparticles was

measured in three replications with 150 runs for each replicate and the average is reported.

To measure the charge of the oil-water interface, the method described in [187] is used to form
oil-in-water emulsions. This method is proposed to overcome the difficulties such as rapid
creaming and coalescence of the emulsion droplets encountered in the preparation of oil-in-
water emulsions in the absence of surfactants. In this method, to produce finely dispersed
emulsions, the oil and water are mixed at the evaluated temperature of 60°C for 1 hour. Then,
the solution is cooled down to the ambient condition. They [54] proposed that at elevated
temperatures, the solubility of oil in water increases. Hence, some oil may dissolve in the
aqueous phase and upon cooling, the excess dissolved oil may separate in fine emulsion
droplets. They concluded that this method decreases the aggregation Kinetics of oil-in-water
emulsions (stabilizes the emulsions for a few tens of minutes) and provides sufficient time to
conduct the zeta-potential measurements. Based on this method, we added one volume
percentage of oil into the aqueous phase and mixed the solution for 1 hour at 60 °C using a
magnetic mixer at approximately 1000 rpm. Then, the solution was filtered using a micro-size
filter to achieve micro-size oil-in-water emulsions. The charge of oil-water interface was
measured using Malvern Zetasizer Nano Series ZS instrument. To make sure about the
repeatability of the measured zeta-potential, three distinct solutions were prepared using the
described method and the zeta-potential was measured three times for each solution. The

average value and standard deviation for each solution are reported.
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4.3. Simulation Section

DLVO calculations: The interaction between oil-water interface and hydrophilic H*-protected
silica nanoparticles is described using Derijaguin, Landau, Verwey and Overbeek (DLVO) [54,
134] theory. This theory explains the interaction between a spherical colloid particle (H*-
protected silica nanoparticle) and a charged surface (oil-water interface) by combining two
independent van der Waals attraction and electrostatic repulsion forces. It is plausible that in
the case of adsorbing hydrophilic silica nanoparticles to the interface, due to the absence of
polymer or surfactant in the solution, the steric repulsion or bridging forces are unlikely to
exist. Furthermore, hydrophobic interaction normally occurs between two hydrophobic
surfaces in the polar solvent. Hence, for hydrophilic silica nanoparticles in water, it is unlikely
to have a hydrophobic interaction. Therefore, it appears that DLVO theory is adequate to

describe the interaction between H*- protected silica nanoparticles and oil-water interface.

The electrostatic repulsion (E;) between a spherical particle (P) and a plate surface (S) can be

obtained using following equation [53]:

£ - 5 l 1+ exp(—kD)

4-8
+ (Y2 + ¥?) In[1 — exp(—2xD)]} (4-8)

where €. is the relative dielectric constant of water (equals to 78.5), g, is the dielectric
permittivity of vacuum (equals to 8.854x10*2 CVIm™), « is the inverse Debye length, D is
the distance between the nanoparticle and the surface, a is the radius of nanoparticle, y, and
; are the surface potential of the nanoparticle and the surface, respectively. The Debye length

(x~1) in nanometer can be calculated as [50]:
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-KpT
o1lo | Er&lB _ (4-9)
e? Y poo;Z;

where e represents the elementary charge of an electron (C), T is the absolute temperature (K),
Kg is the Boltzmann’s constant, and poo; is the number density of ion i in the bulk solution.
The Van der Waals attraction forces (E, 4,) for a spherical nanoparticle and a surface can be

calculated as [43]:

Ewdv -

A3, @ a
— n

4-10
6 D+D+2a+l )] ( )

D + 2a
The silica nanoparticle-water-oil Hamaker constant (A4;3,) can be obtained using the Hamaker
constant of silica nanoparticles (4,,=6.5 x 10%°J) , water (433=4 x 102°J) and oil (we

assumed decane) (4,, =5 x 10%°)J) [42]:

A3z = (\/A11 - \/A33)(\/A22 - \/A33) (4'11)
The total potential can be calculated using the following equation:
Total potential = Ex; — Eyqw (4-12)

Core-flooding simulation: The effect of IFT reduction on oil recovery is evaluated by
simulating core-flood experiments. CMG reservoir simulation software was used to mimic the
core-flooding experiments and the effect of IFT reduction on oil recovery from a sample core

is simulated.

4.4. Results and discussion

Before examining the effective parameters on the IFT values, the time required to stabilize the
IFT value was tested. Two distinct solutions were prepared: 1) 0.15 wt% silica nanoparticles

were dispersed in the 1 wt% NaCl solution, and 2) 0.15 wt% silica nanoparticles were dispersed
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in seawater containing 0.0076 wt% HCI. For each solution, two sets of experiments were
conducted. For the first set, the IFT measurements were continued to about 10° seconds and in
the second set, the IFT measurements continued to 5x10° seconds. As shown in Figure 4-3, the
main changes in the dynamic IFT values are recorded in the first 10° seconds and no significant
changes are observed for the times greater than 10% second. Hence, the later measurements

in this study are conducted for approximately 10° seconds.
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Figure 4-3: Long vs short time IFT measurement for 0.15 wt%b silica nanoparticles in 1wt%
NaCl solution and 0.0076 wt% HCI-seawater solutions

4.4.1. Kinetic adsorption of silica nanoparticles from NaCl brine

The adsorption of nanoparticles onto the oil-water interface is causing a change in the
interfacial tension. In this section, the kinetic adsorption of silica nanoparticles onto the oil-
water interface was investigated using dynamic interfacial tension measurements. The Kinetic
adsorption of silica nanoparticles to oil-water interface from an aqueous solution containing 1

wt% NaCl and different concentrations of silica nanoparticles (0, 0.05, 0.1, 0.15 and 0.2 wt%)
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IFT (mN/m)

is illustrated in Figure 4-4a. At very low nanoparticle concentrations (0.03 wt%) significant

changes in the IFT value is not recorded. The data overlaps with “no nanoparticle data”, so we

do not show the 0.03 wt% data in Figure 4-4a. As shown in this figure, in the aqueous solution

without silica nanoparticles, the oil-water interfacial tension is quite constant over the

measured time, with an average IFT equal to 22.24 + 0.44. However, in the presence of silica

nanoparticles in the aqueous phase, completely different trends are observed. Immediately after

introducing the oil droplet to the nanoparticle-NaCl solution, the oil-water IFT reduces sharply

(phase A, early time data < 60 s). At intermediate times (phase B, 60 s < intermediate time

period < 500 s), the slope of oil-water interfacial tension reduction decreases. Finally, at late

time periods (phase C, late time data > 500s), the oil-water interfacial tension reaches its

minimum value and it remains constant.
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Figure 4-4: a) Change of the kinetic adsorption of nanoparticle at oil-water interface with
various concentration of nanoparticle at 1 wt% NaCl and ambient temperature and pressure,
b) Early time dynamic interfacial tension data against t early time, ¢) Three distinct regions

for nanoparticle adsorption

The reduction of interfacial energy due to the adsorption of nanoparticles (AE) is calculated by
plotting early time dynamic interfacial tension data against \t (Figure 4-4b) and employing
equation 4-3 [148]. The dynamic interfacial tension measured before 60s is suggested as early
time data [65]. Table 4-4, summarizes the reduction of interfacial energy due to adsorption
of silica nanoparticles from NaCl solution with different nanoparticle concentrations. The
diffusion coefficient (D) is estimated based on Stokes-Einstein equation (equation 4-5). As
shown in Table 4-4, AE for nanoparticles is far less than colloid particles (10" KBT). Hence,
the adsorption of nanoparticles at the interface can be reversible and some nanoparticles may
desorb from interface. The balance between adsorption and desorption rate of silica
nanoparticles at interface governs the general trend of dynamic oil-water interfacial tension.
The adsorption/desorption rate reaches an equilibrium at the late time and the final value of
oil-water interfacial tension depends on the number of nanoparticles trapped at the interface at

any moment. When there are more nanoparticles at the interface, a lower oil-water IFT can be
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expected. At the early times (Figure 4-4c, phase A), there is no strong barriers to adsorption of
nanoparticles at the interface, subsequently, nanoparticles are rapidly adsorbed and IFT sharply
reduced. In other words, the adsorption rate of nanoparticles at the oil-water interface is much
higher than the desorption rate. At intermediate times (Figure 4-4c, phase B), the presence of
previously adsorbed nanoparticles on the oil-water interface hampers further adsorption and
reduces the adsorption rate. However, the adsorption rate is still higher than the desorption
rate. Hence, the IFT reduction rate is not as pronounced. Finally, at late times, nanoparticle
adsorption reaches a dynamic equilibrium in phase C and the maximum reduction in oil-water

interfacial tension is reached.

Table 4-4: Reduction of interface energy due to adsorption of silica nanoparticles from 1 wt%
NaCl solution

Conce. of Cx10° Dg_px10% Y 104 |AE| Final IFT
nanoparticles . - vt (mNm™)
(Wt%) (mole m~) (m"s™) (N ms5) [KpT]

0.10 147.38 2.151 -4.234 £0.67 223.47 15.26 £ 0.33
0.15 221.07 2.151 -6.147 £ 0.58 216.49 11.47+0.23
0.20 290.40 2.141 -6.159 + 0.47 165.53 11.32+0.39

At low nanoparticle concentrations (less than 0.05 wt%), the number of nanoparticles around
the interface is relatively low. Therefore, the adsorption/desorption rate reaches an equilibrium
with a sparse monolayer around the interface. In other words, the number of nanoparticles at
the interface at any moment is not sufficient to form a compact monolayer at the interface. The
small changes in the oil-water IFT occur solely due to the single adsorption or very sparse
monolayer of nanoparticles at the interface. As illustrated in Figure 4-5, the adsorption rate is

directly related to the nanoparticles’ concentration; by increasing the concentration of
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nanoparticles, more compact monolayer around the oil droplet can be formed and thus less IFT
value can be achieved. The maximum IFT reduction occurs when all accessible sites on the

interface are filled with nanoparticles.

Very Low Concentration of
Nanoparticles ( < 0.05 wt%)

Oil-Water Interface
Intermediate Concentration
of Nanoparticles (0.1 wt%)

IFT (mN/m)

O T T T T
0.00 0.05 0.10 0.15 0.20 5

Concentration of silica nanoparticles (wt%) High Concentration of
Nanoparticles (= 0.15 wt%)

Figure 4-5: Schematic number of nanoparticles in different adsorption/desorption equilibrium

In order to examine the effect of salinity on the kinetic adsorption of silica nanoparticles onto
the interface, the concentration of silica nanoparticles are set at 0.15 wt% and the salt
concentration varied (1, 5 and 6 wt%). As shown in Figure 4-6, the general trend of dynamic
oil-water interfacial tension is similar for all salinities. However, some small differences can
be also observed. First, at phase A, the oil-water interfacial tension reduces more sharply by

increasing the salt concentrations. By raising NaCl concentration in the solution, as shown in
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Figure 4-7, the zeta-potential of nanoparticles decreases. Furthermore, the electrical double
layer around the nanoparticles and the oil-water interface compresses. Consequently, the
electrostatic barriers for the adsorption of nanoparticles decrease with NaCl concentration and
the adsorption rate (especially in phase A, refers to the zoomed section of Figure 4-6) increases.
Second, by increasing the salinity, the final value of oil-water interfacial tension in phase C
reduces (Figure 4-7). The equilibrium IFT value for 0.15 wt% silica nanoparticles in 1, 5 and
6 wt% NaCl solutions are obtained 11.48 + 0.43, 9.65 + 0.37 and 8.77 + 0.61, respectively. By
compressing the electrostatic double layer around nanoparticles and reducing the zeta-potential
of the nanoparticles, the repulsion between adsorbed nanoparticles at the interface decreases
and more space at the interface is created for new nanoparticles. Hence, the nanoparticles form
a more compacted monolayer at the interface which leads to less oil-water interfacial tension
value. The maximum compression of the electrical double layer occurs at the critical salt
concentration because further increasing the salt concentrations can lead to nanoparticle
aggregation. The critical salt concentration for NaCl is reported as 6 wt% [58]. Hence, the
maximum IFT reduction is expected to achieve in the 6 wt% NaCl solution. Measuring the IFT
value for higher NaCl concentrations (higher than 6 wt%) is not feasible due to the turbidity
of the solution. By increasing the salt concentration from 1 wt% to 5 and 6 wt%, the size of
nanoparticles slightly increases from 21.52 + 0.21 to 23.21 + 0.27 and 24.64 = 0.18,
respectively. The space created due to the reduction of electrostatic repulsion forces appears

to be larger than space occupied due to increase in the size of nanoparticles.
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Figure 4-6: Effect of ionic strength on oil-water interfacial value at 0.15 wt%o silica
nanoparticles
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Figure 4-7: Zeta-potential and final IFT value for 0.15 wt%o silica nanoparticles in different
concentrations of NaCl solution

4.4.2. Kinetic adsorption of silica nanoparticles from seawater
In the next step, different concentrations of silica nanoparticles (0.03, 0.05, 0.10, 0.15, 0.20,

0.25 wt%) are dispersed in seawater and the kinetic adsorption of the silica nanoparticles from
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seawater onto the oil-water interface is investigated. Hydrochloric acid is used to form the
“H* protection layer” around nanoparticles to stabilize nanoparticles in seawater [58]. Two
different HCI concentrations of 0.025 wt% and 0.0076 wt% are used in the experiments and
the kinetic adsorption of nanoparticles are reported in Figure 4-8a and Figure 4-8b,
respectively. In the absence of nanoparticles in the solution, the oil-water interfacial tension is
constant over the time; however, even at low concentrations of silica nanoparticles (0.03 wt%)
in seawater, the IFT changes significantly. This trend was not observed in the NaCl brine. The
three mentioned phases for kinetic adsorption of nanoparticles from NaCl brine onto the
interface with small differences can also be observed in seawater. However, in phase A (early
times data), immediately after contacting seawater-nanoparticle solution with the oil drop, the
oil-water interfacial tension reduced suddenly. Hence, the time for phase A is far shorter for
the seawater-nanoparticle solution compared to the NaCl-nanoparticle solution. The change in
the oil-water interfacial tension at t = 0 s for different concentrations of nanoparticles in 1 wt%
NaCl solution, 0.0076 wt% and 0.025 wt% HCI in seawater are illustrated in Figure 4-9. As
shown in Figure 4-9, the drop in the IFT value of 1 wt% NaCl solution at t = 0 s is far less than
solutions containing different concentrations of HCI in seawater. These differences are also
greater for 0.05 wt% silica nanoparticles where for 1 wt% NaCl solution we only observed
0.32 £ 0.14 (mN/m) reduction in IFT at t = 0 s, while this difference is 3.01 + 0.36 and 5.66 +
0.42 for 0.0076 wt% and 0.025 wt% HCI in seawater solutions, respectively. The trend of the
dynamic reduction of IFT in phases B and C are similar for NaCl and seawater nanoparticles

solutions.
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Figure 4-8: Kinetic adsorption of silica nanoparticles from seawater containing a) 0.025 wt%
and b) 0.0076wt% HCI onto oil-water interface
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Figure 4-9: Change in the IFT value at t=0 s for different concentrations of nanoparticles in 1
wt% NaCl, 0.0076 wt% HCI in seawater and 0.025 wt% HCI in seawater

When silica nanoparticles are dispersed in seawater using “H* protection layer”, the H* ions
accumulate at the electrical double layer of the nanoparticles and they shield the charge of
silica nanoparticles and causing the zeta-potential to change from negatively charged zeta-
potential to less negatively, neutral, or positive charge depending on the concentrations of HCI.
As shown in Figure 4-10, the zeta-potential of silica nanoparticles in the NaCl solution and
seawater is very different. The zeta-potential of silica nanoparticles in seawater is fluctuating
around +1 and -4 mV for 0.025 and 0.0076 wt% of HCI, respectively, while it is around -21
mV for NaCl solutions. This difference leads to less repulsion force between nanoparticle-
interface and nanoparticle-nanoparticle. Hence, immediately after contacting nanoparticles
with oil drop, the nanoparticles are rapidly adsorbed to the interface and the oil-water
interfacial tension reduces suddenly. It is worth to mention that the zeta potential reduction in
the H+ protected method does not destabilize silica nanoparticles in seawater and the

nanoparticles were stable in all tested solutions as we previously confirmed [58].
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Figure 4-10: Zeta-potential of samples in different concentrations of nanoparticles

In order to distinguish the effect of HCI and divalent ions (Mg?* and Ca?*) on the zeta-potential
of silica nanoparticles, three solutions with the same concentration of silica nanoparticles (0.15
wt%) is prepared. In the first sample, we dispersed silica nanoparticles in 1 wt% NaCl solution.
In the second one, the nanoparticles are dispersed in 1 wt% NaCl + 0.025 wt% HCI. By
comparing the zeta-potential of these two solutions, the influence of HCI on the zeta-potential
of silica nanoparticles is revealed. As shown in Table 4-5, the presence of 0.025 wt% HCI
causes the zeta-potential to change from -20.12 + 0.66 to 1.08 + 0.53. To understand the effect
of divalent ions, another solution (synthetic solution) with 1 wt% NaCl, 0.13 wt% MgSO4 and
0.04 wt% CacCl; is prepared and 0.025 wt% HCI and 0.15 wt% silica nanoparticles is added
into the solution. By comparing the third solution with the second one in Table 4-5, we
observed that the presence of divalent ions can reduce the absolute value of zeta-potential.

However, its effect on the zeta-potential in the compare of HCI effect is not significant.

Table 4-5: Zeta-potential silica nanoparticles in three different solutions
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Zeta-potential

No. Solution (mV) pH
0.15 wt% silica nanoparticles in 1 wt%
1 NaCl. no HCl -20.12 £ 0.66 7.38 £0.05
0.15 wt% silica nanoparticles in 1 wt%
2 Nacl + 0.025 wt% HCI 1.08 +£0.53 2.16 £0.07
o il L .
3 0.15 wt% silica nanoparticles in synthetic 0.27 +0.12 224 +0.04

solution + 0.025 wt% HCI

4.4.3. Reasons for nanoparticles’ adsorption at the interface

Changing the oil-water interfacial tension value due to the presence of H+-protected silica
nanoparticles reveals that nanoparticles are self-assembled onto the oil-water interface.
However, it is still unclear why nanoparticles are adsorbing on the oil-water interface. To
address this question, the energy reduction of the interface due to adsorption of H+-protected
silica nanoparticles is calculated. For nanoparticles to adsorb spontaneously onto the interface,

the energy of the interface should be reduced by the nanoparticles’ adsorption.

The interfacial energy changes due to adsorption of nanoparticles |AE| from seawater solution
containing 0.025 wt% and 0.0076 wt% HCI is provided in Table 4-6 and Table 4-7,
respectively. As shown in these tables, adsorption of H*-protected silica nanoparticles at the
oil-water interface reduces the interfacial energy. The minimum energy reduction occurs at
0.20 wt% nanoparticles for 0.025 wt% HCI solution and 0.15 wt% nanoparticles for 0.0076
wt% HCI. On the other hand, minimum IFT value is also obtained at the same nanoparticle
concentrations (see Figure 4-13). Hence, minimum IFT is achieved when the chance of
nanoparticles to desorb from the interface is relatively high. Therefore, operating conditions
especially temperature can have a significant effect on the performance of nanoparticles. By

thermally exciting the nanoparticles the adsorption/desorption balance is lost and nanoparticles
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can easily escape from the interface. We will discuss the effect of temperature and pressure in
the upcoming sections. As shown in the tables, the minimum IFT value in both HCI
concentrations is obtained in the maximum molar concentration of nanoparticles. Hence, the
molar concentration of nanoparticles seems to be a better criterion to evaluate the performance
of nanoparticles than weight percent concentration because, in addition to the number of

nanoparticles, it also considers the size of nanoparticles in the solution.

Table 4-6: Reduction of interface energy due to adsorption of silica nanoparticles from seawater-
0.025 wt% HCI solutions

conc. Of Cx10° Dg_px10"  4Y g Particle |AE| Final IFT
nanoparticles avt Diameter (mNm™)
(Wt%) (molem?®)  (m’s™) (Nmis?5) () [KpT]

0.03 40.83 2.095 -1.358 20.57+0.28 262.39 15.19+£0.93
0.05 66.30 2.077 -1.968 20.82+£0.27 235.19 14.85 £ 0.93
0.10 115.20 1.981 -1.726 21.82+£0.76 121.54 13.78 £0.71
0.15 187.35 2.035 -1.199 21.24+£0.25 51.22 13.16 £ 0.69
0.20 249.097 2.034 -1.168 21.26 £0.39 37.54 12.81 £0.77
0.25 160.779 1.632 -1.141 26.54+0.33 63.44 13.13+£0.91

Table 4-7: Reduction of interface energy due to adsorption of silica nanoparticles from seawater-
0.0076 wt% HCI solutions

Conc. Oof Cx10° Ds_px10™ 4V g0 Particle |AE| Final IFT
nanoparticles vt Diameter (mMNm™)
(Wt%) (molem®)  (m*s™) (Nmisosy  (nm) [KpT]

0.03 40.83 2.095 -3.554 2064010 683.22 17.48 £ 0.63
0.05 58.89 1.996 -3.560 21.35+0.32  488.62 16.48 +0.91
0.10 113.32 1.970 -2.1202 21.94+038  150.88 14.83 +0.64
0.15 147.16 1.878 -1.609 23.06+0.19  91.10 14.01 +0.87
0.20 53.05 1.215 -1.389 3559+0.13 271.29 14.3+0.73
0.25 23.85 0.864 -1.921 50.06+0.48  989.67 15.16 + 0.82
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To calculate the force balance between H*-protected silica nanoparticles and the oil-water
interface, the DLVO theory is applied. In order to calculate the electrostatic and van der Waals
equations, the charge of nanoparticles and oil-water interface is required. The oil-water
interfacial charge for different aqueous solutions and offshore NL crude oil is summarized in
Table 4-8. As shown in the table, in the presence of 0.15 wt% silica nanoparticles and HCI, the
charge of the oil-water interface reduces from -14.1 £ 0.53 to -2.80+ 0.55 and -3.51+ 0.57 for
0.025 and 0.0076 wt% HCI solutions, respectively. This reduction in the charge of the oil-
water interface reduces the electrostatic repulsion between oil-water interface and
nanoparticles and leads to adsorption of nanoparticles to the interface. The balance between
van der Waals attraction forces and electrostatic repulsion governs the adsorption of
nanoparticles at the interface. This balance can be calculated using DLVO theory. As shown
in Figure 4-11a, in the case of 0.15 wt% silica nanoparticles dispersed in seawater containing
0.025 and 0.0076 wt% HCI, van der Waals attraction forces are stronger than electrical
repulsion force. Hence, H*-protected silica nanoparticles adsorb to the interface and reduce the
IFT value. The DLVO profile for nanoparticles-nanoparticles in seawater containing 0.025 and
0.0076 wt% HCI and different NaCl concentrations (1, 5, and 6 wt%) is illustrated in Figure
4-11b (corresponding equations for DLVO calculations are taken from [58]). The results show
an energy barrier against aggregation of nanoparticles in all solutions. Hence, DLVO
calculations predict the stable suspensions for all samples. The stability of the samples is also

experimentally confirmed through particle size measurements and visually [58].
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Table 4-8: Charge of the interface of different agueous solutions and Hibernia crude oil

Aqueous solution

Interfacial Charge

—0.0076 wt% HCl in seawater

=
wn

o

—Seawater with (.025 wt% HCI

Seawater -14.1 £ 0.53
0.0076 wt% HCI in seawater -12.2 +0.73
0.0076 wt% HCI in seawater + 0.15 wt% silica nanoparticles -3.51+0.57
0.025 wt% HCI in seawater -9.53 £ 0.68
0.025 wt% HCI in seawater + 0.15 wt% silica nanoparticles -2.80+0.55
1 10

05
;? 0 Energy barriers
‘% 05
£
(S —0.025 wt% HCl in seawater
:;\7 2 4 6 8

-2.5

Potential/K'T (Dimensionless)
e & B L o w0 & = =

VY]
= 3

—Seawater with 0.0076 wt% IICI
—1 wt% NaCl

5wt NaCl
—6 wi% NaCl

0 2 4 6 8 10

Distance between nanoparticle and oil-water interface (nm)

(@)

nanoparticles is 0.15 wt% for two solutions) and b) nanoparticle-nanoparticle in the different

solutions DLVVO

The IFT reduction in the presence of nanoparticles indirectly illustrates the adsorption of
nanoparticles onto the oil-water interface. From an energy balance point of view, as shown in
Table 4-6 and Table 4-7, the interface energy reduces due to the adsorption of nanoparticles
i.e. the adsorption of nanoparticles at the interface is energetically favorable. From a force
balance perspective, as shown in Figure 4-11a, the DLVO profile for the adsorption of a
spherical silica nanoparticle to the oil-water interface indicates that the van der Waals attraction

force is much larger than electrostatic repulsion forces. Hence the force balance indicates
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adsorption of silica nanoparticles at the interface. It is still unclear as to what happens at the
molecular level to drive the nanoparticles to the oil-water interface. It might be explained by
the induced charge re-distribution within the electrical double layer of nanoparticles in the
presence of a charged oil-water interface. When a nanoparticle moves closer to the interface,
charged ions may redistribute in the electrical double layer of the nanoparticles; consequently,
as shown in Figure 4-12, induced positive and negative sections may form around the
nanoparticles. These induced charges may initiate the adsorption of nanoparticles to the

interface. More research is required to confirm this mechanism.

Figure 4-12: Schematic possible mechanism of silica nanoparticle adsorption at the oil-water
interface

4.4.4. Effect of silica nanoparticles on oil-water IFT at different conditions

Different concentrations of silica nanoparticles (0.03 wt% to 0.05, 0.10, 0.15, 0.20 and 0.25
wt%) in seawater solutions with two HCI concentrations (0.0076 and 0.025 wt% ) were made
and the equilibrated IFT values recorded and shown in Figure 4-13. The interfacial tension
value between seawater and the crude oil is 22.24 + 0.44 mN/m at ambient conditions. As

shown in this figure, adding 0.0076 and 0.025 wt% HCI into the system increases the oil-water
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interfacial tension to 22.61 £ 0.41 and 23.56 = 0.36 (mN/m), respectively. By introducing silica
nanoparticles and increasing the concentration of nanoparticles, the oil-water IFT first
decreases and then increases. The maximum reduction in oil-water IFT is obtained at 0.15 wt%
nanoparticles stabilized using 0.0076 wt% HCI, where IFT value reduces from 22.61 + 0.41
mN/m to 14.01 = 0.87 mN/m. The maximum reduction in oil-water IFT value is obtained at
0.20 wt% silica nanoparticles stabilized using 0.025 wt% HCI, where the IFT value reduces
from 23.56 £ 0.36 mN/m to 12.81 + 0.77 mN/m. As shown in Figure 4-13, the IFT reduction
trend observed for both HCI concentrations was similar. The oil-water interfacial tension
decreases due to the increased concentration of nanoparticles. A high concentration of
nanoparticles means that more nanoparticles can attach at the interface. On the other hand, as
shown in Figure 4-13, the size of nanoparticles also increasing when the concentration of
nanoparticles increases in the solution. The size increasing trend starts gently for low
concentrations of silica nanoparticles and it continues sharply for concentrations higher than
0.20 wt% for 0.025 wt% HCI solutions and 0.15 wt% for solution containing 0.0076 wt% HCI,
i.e. the nanoparticles are going to aggregate in the bulk solution. Hence, at nanoparticle
concentrations higher than these concentrations, the number of nanoparticles is limiting at the
interface due to the size of nanoparticles. Generally, the balance between the size of

nanoparticles and the concentration of nanoparticles governs the maximum IFT reduction.
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Figure 4-13: Oil-water interfacial tension and hydrodynamic size of silica nanoparticles in
seawater in different concentrations of nanoparticles

Effect of temperature and pressure: The effect of temperature and pressure on the oil-water
interfacial tension in the presence of various concentrations of silica nanoparticles (0.03, 0.05,
0.10, 0.15, 0.20, 0.25 and 0.30 wt%) in two distinct seawater-HCI (0.025 and 0.0076 wt%)
solutions is investigated. The equilibrated IFT for the mentioned nanoparticle concentrations
is measured at 22°C to 40, 60, 70 and 90°C and illustrated in Figure 4-14. As shown in this
figure, at 22, 40 and 60°C, the oil-water interfacial tension by increasing the concentrations of
nanoparticles decreases to reach its minimum value and then increases. However, for 70 and
90°C, adding 0.03 wt% of silica nanoparticles in the aqueous solution, causes IFT increasing.
Then, by a further increase in the concentration of silica nanoparticles, IFT value first decreases
and then increases again. It should be noted that the IFT value at 70 and 90°C in the presence
of nanoparticles is always higher than the case of without nanoparticles. Hence, in the

evaluated temperatures, the presence of silica nanoparticles in the aqueous phase worsened the
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IFT value compared to the no nanoparticles case. During adsorption of the nanoparticles at the
interface, some natural surfactants in crude oil (naphthenic acids and asphaltene) may attach
on the surface of nanoparticles. Since, at elevated temperature, the adsorption/desorption rate
of nanoparticles is very high, the nanoparticles may deplete the interface from natural

surfactants and cause an increase in interfacial tension.

25
23 -
21 -
19 :
17
_.15
£
>13
£
=11 A
w
7 ]
5 _
22 40 60 70 90
Temperature (°C)
B No nanoparticles M 0.03 wt% silica nanoparticles
M 0.05 wt% silica nanoparticles M 0.1 wt% silica nanoparticles
W 0.15 wt% silica nanoparticles 0.2 wt% silica nanoparticles
0.25 wt% silica nanoparticles M 0.3 wt% silica nanoparticles
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Figure 4-14: Effect of pressure on oil-water interfacial tension a) 0.0076 wt% HCI and b) 0.025
wt% HCI

As shown in Figure 4-15, based on the nanoparticle’s concentration in the aqueous solution,
three different trends are observed for oil-water interfacial tension as a function of temperature.
In the absence of silica nanoparticles, as predicted, oil-water interfacial tension reduces with
increasing temperature (Trend A). In the presence of low concentrations of nanoparticles (0.03
wit% to 0.15 wt% silica nanoparticles), by increasing the temperature from ambient condition
to 40°C, the oil-water interfacial tension decreases and then increase with further increasing
the temperature (Trend B). Finally, for 0.2 wt% to 0.3 wt% silica nanoparticles, the oil-water
interfacial tension increases with increasing temperature (Trend B). The trends were similar
for both solution containing 0.025 wt% and 0.0076 wt% HCI. The IFT is inversely proportional
to temperature and nanoparticle concentration at the interface. That is why, the IFT decreases

102



when the temperature is raised from 22°C to 40°C. However, as previously discussed, the
attachment energy for nanoparticles is in the order of thermal fluctuations. Hence, with
increasing temperature, due to thermal fluctuations of nanoparticles, the nanoparticles desorb
from the interface. Subsequently, the concentration of nanoparticles at the interface decreases
and IFT increases. Another unfavorable consequence of increasing temperature is the
aggregation of nanoparticles in the dispersed solution. By increasing the temperature, the
chance of collision between nanoparticles and their aggregation increases. This appears to be
more severe for solutions containing high concentrations of silica nanoparticles and may
explain the direct correlation of IFT and temperature for high concentrations of silica

nanoparticles.
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Figure 4-15: Three general trends of IFT change with increasing the temperature (Trend A: no
nanoparticles, Trend B: low concentration of nanoparticles, Trend C: High concentration of
nanoparticles)
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In order to evaluate the effect of pressure on the oil-water interfacial tension in the presence of
nanoparticles, the system’s pressure is altered from ambient pressure to 500, 1000, 1500, 2000,
3000, 4000 and 5000 psia. The concentrations of HCI and silica nanoparticles are changed as
in the previous section. IFT as a function of pressure and nanoparticle concentration is shown
in Figure 4-16. The oil-water IFT decreases with increasing pressure. The trend of IFT
decreases versus pressure is similar for both cases, with and without nanoparticles. Hence, it
can be concluded that the reduction of the oil-water IFT is mostly related to the mechanism of
interface compression with pressure and the presence of nanoparticles do not have a significant
effect on the trend. Minimum IFT at the ambient conditions is obtained at nanoparticles
concentration of 0.20 wt% for 0.025 wt% HCI solutions and 0.15 wt% for the solution
containing 0.0076 wt% HCI. We observed the same trend in high pressure as well. Almost in
all pressures, the minimum IFT value for solutions containing 0.025 wt% HCI is observed at
0.20 wt% nanoparticles concentration (Figure 4-16a) and for 0.0076 wt% HCI (Figure 4-16Db),
the minimum IFT in obtained for 0.15 wt% nanoparticle concentration. By further increasing
the nanoparticle concentration in all pressures, the IFT value increases. As discussed in Figure
4-13, the IFT is mainly affected by the average size of nanoparticles in the solution. It appears
that pressure does not have a significant effect on the stability (size) of nanoparticles in the H+
protected method. Since the size of nanoparticles is not affected by pressure, the IFT trend is

also is similar in all pressures.
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4.4.5. Simulation study

The maximum reduction in oil-water interfacial value is obtained for 0.20 wt% of silica
nanoparticles for solution containing 0.025 wt% HCI and 0.15 wt% nanoparticles for 0.0076
wt% HCI, where IFT value reduces from 23.56 + 0.36 mN/m to 12.81 + 0.77 mN/m and from
22.61 = 0.41 mN/m to 14.01 + 0.87 mN/m for 0.025 wt% HCI and 0.0076 wt% HCI,
respectively. The question is does this amount of IFT reduction can have a remarkable effect
on oil recovery? Can we consider IFT reduction as a possible mechanism for nanoparticle-
EOR methods? Lower IFT value leads to higher capillary number and lower residual oil. Gray
et al. [77] stated that two or three orders of magnitude IFT reduction is required to mobilize
the oil. However, Rabiei et al. [78] showed that even less than 1 order of magnitude reduction
in IFT value can have a significant effect on oil recovery. IFT alteration can affect the capillary
curve [188] and oil-water relative permeability [81, 84]. Capillary pressure data for offshore
NL oil and seawater is measured using centrifuge method and the capillary data was adjusted
for the case of nanoparticles-solution using Leverett j-function [188].

(Pc)l — (YOWCOS (eow))l (4'13)
(Pc)z (VOWCOS (How))z

where (P,); and (P.), are capillary pressures for oil-water system without and with

nanoparticles, respectively. y,,, is oil-water IFT and 6,,, is the contact angle between oil-
water and rock. If we assume that IFT change is the only reason for oil recovery (it should be
noted that in reality the 6,,, can also be affected by presence of nanoparticles), the capillary

pressures can be corrected for nanoparticles-solution using the following equation:

(Pc)l — (YOW)I
(P2 (Yow)2

(4-14)
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Offshore NL oil-water relative permeability reported by Cao et al. [189] is used to develop the
core-flooding model. The relative permeability correction for nanoparticles is quite
complicated. In order to observe a remarkable change in the residual oil and irreducible water
saturation, the capillary number should exceed the critical capillary number value. This critical
capillary number is obtained for IFT values ranged from 0.1 to 0.01 mN/m in most studies
which are far less than our IFT values [79, 81]. On the other hand, Shen et al. [85] stated that
noticeable changes in the oil-water relative permeability only can be observed in the small IFT
values ( < 3 mN/m). If the IFT reduction is the only influence of nanoparticles on the system
then no remarkable changes in the relative permeability should be expected. The oil-water
relative permeability and the capillary pressure for the oil-water system without nanoparticles

are summarized in Table 4-9.

Table 4-9: Relative permeability and capillary pressure data for seawater-oil without
nanoparticles

Water Saturation Water Relative Oil Relative Capillary Pressure (Drainage)
Permeability Permeability

(Krw) (Kro) (kPa)
0.35 0 0.78 766.13
0.4 0.01 0.60 96.93
0.45 0.03 0.44 51.81
0.5 0.06 0.29 36.77
0.55 0.08 0.16 29.25
0.6 0.11 0.15 21.73
0.65 0.14 0.06 0
0.69 0.16 0 0
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The core-flooding experiments are simulated using CMG. A rectangular cube matrix with a
square cross section of 3x3 cm and height of 10 cm is considered. As shown in Figure 4-17,
the model is equally divided into 3 grids in x-direction, 3 grids in y-direction and 10 grids in
z-direction. Porosity of all blocks is assigned as 0.20. Permeability in Z direction is considered

as 100 mD but in X and Y direction 10 mD is allocated for blocks.
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Figure 4-17: Schematic of core model used for simulation

Oil recovery in the cases with and without silica nanoparticles in seawater containing 0.025
wt% and 0.0076 wt% HCI are simulated and the results are shown in Figure 4-18. To validate
the model, the simulation results for “without nanoparticles” is compared to core-flooding
experiments conducted by Kim et al. [190] for offshore NL oil and seawater at ambient
conditions. As illustrated in Figure 4-18, the ultimate recovery in the simulation data and the
experiments are consistent. However, there are differences between experimental and
simulation data in the first pore volume of injection. The standard deviations between
simulation and experimental recovery for 0.5, 1.0, and 1.5 pore volumes of injection are 0.09,

0.03 and 0.01 respectively. The difference in the first pore volume of injection can be due to
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the dead volume of core-flooding instrument, which, the injected aqueous phase displaced the
oil from the core but there is a delay in the accumulation of oil in the graduated cylinders. By
correcting the core-flooding data reported by Kim et al. [190] for dead volume, as shown in
Figure 4-18, a better fit between the experimental and simulation data in the first pore volume
of injection is obtained.. The simulation results reveal that IFT reduction cannot be the main
mechanism for nanoparticle-EOR processes. Even with the maximum IFT reduction, 12.81 +
0.77 mN/m and 14.01 = 0.87 mN/m for 0.025 wt% HCl-seawater and 0.0076 wt%-seawater

solutions, there is negligible difference in simulated oil recovery compared to water-flooding.

For 0.15 wt% silica nanoparticles in seawater containing 0.025 wt% HCI, we simulated the
nanoparticle flooding considering a) only IFT reduction, and b) IFT reduction, wettability
alteration, and relative permeability changes. As shown in Figure 4-18, considering the
wettability alteration and relative permeability changes can significantly influence the
simulated oil production from a model core sample. Experimentally, the wettability alteration
data are obtained from [191] where for a Berea sandstone, the three-phase contact angle
without nanoparticles and in the presence of silica nanoparticles (dispersed in seawater with
0.025 wt% HCI) is observed 51.7 £ 2.2 to 40.6 + 1.4, respectively. Relative permeability data
(Figure 4-19) is calculated from the unsteady-state core flooding data reported by Kim et al.
[190] for 0.15 wt% silica nanoparticles dispersed in seawater containing 0.025 wt% HCI using
JBN method [192]. The simulation results considering IFT reduction, wettability alteration,
and relative permeability changes is consistent with the core-flooding data reported in [190]

for the same conditions.
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4.5. Conclusion

In this paper, the mechanism and the conditions under which H*-protected hydrophilic silica

nanoparticles can reduce oil-water interfacial tension is experimentally investigated and the

results compared with silica nanoparticles dispersed in the NaCl solutions. The major results

are:

H*-protected hydrophilic silica nanoparticles can reduce oil-water IFT if the operating
conditions and bulk properties are chosen appropriately. Maximum IFT reduction can
be obtained for 0.20 wt% of silica nanoparticles for solution containing 0.025 wt% HCI
and 0.15 wt% nanoparticles for 0.0076 wt% HCI, where IFT value reduces from 23.56
+ 0.36 mN/m to 12.81 = 0.77 mN/m and from 22.61 + 0.41 mN/m to 14.01 + 0.87
mN/m for 0.025 wt% HCI and 0.0076 wt% HCI, respectively. Unlike silica
nanoparticles dispersed in the NaCl solution, even a low concentrations of H*-protected

silica nanoparticles (0.03 wt%) can reduce oil-water IFT.

The kinetic adsorption of H*-protected silica nanoparticles and nanoparticles dispersed
in a NaCl solution are quite similar. Three phases are observed in the kinetic adsorption
of silica nanoparticles at the interface. At the early times (phase A), due to the absence
of strong barriers to adsorption of nanoparticles, nanoparticles are rapidly
adsorbed. At intermediate time periods (phase B), the presence of previously adsorbed
nanoparticles at oil-water interface hampers further adsorption and reduces the
adsorption rate. Hence, the rate in IFT reduction is not as pronounced. Finally, at late
times (phase C), nanoparticle adsorption reaches a dynamic equilibrium with the
desorption rate. The change in IFT during the rapid adsorption time (phase A) is much

quicker for in seawater (around ten times faster in small concentrations, and
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approximately double times in high concentrations). This is due to the reduction in the
absolute zeta-potential of the oil-water interface and nanoparticles by adsorbed H* ions

in their electrical double layer.

By increasing the salt concentration of the solution, the zeta-potential of the
nanoparticles decreases and the electrical double layer around the nanoparticle and oil-
water interface compresses. Consequently, electrostatic barriers for adsorption of
nanoparticles decrease and the repulsion between adsorbed nanoparticles at the
interface decreases. Thus, a more compact monolayer can be formed at the oil-water
interface and the IFT value decreases. Since the maximum compression of the electrical
double layer occurs at critical salt concentration, the maximum IFT reduction is

observed for this salt concentration for NaCl solutions.

For H*-protected silica nanoparticles, by increasing the concentration of silica
nanoparticles, the oil-water interfacial tension decreases to reach a minimum value and
then increases. The balance between the size of nanoparticles and the concentration of

nanoparticles governs the maximum IFT reduction.

For low concentrations of silica nanoparticles, the oil-water interfacial tension first
decreases with increasing temperature and then the IFT increases. However, at high
concentrations of nanoparticles, the IFT value increases with increasing temperature.
Pressure does not have a significant effect on the performance of silica nanoparticles
and the trend of decreasing oil-water interfacial tension is similar for the solutions with

and without nanoparticles.
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e IFT reduction cannot be the main mechanism for nanoparticle-EOR. Although
nanoparticles can reduce the IFT value, its reduction is not sufficient to cause

significant oil recovery.
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5. CHAPTER FIVE

Toward A Mechanistic Understanding of Wettability Alteration
in Reservoir Rocks Using Silica Nanoparticles (Paper 3,
Published)

This paper was prepared for presentation at the International Symposium of the Society of
Core Analysts held in Trondheim, Norway, 27-30 August 2018
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Abstract

Traditional concepts of simple liquid spreading may not apply to nanoparticle-fluids. Most
investigations pertaining to the wettability alteration of solid surfaces due to the presence of
nanoparticles in the fluid are oversimplified, i.e. nanoparticles dispersed in DI-water and
smooth, homogeneous, and clean surfaces have been used. From a practical enhanced oil
recovery (EOR) point of view, the nanoparticles must be dispersed in either seawater or high
salinity formation water containing diverse types and concentrations of ions. These ions
interact with the electrostatic properties of the nanoparticles. Likewise, the oil phase may
contain many surface active components like asphaltene and naphthenic acids which can
interact with nanoparticles at oil-water and oil-rock interface. In reality, the rock sample is a
heterogeneous, non-smooth, mixed-wet substrate with a diverse mineralogical composition.
The electrical charge of minerals can vary when contacted with an ionic fluid. This can alter
the electrostatic repulsion between substrate and nanoparticles and consequently the substrate
can either attract or repel charged particles, including nanoparticles. Hence, the role of
nanoparticles must be evaluated considering multicomponent complex fluids and real

formation rock.

Despite numerous reports regarding the wettability alteration of reservoir rock from oil-wet to
water-wet by nanoparticles, some inherent limitations in the wettability alteration experiments
prevent conclusions about the performance of nanoparticles in practical complex conditions.
For instance, the wettability alteration by nanoparticles is often determined by contact angle
measurements. In this method, the substrates are either aged with (immersed in) nanoparticle-

fluids before conducting the experiments or contacted with nanoparticle-fluids before
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attachment of the oil droplet on the rock surface. Hence, in both cases, before initiating the
contact angle measurements, the nanoparticles would already exist at the oil-rock interface

possibly giving inaccurate measurements.

The objective of this work is to investigate the mechanism of wettability alteration by silica
nanoparticles pre-existing on the rock interface (conventional contact angle measurements)
and using a new displacement contact angle method to better mimic the scenario of injecting a
nanoparticle fluid into the reservoir already containing formation brine. The impact of pre-
existing nanoparticles at the oil-rock interface (in the conventional contact angle
measurements) on the contact angle measurements are examined for simple (n-decane, NaCl
brine, and pure substrates) and complex (crude oil, seawater, and reservoir rock) systems on
various wetting conditions of substrates (water-wet and oil-wet). The nanoparticles are
dispersed in seawater using our H+ protected method [58]. Then, the effect of surface and
nanoparticle charge on the contact angle is evaluated by adjusting the aqueous phase salinity.
We also differentiate between the disjoining pressure mechanism and diffusion of silica
nanoparticles through the oil phase by testing the attachment of nanoparticles on the rock

surface.

5.1. Introduction

Utilizing a modified agqueous phase to remove and displace oil from a rock surface is one
method to improve pore scale recovery during some chemical EOR methods such as smart
water, low salinity water injection [193], surfactant flooding [194] , and potentially for

nanoparticle enhanced water flooding [195]. This has led to a worldwide and still growing
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interest in understanding mechanism of oil removal from a solid surface in the presence of an
aqueous solution containing micellar solutions [196, 197] and/or nanoparticles [119, 120, 198].
Kao et. al. [197] suggested the combination of “diffusion” and “roll-up” mechanisms to remove
oil from a solid surface in the presence of a micellar solution. They mentioned that the receding
of solid-oil-water contact angle is caused by the “roll-up” mechanism and the presence of the
second contact line is due to “diffusion”. Roll-up, as shown in Figure 5-1a, can be simply
defined as the removal of an oil droplet from a rock surface due to the decrease in contact angle
between the aqueous phase and the substrate. Miller and Raney [199] presented the
“solubilization-emulsification” mechanism for oil removal from oily soils. In this mechanism,
as shown in Figure 5-1b, some portion of oil drop is detached from the surface by destabilizing

the oil-water interface (reducing oil-water interfacial tension).

Solid Surface (a) (b)

Figure 5-1: Mechanism of oil removal from a surface by a) roll-up, and b) emulsification (after
[199])

Wettability alteration due to nanoparticles (nanoparticle-fluids) is complex. The conventional
concepts of simple liquid spreading [118], due to the complex interactions between the
nanoparticles and the solid surface at the three phase contact region, do not apply to
nanoparticle-fluids [119]. Kondiparty et al. [120] experimentally evaluated the dynamics of
nanoparticle-fluids spreading by directly observing the self-layering of nanoparticles. They

reached the conclusion that the three-phase contact line spontaneously decreases to reach an
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equilibrium condition. Then, nanoparticles form ordered structures in the confinement of the
three-phase contact region. This ordering in the wedge-like area causes an extra pressure in the
film compared to bulk solution and separating oil drop from the surface, as illustrated in Figure
5-2. This pressure is known as “structural disjoining pressure”. Sefiane et al. [121] reported
that the change in the contact angle of oil, water, and rock surface can be due to combination

of “structural disjoining pressure” and “adsorption” of nanoparticles on the rock’s surface.

Wedge-film

Figure 5-2: nanoparticle assembling is wedge film causes to structural disjoining pressure
(After [122])

The wettability alteration of substrates using nanoparticle-fluids is sensitive to many factors
including: nanoparticle size and concentration, initial contact angle [122], particle charge,
surface wettability of nanoparticles [123], charge and roughness of the substrate surface,
stabilizer concentration, type and concentrations of ions in the nanoparticle-fluids, bulk
pressure and temperature, etc. Wasan et al. [122] tested canola oil drop spreading on a glass
surface when surrounded by a silica nanoparticles-fluid. They pointed out that by increasing
the concentration of nanoparticles, the structural disjoining pressure and spreading rate of the
nanoparticles-fluid increases. They also noticed that the spreading rate of nanoparticles-fluid
decreased with a decrease in the drop volume. Analyzing the effect of the contact angle on the

shape of the meniscus profile illustrates that by altering the contact angle from 4° to 2.3° the
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more pronounced nominal contact line displacement is observed, and the drop detached from
the surface at 2.3°. They did not report the accuracy and precision of their experiments. Wang
and Wu [123] examined the effect of particle charge and surface wettability of
the nanoparticles on oil drop detachment from a surface by using molecular dynamic
simulation. Their simulation showed that full detachment of oil droplet from a solid surface by
nanoparticles is possible when the charge of particles exceeds a threshold value. They
concluded that high charged hydrophobic nanoparticles have the best performance in oil
detachment. Lim et al. [124] demonstrated that an oil drop detaches faster when the
temperature and hydrophilicity of the substrate increases. In all these studies, the system was
over simplified i.e. nanoparticles were dispersed in DI-water and the substrate was a smooth,
clean and strongly hydrophilic surface. From an EOR point of view, wettability alteration of
reservoir rock, and finally detachment of oil drop from a rock surface, is complex and
oversimplified models may not fully mimic the practical EOR conditions. In the EOR
processes, nanoparticles would be dispersed in either seawater or high salinity formation water
containing diverse types and concentration of ions. The oil phase contains too many polar and
nonpolar components which can affect the performance of nanoparticles. The substrate is a
heterogeneous, non-smooth, mixed wet rock composed of various minerals. Further, the
diverse minerals on the rock surface means that there are different electrostatic charges on the

rock surface when contacted with an ionic solution.

Despite reports of wettability alteration of reservoir rock from oil-wet to water-wet by
nanoparticles [17, 18, 200, 201], some inherent limitations in the contact angle measurements
may prevent researchers from concluding about the performance and mechanism of wettability

alteration by nanoparticles under realistic conditions. For instance, the wettability alteration of

119



nanoparticles is normally determined by apparent contact angle measurements. In this method,
the substrates are either aged with (the substrate is submerged into the nanoparticles-fluid for
couple hours [91] or couple days [103] ) nanoparticle-fluids before conducting the experiments
or it contacted with (the substrate is not aged in the nanoparticles-fluid, however, during the
experiments the surface of substrate is exposed to the nanoparticle-fluid before attachment of
oil droplet on the surface) nanoparticle-fluids before attachment of the oil droplet on the rock
surface [90, 202-204]. In both cases as shown in Figure 5-3, in conventional contact angle
measurements, the nanoparticles would already exist at the interfaces in both cases and
possibly giving inaccurate measurements. However, under practical injection conditions,
nanoparticles would not exist at the oil-rock interface before nanoparticle-fluids injection.

Hence, the measured contact angles are not representative of practical injection conditions.

Rock sample
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Figure 5-3: Nanoparticles at oil-rock interface during conventional contact angle measurements

In this study, the mechanism of wettability alteration by silica nanoparticles is investigated.
The experiments are designed in a way to avoid inherent problems associated with
conventional contact angle measurements. The effect of adsorbed nanoparticles at the oil-rock
interface on the ultimate contact angle values in the simple (toluene, nanoparticles dispersed
in 1 wt% NaCl, and pure minerals) and complex system (35°API offshore NL crude oil, H+

protected nanoparticles in seawater, and reservoir rocks) with various initial wetting conditions
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(water-wet, and oil-wet) are examined. Then, the effect of nanoparticles and substrate charge
on the wettability alteration performance of silica nanoparticles is investigated. Finally, the
migration of silica nanoparticles through a continuous oil phase and its attachment at the rock
surface is tested. Based on the results, the mechanism of wettability alteration by silica

nanoparticles is discussed.

5.2. Materials and Methods

5.2.1. Materials

Nanoparticle-fluids: Amorphous hydrophilic silicon dioxide nanoparticles (SiO2) (25 wt.%
in deionized [DI] water) with the average diameter of 19.0+0.8 nm and purity of greater than
99.9% were supplied by US Research Nanomaterial, Inc. Nanoparticle-fluids are prepared by
dispersing 0.15 wt% of silica nanoparticles in either NaCl brine (simple system) or seawater
using H+ protected method [58] (complex system). Based on this method, H+ ions prevent the
multivalent ions in seawater to accumulate in the electrical double layer of silica nanoparticles

by forming an H+ layer at electrical double layer and thus stabilizes them in seawater.

Oil phase: Decane (simple system) and 35°API offshore NL crude oil (complex system) are

used as the two oil phases.

Rock Samples: For the simple system, pure calcite, dolomite, and quartz are used as rock
samples. For the complex system, chalk, carbonate rock and Berea sandstone are used. The
size of the samples were approximately 1x1 cm?. To obtain oil-wet samples, we aged the rocks

in the crude oil at 60 °C for four weeks [205].
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5.2.2. Methods

Contact angle measurements: As discussed before, the inherent limitations associated with
conventional contact angle measurements can cause us to obtain misleading results. Hence, we
modified the contact angle measurements in a way to have more consistency with practical
EOR conditions. As shown in Figure 5-4, in real reservoir, first, the oil droplet is attached at
the rock surface while formation water is surrounding that. Then, the formation water is
displaced by nanoparticle-fluids. To mimic this condition in contact angle measurements, first
the solid surface is contacted with a no nanoparticles aqueous phase and an oil drop (with the
volume of 3-5 mm?) is injected from the needle at the bottom of the cell. The drop is attached
onto the rock surface and its side image is taken at a frequency of one image per second. After
equilibrium (approximately 20 min after forming the drop based on dynamic contact angle
measurements), the apparent contact angle (e) is measured. This contact angle indicates the
initial state of oil droplet in the reservoir. Then, the nanoparticles-fluid is injected very slowly
into the measurement cell to displace the aqueous phase (displacement method). The water is
displaced slow enough to not dislodge the oil droplet. To ensure that the aqueous phase is
completely displaced with nanoparticles-fluid, the turbidity of outlet fluid is frequently
measured and compared with the turbidity of the original nanoparticles-fluid. When the
turbidity of the outlet fluid and the original nanoparticle-fluid are equal, we assume that the
aqueous phase has been completely displaced by the nanoparticles-fluid. All experiments are
conducted at ambient conditions. To check the repeatability of the measurements, three distinct

measurements are performed, and the average is reported.
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Figure 5-4: Schematic diagram of modified contact angle measurements procedure: a) measure
contact angle of oil-water-substrate, b) displace aqueous phase with the nanoparticle-fluid, and
¢) measure the contact angle of oil-nanoparticle-fluid-substrate

Zeta-potential measurements: The zeta-potential of substrates and nanoparticles in various
aqueous solutions are measured by a Malvern Zetasizer Nano Series ZS instrument. To
measure the zeta-potential of rock surfaces, the rock samples are milled and 1 wt% of milled
rocks are dispersed in aqueous solutions and mixed with magnetic mixer for 30 minutes. Then

the zeta-potential of the samples are measured as described in [206].

Diffusivity experiments: A series of experiments are designed to detect the possible migration
of silica nanoparticles through the oil phase. As shown in Figure 5-5, the rock sample is located
at the top of the cell in contact with a layer of oil (the oil thickness is chosen arbitrarily as 1
mm) at ambient conditions. First, the cell is filled using a the aqueous phase (no nanoparticles)
and after three weeks, the images of the substrate contacted with an oil phase are taken by
scanning electron microscope (SEM). Then, the aqueous phase is replaced by the nanoparticle-
fluid and after three weeks, another SEM image is taken from the same surface to detect

possible nanoparticle attachments on the rock surface.
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Figure 5-5: Schematic diagram of diffusivity detection cells

5.3. Results and Discussion

The impact of the experimental method on contact angle measurements for simple and complex
systems is illustrated in Figure 5-6 and Figure 5-7, respectively. For each system, the apparent
contact angle is measured for the three cases of no nanoparticles, with the new displacement
method, and conventional method with nanoparticles. The initial conditions of the rocks are

modified in a way to have an oil-wet and a water-wet surfaces for each rock types.

For water-wet simple system, as shown in Figure 5-6a, the initial contact angle (without
nanoparticles) for dolomite, quartz and calcite are measured (in degrees) as 70.8 £ 1.5, 77.6 +
1.8 and 55.6 £ 1.7, respectively. By introducing silica nanoparticles in the system using the
displacement method, the contact angles for three mentioned substrates decrease to 56.3 + 1.7,
73.7 £ 1.8, and 47.4 £ 2.3, respectively. On the other hand, by adding nanoparticles using the
conventional contact angle measurement method, the contact angles reduce to 47.5 + 1.5, 64.5
+ 1.6, and 37.9 £ 2.0, respectively. The difference in the contact angle values obtained by the
displacement and conventional methods illustrate the effect of already adsorbed nanoparticles
at the oil-rock interface on the measurement of contact angles. The results show that more

water-wet substrates are possible to obtain by nanoparticle-fluids. However, a substantial
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portion of wettability alteration by nanoparticles in the water-wet rocks is solely due to the
experimental artefacts (trapped nanoparticles in the oil-rock interface) which we would not
have it in the realistic conditions. On the other hand, for oil-wet simple systems, as illustrated
in Figure 5-6b, adding silica nanoparticles into the system by the displacement method had no
significant change in contact angle.Whereas, the conventional method of contact angle
measurements shows that nanoparticles can alter the wettability of the substrates from oil-wet
to intermediate-wet condition. Obviously, the changes in the contact angle of the oil-wet
conditions is due to experimental artefact, and nanoparticles does not have a significant effect

on the wettability of oil-wet rocks.

90 T 200 T

-' m Initial Contact Angle [ minitial Contact Angle
80 | © ‘ 180 |

' m Displacement Method [ mDisplacement Method
70 ' ® Conventional Method 160 1 = Conventional Method

140 |

Contact Angle
w
(=]
Contact Angle
= -
(=] [}
(=] o

60

40 |

20 £

o £

Dolomite Quartz Calcite

Dolomite Quartz Calcite

(a) Water-wet condition (b) Oil-wet condition

Figure 5-6: Wettability alteration due to the presence of silica nanoparticles in simple systems

Similar trends are also observed for complex systems. As shown in Figure 5-7a, for water-wet
conditions, by introducing silica nanoparticles in the system using displacement method, the
contact angle value decreases. However, the reduction in contact angle is far less than what is
obtained using the conventional contact angle method. The contact angle measurements for
oil-wet conditions in the complex system again show similar behaviour to the simple system.

The displacement method results is no significant change in contact angle (as a slight increase)
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while the contact angle decrease using the conventional method. The difference between

conventional and displacement contact angle measurements is summarized in Table 5-1.
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Figure 5-7: Wettability alteration due to the presence of silica nanoparticles in complex systems

Table 5-1: The difference between conventional and displacement contact angle measurements

. . Initial Contact Difference between two
Experiments Type Rock Type Oil Type Angle measurements methods
Dolomite Decane 708+ 15 8.75+19
Simple water-wet  Quartz Decane 776+138 9.2%+19
Calcite Decane 55.6 + 1.7 9.53+2.3
Dolomite Decane 104.9+1.8 30.4+2.3
Simple oil-wet Quartz Decane 139.2+2.0 39.0+21
Calcite Decane 164.1+1.4 38.3+1.9
Chalk Crude oil 57.8+1.3 96+1.7
\(,:v(;{nplex water- Sandstone  Crude oil 51.7+2.2 8.2+20
Carbonate  Crude oil 51.7+2.2 106+1.9
Chalk Crude oil 168.5+ 2.4 422 +2.7
Complex oil-wet  Sandstone  Crude oil 138.9+2.1 305+2.4
Carbonate  Crude oil 153.4+1.8 255+2.3

In water-wet systems, the nanoparticles can interact at the three-phase interface in both the
conventional and displacement methods since the surface is water-wet. The exaggerated
reduction in contact angle using the conventional method is indicative of the nanoparticles pre-
existing at the interface. The marked decrease in contact angles observed for the conventional

contact angles measurements on an oil-wet surface indicates that the nanoparticles can interact

126



with the oil covered mineral and rock before an oil droplet is attached. Whereas in the
displacement method, the nanoparticles have no way of forming a wedge since the oil droplet

is in contact with the oil covered mineral or rock.

Based on the disjoining pressure theory for wettability alteration of nanoparticles, for
nanoparticles to modify the oil-water-rock contact angle, the wedge-film must be formed in
the three-phase interface. In the water-wet condition, as shown in Figure 5-8, there is a wedge-
film, therefore, nanoparticles can accumulate in the confinement of oil-water-rock contact
region and alter the contact angle by structural disjoining pressure. Furthermore, by
introducing the nanoparticles in the system and their adsorption on the oil-water interface, the
oil-water interfacial tension and subsequently the capillary pressure decreases. Decreasing the
capillary pressure causes the wetting phase (here water) to spread more on the rock surface.
Based on the capillary pressure equation (P, = B,,, — B, ), the reduction in the capillary
pressure means an increase in the pressure of the wetting phase, or decrease in the pressure of
the non-wetting phase, or combination of both. In all cases, the equilibrium between the
wetting and non-wetting phases on the rock surface collapses in the direction of excessive
pressure from the wetting phase when nanoparticles are introduced compared to the previously
equilibrated condition. Hence, as shown in Figure 5-8a, the capillary pressure and structural
disjoining pressure affect the three-phase contact line in the same direction making the

substrate more water-wet.

However, under oil-wet conditions, there is no wedge-film at the three-phase contact line.
Hence, the nanoparticles cannot diffuse into the oil-rock interface to induce structural

disjoining pressure. On the other hand, as shown in Figure 5-8b, the capillary pressure
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reduction cause to more spreading of the oil phase on the rock surfaces (wetting phase) and

consequently slightly shifting the rock surfaces toward oil-wet condition.

Wedge-film

b) Oil-wet condition

a) Water-wet condition
Figure 5-8: Mechanism of wettability alteration in a) water-wet and b) oil-wet conditions. Red
arrow illustrates the forces due to capillary pressure reduction and blue arrow shows the forces

due to disjointing pressure alteration

5.3.1. Effect of surface and nanoparticles’ charge

The effect of substrate surface charge and nanoparticle’s charge on the wettability alteration
ability of silica nanoparticles is investigated. To accurately study the mechanism and avoid
possible elaborations such as the effect of mineral variety of the rock surface, oil composition,
and etc., a simple system of calcite, NaCl brine, and decane is employed. For NaCl brine
concentrations of 0, 1, 2, and 5 wt%, the surface charge of calcite rock, initial contact angle
(before introducing nanoparticles), ultimate contact angle (after nanoparticles are introduced
with displacement method), and the charge of silica nanoparticles are measured, and the results
are illustrated in Figure 5-9a. By increasing the NaCl concentration, the surface charge of
calcite and silica nanoparticles move toward less negative or positive values. In other words,
the absolute charge of calcite and silica nanoparticles decreases by increasing the salinity. On
the other hand, the contact angle measurements reveal that by increasing the salinity, in both
cases of with and without nanoparticles, more water-wet substrates can be achieved. However,
as shown in Figure 5-9b, wettability alteration of calcite substrate due to the presence of

nanoparticles decreases as salinity increases. By increasing the NaCl concentration, the
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absolute charge of calcite surface and oil-water interface decreases. Hence, the electrostatic
repulsion force between these two surfaces decreases and subsequently the disjoining pressure
between the surface and the droplet increases. Furthermore, the excessive salinity compresses
the electrical double layer of nanoparticles and consequently reduces the electrostatic repulsion
between nanoparticles-nanoparticles and surfaces-nanoparticles. Hence, the extra pressure in
the wedge-film (structural disjoining pressure) decreases. On the other hand, by increasing
salinity, the absolute charge of nanoparticles reduces, and the number of adsorbed
nanoparticles at the oil-water interface increases. Therefore, the IFT value and capillary
pressure decreases. Capillary pressure reduction can lead to more spreading of wetting phase
(water-wet condition). However, the impact of structural disjoining pressure outweighs the
influence of capillary pressure. Hence, less pronounced wettability alteration is observed by

increasing the salinity.
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Figure 5-9: a) Effect of the nanoparticles’ and calcite surface’ charge on the wettability
alteration ability of silica nanoparticles, b) Wettability alteration due to the presence of
nanoparticles in various salinities

5.3.2. Migration of nanoparticles through the oil phase
The nanoparticles’ possible migration through the oil phase and its attachment on the rock

surface is another uncertainty in the mechanism of wettability alteration due to the presence of
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nanoparticles. As shown in Figure 5-10, the primary evaluations with SEM images shows that
there is no sign of silica nanoparticles agglomerations on the surface of pure calcite. However,
the presence of an oil layer on the calcite surface limits the resolution of the SEM image to
detect the single nanoparticles (not agglomerations of nanoparticles) on the calcite surface.
Hence, more research is required to investigate the diffusion of nanoparticles through oil phase

and evaluate the effect of pressure and temperature.

Calcite
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Figure 5-10: SEM image of calcite surface before (right) and after (left) contacting with an oil
layer and nanoparticles

5.4. Conclusion
1. Alarge part of the wettability alteration ability of nanoparticles reported in the literature
may be attributed to the method of measuring the contact angles where nanoparticles
can adsorb on the rock surface before the introduction of the oil droplet. We show that
the experimental methodology in how and when the nanoparticles and oil droplet are
introduced is important in determining the wettability alteration capability of
nanoparticles. If the nanoparticle fluid is in contact with the rock surface before the oil
droplet is introduced, the reduction in contact angle may be skewed and overestimated
compared to the more realistic situation of the nanoparticle-fluid being introduced into

an already established three-phase equilibrium of oil-water-substrate.
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Silica nanoparticles injected in an aqueous based nanoparticle-fluid are shown to
reduce the contact angle (make the substrate more water-wet) only when the initial
conditions are water-wet. Under oil-wet conditions, there is no significant change in
wettability when a nanoparticle-fluid is injected.

Synergic effect of structural disjoining pressure and capillary pressure reduction is the
mechanism of wettability alteration in the water-wet conditions. In the oil-wet
conditions, the only possible mechanism is capillary pressure reduction.

The wettability alteration of calcite substrates in the presence of nanoparticles
decreases with increasing salinity due to reduction of nanoparticle-nanoparticle and
surface-nanoparticle electrostatic repulsion.

We did not observe nanoparticles diffusion through an oil film to attach to the rock

surface. More investigation is required for conclusive results.
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6.CHAPTER SIX

Summary and Recommendations for Future Work
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Nanoparticles, due to their large surface area and small size, could be a promising water
additive for EOR techniques. Previous literature illustrates the effectiveness of various
nanoparticles in increasing oil production. Core-flooding and micromodel experiments
revealed a significant extra oil production during nanoparticle enhanced water flooding. The
EOR mechanism of nanoparticles is mainly attributed to the wettability alteration and IFT
reduction, although other mechanisms such as in situ emulsification and water pathway
alterations are also proposed. Despite efforts, there are many answers required before

considering nanoparticles for EOR in the field.

Nanoparticles’ stability in the aqueous phase is the first and foremost challenge. Nanoparticles
are often dispersed in DI-water or low salinity NaCl brine in laboratory studies. Unlike
nanoparticles’ great stability in DI-water or low salinity NaCl brine, they are extremely
unstable in high salinity diverse types of ionic solutions. Unstable nanoparticles can cause
detrimental effects in oil reservoir through the aggregation of nanoparticles, plugging pore

spaces, and consequently reducing permeability.

Another challenge of nanoparticle-EOR methods is the disparities of the laboratory
experiments outcomes. The effects of nanoparticles on the IFT value, wettability alteration,
and oil recovery from the sample reservoir cores are not conclusive. This is because many
factors can affect the performance of nanoparticles in practical conditions and the presence or
absence of one parameter can have a significant effect on the ultimate results. For instance, the
performance of nanoparticles in IFT reduction, in addition to the nanoparticle’s type and
properties, can also be affected by the bulk properties of the aqueous solution (salinity, ion
types and concentrations, and pH), oil phase characteristics (oil composition, concentration of

natural surfactants such as asphaltene and resin), and operating conditions (temperature and
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pressure). Hence, to evaluate the effect of nanoparticles on EOR, the mechanism of IFT
reduction and wettability alteration by nanoparticles and the influence of various parameters

must be precisely investigated.

The effect of nanoparticles on oil recovery is evaluated only in the laboratory scale by core-
flooding, micromodel experiments, IFT measurements, and wettability alteration tests. The
feasibility of upscaling these laboratory results to the real field scale is still unclear. In some
cases, the experiments are oversimplified or the effect of some parameters are ignored. For
instance, nanoparticles are dispersed in DI-water and smooth, homogeneous, and clean
surfaces have been used. Furthermore, some laboratory experiments such as contact angle

measurements are designed in a way that cannot mimic the real reservoir conditions.

In this thesis, some of these major challenges were addressed. After reviewing the literature
about nanoparticle-EOR, the stability of nanoparticles in the aqueous solutions containing
different types and concentrations of ions was discussed in chapter three. The mechanism of
IFT reduction by nanoparticles and the effect of different parameters on the performance of
nanoparticles was investigated in chapter four. In chapter five, the effect of pre-existing
nanoparticles at the oil-rock interface on the wettability alteration capacity of nanoparticles
was tested and the mechanism of wettability alteration by nanoparticles and the effect of

different parameters was investigated.

6.1. Stability of nanoparticles

The main objective of this phase of the thesis was to find a method to stabilize silica
nanoparticles in seawater. Since seawater is the main water resource for water enhanced

nanoparticles flooding in offshore reservoirs, stabilizing silica nanoparticles in seawater is
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extremely important. To this end, first, the stability of silica nanoparticles in the presence of
different types and concentrations of ions is examined and the results are compared with the
well-known DLVO theory. The results revealed that the presence of multivalent cation ions in
the electrical double layer of silica nanoparticles destabilizes nanoparticles in seawater. Hence,
to stabilize silica nanoparticles in seawater (or any ionic solution), the presence of multivalent
ions in the electrical double layer of nanoparticles must be prevented. We proposed a novel
method to stabilize silica nanoparticles in seawater (named the “H+ protected” method). In this
method, the nanoparticles are first placed in an acidic solution to fill the electrical double layer
of nanoparticles with H+ ions. Then, the prepared nanoparticle suspension is diluted by adding
the desired amount of seawater. The presence of H+ ions prevents the multivalent ions in
seawater from accumulating in the electrical double layer of silica nanoparticles by forming an
H+ layer at the electrical double layer and thus stabilizes nanoparticles in seawater. The
stability of silica nanoparticles using the H+ protection method was evaluated with different

concentrations of nanoparticles and H+ ions.

6.2. IFT reduction

This phase of the study investigated the mechanism of oil-water interfacial tension reduction
by nanoparticles. For nanoparticles to reduce the oil-water IFT, nanoparticles must self-
assemble and form and sustain a monolayer at the interface. A tightly packed monolayer leads
to lower IFT values. The adsorption of silica nanoparticles is energetically favoured (the
attachment of nanoparticles at the interface reduces the energy of the interface) and DLVO
calculations show that van der Waals attraction forces outweigh electrostatic repulsion forces.
Hence, from the energy and force balance points of view, silica nanoparticles must self-

assemble at the oil-water interface. However, energy reduction due to the adsorption of
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nanoparticles at the interface is far less than the adsorption energy of micrometer particles;
hence, it is possible that nanoparticles desorb from the interface due to thermal fluctuations.
We observed three phases in the kinetic adsorption of silica nanoparticles at the interface. At
the early times (phase A), due to the absence of strong barriers to the adsorption of
nanoparticles, nanoparticles are rapidly adsorbed. At intermediate time periods (phase B), the
presence of previously adsorbed nanoparticles at the oil-water interface hampers further
adsorption and reduces the adsorption rate. Hence, the rate in IFT reduction is not as
pronounced. Finally, at late times (phase C), nanoparticle adsorption reaches a dynamic
equilibrium with the desorption rate. The change in IFT during the rapid adsorption time (phase
A) is much quicker for in seawater (around ten times faster for small concentrations, and
approximately double the time for high concentrations). This is due to the reduction in the
absolute zeta-potential of the oil-water interface and nanoparticles by adsorbed H* ions in their
electrical double layer.

Controlling parameters such as bulk solution properties (concentration of nanoparticles, the
concentration of HCI, size, and charge of nanoparticles), and operating parameters
(temperature and pressure) on the self-assembly of nanoparticles were also investigated. We
observed that the balance between the size of nanoparticles and their concentration in the bulk
solution governs the maximum IFT reduction. Increasing the concentration of nanoparticles in
the solution causes achieving lower IFT values; however, the chance of collision between
nanoparticles also increases with nanoparticle concentration; thus, the size of nanoparticles
increases.

By increasing the salt concentration in the solution, the zeta-potential of nanoparticles

decreases and the electrical double layer around the nanoparticle and oil-water interface
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compresses. Consequently, electrostatic barriers for adsorption of nanoparticles and the
repulsion between adsorbed nanoparticles at the interface decrease. Thus, a more compact
monolayer can be formed at the oil-water interface and lower IFT values can be obtained. Since
the maximum compression of the electrical double layer occurs at the critical salt
concentration, the maximum IFT reduction is observed for this salt concentration for NaCl

solutions.

We noticed that pressure has no significant impact on the performance of silica nanoparticles.
Relatively similar trends of IFT reduction as a function of pressure were observed for the cases
with and without nanoparticles. However, the presence of nanoparticles can alter the trend of
IFT reduction by temperature for the no nanoparticles case. For low concentrations of silica
nanoparticles, the oil-water IFT first decreases with increasing temperature and then increases.
However, at the high concentrations of nanoparticles, the IFT value continuously increases

with increasing temperature.

6.3. Wettability alteration

The aim of this phase of the study was to investigate the mechanism of wettability alteration
by nanoparticles. First, the effect of pre-existing nanoparticles at the oil-rock interface during
conventional contact angle measurements (experimental mistake) was evaluated. We observed
that a large portion of the wettability alteration ability of nanoparticles reported in the literature
may be attributed to the pre-existing nanoparticles at the oil-rock interface before conducting
the contact angle measurements. Then, the effect of nanoparticles on the wettability alteration
of different rock substrates with various initial wetting conditions was examined. The
experimental results revealed that silica nanoparticles further reduce the contact angle (make

the substrate more water-wet) only when we have a water-wet condition initially. Under oil-
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wet conditions injecting, nanoparticles cause no significant change on the contact angle. A
possible mechanism for wettability alteration by nanoparticles in water-wet conditions is the
synergic effect of structural disjoining pressure and capillary pressure reduction. However, for
oil-wet conditions, the only possible mechanism is capillary pressure reduction. We noticed
that increasing salinity weakens the ability of nanoparticles to alter the rock wettability due to
the reduction of electrostatic repulsion between nanoparticles-nanoparticles and surfaces-

nanoparticles in the wedge-film.

6.4.Recommendations for Future Work

IFT reduction and wettability alteration may not be the principle reason for nanoparticle-EOR.
Hence, the mechanism of nanoparticle-EOR must be sought in other phenomena. The

recommendations for future work based on the results of this thesis are summarized below:

e Inthe H+ protection method, four factors affect the stability of silica nanoparticles, the
concentration of nanoparticles, the concentration of HCI, time, and temperature. We
evaluated the effect of the first two parameters. The stability period of nanoparticles
reduces at elevated temperature. Hence, there might be a relation between time and
temperature for each nanoparticle/HCI ratio. It might be helpful to obtain this relation.

e The adsorption of nanoparticles at the oil-water interface reduces the IFT value.
However, the magnitude of IFT reduction by silica nanoparticles is not sufficient to
consider the IFT reduction as a mechanism of nanoparticle-EOR. The mechanism of
IFT reduction by nanoparticles might be similar to that of surfactants. Presence of
nanoparticles at the oil-water interface alters the force balance of interface molecules.
Increase or decrease in the IFT value depends on the strength of molecular interactions

between oil -nanoparticle molecules and water -nanoparticle molecules at the interface
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compared to original oil-water molecular interactions. More strong interactions dictate
lower IFT values. It is possible that nanoparticles are engineered in a way to achieve
relatively less IFT value. More research is required to redesign the nanoparticles to
obtain ultra-low IFT values.

Nanoparticles have no significant effect on the wettability alteration of oil-wet
substrates. They only can alter the wettability of water-wet rocks to more water-wet
conditions. It is still unclear how nanoparticles increase oil recovery especially in the
oil-wet systems.

For nanoparticles to alter the rock wettability, they are required to reach the rock
surface. However, in the oil reservoir, we normally have a layer of oil on the rock
surface which prevents nanoparticles from direct contact with the rock surface. Hence,
it is important to understand how nanoparticles migrate from an aqueous phase to the
rock surface. SEM does not have enough resolution to detect the possible diffusion of
nanoparticles through an oil phase and their attachment on the rock surface. Another
method, such as atomic force microscopy (AFM), must be used to detect the possible
migration of nanoparticles through an oil phase. The effects of oil layer thickness,
temperature, pressure on the possible migration of nanoparticles must be evaluated to
find the critical oil thickness in each operating condition (temperature, pressure); that
would allow nanoparticles to reach the rock surface. Furthermore, the effect of the
charge of the rock surface on the possible critical thickness must be investigated.

Oil phase properties such as oil composition, concentration of natural surfactants,
concentration of polar components, etc. can affect the performance of nanoparticles in

IFT reduction and wettability alteration. More research is required to evaluate the effect

139



of the oil phase properties on IFT and wettability alteration with and without

nanoparticles.
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Appendix

NOMENCLATURES
Variables/Parameters Description

A Effective permeability of i phase
u Viscosity
M Mobility ratio
Evaw Van der Waals forces
A Hamaker constant
K Debye Length
poo; Number density of i" ion in the solution
T Temperature
€r Relative permittivity of the solution
e Elementary charge of an electron
€o Absolute permittivity
Kg Boltzmann’s constant
Yo Surface charge of particles
Y Reduced surface potential
Y Surface potential
Eg; Electrostatic repulsion forces
En Hydrophobic forces
N, Capillary number
v Darcy velocity
0 Contact angle between the oil-water-rock interface
Pc Capillary pressure
Na Avogadro’s number
Co Molar bulk concentration
K; Dimensionless adsorption parameter
K, Adsorption constant
Do Fractional coverage of the interface at steady state condition
AE Adsorption energy
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