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Abstract

Nanomaterials gained a lot of attention in the past few years. Recent studies re-
vealed that silica nanomaterials can be a very promising agent in enhanced oil recovery
(EOR) operations. Previous researches discussed the potential synergy between nano-
materials and other EOR agents like surfactants or polymers and substantial impact on
key EOR mechanisms like emulsion stabilization and wettability alteration.

In this work, the usage of silica nanomaterials and alkali in enhanced oil recovery
was investigated through spontaneous imbibition tests, IFT measurements and phase
behavior. The additional recovery was assessed for different rock/oil systems. The
main goal was to evaluate the wettability alteration induced by the synergy between
nanomaterials and alkali. Moreover, numerical analysis of the results by the means of
inverse Bond number and capillary diffusion coefficient was carried out.

In the experimental part, two types of nanomaterials with different surface modifi-
cation were tested. The influence of rock type on the recovery process was investigated
by using Berea and Keuper outcrop materials. The influence of oil composition was
examined by using two crude oil samples with different total acid numbers (TAN).
Sodium carbonate (Na2CO3) was used as an alkaline agent and two types of synthetic
brine were utilized in order to investigate the effect of brine composition on the re-
covery. Interfacial tension (IFT) measurements showed that nanomaterials are very
effective in terms of IFT reduction. The surface charge of the nanomaterials plays an
important role in this process. A good synergy with alkali lead to very low IFT values
(0.04 mN m−1). This effect was also seen in the phase behavior tests, where brine/oil
systems with lower IFT exhibited better emulsification. Nanomaterials contribution to
the phase behavior was mainly the stabilization of the emulsion mid-phase. The influ-
ence of TAN number on the IFT and the phase behavior was very prominent, especially
when combined with alkali. Rock-fluid interactions were assessed using Amott tests
which rely on spontaneous imbibition mechanism. This mechanism is very sensitive to
wettability changes.

The enhancements observed within fluid-fluid interactions - especially IFT reduc-
tion - resulted in additional recovery ranging from 4 to 50% on top of the baseline
under spontaneous imbibition, which was confirmed by inverse Bond number analy-
sis. Promising results (97.7% of OOIP) were achieved using novel EOR formulations
of alkali and nanomaterials. These values were attributed to wettability alteration that
accelerated the imbibition kinetics as shown in capillary diffusion coefficient analysis.

Rock-fluid interactions are very complex and require a deeper understanding for
the initial wettability state of each rock-oil system. This opens the door for future in-
vestigation, which might include contact angle measurements and forced imbibition.
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Zusammenfassung

Nanomaterialien erhielten in den letzten Jahren viel Aufmerksamkeit. Neueste Studien
zeigten, dass Silica-Nanomaterialien ein vielversprechendes Mittel für EOR-Operationen
(Verbesserte Ölgewinnung) sein können. in früheren Studien wurden die möglichen
Synergien zwischen Nanomaterialien und anderen EOR-Mitteln wie Tensid oder Poly-
mer diskutiert. Nanomaterialien ein wesentlicher Einfluss auf wichtige EOR-Mechanismen
wie Emulsionsstabilisierung und Umbenetzung zugeschrieben.

In dieser Arbeit wurde die Verwendung von Silica-Nanomaterialien und Alkali
zur verbesserten Ölgewinnung durch spontane Imbibitionstests, Grenzflächenspan-
nungsmessung und Phasenverhalten untersucht. Die zusätzliche Gewinnung wurde
für verschiedene Gesteins- / Ölsysteme ausgewertet. Das Hauptziel war die Unter-
suchung der durch die Synergie zwischen Nanomaterialien und Alkali hervorgerufe-
nen Änderung der Benetzbarkeit. Darüber hinaus wurde eine numerische Analyse der
Ergebnisse mittels inverser Bond-Zahl und kapillarem Diffusionskoeffizienten durchge-
führt. Im experimentellen Teil wurden zwei Arten von Nanomaterialien mit unter-
schiedlicher Oberflächenmodifikation getestet. Der Einfluss des Gesteinstyps auf den
Ölgewinnungsprozess wurde durch zwei Gesteinstypen (Berea und Keuper) getestet.
Keuper unterscheidet sich von Berea durch den höheren Tongehalt und die höhere
Durchlässigkeit. Der Einfluss der Ölzusammensetzung wurde durch die Verwendung
zweier Rohölproben mit unterschiedlichem Säuregehalt (TAN) bestimmt. Natrium-
carbonat (Na2CO3) wurde als alkalisches Mittel verwendet, und zwei Arten von syn-
thetischer Salzlösung wurden verwendet, um den Effekt der Solenzusammensetzung
auf die Ölgewinnung zu untersuchen.

Messungen der Grenzflächenspannung (IFT) zeigten, dass Nanomaterialien hin-
sichtlich der IFT-Reduktion sehr effektiv sind. Die Oberflächenladung der Nanoma-
terialien spielt dabei eine wichtige Rolle. Partikeln mit neutral geladener Oberfläche
können einfacher as der Grenzflächen zwischen Liquidphasen adsorbieren. Eine gute
Synergie mit Alkali führt zu sehr niedrigen IFT-Werten (0.04 mN m−1). Dieser Effekt
wurde auch im Phasenverhalten beobachtet, bei denen Chemikalien/Öl-Systeme mit
niedrigerer IFT eine bessere Emulgierung zeigten. Der Beitrag von Nanomaterialien
zum Phasenverhalten war hauptsächlich die Stabilisierung der Emulsionsmittelphase.
Der Einfluss der TAN-Zahl auf die IFT und das Phasenverhalten war besonders in
Kombination mit Alkali sehr ausgeprägt.

Die bei Fluid-Fluid-Wechselwirkungen beobachteten Verbesserungen - insbeson-
dere die IFT-Reduktion - führten zu einer zusätzlichen Ölgewinnung in den sponta-
nen Imbibitionstests durch inverse Bond-Zahlsanalyse bestätigt. In unterschiedlichem
Maße jedoch. Die Wechselwirkungen zwischen Gestein und Flüssigkeit sind sehr kom-
plex und erfordern ein tiefes Verständnis der spezifischen Öl / Gesteins-Systeme und
der Faktoren, die zu ihrem anfänglichen Benetzungszustand beitragen. Vielversprechende
Ergebnisse (97.7% OOIP) wurden mit neuartigen EOR-Rezepturen mit Alkali und Nano-
materialien erzielt. Die erhöhte Entölung wurde auf eine Änderung der Benetzbarkeit
zurückgeführt, die die Kinetik der spontanen Imbibition beschleunigte, wie in der
Analyse des kapillaren Diffusionskoeffizienten gezeigt. Weitergehende Untersuchun-
gen der Gesteins-Fluid Wechselwirkungen sollten Kontaktwinkelmessung und erzwun-
gene Imbibition umfassen.
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Chapter 1

Introduction

1.1 Background

As the wheel of the oil industry turns to fulfill the growing global demand, keeping a
secure energy supply became a vital mission for the industry worldwide. Despite the
growing concerns regarding global warming, fossil fuel especially oil and gas is still
the cornerstone in today’s energy portfolio 1. Reservoir engineers are confronted with
crucial task, namely, to exploit the current resources in the most efficient way using
environment-friendly techniques in order to adapt to the environmental policies. En-
hanced oil recovery (EOR) became an important research area for oil companies. Un-
locking the potential of oil fields which have reached their plateau or started showing a
productivity decline can extend the life of the existing resources and provide promising
prospective for meeting the global energy demand.

Enhanced oil recovery can be conducted by chemical, thermal or solvent means.
Chemical EOR (CEOR) includes injecting certain chemicals like polymers, surfactant
or alkali to tune key reservoir properties and maximize the ultimate recovery. Alkali
flooding is one of the most common chemical EOR methods. It takes advantage of the
reaction of acidic components in the oil with injected alkali to form insitu surfactants
(soap) (Sheng 2013).

Nanotechnology has attracted an increasing interest since the 1980s. It was the
driving force behind revolutionizing some industries e.g. pharmaceutics, biotechnol-
ogy, and material science. These achievements draw the attention of petroleum in-
dustry to utilize this technology and find novel applications in upstream as well as in
downstream. Health, safety and environment (HSE) are some of the main concerns of
nanotechnology. Despite their toxicology the base of many environmental and medi-
cal applications (e.g., adsorption contaminant, green nanotechnology and nanosensors,
etc.) (Taghavi et al. 2013), nanomaterials can have very hazardous effects on the living
matter and their toxicology can be reduced or increased by the surface modification
and the particle size (Yang et al. 2005). Therefore, an environmental risk assessment is
vital before any roll out of nanotechnology (Taghavi et al. 2013).

In addition to their low cost and availability (Ali et al. 2018), research proved that
silica nanoparticles can significantly improve key EOR mechanisms like emulsion sta-
bility or wettability alteration (Almahfood et al. 2018). Thus, researchers started to in-
vestigate the nano-EOR potential using silica nanoparticles as a standalone EOR agent

1See Enerdata 2019
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or evoke the synergy between nanoparticles and other EOR agents like surfactants or
polymers.

However, there has been a little effort on the synergy between nanoparticles and in
situ generated surfactant during alkali flooding.

1.2 Research Objective

This research tries to shed some light on the role of nanoparticles during alkali flooding.
The study considers two groups of interactions: fluid-fluid and rock-fluid interactions.
The focus of this work is wettability alteration potential which is mainly evaluated by
spontaneous imbibition test. It is also a part of EOR screening workflow that investi-
gates several EOR agents under various conditions. This will help screening the future
EOR candidates.

1.3 Outline

This work consists of six chapters. The focus of each them is briefly as follows:

Chapter 1 previews the motivation behind this work and briefly discusses the role of
nanotechnology and EOR.

Chapter 2 reviews the fundamental concepts which are vital for this study.

Chapter 3 reviews other experimental works that have been conducted in this field
and presents the state of the art knowledge.

Chapter 4 describes the materials and experimental approaches, which were used in
the course of this thesis.

Chapter 5 depicts the results obtained from the experimental work and analyses them
by the means of different numerical approaches.

Chapter 6 summarizes the conclusions drawn in the course of this study.
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Chapter 2

Fundamentals

This chapter handles the basic concepts which this work is trying to approach.

2.1 Enhanced Oil Recovery

Enhanced oil recovery (EOR) processes include altering the properties of oil/rock/brine
system in order to improve the displacement process (Ezekwe 2011).

EOR agents interact with the reservoir rock/oil/brine system, possibly leading to
reduction of the interfacial tensions (IFT), oil swelling, favorable mobility ratio, wetta-
bility modification, favorable phase behavior or optimized mobility ratio. EOR tech-
niques are generally classified into four main categories:

• chemical

• thermal

• gas/solvent

• other methods

2.2 Wettability

In multiphase flow, porous media exhibit a certain tendency towards one of the phases
to adsorb on the rock surface. This material property is called wettability (Blunt 2017).

2.2.1 Wettability States Related to Oil Recovery

Water-Wet State

In water/oil/rock system, the rock is considered to be water-wet when more than 50%
of its pore surface is covered by water. As a result, water forms a thin film that coats
pore walls allowing it to occupy small pores. The oleic phase in the system occupies
larger pores in form of droplets at the center that rest on the water film (Schön et al.
2015). Therefore, the water phase is continuous throughout the pore space while oil
flows discontinuously unless the water saturation is close to initial water saturation
Swi. Note that in such a case, remaining or irreducible water saturation is high.In this
case, water is called Wetting Phase (Donaldson et al. 2010). When a water-wet rock
saturated with oil gets into contact with water, the water spontaneously displaces the
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oil. This phenomenon is called Spontaneous Imbibition and the driver is capillary forces.
The displacement process takes place until an equilibrium between surface and cap-
illary forces is established. Spontaneous imbibition is a crucial recovery mechanism
especially in naturally fractured reservoirs, where most of the oil is stored in the tight
matrix (Morrow et al. 2001). Spontaneous imbibition will be discussed more thor-
oughly in section 2.7. As a matter of background, most of sandstone reservoirs are
neutral to water-wet (Lyons 2009).

Fractional Wettability State

This wettability state prevails when a random distribution of the preferential wetting
is observed throughout the rock. This can be explained by the rock heterogeneity and
the random distribution of some minerals that promotes a specific wetting state (Tiab
et al. 2012).

Mixed-wet State

This state occurs when the small pores of the rock shows a water-wet behavior and
filled with water while the larger pores are oil-saturated and are preferentially oil-wet
(Tiab et al. 2012). The reason behind this condition is probably linked to the reservoir
formation conditions. When oil migrates into the reservoir and displaces the connate
water, oil droplets can easily occupy large pores, while the capillary entry pressure of
smaller pores cannot not be overcome. Thus, these pores contain the connate water
and remain water-wet. Afterwards, oil in the larger pores displaced the original con-
nate water film from the pore walls and renders the wettability state towards oil-wet
(Donaldson et al. 2010).

In mixed-wet state, oil prefers to flow via ganglion mechanism unlike water-wet
state where the flow is mainly governed by oil filling and snap-off events (Rücker et al.
2019).

Oil-wet State

At this wettability state, smaller pores are filled with oil while water is located only in
the larger pores in form of big droplets laying on an oil film that coats pore surfaces. Oil
and water in this case are called wetting phase and nonwetting phase respectively. At
high water saturation, water can flow as continuous phase through the pore network.
However, at any oil saturation greater than residual oil saturation (Sor), oil becomes the
continuous phase (Donaldson et al. 2010). The wettability of most carbonate reservoirs
ranges between neutral to strongly oil wet (Narr 2011).

2.2.2 Initial Wettability State

Numerous factors that can contribute to the wettability state of a rock, e.g. oil polar
components, asphaltene precipitation and clay minerals. Some of sandstone reservoirs
are oil-wet when the oil is rich of polar components that got attached on the mineral
surface (Donaldson et al. 2010). Asphaltene precipitation on the mineral surface can
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occur due to either colloidal instability or polar interaction depending on the rock min-
eralogy (Buckley 1998, Buckley 1995). Clay minerals in sandstone reservoirs - despite
their low content - can strongly affect the initial wettability state. Moreover, higher clay
content promotes more oil wetness at low to moderate salinity formations (Sayyouh et
al. 1990).

2.2.3 Evaluation and Characterization of Wettability

Quantitative Evaluation

Contact angle: Contact angle measurements are a widely used tool to assess the wet-
tability of a mineral surface. The main advantage is the ability to measure wettability
on a clean surface eliminating factors like sample contamination by mud filtration, etc.
(Peters 2012). A mineral surface (quartz/glass, clay or calcite) or a clean rock sample
can be used.

FIGURE 2.1: Contact angle measurement using sessile drop and modi-
fied sessile drop (McPhee et al. 2015)

Despite that the contact angle method provides a reliable assessment at a small
scale, upscaling the results might be challenging especially in case of heterogeneous
reservoir. Surface roughness might cause deviation from the ideal behavior. In a dy-
namic state, one can distinguish between advancing and receding contact angle. The
deviation from advancing to receding contact angle is called Contact Angle Hysteresis
(Blunt 2017).

TABLE 2.1: Contact angle values for different wettability systems
(McPhee et al. 2015)

Water-wet Neutrally-wet Oil-wet

Min 0 60-75 105-120
Max 60-75 105-120 180
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Amott-Harvey: A technique considers two different processes: 1) Imbibition: Inva-
sion of the wetting phase and 2) Drainage: Invasion of the nonwetting phase. These
processes are carried out spontaneously and under force. A common convention is
to call an increase in water saturation an Imbibition and an increase in oil saturation a
Drainage as shown in figure 2.2.

FIGURE 2.2: Capillary pressure curve during drainage and imbibition
(Falode et al. 2014)

According to McPhee et al. 2015, the Amott-Harvey Procedure after is as follow:

1.cAmott A A core plug is saturated initially with oil until Swir (irreducible water sat-
uration) undergoes a spontaneous brine imbibition. Textbooks recommend 480
hours (McPhee et al. 2015) until the equilibrium is reached. The water saturation
change is ∆Sws (see figure 2.2)

2. Amott B Forced imbibition of water using centrifuge or Hassler cell. This step is
carried out until Sor is reached.

3. Amott C Spontaneous Oil imbibition. The produced water volume is recorder over
time and this step is carried out until the system is at equilibrium state. For an
oil-wet core, the imbibed oil volume will be significantly high. The oil saturation
change is indicated by ∆Sos

4. Amott D Forced oil imbibition. This step is carried out until Swir is reached.
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Io and Iw are the Amott indices for oil and water respectively and can be calculated
according to 2.1:

Io =
∆Sos

1− Swi − Sor
, Iw =

∆Sws

1− Swi − Sor
(2.1)

Afterwards, Amott-Harvey index (AJWI)can be determined according to 2.2:

AHWI = Iw − Io (2.2)

Amott-Harvey index determines the average wettability of the core can be estimated
by comparing ot to the values in 2.2

TABLE 2.2: Amott Wetting Indices (McPhee et al. 2015)

Water-wet Neutrally-wet Oil-wet

Iw positive 0 0
Io 0 0 positive

AHWI +0.3 to +1.0 +0.3 to -0.3 -0.3 to -1.0

Amott Harvey index determines the average wettability in the core. The duration
of the spontaneous imbibition phase should be long enough. Moreover, the pressure
applied during the forced displacement stages should be equal (McPhee et al. 2015). SI
alone can be a strong qualitative indicator of the wettability state. When the wettability
state is tuned towards water-wet, more water will imbibe into the core leading to a
higher ultimate recovery. In an oil rock, water cannot spontaneously imbibe into the
core due to the negative capillary pressure (Standnes 2004)

USBM This method is named after the U.S. Bureau of Mines. The wettability index
is determined from the area bounded between the drainage and imbibition capillary
pressure curves as shown in figure 2.2.

The capillary pressure value is determined by forced displacement under centrifu-
gal (gravitational) force. The gravitational force should overcome the capillary pressure
in order to displace a certain amount of oil. The wettability index is determined by the
equation 2.3:

USBM = log(
A1

A2
) (2.3)

This method does not require a spontaneous displacement phase. USBM index ranges
between positive for water-wet to negative for oil-wet. Values close to zero indicate a
neutral wettability state. Amott-Harvey index is more sensitive towards neutrally wet
rocks (McPhee et al. 2015).

Qualitative Evaluation

Advanced Pore-scale imaging Li et al. 2019 used interferograms of an oil drop rest-
ing on a nanoparticle-treated glass surface to analyze the effect of nanoparticles on
wettability followed by Atomic Force Microscopy (AFM) to characterize the structure
of nanoparticles covering a glass surface. By determining the nature of the thin film
coating the grains, an understanding for the wettability behavior could be developed.
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Relative Permeability Curve This approach can offer an indicator whether the core
is strongly oil-wet or strongly water-wet but they might fail to distinguish between
strongly water-wet and weakly water-wet (León-Pabón et al. 2014).

2.3 Interfacial Tension

This phenomenon is caused by intramolecular interactions. In an air-water system (i.e.
water droplet), the molecules far from the interface are in a force equilibrium. For the
molecules situated at the fluid-fluid interface, the attraction of liquid molecules to each
other (due to cohesion) is greater than to air molecules (due to adhesion), resulting in
an inward force at the surface. Consequently, the interface tends to shape itself into a
sphere in order to maintain the smallest contact area. The force acting on the interface
between two immiscible fluids is referred to as Interfacial Tension (IFT). However, when
the second fluid is in gaseous phase, the term Surface Tension is used (Blunt 2017).

Common symbol of IFT in the literature is σ and the unit is energy per surface
area which is reduced to Newton per meter or mN m−1. Interfacial tension is strongly
dependent on temperature and less dependent on the pressure (Pinder et al. 2008).

2.3.1 Measurement Methods

An IFT measurement relies on the droplet shape of an immiscible fluid within another
fluid. The shape of the droplet is an equilibrium between gravity forces (or any other
forces acting on the droplet) and interfacial tension. By analyzing the droplet’s di-
mensions, IFT can be estimated. Base on the range of the expected IFT value one can
choose between the sessile drop, pendant drop, and spinning drop method (Gennes
et al. 2004). Figure 2.3 shows the curvature caused by surface free energy in a sessile
drop.

FIGURE 2.3: Sessile drop schematic and surface tension (Nanoscience
Instruments 2020)
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2.3.2 IFT and Oil Recovery

Capillary Number (Nc) is a dimensionless parameter that represents the ratio of capillary
to viscous forces (Yeganeh et al. 2016). Nc can be computed through equation 2.4.

Nc =
υµ

σ
(2.4)

Where: υ is the interstitial velocity, µ is dynamic viscosity σ is interfacial tension Figure
2.4 illustrates the Capillary Desaturation Curve (CDC). CDC describes the relationship
between the capillary number and residual oil saturation (Sor).

FIGURE 2.4: Capillary desaturation curve (Lake 1989)

According to the capillary desaturation curve, by increasing Nc, the residual oil sat-
uration is consequently decreased and hence the ultimate recovery is higher. Increasing
Nc means that the viscous forces exceed capillary forces and thus trapped oil ganglia
can be mobilized (Youssef et al. 2015). The magnitude of υ and µ is limited to the flow
regime and downhole pressure. The most effective way to manipulate Nc is to reduce
σ to ultra-low values (1× 10−3 mN m−1). When surfactant molecules or nanoparticles
adsorb on the interface, IFT is lowered and emulsification process can take place.

2.4 Phase Behavior

Phase behavior test can be conducted in in small pipettes (5 or 10 mL) in order to in-
vestigate the stability, precipitation, optimal salinity, optimal surfactant concentration
and oil type (Sheng 2011).
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2.4.1 Surfactants

A surfactant (surface-active agent) is a chemical agent with the ability to adsorb onto the
fluid/fluid interface. A surfactant molecule consists of two parts: a nonpolar (hydro-
carbon) tail and an ionic/polar part which is called head. Figure 2.5 shows a schematic
of a surfactant molecule.

FIGURE 2.5: Schematic of surfactant molecule (Green et al. 2008)

The tail is generally hydrophobic which means that it is pushed due its nonpolar
nature out towards the oleic phase. While the polar heads tend to stay within the wa-
ter phase. At low concentration, this dual nature keeps the surfactant on the interface
allowing it to alter the interfacial properties. By increasing the concentration of sur-
factant, IFT decreases sharply until surfactant concentration reaches the Critical Micelle
Concentration (CMC).

At CMC, the surfactant molecules cover the entire interface. Beyond that, any addi-
tional surfactant molecules will form micelles in one of the phases (Lyons 2009). Based
on the nature of the head group, surfactants can be classified into cationic, anionic or
zwitterionic (Negin et al. 2017). Once IFT between two immiscible phases is lowered
enough, emulsification can take place where droplets of one of the phases coated by
a surfactant film can get entrained in the other phase forming a colloidal suspension
(Speight 2016). Based on the droplet size we can differentiate between 3 types of emul-
sions:

Macroemulsion The droplet size is larger than 1 µm. the main characteristics are milky
color, high turbidity and thermal instability (Sharma et al. 1985).

Two subcategories can be distinguished between:

Single emulsion A phase separation by a surfactant film controls the stability of
dispersion and prevents the coalescence of droplets. Based on which phase
is dispersed into the other, we can divide this category into two subtypes:
Water-in-Oil (W/O) or Oil-in-Water (O/W).

Double emulsion When two or more emulsifier films separate two or more im-
miscible fluids. Oil-Water-Oil (O/W/O) and Water-Oil-Water (W/O/W) emul-
sions can be recognized as sub types.

Macroemulsions require high amount of excess energy to be generated. This en-
ergy can be supplied in form of agitation (Arab et al. 2018).
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Microemulsion Unlike macroemulsions, microemulsions are thermodynamically sta-
ble systems. Their droplet size does not exceed 0.10 µm. They can form sponta-
neously and upon gentle mixing. The most common classification is the one sug-
gested by Winsor 1956. Winsor showed that the type of microemulsion, which is
formed has a strong dependency on a set of parameters like: salinity, tempera-
ture, initial phase ratios, emulsifier, oil type, etc. The three relevant types to EOR
process can be seen in figure 2.6:

FIGURE 2.6: Winsor’s classification of microemulsions (Healy et al. 1975)

Type II+ Forms at low salinity. Consist of water external microemulsion and
excess oil phase.

Type II- At high salinity values, excess water rests at the on the bottom while an
oil-external microemulsion forms on the top (Green et al. 2008).

Type III At intermediate salinity, midphase microemulsions are formed. This
phase is saturated by oil and water. This is considered to be an optimum
due to the ultra-low IFT between oil and water.

Nanoemulsions The system is very heterogeneous. the droplet size ranges between 5
and 200 nm (Aboofazeli 2010).

2.5 Mobility Ratio

In viscous displacement process, the macroscopic displacement efficiency is strongly
dependent on the mobility ratio. Mobility (λ) of one phase in a multiphase flow in-
corporates two attributes: the relative permeability of the phase (Kr) divided by its
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viscosity (µ). Mobility ratio during a water flooding process is defined as following:

M =
λdisplacing

λdisplaced
(2.5)

In order to achieve a desired macroscopic sweep efficiency, a stable front and a
mobility ratio close to one have to be established. At high values of M, piston-like
displacement cannot be sustained, and viscous fingering occurs. As a result, a lot of
oil remains unswept and viscous fingers can develop into an early water breakthrough
(Ahmed 2010). Due to the significant viscosity contrast between oil and the injected
fluid (brine) in some heavy oil reservoirs, thermal or solvent-based EOR techniques
should be applied (Arab et al. 2018).

Polymer flooding targets λw, namely the water viscosity µw. Polymers of high
molecular weight and good solubility in water can increase the viscosity of water even
at low concentrations (few hundred ppms) and achieve conformance control (Gbadamosi
et al. 2019).

Polymers are often liable to polymer retention and very sensitive to salinity of the
reservoir (Firozjaii et al. 2019). Some studies showed that due to polymer retention and
adsorption on the rock surface, wettability alteration might take place (Juarez-Morejon
et al., 2017).

2.6 Alkaline Flooding

2.6.1 Soap Generation

Once injected, alkali interacts with the formation rock, oil and formation brine (Sheng
2013). Alkali’s reaction with acidic components in the oil, namely carboxylic groups,
yields to insitu surfactants generations. In order to distinguish between insitu surfac-
tants and injected surfactant, literature refer to insitu generated surfactant by alkali-oil
reaction as soaps (Sheng 2015). Soaps are able to reduce the interfacial tension and alter
the wettability (Lake 1989).

The key parameter in this process is Total Acid Number (TAN). TAN is the mass of
KOH (potassium hydroxide) in mg, which is needed to neutralize one gram of crude
oil. (Sheng 2015). However, TAN parameter does not distinguish between carboxylic
groups and weaker acidic components like phenolic.

Sodium carbonate Na2CO3 is among the most widely used alkali chemicals in EOR
operations due to the following reasons (Sheng 2011):

• low-cost

• lower ion exchange and mineral dissolution than stronger alkali e.g. NaOH

• Weak alkalinity assists ASP floods in maintaining a near-neutral pH range.

The reactions taking place during alkali flooding are illustrated in figure 2.7 and
consist of the following steps (Sheng 2015):

• HAo is an acidic sub-component. A− represents a carboxylic compound of the
form (RCOO– ) soluble within the oelic phase is dissolved into the aqueous phase:

HAo −−⇀↽−− HAw (2.6)
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• HAw dissociates within the aqueous phase by hydrolysis:

HAw −−⇀↽−− H− + A+ (2.7)

• Water dissociates as following:

H2O −−⇀↽−− H+ + OH− (2.8)

• The overall reaction with NaOH as alkali:

HAo + NaOH −−⇀↽−− H2O + NaA (2.9)

• Anionic surfactant A− is generated.

FIGURE 2.7: Schematic of alkali reaction (Samanta et al. 2011)

2.6.2 Alkali-Rock Interactions

Alkali interacts with the rock depending on its mineralogy. The interaction occurs in
form of surface exchange and hydrolysis, congruent and incongruent dissolution re-
actions and insoluble salt formation (Ma et al. 1999). Strong alkali like NaOH could
dissolve quartz mineral (Mohnot et al. 1987). Despite their low content, clay minerals
consumed the injected alkali which lead to a drop in alkalinity of the medium (Mohnot
et al. 1987) leading to pH lag (Delshad et al. 2011).

Ion exchange with clay minerals might result in a release of divalent cations which
may cause unfavorable phase shift and solid precipitation (Somerton et al. 1983). Clay
minerals are very susceptible to swelling. Clay swelling often results in permeability re-
duction and formation damage. High pH brine might trigger clay swelling. However,
Salinity of the injected brine is more decisive factor in clay swelling process (Kazem-
pour et al. 2013).
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2.7 Spontaneous Imbibition

Spontaneous imbibition (SI) happens when the wetting phase flows into the porous medium
increasing its saturation, and this flow is taking place under capillary forces without
any viscous displacement or differential pressure applied. By this means, the nonwet-
ting phase is produced (Abd et al. 2019). This process is considered an unsteady state
flow (Nooruddin et al. 2016) and it can be approached as a piston-like displacement
(Haugen et al. 2014). The imbibed volume is proportional to the square root of time
(Alyafei et al. 2018).

q(t) = 2C
√

t (2.10)

Where C is the imbibition constant and q(t) is the imbibition rate.
The key factor that controls spontaneous imbibition process is the capillary pressure

(Pc):

Pc =
2σ

r
(2.11)

where σ is the interfacial tension and r is the capillary radius. While the velocity υ can
be described by the Poissuille equation 2.12:

υ =
∆P

xr28µ
(2.12)

Where µ is the fluid viscosity and ∆P is the pressure gradient which can be replaced by
Pc from 2.11 yielding:

υ =
2σ

r
1
x

r2

8µ
=

σr
4µx

(2.13)

Since υ =
δx
δt

, 2.13 can be integrated to form:

x2 =
σrt
2µ

(2.14)

Which means that the front moves proportional to the square root of time (Abd et al.
2019).

Spontaneous imbibition involves two flow regimes which are illustrated in figure
2.8.

2.7.1 Counter-current SI

This term is used when the wetting phase flows into the rock through the same sur-
face the nonwetting phase is produced from. In other words, both phases are passing
through the same inlet surface but in opposing flow directions.

This leads to lower mobility for both phases due to the flow impedance. Conse-
quently, the capillary backpressure is increased (Haugen et al. 2014). Capillary backpres-
sure is the pressure required to be overcome in order to produce the nonwetting phase
(oil) (Abd et al. 2019). Viscous forces have a negative impact on the flow (Nooruddin et
al. 2016) In case of viscous oil, water enters the core at low saturation while oil flows op-
positely at higher saturation. However, for lighter, less viscous oils, counter-current SI
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takes place under higher water saturation. This is due to the fact that SI under counter-
current regime tries to equalize the mobility ratio under so-called self-compensating effect
(Morrow et al. 2001). The flow is governed by the following equations (Nooruddin et
al. 2016):

δ

δx
(D(Sw)

δSw

δx
) =

δSw

δt
(2.15)

The net flow will be in this case equal to zero as shown in 2.16

qo = −qw ⇒ qt = 0 (2.16)

High IFT and low viscosity increases the recovery rate by counter-current SI (Al-Quraishi
2004). Even though the imbibition rate is significantly lower under counter-current SI
tan under co-current SI, the recovery was found to be higher under counter-current SI
(Kantzas et al., 1997).

FIGURE 2.8: (a) Counter-current SI, (b) Co-current SI. nw indicates non-
wetting phase, n stands for wetting phase (Alyafei et al. 2018)

2.7.2 Co-current SI

Co-current SI takes place when the wetting phase enters from the inlet displacing the
nonwetting phase, which escapes in the same direction from the outlet (figure 2.8). At
this case, the phases flow at higher mobility. Therefore, viscous forces can positively
influence the displacement (Morrow et al. 2001). A faster and higher recovery can be
obtained under this regime. Co-current SI is likely to dominate under low mobility of
water and oil (Andersen et al. 2019). Under gravity segregation in fractured reservoirs,
oil tends to flow out of the matrix through the surface that is in contact with oil (Morrow
et al. 2001).

δ

δx
(D(Sw)

δSw

δx
− qt f (Sw)) = Φ

δSw

δt
(2.17)
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The above equation consists of two terms: an advective and a diffusive term.
In our work, it is noticed that both flow regimes occur simultaneously but to dif-

ferent extents. At the beginning, counter-current was more dominant since the surface
area subjected to counter-current is larger (the whole core plug is exposed to water,
and water imbibes into the rock through all surfaces). While water saturation inside
the core increases by imbibition, gravity segregation promotes co-current SI.

2.7.3 Low IFT Spontaneous Imbibition

In section 2.3.2 we discussed the influence of IFT on the recovery from a viscous dis-
placement perspective. However, in a mere spontaneous imbibition, the flow is gov-
erned by capillary pressure devoid of viscous pressure gradient. In this case, gravity
forces can play an important role. Primarily in naturally fractured reservoirs (NFR),
where the matrix height and the vertical connectivity is the key answer on the question
which recovery mechanism will be dominant (Al-Quraishi 2004). The relationship be-
tween gravity an capillary forces is best described by inverse Bond number N−1

B . Inverse
Bond number represents the ratio capillary to gravity forces and can be calculated by
the equation 2.18.

N−1
B = C

σ
√

φ
k

∆ρgH
(2.18)

Where: C = 0.4 for a capillary tube model, H is the core height [meter], σ is the
interfacial tension [mN m−1], φ is the porosity [%], k is the absolute permeability [mD]
∆ρ is the density difference between the phases [kg/m3].

Higher density contrast between the phases triggers gravity drainage which can be
translated in less contribution of capillary forces N−1

B is low. This ratio can be affected
by changing matrix height or reducing the IFT. Increasing inverse Bond number (i.e.,
SI occurs under low IFT), will lead to higher ultimate recovery. Nevertheless, under
lower imbibition rate (Schechter et al. 1994). This was later attributed to the fact that
low IFT increases the imbibition rates at late time or to wettability alteration process
(Babadagli 2005). Imbibition rate is only affected in ultra-low IFT systems.

When IFT ranges between high and intermediate values, imbibition rate is not in-
fluenced by IFT (Al-Quraishi 2004). When IFT is reduced enough to enable the emulsi-
fication process, solublization factor can be used to correlate the recovery using SI and
the formed emulsion (Chen et al. 2018) Solublization factor SF can be computed by
incorporating the oil solublization ratio SPo and water solublization ratio SPw into the
equation 2.19 (Sheng 2011).

SF =
√

SP2
w + SP2

o (2.19)

Since inverse Bond number as expressed in equation 2.18 does not take the wettability
factor into account, other expressions of inverse Bond number were developed to in-
clude wettability-related parameter ( f (θ)) (Babadagli 2005) as shown in equation 2.20:

N−1
B = C

f (θ)σ
√

φ
k

∆ρgH
(2.20)
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2.7.4 Capillary Diffusion Coefficient

The capillary imbibition can be approached as diffusion mechanism after neglecting
the convection and gravity effects (Chevalier et al. 2019).

Φ δSw
δt = −∇[K KwKo

Kt
∇Pc(Sw)] with :

Ko =
Kro
µo

,
Kw = Krw

µw
,

Kt = Ko + Kw

(2.21)

Where: K is the single phase permeability, S is the saturation, µ is the viscosity and
o and w stand for the oil and phase respectively.

After introducing the imbibition capillary pressure Pc(Sw), the equation 2.21 can be
expressed by the means of the capillary diffusion coefficient (Dc) as following:

δSw

δt
= Dc∆(Sw) (2.22)

In a cylindrical geometry the oil Saturation can be normalized as following

S∗o =
So − So f

Soi − So f
(2.23)

S∗o can be also expressed as a product of 2 solutions: Cps for a plane sheet and Ccyl for a
cylinder as follows:

S∗o = CpsCcyl (2.24)

With (Crank 1979):

Cps =
∞

∑
n=1

8
(2n + 1)2π2 exp(−Dc(2n + 1)2π2 t

4l2 ) (2.25)

Ccyl =
∞

∑
n=1

4
r2q2

n
exp(−Dcq2

nt) (2.26)

Where: l is the length of the plug, r the radius, qn are the positive roots of the
equation: Jo(rqn) = 0, J0 is zero order of the first type Bessel’s function.
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Chapter 3

State of the Art

3.1 Nanotechnology

3.1.1 Historical Overview

Nanotechnology has become a trend in the recent decades and it was cornerstone in
revolutionizing some industries, i.e. pharmaceutics, medical industry, etc.

The oil and gas industry, especially the upstream sector, did not consider the nan-
otechnology as a promising research area at the beginning due because reservoirs are
huge in terms of volume. Therefore, massive volumes of nanofluids would be required
to treat a reservoir, which was considered unprofitable. In addition to that, the hetero-
geneity and downhole delivering techniques were believed to be an obstacle (Huh et al.
2019). In the last ten years, nanotechnology found its way into the petroleum industry
after several advancement made by other industries.

3.1.2 The Uniqueness of Nanomaterials

The term Nanomaterial stands for solid composite, complex fluids or colloidal disper-
sion whose construction unit is at the nanometer scale 1. The size of nanoparticles
(NPs) ranges between 1-100 nm. The size of NPs is usually described in one dimension
even though it might have different shapes.

The extremely tiny particle size allows the nanomaterial to possess a large surface
area. Consequently, its properties differ from the original bulk material; i.e., low melt-
ing point, unique optical properties and unique magnetizing behavior (Hornyak 2009).

Due to their small dimensions, the surface area of NPs can be as high as several
hundreds of m2/g. As an example: AEROSIL 300 from EVONIK (hydrophilic fumed
silica) have specific surface area of 300 m2/g. Therefore, NPs are more exposed to the
surroundings allowing them to be more reactive (Almahfood et al. 2018).

Different chemicals can be attached to the surface of NPs in order to modify its
properties to take advantage of the high mobility of NPs (e.g., deliver chemicals to
desired spot) (Huh et al. 2019).

11Nanometer = 10−9 Meter
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3.1.3 Types of Nanoparticles

Nanoparticles can be classified based on the composition of their constructing units:

• Metal oxide

• Organic

• Inorganic

3.1.4 Nanofluids

When NPs are suspended in a liquid phase, NPs collide with water particles generating
Brownian energy. Brownian diffusion governs the intra-particle forces. These forces
might result in a repulsion or adhesion.

The resulting force is a sum of electrostatic force (Uel) and Lifshitz-Van der Waals
force (Ulw). Both of these forces are dependent on the distance between particles. How-
ever, the presence of electrolytes affects only the electrostatic force, while Lifshitz-Van
der Waals force is charge-independent. In order to deliver NPs and maintain their
functionality, a dispersion within the liquid phase must be stable. Otherwise, NPs may
adhere to each other forming clusters.

DLVO & XDLVO Theory

The DLVO Theory was named after the Russian scientists B. Derjaguin and L. Landau,
and Dutch scientists E. Verwey and J. Overbeek). This theory describes the interaction
of two NPs based on the distance between (Ohshima 2012).

The original version of DLVO theory considered only the electrostatic force and
Lifshitz-Van der Waals force. In case of NPs it has been proven that non-DLVO forces
are significant and cannot be neglected. XDLVO is an extension to DLVO and it is
applied when one of the two studied particles has dimensions of the nanoscale (van
Oss 2008). In XDLVO theory, the following forces are taken into account:

Uel Electrostatic force

Ulw Lifshitz-Van der Waals force

Um Magnetic force if NP has magnetic properties

Uab Acid-base interaction energy

Ubo Born repulsion energy

Uosm osmotic repulsion energy due to polymer coating

Uelas elastic steric repulsion energy due to surface functionalization

Colloidal Stability

An instability of the colloidal suspension might lead to an aggregation of NPs forming
clusters. Therefore, the functionality of NPs will be significantly affected due to the
decrease of surface area. The growth of clusters might also results in pore plugging
during the flow in a porous medium (Huh et al. 2019).
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3.2 Recovery Mechanisms

3.2.1 NP-assisted EOR

Recent studies have introduced NPs as novel EOR agents. NPs can serve as a stan-
dalone EOR agent or as supplementary additive to chemical EOR agents (foam, surfac-
tant, alkali). NPs became focal point in EOR field due to their high mobility and ability
to tolerate harsh salinity and high temperature environments (Ali et al. 2018). NPs can
be involved in several process in EOR, which are described in this section.

3.2.2 Foam Stabilization

CO2 can be a very beneficial EOR agent due to its unique properties. Once it is injected
in a supercritical state, CO2 can be miscible with the oil at achievable pressure, causing
the oil to swell which improves its mobility. CO2 at super critical state is very mobile.
Therefore, mobility control techniques should be deployed in order to prevent break-
through and avoid excessive injection. Due to its low density in comparison to heavy
oil, gravity override may occur while injecting CO2.

TABLE 3.1: Critical properties of CO2 (Linstrom, 2020)

TC 30.9782 °C
ρC 467.6 kg/m3

PC 73.773 bar
µ 0.037334 cP

Foam is a dispersion of gaseous phase within the liquid phase and it can be gener-
ated on surface or by co-injecting a surfactant with the gas (Sheng 2013). This results in
lower interfacial tension allowing the foam to be generated, and a significantly lower
mobility than the mobility of each forming phase alone.

The main operational limitation when deploying foam on field scale is foam degra-
dation. Foam degrades quickly in the reservoir when the thin liquid films collapse.
This phenomena is related to the used surfactant and its ability to withstand formation
conditions. In order to assure that foam will cover the targeted reservoir, liquid films
must have long livability to deliver the EOR agent to targeted spot (Yekeen et al. 2018).

Singh et al. 2017 investigated the utilization of silica NPs with polyethylene glycol
(PEG) surface modification to stabilize CO2 foam in homogeneous sand packs. The
recovery was compared to the cases of water flooding and surfactant-stabilized foam
(figure 3.1). The utilization of NPs allowed a higher recovery in comparison to the
normal foam at the early injection stages and outperform waterflooding which yielded
however a high initial recovery. This improvement is due to the higher stability using
NPs, allowing the foam to sweep better using less PV.
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FIGURE 3.1: sweep efficiency as a function of pore volumes (PV) (Singh
et al. 2017)

Rognmo et al. 2018 showed that surface-treated NPs could serve as foaming agent.
a proportional relationship between NP concentration and oil recovery was suggested.
Khajehpour et al. 2018 utilized surface-treated silica NPs with surfactants as a steam
additive. They showed that synergy between silica NPs and surfactants provided
higher foamability and long-livability.

3.2.3 Rheology Enhancement

Polymers, like other chemicals, are prone to degradation under harsh reservoir condi-
tions. Consequently, the viscoelastic properties especially viscosity of the injected flu-
ids will be altered which might influence the displacement efficiency (Xin et al. 2018).

Corredor et al. 2019 modified silica NPs towards more hydrophobic surface in order
to improve their dispersivity into the polymer. Hydrophobic silica NPs can form a net-
work with HPAM molecules and improve its viscoelastic properties through stronger
polymer bridging which resulted in higher recovery in core floods. This enhancement
was highly dependent on the surface modification of silica NPs.

3.2.4 IFT Reduction

Bare silica nanoparticles have no impact on interfacial tension (Jiang et al. 2017). How-
ever, functionalized silica nanoparticles can spontaneously adsorb onto the fluid-fluid
interface, exhibiting a surfactant-like behavior. Nonetheless, NPs have a larger size
and thereby lower diffusivity in the solution that makes the adsorption kinetics slower
than the one with surfactant (Huh et al. 2019). The adsorption of NPs has two main
mechanisms (Sofla et al. 2019):
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Langmuir monolayer A particle film directly deposits onto the interface assisted by
spreading solvent.

Gibbs monolayers Spontaneous adsorption of NPs onto the interface from the bulk
suspension.

Another distinction from surfactant is the magnitude of IFT reduction. Modern sur-
factant can lower the IFT to ultra-low values (1× 10−3 mN m−1) while IFT reduction
by NPs alone is significant but still modest compared to surfactant (ShamsiJazeyi et al.
2014).

Numerous researches investigated the IFT reduction caused by NPs. Sharma et al.
2016 observed that IFT was reduced in brine/oil system from 18 mN m−1 to 10.20 mN m−1

after adding 1 wt% of silica NPs. IFT was lowered to 4.80 mN m−1 by introducing
surfactant-polymer mixture in addition to the nanofluid. An increase in IFT was re-
ported when higher concentration of NPs was involved which can be explained as
following: at high concentrations of NPs in the solution, oil/water interface will reach
a state of saturation. After that. NPs will start replacing the surfactant molecules at
the interface which are more effective in terms of IFT reduction. Ahmed et al. 2019 re-
ported that IFT in oil/brine system was lowered from 17.10 mN m−1 to 6 mN m−1 after
introducing surface treated silica NPs to the brine. They also reported that IFT reduc-
tion was more significant when the concentration of NPs was increased. Neubauer et
al. 2020 observed that more negatively charged silica NPs were more effective in terms
of IFT reduction than more neutrally charged silica. They also reported a strong de-
pendency on the particle size. Particle with smaller size have higher specific area and
the particles have higher diffusivity due to the electric repulsion and Brownian motion
(Kim et al. 2016).

3.2.5 Emulsion Stabilization

Emulsion-Assisted Mobility Control

By reducing the interfacial tension in the oil/brine system, emulsification can occur.
The formed emulsion can act as a flow barrier to divert the flow into unswept zones
and block the highly permeable corridors.

Emulsion-based mobility control can be an adequate alternative to polymers espe-
cially for heavy oil reservoirs (Arab et al. 2018). An oil-in-water emulsion has higher
viscosity than water but still less viscous than the oil. This slug-wise viscosity distri-
bution helps achieving a flow conformance among the phases and a stable piston-like
displacement.

The emulsification process can be achieved using surfactant, alkaline or both. The
surfactant-based emulsion is liable to degradation under harsh reservoir conditions.
Degradation can be in form of coalescence, Oswald ripening,sedimentation or cream-
ing (Perazzo et al. 2018).

As a result, emulsions will decompose before reaching the preferred zones and the
improvement will be only temporary (Shamekhi et al. 2013). Afterwards, the pro-
duction mechanism is limited to oil entrainment within the emulsion phase instead of
the plugging mechanism by the emulsion itself (Kumar et al. 2010). Hence, mobility
control along the flooded reservoir cannot be sustained (Kim et al. 2016).
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Nanoparticle-based Emulsification

When the emulsion is stabilized by solid particles, e.g. silica NPs, which accumulate on
the interface between two immiscible fluids, this emulsion is called Pickering Emulsion
and it was named after Pickering 1907. NPs can serve as a standalone emulsifier. Hy-
drophilic NPs yield oil-in-water microemulsions, while hydrophobic NPs yield water-
in-oil (Huh et al. 2019). Binks et al. 2000 showed that surfactant-free emulsion could
be stabilized by silica NPs.

Synergistic Effects

Binks 2002 suggested that nanoparticles have a surfactant-like behavior during the
emulsification process. Based on their surface wettability they tend to accumulate onto
water oil interface. The advantage of NP-stabilized emulsions over surfactant is the
thermal stability and the ability to withstand harsh reservoir environment (Sharma et
al. 2015). Binks et al. 2007 showed that Synergistic stabilization of O/W emulsions can
be achieved by mixing oppositely charged NPs and surfactant.

Sharma et al. 2015 compared the thermal stability of Pickering emulsions stabilized
solely by surfactant to the one stabilized by hydrophilic silica nanoparticles. They ob-
served that emulsions stabilized by NPs and surfactant were highly stable and able to
tolerate high temperature and very saline environments.

Kumar et al. 2017 studied the Pickering emulsions formed by light mineral oil
surfactant and silica nanoparticles. Through droplet size analysis, they concluded that
emulsion was more stable, and ζ-potential measurements exhibited a colloidal stability.
The viscoelastic properties of the emulsions could be improved by adding polymers.
Hence, nanoparticles can contribute to the emulsion-assisted mobility control process
by stabilizing the emulsion and consequently plugging highly permeable channels and
sustaining a stable displacement (Arab et al. 2018).

Kamkar et al. 2020 investigated the rheology of oil-in-water emulsion formed by
combining surface-modified NPs and hydrolyzed polyacrylamide (HPAM) polymer.
Their results revealed that partially hydrophobic silica NPs has more favorable mo-
bility from the bulk phase towards the oil-water interface, which makes them more
effective in lowering IFT and creating an elastic interfacial film. The addition of HPAM
improved the bulk rheological properties of the nanofluids, nonetheless, acted as an
emulsion destabilizer.

3.2.6 Pore Plugging

Pore channel-plugging helps to divert the flow into more desired zones. This effect
can be attained by two mechanisms illustrated in figure 3.2: Mechanical entrapment or
log-jamming (Raffa et al. 2019).
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FIGURE 3.2: Pore Plugging mechanisms. (a): mechanical entrapment,
(b): log jamming (Sun et al. 2017)

Mechanical entrapment happens when the particle’s diameter exceeds the pore
throat size that is often not the case with nanomaterials. As previously mentioned,
nanoparticles are very mobile in the pore network (Denney 2011). Log-jamming occurs
when water molecules passes through the pore channel with a velocity higher than the
one of suspended nanoparticles leading to an aggregation at pore throats (Sun et al.
2017).

3.2.7 Wettability Alteration

Mechanism

Wettability alteration is a complex synergistic process. Polymers can alter the wetta-
bility by a reptation mechanism, which leads to detachment of trapped oil droplets
(Juarez-Morejon et al., 2017).

Depending on their surface coating, NPs can alter the mineral surface properties
towards super hydrophilic or super hydrophobic. Hydrophilicity promotes a water-
wet surface (Huh et al. 2019) while hydrophobic silica nanoparticles have almost no
impact on the wettability (Li et al. 2019).

Surface wettability is controlled by interfacial and surface energies. Spreading coef-
ficient S of water on a solid surface in oil/water/solid system is determined as follows:

S = γO/S − γW/S − γO/W (3.1)

Where: γO/S, γW/S, γO/W are the interfacial energies between oil /surface, water/surface
and oil/water respectively. Reducing IFT between oil and water will results in increas-
ing the spreading coefficient and consequently promotes more water-wetness (Sham-
siJazeyi et al. 2014).

Wettability of a mineral surface can be altered by adhesion of surfactant molecules
on the rock surface. This leads to a reduction in surface energy. The adhesion of NPs
to the mineral surface results in a change/reduction of surface energy and a change in
surface roughness when the adhered layer acts as coating (Ganie et al. 2019).
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Disjoining pressure

Disjoining Pressure is exerted by inter-molecular interactions of a thin liquid film at three
phase region and it plays a major role in wettability control process (Yu et al.).

The forces that contribute to disjoining pressure are Electrostatic force (Uel), Lifshitz-
Van der Waals force (Ulw) and Acid-base interaction energy (Uab) (Chengara et al. 2004).

Chengara et al. 2004 studied the utilization of NPs to detach an oil drop from a
solid surface. He suggested that the nanofluid forms a wedge-shaped thin film due the
existence of disjoining pressure. Under the injection pressure, NPs accumulate in the
front resulting in an increased entropy of the system due to Brownian motion and the
previously mentioned forces. This new situation of NPs can create additional pressure
(disjoining pressure). 3.3 shows the meniscus profile in the contact region in presence
of NP. The contact line in the presence of fluid containing 20 nm particles is more ad-
vanced than the bulk fluid. As a result, the oil will be detached from the mineral surface
as the nanofluid film spreads further.

FIGURE 3.3: Effect of structural disjoining pressure on meniscus profile
(Chengara et al. 2004)

Kondiparty et al. 2011 examined the spreading of a nanofluid on a solid surface
and he defined key parameters that influence this process. Disjoining pressure can be
affected by nanoparticle size, concentration, temperature, salinity and surface modifi-
cation.
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FIGURE 3.4: (a) Schematic showing multilayering of small particles at
small contact angles. (b) shows large particles form mono layer for the
same axial distance X1. (c) shows that axial distance for large contact
angle X2 < X1. Small particles form layered structure over short distance
due to size effect and result in nanofluid spreading. (d) Large particles
cannot form ordered structures in such short distance X2 when confine-
ment is wide. Thus spreading can not take place (Kondiparty et al. 2011)

It is worth mentioning that wettability alteration due to the spreading of nanofluid
is a well observed phenomenon, but the mechanism behind it still a research topic
and yet not clarified. Disjoining pressure requires high concentrations of nanoparticles
at the interface (Wasan et al. 2003) and the nanoparticles should not adsorb on the
rock surface (Kuang et al. 2018). Moreover, a water-wet rock surface is prerequisite
for the 3-phase contact region (Sofla et al. 2019). Hence, structural disjoining pressure
cannot solely serve as explanation for wetting behavior and recovery mechanism using
nanofluids.

Nanoparticles as Wettability Modifiers

Ahmed et al. 2019 reported a reduction in contact angle from (80◦) to 2− 3◦ accompa-
nied with a reduction in IFT between oil/brine using surface modified silica NPs.

Rostami et al. 2019 observed a wettability alteration through silica NPs by conduct-
ing contact angle measurements and micro-models. A significant decrease in contact
angle was observed after submerging the glass chip in nanofluid. In the micro-models,
nanofluids adsorbed on the grains disrupting the initial thin oil film as shown in figure
3.5.
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FIGURE 3.5: Pore scale view of wettability. (a): water-wet, (b): oil-wet
(Rostami et al. 2019)

Alvarez-Berrios et al. 2018 investigated the effect of surface charge of silica NPs on
the wettability alteration process. Contact angle measurements revealed that slightly
negatively charged silica nanoparticles reduced the contact angle from 106.3 to 74 were
negatively and positively charged scored 94,5 and 100.2 respectively. The wettability
alteration was also investigated by series of spontaneous imbibition experiments. At
low concentrations slightly negatively charged silica NPs achieved the highest ulti-
mate recovery. However, at higher concentrations strongly negatively and positively
charged NPs were more effective in terms of wettability alteration. While Jiang et al.
2017 found that bare silica NPs could alter the wettability at small enough sizes and
sufficient concentrations.

Bila et al. 2019 performed core flood experiments using nanofluids containing poly-
mer coated silica NPs at low concentrations on neutrally wet Berea core plugs fol-
lowed by Amott-Harvey test. They showed that the highest additional recovery can
be achieved by using NPs in the secondary flooding stage. They attributed that to dif-
ferent mechanisms like IFT reduction and the formation of micro emulsions by most
importantly wettability alteration.

Nanoparticles adsorption is controlled by many factors: Li et al. 2019 observed by
the mean of advanced surface wetting visualization an increase in NPs adsorption onto
Berea sandstone when NPs concentration increased. The pH of nanofluids had also an
impact on the adsorption process: low pH (pH=2.01) favors a uniform NPs adsorption.
As the nanofluids pH increased to 4.84, more NPs adsorbed to the rock surface.

Xu et al. 2019 reported an improvement in recovery and imbibition rate after in-
troducing silica NPs to the utilized brine during Amott test. The recovery showed a
great dependency on NPs concentration. The incremental recovery was linked to IFT
reduction and lower contact angle, which promoted more water-wetness. Wang et al.
2017 studied the imbibition of fluids with silica NPs into a capillary using molecular
dynamic simulation. they concluded that the displacement of nanofluids was higher
with increased hydrophilicity.

3.2.8 Silica NP Interactions with Mineral Surfaces

Clay minerals play a crucial role in the transport process of NPs in the porous media.
Pham et al. 2014 showed that the utilization of PEG coated silica nanoparticles at low
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concentrations can inhibit clay swelling. A synergy between NPs and electrolytes is
also observed.

Omurlu et al. 2016 studied the retention of silica nanoparticles of different surface
modifications on the clay mineral surface. They showed that the adsorption is indepen-
dent of the salinity (electrolyte concentration). However, the electrolyte type affected
it. NPs showed lower adsorption in the presence of KCl than NaCl. PEG-coated silica
nanoparticles exhibited higher adsorption on clay (montmorillonite). NPs adsorption
was also independent of pH range.
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Chapter 4

Materials and Methods

In this chapter, the materials used in this study are viewed. The experimental ap-
proaches and the overall methodology are discussed.

4.1 Materials

4.1.1 Core Plugs

In order to investigate the effect of rock properties on the recovery process, two rock
types were selected for this study. Core plugs used for this study were drilled out of
outcrops and are rather homogeneous. Berea and Keuper outcrops were selected based
on their properties, which mimic to a certain extent the potential EOR candidates. 4.1

FIGURE 4.1: Core plugs (From left to right) Keuper - Berea

Berea

Berea outcrop is a yellowish grey sandstone. It consists of very homogeneous well-
sorted sand with more than 85% quartz and approximately 6% feldspar. The degree of
roundness varies between angular to sub-angular. The interparticle porosity governs
the porosity system. The secondary porosity was reduced due to the crystal growth
of quartz as shown in figure 4.2 which is SEM capture of a thin section from the same
outcrop. In the center, heavily corroded feldspar can be spotted.
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FIGURE 4.2: Thin section analysis - Berea

The measured porosity from RCA of the utilized core samples is plotted vs. the
permeability to N2 in figure 4.3.

FIGURE 4.3: φ vs. K for Berea core plugs

Table 4.1 summarizes the main petrophysical properties of Berea core plugs 1. Core
plugs exhibit a good homogeneity.

TABLE 4.1: Properties of Berea core plugs

φ[%] K [mD] Kw[mD] Swi[%]

Mean 22.6 447.6 223.9 24.0
STD 0.4 37.4 17.9 8.0
Min 21.7 380.5 191.7 5.8
Max 23.5 528.4 262.6 43.9

1Data from 48 core plugs
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Keuper

This sandstone is fine-grained and has a reddish-brownish color. Black dots or yellow
intrusions can be spotted on some plugs. According to the thin-section analysis, the
rock is a well-sorted sandstone arenite. Main minerals are quartz (88%), feldspar (1%),
kaolinite (10%) and other minerals (1%). The governing porosity regime is interparticle
porosity. Secondary porosity in feldspar contributes to minor part of the porous space.
Iron oxide FeO.OH.nH2O (limonite) covers the mineral grains and causes the reddish
color.

FIGURE 4.4: φ vs. K for Keuper core plugs

4.2 summarizes the main petrophysical properties of Keuper core plugs 2. It can be
seen that Keuper core plugs are less homogeneous than Berea core plugs. Keuper core
plugs are more permeable despite having the same porosity range.

TABLE 4.2: Properties of Keuper core plugs

φ[%] K[mD] Kw[mD] Swi[%]

Mean 23.3 1425.2 890.0 21.4
STD 0.8 349.6 193.9 7.9
Min 21.8 743.1 511.8 4.7
Max 25.2 2193.5 1316.1 40.4

2Data from 33 core plugs
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4.1.2 Fluids

Nanomaterials

Evonik Ressource Efficiency GmbH provided nanomaterials in the form of colloidal dis-
persion. Two Types of silica nanoparticles were tested. hereafter called material A and
B, respectively (see figure 4.6). The base material of the particles is the same, but each
type has undergone a different surface modification.

TABLE 4.3: Properties of the utilized nanomaterials

A B

Solid [wt %] 22.5 27.9
µ @ 10 1/s [mPas] 16 39
Particle Size (d50) 110 114
pH 9.5 3.2

Surface Modification Untreated silica nanoparticles have a strongly negative surface.
In order to assure a stable dispersion, the ζ-potential should not be lower than−25 mV
(Huh et al. 2019). Nanomaterials surface can be modified through coating with metal
cations, polymers or other organic components depending on field of application (Kim
et al. 2014). ζ-potential varies with pH value of the solution. As demonstrated in figure
4.5a, ζ-potential varies slightly within the pH-range compared with type (B). Type (B)
is more negatively charged and its ζ-potential changes within the same pH range as can
be seen in figure 4.5b. This is due to the polar function (OH– ) of the surface coating
material. ζ-potential measurements were carried out by the supplier of nanomaterials
as well as the SEM imaging demonstrated in figure 4.6.

(A) Nanomaterial A (B) Nanomaterial B

FIGURE 4.5: ζ-potential and specific conductivity
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(A) Nanomaterial A (B) Nanomaterial B

FIGURE 4.6: SEM imaging of both nanomaterials

ζ-potential Titration ζ-potential was assessed using the device DT-300 manufactured
by 3P. The colloidal dispersion was titrated over a pH range (3-10). The measurement
is based on the following physical process:

• An ultrasonic wave vibrates the suspended particles within the liquid phase due
to the density contrast.

• The electrostatic equilibrium is consequently disturbed and transient dipoles are
formed.

• Hence, an alternating current is generated which can be measured as well as the
specific conductivity.

As demonstrated in figure 4.5a, ζ- potential of material A decreases slightly from -
3 mV to -9 mV when the pH increases from pH 3 to pH 10 slightly within the pH-
range compared with type (B). B is more negatively charged and its ζ-potential changes
drastically decreases from -12 mV at pH 3 to -15 mV at pH 10 (figure within the same
pH range as can be seen in 4.5b). This is due to the polar functionality (OH – ) of the
surface coating material.

Crude Oil

In order to evaluate the effect of oil composition on the EOR, two oil samples were used.
The main difference is total acid number, which is a crucial parameter for this study.
Due to geochemical factors, other compositional and rheological properties varies. 4.4
summarizes the properties of both samples.
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TABLE 4.4: Properties of crude oil samples

High TAN Low TAN

Reservoir 16 TH Flysch
Well Bockfliess 112 St. Ulrich 65
TVD top [m] 1622 1060
TAN [mg KOH/g] 1.55 0.39
Saturates [%] 39 55
Aromatics [%] 20 25.6
Resins [%] 39 18.6
Asphaltene [%] 2 0.8
µ @ 60 °C [cP] 11.9 6
ρ @ 20 °C [g/cm3] 0.917 0.866
ρ @ 60 °C [g/cm3] 0.884 0.842

Brine

In order to investigate the effect of divalent cations, two synthetic brines were used,
and the composition of both brine is listed in table 4.5.

• Softened injection brine (TW)

• Synthetic formation brine (FW)

TABLE 4.5: Composition of synthetic brine

TW FW

NaCl [g/L] 18.96 19.75
NaHCO3 [g/L] 1.96 -
CaCl2 · 2 H2O [g/L] - 0.4
MgCl2 · 6 H2O [g/L] - 0.66
NH4Cl [g/L] - 0.17
SrCl2 · 6 H2O [g/L] - 0.06
BaCl2 · 2 H2O [g/L] - 0.03

Chemical Combinations for EOR

Different fluid combinations were prepared. Solutions with 0.1 wt% of nanomaterials
were prepared as common practice. Alkaline solutions were prepared with concentra-
tion of 3000 ppm of Na2CO3. According to the study conducted by Lüftenegger et al.
2017 using 16TH oil, any higher alkali concentration will not result in further reduction
of interfacial tension.
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TABLE 4.6: Properties of the utilized fluids

Density [Kg/m3] pH

Fluid Avg Std Avg Std

TW 0.9943 0.00 8.93 0.00
FW 0.9955 0.00 NA NA

0.1 wt% Type (A) in TW 0.9977 0.00 8.56 0.02
0.1 wt% Type (B) in TW 0.9848 0.01 8.76 0.02

0.1 wt% Type (A) + 3000 ppm Na2CO3 in TW 0.9926 0.00 9.93 0.00
0.1 wt% Type (B) + 3000 ppm Na2CO3 in TW 1.0007 0.00 9.92 0.01

3000 ppm Na2CO3 in TW 0.9982 0.00 9.98 0.02

4.2 Experimental Procedure

4.2.1 Overall Methodology

In order to evaluate the potential impact of nanomaterials on the recovery process, the
following workflow was adopted:

• Characterization of the utilized materials (RCA, density measurements, pH mea-
surements, etc.).

• Dispersion stability by monitoring the prepared brine for any flocs or indication
of colloidal instability

• Fluid/Fluid interactions through:

– IFT measurement to examine the impact of nanomaterials on the interfacial
properties.

– Phase behavior test in order to investigate different combinations.

• Rock/Fluid interactions using spontaneous imbibition test.

• Dean-Stark extraction.

• Results analysis by the means of inverse Bond number and capillary diffusion coeffi-
cient.

4.2.2 Routine Core analysis

Porosity and Pore Volume

Porosity was measured according to Boyle’s law. The helium technique was employed
to determine the pore volume, which yields the effective porosity. 4.7 represents a
schematic of the porosimeter.
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FIGURE 4.7: Schematic of helium porosimeter (Torsæter et al. 2003)

Helium is injected into a chamber that contains the sample. After pressure stabi-
lization, a valve leading to a reference chamber with known volume is opened, and
the pressure drop is measured. The volume of gas is determined using the equation
of state. Triplicate measurements ensure a good data quality Pore volume (PV) can be
determined as following:

p1V1 + p2V2 = p(V1 + V2) (4.1)

In order to determine the pore volume V2:

V2 =
p− p1V1

p2 − p
(4.2)

The bulk volume was determined by measuring the sample dimensions (length, diam-
eter). Measurements were carried out on triplicate in order to insure reproducibility.

Permeability to Gas

Permeability was measured using Nitrogen by placing the core plug a Hassler cell con-
nected to differential pressure transducer. N2 is injected from the inlet at a rate of
400-800 mL min−1 and the outlet is at atmospheric pressure. After pressure stabliza-
tion, Darcy’s law4.3 is applied to estimate the permeability. Results is corrected for
Klingenberg effect.

q = −KA
µL

∆P (4.3)

4.2.3 Density measurements

Fluid densities were measured using Anton Paar DMA 5000 M density meter demon-
strated in figure 4.8.

The device relies on the oscillating U-tube principle. A U-shaped tube oscillates
at its characteristic frequency. The characteristic frequency varies depending on the
density of measured fluid.
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All the measurements were performed in triplicates in order to capture the uncer-
tainty. The average value was considered for further calculations.

FIGURE 4.8: Anton Paar DMA 5000 M (Anton Paar 2020)

4.2.4 Phase Behavior

The phase behavior was assessed using the procedure described by Sheng 2011. Glass
pipettes with a capacity of 10 ml a manufactured by Fisher were filled with the aqueous
phase and the oil at a ratio 1:1. Subsequently, the pipettes sealed with a CH4/O2 flame.
The pipettes were shaken for 70 hours before they were placed into the oven under
60 °C. volumes of each phase (brine, oil and emulsion) were read for the next 100 days.
This time was chosen because it is believed that an equilibrium is reached within this
period.

4.2.5 IFT

IFT was measured using a spinning drop tensiometer SDT manufactured by Krüss.
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FIGURE 4.9: Spinning drop tensiometer SDT (Krüss Scientific 2018)

The device relies on shape analysis of the oil drop. The geometry of the oil drop
was analyzed throughout the experiment. The length and diameter of the drop were
determined using image recognition.

Measurement Conditions

All the measurements were conducted under reservoir temperature at 60 °C. A rota-
tional speed of 7000 rpm was maintained during all measurements. With total obser-
vation time of 300 min, 900 data points were collected, and the time interval was with
20 s.

Procedure

An oil droplet is suspended in brine within a silica glass capillary. When the capillary
starts to spin, the centrifugal force pushes out the heavy phase (aqueous phase) more
strongly than the lighter phase (oleic phase) due to its higher density. This results in
pushing the oil droplet towards the center of the capillary and eventually elongating it.
Based on droplet’s shape, one of the following fits is applied to obtain the IFT at each
step (Viades-Trejo et al. 2007).
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FIGURE 4.10: geometry of the spinning drop (Viades-Trejo et al. 2007)

Young-Laplace Fit Before applying any centrifugal force, the droplet has a spherical
shape. For high to medium IFT values, the droplet elongates into an elliptic form upon
spinning.

∆P = σ(
1
r1

+
1
r2
) (4.4)

Where ∆P is the differential pressure on the inner and outer side of the curved surface,
σ the interfacial tension and r2, r1 are the radii of curvature as shown in figure 4.10.

Vonnegut’s Fit When the IFT drops to low values and the ratio
r2

r1
> 4 Young-Laplace

fit is not valid.
Vonnegut’s fit is applicable for cylindrically-shaped droplets

σ =
∆ρω2R3

4
(4.5)

where ∆ρ is density difference between the phases, ω is the rotational speed and R is
the droplet radius.

4.2.6 Pre-Saturation

Figure 4.11 illustrates the flooding setup that was used to pre-saturate the core plugs
with water and oil and determine the endpoint relative permeability for each phase.
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FIGURE 4.11: Schematic of prestauration setup

Workflow

• The core plugs were initially placed in a vacuum glass cell and connected to an
vacuum pump. The cell was vacuumed until 1 µbar was reached and then satu-
rated with synthetic brine.

• Once the core plug was fully saturated with brine, the plug was placed into the
core holder (Hassler Cell) and a confining pressure of 40 bar was applied to en-
sure that injected fluid does not bypass the plug.

• After flushing the cores with 2 PV of brine to insure a complete water saturation,
differential pressure was recorded for different flow rates.

• The permeability to water at 100% water saturation is measured by flooding at
different rates and measuring differential pressure. Data was inputted in equa-
tion 4.3o determine permeability to water by Darcy’s Law.
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• Subsequently, oil is connected to the inflow. The core plug was flushed by oil
overnight at a very low rate 0.10 mL min−1.

• The displaced water was collected in burette, and the volume was recorded to
determine the water saturation.

• In order to overcome the capillary end effect, bump rates were applied.

• Oil at bump rates up to 7 mL min−1 is pumped until no additional water is dis-
placed.

• Water saturation in the core plug was calculated and assumed to be the irre-
ducible water saturation.

• The permeability to oil was measured at the irreducible water saturation.

• Finally, core was dismounted and placed in a vial submerged in oil.

• Core plug was aged in an oven at 60 °C for 3-4 weeks.

4.2.7 Endpoint Permeability

After flushing the cores with 2 PV of brine to insure a complete water saturation, differ-
ential pressure is recorded for different flow rates. The flow rates were selected so that
Reynolds number was maintained below 1in order to maintain a laminar flow regime
(Bear 2013).

Re =
ρqd
µ

(4.6)

Where: Re : Reynolds Number [dimensionless], ρ : Fluid density [kg/m3], q: interstitial
velocity [m s−1], d: the mean grain diameter [meter], µ: dynamic viscosity [kg s−1 m−1].

The mean grain diameter was estimated using the empirical relationship from Berg
1970 The same procedure is followed to calculate the oil end-point permeability at ir-
reducible water saturation.

Example: Keuper 123

The core plug has a porosity φ = 22.56% and permeability to gas K = 1906mD. An
average grain diameter of 375 µm was estimated based on based on figure 4.12. For
the highest flow rate (10 ml min−1), an interstitial velocity of 10.45× 10−4 m s−1 was
calculated.
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FIGURE 4.12: Relating permeability to porosity with varying median
grain size (Berg 1970). Permeability and porosity of core plug Keuper

123 are marked with red lines

By applying the equation 4.6, the value of Reynolds number is 0.39. This indicates
that laminar flow regime is dominating and it is safe to apply Darcy’s law to estimate
the water permeability at 100 % water saturation. Figure 4.13 shows the differential
pressure response for the various flow rates for core plug K123,

FIGURE 4.13: ∆P vs time for different rates - Keuper 123

Linear Regression

In order to save time, end-point permeability measurements were collected from dif-
ferent cores and a multi linear regression was ran to estimate the endpoint permeability
to water, using the porosity and permeability to N2. A linear fit for each rock type was
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conducted. Table 4.7 summarizes the fitting parameter as shown in figure 4.14; the pre-
dicted values were plotted against the measured values to ensure the accuracy of the
prediction.

TABLE 4.7: Regression Parameters

Berea Keuper

Slope 0.55 0.21
Intercept 122 133

(A) Berea (B) Keuper

FIGURE 4.14: Permeability to water, measured vs fitted

4.2.8 Spontaneous Imbibition

Amott cells (shown in 4.15) of temperature-resistant glass manufactured by PanTerra
were used to perform spontaneous imbibition tests.
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FIGURE 4.15: Amott cell for imbibition (left) and drainage (right) (Pan-
Terra 2020)

The core was placed into the cell submerged in the tested brine. The oil was spon-
taneously produced by the capillary imbibition mechanism. As produced oil was col-
lected in a graduated tube, the volume was read in short time intervals at the beginning
(hourly on the first day) and larger time intervals (daily) once the imbibition process
slowed down. The test cells were placed in an oven as shown in figure 4.16 under the
reservoir temperature 60 °C.

The cells were occasionally shaken before readings in order to release the droplets
attached on the core. The test was run until a production plateau was observed.

FIGURE 4.16: Amott cells in the oven

4.2.9 Dean-Stark extraction

Dean-Stark extraction was conducted after the spontaneous imbibition test. In order
to quality-control the recovery values obtained from spontaneous imbibition tests and
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assure the final water saturation values.

Setup and Workflow

A schematic of Dean-Stark apparatus shows the measurement principle (figure 4.17).
Toluene (1) is used as solvent at lab grade according to McPhee et al. 2015. By

heating the solvent in a flask (2) until boiling point, toluene vapor passes through the
sample (3) evaporating the water. the toluene/water mixture passes through the con-
denser (5) which is cooled down by a water stream (6,7). Due to cooling, the mixture
condenses and falls down into the burette (8). Due to gravity segregation, water sep-
arates from toluene. The process is performed for 48 hours and the extracted water
volume is recorded.

FIGURE 4.17: Dean-stark apparatus (McPhee et al. 2015)
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Chapter 5

Results and Discussion

In this chapter, experimental data obtained from; interfacial tension measurements,
phase behavior experiments and spontaneous imbibition tests will be reviewed and
discussed.

5.1 Interfacial Tension

In order to investigate the effect of type of nanomaterial, alkali and oil acidity on in-
terfacial tension, IFT measurements were carried out between different EOR fluids and
high and low TAN oil.

5.1.1 High TAN Oil

Nanomaterials as standalone EOR agent

The interfacial tension in oil/brine system stabilized at 8.4 mN/m. As can be seen
in figure 5.1a, nanomaterial B could lower the IFT compared to the base case (soft-
ened injection brine). The IFT reduction is attributed to adsorption of particles onto
the oil-water surface. The adsorption is limited by the hydrophobicity of the particles
surface. Hydrophilic particles tend to remain suspended within the aqueous phase in-
stead of traveling towards the interface. Despite the fact that both nanomaterials share
the same base composition (SiO2) and approximately the same dimensions, nanomate-
rial B performed better than A in terms of IFT reduction. The more neutrally-charged
surface makes A more preferable accumulate onto the interface. However, the large
particle size results in a lower specific surface area. With nanomaterial B, the sur-
face was modified to increase its hydrophobicity. Nevertheless, figure 4.5 revealed that
B is more negatively-charged, thus the electrostatic repulsion becomes more effectual
(Vatanparast et al., 2018).
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(A) Nanofluids

(B) Alkali and Nanofluids

FIGURE 5.1: Interfacial tension vs time - High TAN oil

Nanomaterials and Alkali

IFT between combinations of nanomaterials and 3000 ppm of sodium carbonate (Na2CO3)
and high TAN oil was measured. The utilization of alkali leads to a drastic reduction
of IFT as shown in figure 5.1b. Alkali reacts with acidic components of the oil produc-
ing in situ surfactants (soap) which contribute mainly to the IFT reduction (Schumi et
al. 2019). An interesting behavior was a slight increase in the IFT at the beginning if
the measurement followed by a steep drop and a stabilization. Neubauer et al. 2020
observed a similar behavior. Sharma et al. 1989 explained that by the shielding of
the newly formed surfactants at the interface. Thus, the consumption of alkali is de-
celerated. Due to convective diffusion at the interface, surfactant molecules migrate
towards the aqueous phase allowing the reaction to occur until an equilibrium has
been reached. In comparison with the base case (softened injection brine with 3000
ppm of Na2CO3), nanomaterial B had no substantial effect on the interfacial tension
(0.15 vs. 0.11 mN m−1, see also table 5.1). This can be explained as following: The elec-
trostatic repulsion between the anionic surfactant molecules and silica particles is very
prominent. However, surfactant molecules are the main player in IFT reduction. Vhen
nanomaterials replace the surfactant molecules at the interface, the IFT is less reduced
(Huh et al. 2019). However, a synergistic effect between nanomaterial A and the alkali
can be noticed and it resulted in IFT reduction to 0.04 mN m−1.

It is seen that the IFT reduction took place at the early stage of the measurement.
Hence, due to the short time scale of this mechanism in comparison with other recovery
mechanisms (e.g. imbibition or wettability alteration) we can safely assume a constant
IFT value for the whole procedure.

5.1.2 Low TAN Oil

Nanomaterials as standalone EOR agent

The addition of nanomaterial A resulted in a slight IFT reduction compared to the base
case (from 3.3 to 2.60 mN m−1) (figure 5.2a and table 5.1). Nanomaterial B performed
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better and reduced the IFT to 1 mN m−1 due to the more negatively charged surface.
IFT reduction is attributed here to the accumulation of particles at the fluid/fluid inter-
face.

(A) Nanofluids

(B) Alkali and Nanofluids

FIGURE 5.2: Interfacial tension vs time - Low TAN oil

Nanomaterials and Alkali

The addition of alkali to the synthetic softened water had a significant impact on the
IFT despite the low TAN number of the oil. As in high TAN case, A outperformed B
when combined with alkali.

IFT was measured between a solution of 3000 ppm of Na2CO3 and low TAN oil at
0.55 mN m−1. The addition of nanomaterial (B) did not result in further IFT reduction
which can be mainly attributed to alkali acid reaction. Nevertheless, nanomaterial A
exhibited a strong synergy with alkali and IFT was lowered to 0.17 mN m−1 as shown
in figure 5.2b. This can be explained by its more neutrally charged surface as discussed
in chapter 4.

The reaction between alkali and acidic components of the oil takes place but the
oil does not contain enough acids to sustain the reaction and lower the IFT further.
Therefore, the IFT was reduced to lower values for high TAN oil than for low TAN oil.

5.1.3 Summary

Nanomaterials were effective in terms of IFT reduction. Combined with alkali, very
low IFT values as low as 0.04 mN m−1 can be achieved.
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TABLE 5.1: Summary of IFT values of various oil/brine systems

Brine Oil AVG [mN m−1] STD Oil AVG [mN m−1] STD

Baseline(TW) High TAN 8.40 - Low TAN 3.40 0.50
0.1 wt% A + TW High TAN 8.30 0.15 Low TAN 2.60 0.13
0.1 wt% B + TW High TAN 5.31 0.49 Low TAN 1.26 0.06
3000 ppm Na2CO3 + TW High TAN 0.11 0.00 Low TAN 0.55 0.15
0.1 wt% A + 3000 ppm Na2CO3 + TW High TAN 0.04 0.00 Low TAN 0.17 0.00
0.1 wt% B + 3000 ppm Na2CO3 + TW High TAN 0.15 0.06 Low TAN 1.00 0.01

It can be observed that for oil-brine systems with high IFT, the measurements were
hardly reproducible. Thus, it is important to note that the IFT measurements of high
IFT cases cannot offer a conclusive quantification but rather a qualitative comparison
of the IFT trends.

The following issues were observed and might have contributed to the uncertainty
in the measurements.

• Junction of oil droplets that leads to change in dimensions and hence, a new IFT
value.

• Switching the fitting algorithm during the measurement

• Under low IFT values, separation of oil droplet occurred leading to a new dimen-
sion and hence new IFT value.

• Connection to the camera was occasionally lost due to memory issues leading to
a discontinuity of the measured IFT.

• Spinning drop method works better for low IFT systems (below 1 mN m−1). Above
this value, other techniques are more suitable (pendant drop).

• Pendant drop measurements were not possible under 60 °C only at room temper-
ature because the droplet was detached before IFT stabilized.

• IFT value with distilled water should be around 20-30 mN m−1. Nonetheless, the
measured value with synthetic injection brine (TW) was significantly lower. This
is presumably due to the presence of carbonate buffer1 which reacts to a certain
extent with acidic components of the oil.

5.2 Phase Behavior

The goal of phase experiments is to study the emulsification process and emulsion
stability over time.

1See table 4.5
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5.2.1 Compatibility Test

During fluid preparation, white sediment deposited in the solutions that contain nano-
materials and alkali, which were prepared using synthetic formation brine rich in diva-
lent cations 2. Nevertheless, this precipitation did not occur in the nanomaterials sus-
pension diluted with formation brine. A solution of 3000 ppm Na2CO3 was prepared
using formation brine and monitored for a few hours. As shown in figure 5.3, pre-
cipitation similar to the previously mentioned one was observed, however, to a lower
extent. The precipitation is triggered by the reaction of dissolved calcium with alkali
due to supersaturation of calcium carbonate at a specific pH range (Spanos et al. 1998).
In the presence of nanomaterials, hetero aggregation of calcium carbonate flocs and
the nanomaterials (Liesegang et al. 2017) or incorporation of nanoparticles in calcium
carbonate (Magnabosco et al. 2019) is believed to occur. Hence, it is not recommended
to use alkali when the formation brine is rich in divalent cations.

FIGURE 5.3: Precipitation in the formation brine/alkali solution

5.2.2 High TAN Oil

It can be concluded that the emulsification process was mainly driven by the alkali-
acid reaction. Nanomaterials alone were not able to emulsify a significant amount of
oil. However, a thin emulsion layer was observed at the oil/brine interface, and it
was stable throughout the measurement period. Figure 5.4 shows that the emulsions
formed under the presence of nanomaterials and alkali were very stable compared to
alkali alone.

2See table 4.5 for brine composition
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In previous work from Neubauer et al. 2020, nanomaterial B produced more stable
emulsions, which had also better rheological properties after 100 days. The difference
between out work and the previously conducted work by Neubauer et al. 2020 can be
attributed to the initial energy input that may have differed from the previous study
(Arab et al. 2018) or differences in the experimental setup.

Figure 5.5 shows the middle-phase macroemulsion. it can be observed that the
emulsions obtained with nanomaterial B have a slightly darker color, which indicates
higher oil content. To explain that, two questions have to be answered. Firstly: How
do phase separation occur. secondly: How emulsions are stabilized. The main mecha-
nism of phase separation is droplets junction. emulsions are created when oil droplets
are coated with hydrophilic layer and dispersed within the aqueous phase. Binks et
al. 2007 suggested that the synergy between is triggered when the oppositely-charged
surfactant molecules are attached to nanoparticles surface changing their wettability.
In our case, the oil droplets, which are covered by anionic surfactants (soaps), are ster-
ically hindered from coagulation due to the electrostatic repulsion. The dispersion of
negatively charged particles in the medium enhances this repulsive interaction.

FIGURE 5.4: Emulsion volume vs time - High TAN oil
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Emulsion Type

(A) 0.1 wt%A + 3000 ppm Na2CO3 (B) 0.1 wt%B + 3000 ppm Na2CO3

FIGURE 5.5: Formed emulsion with alkali and nanomaterials - High
TAN oil - Softened injection brine (Triplicates)

Solublization Factor

SF was reviewed in section 2.7.3. SF was computed for the solutions containing nanopar-
ticles only and they were treated as surfactant molecules. This was not applicable to
alkaline solutions since the mass of generated soap is unknown. After 100 days SF
using nanomaterial (A) was 13.3 while for (B) was 35.2

5.2.3 Low TAN Oil

In case of low TAN oil, high emulsion volume was observed directly after mixing.
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FIGURE 5.6: Emulsion volume vs time - Low TAN oil

Despite the low TAN number, high initial emulsion volume was obtained using
alkali. Figure 5.6 shows that nanomaterial B resulted in a better emulsification with
alkali. In general, alkali, together with the acidic components of the oil, provided the
necessary medium for emulsification, while nanomaterials stabilized the emulsion.

Both nanomaterials showed the same emulsification behavior with low TAN oil
in the absence of alkali. A thin film was developed at the interface and was stable
throughout the measurement period.

Figure 5.7b shows the formed emulsion using alkali and nanomaterial B with low
TAN oil. A middle phase of macroemulsion can be recognized. In comparison with
figure 5.7a, we can see that the emulsion phase for both nanoparticles shows similar
optical properties (Dark milky color).
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(A) 0.1 wt%A + 3000 ppm Na2CO3 (B) 0.1 wt%B + 3000 ppm Na2CO3

FIGURE 5.7: Formed emulsion with alkali and nanomaterials - Low TAN
oil (Triplicates)

5.3 Spontaneous Imbibition

This section evaluates the rock-fluid interactions by observing the oil recovery by the
spontaneous imbibition of the brine. In order to capture the various effects and param-
eters that control this process, different cases were tested as following:

TABLE 5.2: Investigated parameters using SI tests

Oil
High TAN
Low TAN

Rock Type
Berea
Keuper

Nanomaterials
Type A
Type B

Alkali
no alkali
3000 ppm Na2CO3

Divalent Cations
Softened injection brine (TW)
Synthetic formation brine (FW)
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5.3.1 Baseline Experiments

The baseline experiments consist of four different oil/rock combinations soaked in soft-
ened injection brine. These tests are crucial to assess the additional recovery by utiliz-
ing EOR fluids. Figure 5.8 shows the oil recovery versus square root of time.

FIGURE 5.8: Oil recovery using softened injection brine (Baseline)

The following observations can be made:

Initial wettability state The high recoveries from Berea samples for both oil types can
be attributed to a mixed-wet state.

Core plugs permeability Since the spontaneous imbibition is a capillary driven mech-
anisms, the recovery was higher/faster in the cores with lower permeability where
the capillary forces tend to be more significant (Morrow et al. 2001).

IFT From 5.9 we can observe the relatively large volume of the produced oil droplets,
which indicates a high IFT regime between the oil and brine , which is in accor-
dance with the IFT measurements.

Oil viscosity Low TAN oil has significantly lower viscosity than high TAN oil ( 6 mPa s
and 11.90 mPa s for low and high TAN oil respectively). In core plugs with low
permeability, the recovery values were higher for the low TAN oil, which is in
agreement with the results of Zhou et al. 2002 and Meng et al. 2017 who observed
a similar behavior in low-perm dolomite. They attributed that proportionality
between ultimate oil recovery to the square root of dimensionless time

√
tD. tD is

given by the equation 5.1. Under the same capillary pressure and wettability it is
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directly dependent on the mobility ratio M 3.

tD = t

√
K
φ

σ

L2
D

√
λ∗rwλ∗rnw

1√
M∗ + 1√

M∗
(5.1)

Where: K, φ are the rock permeability and porosity, σ is the interfacial tension,
LD is the characteristic length, λrnw and λrw are the characteristic mobilities for
non-wetting and wetting phase respectively and M∗ is the characteristic mobility
ratio.

Imbibition mechanisms Counter current SI was more dominant especially at the early
stage of the process. This can be concluded from the observation that most of the
produced oil droplets were accumulating on the walls of core plugs.

Clay content Keuper core plugs with clay content higher than 10% are believed to be
more oil wet according to Sayyouh et al. 1990 who suggested that under low
to moderate salinity the tendency towards oil-wet increases with increasing clay
content. More oil wetness makes the water less favorable to imbibe into the core,
and thus the recovery under SI will be lower.

FIGURE 5.9: Oil droplets on Keuper core plug

3See equation 2.5
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Berea Samples

Figure 5.10 depicts the recovery from individual core plugs.
The baseline experiments using high TAN oil was run in duplicates. Core plugs

5-114 and 5-147 were submerged in softened injection brine (TW). Both core plugs fol-
lowed the same recovery curve and the end recoveries were 41.1 % and 53.3% respec-
tively.

For low TAN oil, core plugs 5-184 and 5-179 were used. Core plug 5-179 exhibited
more rapid imbibition, and the final recoveries were 67% and 47% respectively.

FIGURE 5.10: Oil recovery from Berea core plugs (Baseline)

Keuper Samples

For the baseline experiments in Keuper with high TAN oil, the test was conducted in
triplicates. Core plugs (K103, K98 and K108) were tested using Amott cells. Figure 5.11
illustrates oil recovery from the selected cores.
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FIGURE 5.11: Oil recovery from Keuper core plugs (Baseline - High TAN
oil)

The following observations can be made:

K103 This core achieved a recovery of 29.7% of OOIP. Dean-Stark extraction showed
that the extracted water volume exceeded the estimated volume (imbibed brine
+ initial water saturation) by 3 mL. The reason behind could be that the initial
water saturation was underestimated or the more water imbibed into the core
during dismounting. The initial water saturation was corrected to match Dean-
Stark value.

K98 This core plug experienced mechanical shaking during the mounting process. The
recovery was abnormally high (70%) compared to the other replicates.

K108 due to time restrictions, Dean-Stark extraction was not performed on this core.
However, due to the consistency with the results obtained from K103, K108 was
selected to be the baseline for the later experiments performed in Keuper with
high TAN oil.

Core plugs for Keuper with low TAN oil showed a consistent behavior. Core plugs
K123 and K111 followed the same recovery trend with very little standard deviation
(figure 5.8) and 11.3% and 9.2% of OOIP was recovered.

5.3.2 The Influence of Nanomaterials

Berea Samples

Figure 5.12 demonstrate that the utilization of nanomaterials resulted in additional re-
coveries up to 20% for both oil types.
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(A) High TAN oil (B) Low TAN oil

FIGURE 5.12: Oil recovery from Berea core plugs using nanomaterials

As shown in figure 5.12a, nanomaterial A could achieve higher recovery than nano-
material B. This can be explained by the more neutrally charged surface. In addition,
one potential factor is the solublization factor SF which is lower for nanomaterial A
than for nanomaterial B (13.3 vs 35.2, see section was mentioned in 5.2.2). A lower
solublization factor would lead to higher recovery under SI (Chen et al. 2018).

Figure 5.12b indicates that the recoveries with low TAN oil were higher than with
high TAN oil. This can be explained by the lower viscosity of low TAN oil. The lower
IFT, which was achieved using low TAN oil nanomaterial A could also contribute to the
higher/faster recovery of nanomaterial A than what was achieved using nanomaterial
B.

Keuper Samples

Figure 5.13 shows that the contribution of nanomaterials to additional recovery varied
depending on the nanomaterial type and the oil, which was used.
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(A) High TAN oil (B) Low TAN oil

FIGURE 5.13: Oil recovery from Keuper core plugs using nanomaterials

As shown in figure 5.13a, Type B was more effective with high TAN oil in terms of
recovery in contrary to what was observed in Berea core plugs. The more negatively
charged silica NPs tend to adhere better on the pore walls that are coated by ferric
oxide which promotes more positively charged surface (Omurlu et al. 2016). Due to
this adhesion, the mineral surface will be tuned towards more favorable wettability
state (Alvarez-Berrios et al. 2018).

Figure 5.13b indicates that the recoveries with low TAN oil were lower than the ones
obtained with high TAN oil. Nanomaterial A could achieve slightly higher recovery
than B which did not show any improvement compared to the baseline. This can be
attributed to tho more neutral surface charge of nanomaterial A.

The recovery mechanisms in Keuper are more complicated due to the presence of
clay minerals and iron (hydr)oxides. Higher clay content promotes oil wetness (Sayy-
ouh et al. 1990). Thus, wettability alteration of the mineral surface would be the most
effective mechanism.

5.3.3 The Effect of TAN Number

Berea Samples

Figure 5.14 demonstrates that for all aqueous solutions that do not contain alkali, the
recoveries with low TAN oil were higher than the ones with high TAN oil. This can be
due to two reasons:

• The lower viscosity of low TAN oil.

• The higher asphaltene and polar components content in high TAN oil (2% vs.
1%), which promotes more oil wetness (Buckley 1995).
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FIGURE 5.14: Oil recovery from Berea cores using nanomaterials only

Keuper Samples

Figure 5.15 shows the opposite behavior was observed for Keuper cores, i.e. higher
recoveries for high TAN oil than for low TAN oil. Keuper core plugs saturated with
high TAN oil exhibited higher recoveries compared to the ones with low TAN oil.

Due to the high permeability of Keuper core plugs, the viscosity of oil does not
play a major role in the spontaneous imbibition process (Meng et al. 2017). Hence, the
capillary forces are also weaker.
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FIGURE 5.15: Oil recovery from Keuper cores using nanomaterials only

5.3.4 The Effect of Divalent Cations

Core plugs of both rock types were pre-saturated with synthetic formation brine, which
is rich in divalent cations. However, EOR fluids were prepared using synthetic injection
brine (TW) 4. Figure 5.16a shows that, in the baseline for Berea, recoveries were slightly
higher in the core plugs saturated with formation brine (58.3% of OIIP). Nevertheless,
nanomaterials had a negative impact on the recovery in the presence of divalent cations
(49± 3% of OIIP ). Metin et al. 2011 investigated the effect divalent cations on colloidal
stability. Divalent cations like calcium or magnesium trigger the aggregation of silica
nanomaterials. This could result in pore throat plugging and formation damage. Figure
5.16b revealed that for the baseline for Keuper core plugs saturated with formation
brine, lower recovery values were achieved (6.3% vs. 9.2% of OOIP). This could be
explained by the fact that the presence of divalent cations promotes more oil-wetness
(Haagh et al. 2017). In contrary to the Berea case, the use of nanomaterials in EOR fluids
succeeded to slightly enhance the recovery. The larger pore throat in the Keuper cores
and the higher clay content and mineralogical heterogeneity that involves mechanisms
that are more complex, can explain these observations.

4For brine composition see table 4.5
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(A) Berea (B) Keuper

FIGURE 5.16: Oil recovery from core plugs using nanomaterials

5.3.5 The Effect of Alkali

To study the impact of alkali on the recovery process, 3000 ppm of Na2CO3 were com-
bined with nanomaterials.

Berea-High TAN Oil

Figure 5.17 shows that alkali per se boosted the recovery by 23%. This can be explained
by acid-alkali reaction and the generation of in-situ surfactant. The combination of al-
kali and nanomaterial B resulted in significant improvement in recovery. The high
imbibition rate with high ultimate recovery suggests a strong rock fluid interaction.
Dean-Stark revealed that the imbibed water volume is lower than monitored during the
Amott test, which supports the assumption that the produced volume is macroemul-
sion. This can be linked to the low IFT, which facilitates spontaneous emulsification.
This also explains some abnormally high recoveries (> 100% of OOIP) in some core
plugs.

The capillary diffusion coefficient was reduced in this case by a factor of 5% (9.38E-
09 vs. 9.88E-09 for the baseline). However, the IFT was 19 times lower (0.15 mN m−1

vs. 8.40 mN m−1). This suggests that a major wettability alteration has taken place.
Nanomaterial A combined with alkali did not improve the ultimate recovery de-

spite the significant IFT reduction. Imbibition rate was low in this case due to the
substantially low IFT. Nevertheless, the ultimate recovery falls close to the baseline.
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FIGURE 5.17: Oil recovery from Berea cores - High TAN oil

Berea-Low TAN Oil

Figure 5.18 shows that despite the positive impact of alkali and nanomaterials on IFT
as well as on emulsion stabilization did not result in a recovery enhancement. The
highest ultimate recovery was achieved using alkali alone (86.8% of OOIP). Since the
enhancements observed during fluid-fluid interactions did not result in additional re-
covery, we can attribute that to a major rock-fluid interaction. The synergy between
alkali and nanomaterials which was observed in in the experiments using high TAN
oil and Berea cores (section 5.3.5) was imperceptible.
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FIGURE 5.18: Oil recovery from Berea cores - Low TAN oil

Table 5.3 summarizes all the ultimate recoveries (as a percent of OOIP) from Berea
core plugs using the different EOR formulations.

TABLE 5.3: Summary of oil ultimate recoveries in Berea core plugs

Brine Oil AVG [%] STD Oil AVG [%] STD

Baseline(TW) High TAN 47.2 8.4 Low TAN 57.1 3.8
0.1 wt% TypeA + TW High TAN 67.1 0.15 Low TAN 72.0 0.85
0.1 wt% TypeB + TW High TAN 50.2 1.5 Low TAN 66.3 10.6
3000 ppm Na2CO3 + TW High TAN 59.7 23.1 Low TAN 71.5 11.1
0.1 wt% TypeA + 3000 ppm Na2CO3 + TW High TAN 45.8 1.7 Low TAN 72.9 1.6
0.1 wt% TypeB + 3000 ppm Na2CO3 + TW High TAN 97.7 16.0 Low TAN 86.8 9.3

Keuper-High TAN Oil

Figure 5.19 shows a significant increase in ultimate recovery after introducing alkali
to the EOR fluid. Alkali reaction with acidic components and the generated soap is
responsible for the IFT reduction seen in figure 5.1b and consequently high ultimate
recovery.

In some cases the ultimate recovery exceeded 100% of OOIP which is attributed to
the spontaneous emulsification of the oil. This was confirmed by Dean-Stark extraction
since the extracted water volume was less that the recorded imbibed volume added to
the initial WIP.
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It is difficult to evaluate the role of nanomaterials since the recoveries with alkaline
fluids fall close to each other. For this purpose, further investigations should be carried
out (contact angle measurements, core floods, etc.)

FIGURE 5.19: Oil recovery from Keuper cores - High TAN oil

Keuper-Low TAN Oil

Despite the low TAN number, the utilization of alkali enhanced the recovery as demon-
strated in figure 5.20. After introducing the nanomaterials to the alkaline EOR fluid,
the recovery was significantly boosted. This is a very good indicator of the synergy be-
tween alkali and nanomaterials. Some of these synergistic effects were observed during
fluid-fluid interactions in sections 5.1 and 5.2.

Nanomaterial A performed better due to neutral surface charge and the affinity of
clay to adsorb SiNP coated with more neutral polymers (Omurlu et al. 2016)
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FIGURE 5.20: Oil recovery from Keuper cores - Low TAN oil

Table 5.4 summarizes all the ultimate recoveries (as a percent of OOIP) from Keuper
core plugs using the different EOR formulations.

TABLE 5.4: Summary of oil ultimate recoveries in Keuper core plugs

Brine Oil AVG [%] STD Oil AVG [%] STD

Baseline(TW) High TAN 44.8 - Low TAN 10.3 1.5
0.1 wt% TypeA + TW High TAN 41.1 2.2 Low TAN 13.8 3.4
0.1 wt% TypeB + TW High TAN 57.0 7.7 Low TAN 9.3 2.0
3000 ppm Na2CO3 + TW High TAN 95.3 2.6 Low TAN 41.0 15.1
0.1 wt% TypeA + 3000 ppm Na2CO3 + TW High TAN 95.4 5.9 Low TAN 72.2 5.9
0.1 wt% TypeB + 3000 ppm Na2CO3 + TW High TAN 97.5 19.0 Low TAN 66.8 22.7

5.4 Dean-Stark Extraction

Table 5.5 summarizes the results of Dean-Stark extraction. By and large, the results
were in accordance with the estimated recoveries. However, in core plugs, which were
submerged in alkali and nanomaterials, the extracted water volumes were less than
estimated. This was accompanied by high recoveries (exceeded 100% of OOIP) in some
cases. This can be explained by the spontaneous emulsification during the recovery
process. This leads to overestimation of the recoveries since the readings corresponds
for emulsion volume rather than pure oil volume.
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5.5 Numerical Analysis

5.5.1 Inverse Bond Number

the fundamentals of inverse Bond number were discussed thoroughly in section 2.7.3.
This study aims to influence N−1

B by lowering IFT in the oil/brine system.

The Shape of Recovery Curve

Figure 5.21 shows the ultimate recovery curve of two Berea cores saturated with low
TAN oil. Core (5-179) was submerged in softened injection brine (TW) while (5-122)
was submerged in alkaline nanomaterial (0.1 wt% Type B + 3000 ppm Na2CO3 + TW).
Since the IFT was reduced, the recovery was slower (lower imbibition rate) while a
rapid imbibition can be observed in case of high IFT (5-179). Lowering IFT results
in weakening the capillary forces that are significant for counter current imbibition,
which was noticed during baseline experiments. Gravitational forces are more effective
in case of low inverse Bond number, which results in sufficient hydrostatic pressure
behind oil droplets to detach them before snap-off takes place. Gravitational forces are
significant for concurrent spontaneous imbibition (Al-Quraishi 2004).

FIGURE 5.21: Recovery curve comparison for different values of N−B 1

Recovery vs Inv. Bond Number

Figure 5.22 depicts the results of from previous works, which investigated low IFT
imbibition together with the results obtained from this study.
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FIGURE 5.22: Oil recovery vs N−B 1 - comparison with previously done
works

There is a general trend showing that the ultimate recovery increases when N−B 1
decreases. However, no systematic trend can be recognized since the data is obtained
from different rock/oil systems.

In figure 5.23 the ultimate recoveries vs N−B 1 for the different rock/oil systems are
plotted.Except for Berea- high TAN oil case, an exponential relationship delivered the
best fit, which is in consistency with the literature (Babadagli 2005), (Neubauer et al.
2020).

This analysis does not take the wettability effect into account. Hence, in cases were
IFT was lowered and imbibition rate increased, a wettability alteration process must
have taken place (Babadagli 2005).

5.5.2 Capillary Diffusion Coefficient

By fitting the obtained normalized oil saturation values to the equation 2.24, A constant
Dc can be estimated using a Non-Linear Least-Squares fitting algorithm 5.

Example

Figure 5.24 shows that with a constant capillary diffusion coefficient a reasonable fit
has been achieved. Mismatches occurred mainly due to the shaking process and spikes
in read-off values. the core 5-184 was submerged in softened injection brine (Baseline)
while core 5-122 was submerged in brine containing 0.1 wt% type (B) and 3000 ppm
of Na2CO3. By looking at 5.1 we can see that IFT was reduced 98%. Under a fixed
wettability state, imbibition kinetics should be lowered by the same magnitude. How-
ever, capillary diffusion coefficient is in 5-122 slightly lower than 5-184. IFT reduction
suggests a weaker capillarity and thus slower imbibition.

5See https://lmfit.github.io/lmfit-py/

https://lmfit.github.io/lmfit-py/
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(A) Berea - High TAN oil (B) Berea - Low TAN oil

(C) Keuper- High TAN oil (D) Keuper - Low TAN oil

FIGURE 5.23: Ultimate recovery vs N−B 1
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(A) 5-184 (B) 5-122

FIGURE 5.24: Relative oil Saturation vs. square root of time

TABLE 5.6: Results of computations performed on each core

Core Rock Dc N−B 1 IFT Oil Brine Sor Recovery IFTreduction[%] Dcchange[%]

0 5− 114 Berea 9.88E− 09 30.92 8.40 High_TAN Baseline 47.0 41.1 0.00% 0.00%
1 5− 147 Berea 9.88E− 09 31.05 8.40 High_TAN Baseline 39.3 53.3 0.00% 0.00%
2 5− 184 Berea 9.88E− 09 8.39 3.40 Low_TAN Baseline 43.5 49.2 0.00% 0.00%
3 5− 179 Berea 9.88E− 09 8.76 3.40 Low_TAN Baseline 25.4 67.1 0.00% 0.00%
4 K108 Keuper 1.10E− 08 16.54 8.40 High_TAN Baseline 65.3 24.5 0.00% 0.00%
5 K123 Keuper 9.88E− 09 4.24 3.40 Low_TAN Baseline 69.8 11.4 0.00% 0.00%
6 K111 Keuper 9.88E− 09 4.74 3.40 Low_TAN Baseline 74.5 9.3 0.00% 0.00%
7 5− 204 Berea 1.61E− 08 29.33 8.30 High_TAN 0.1wt%Type(A) + TW(NPonly) 18.3 73.1 1.19% −62.74%
8 5− 181 Berea 1.62E− 08 28.98 8.30 High_TAN 0.1wt%Type(A) + TW(NPonly) 27.0 61.2 1.19% −63.86%
9 5− 126 Berea 1.60E− 08 6.82 2.60 Low_TAN 0.1wt%Type(A) + TW(NPonly) 18.6 75.6 23.53% −62.15%
10 5− 213 Berea 1.61E− 08 6.82 2.60 Low_TAN 0.1wt%Type(A) + TW(NPonly) 22.0 70.2 23.53% −62.53%
11 K135 Keuper 1.59E− 08 21.92 8.30 High_TAN 0.1wt%Type(A) + TW(NPonly) 42.4 42.6 1.19% −43.86%
12 K126 Keuper 1.58E− 08 20.55 8.30 High_TAN 0.1wt%Type(A) + TW(NPonly) 51.0 39.6 1.19% −42.77%
13 K112 Keuper 1.59E− 08 3.64 2.60 Low_TAN 0.1wt%Type(A) + TW(NPonly) 66.9 16.3 23.53% −61.14%
14 K80 Keuper 1.61E− 08 3.81 2.60 Low_TAN 0.1wt%Type(A) + TW(NPonly) 69.7 11.5 23.53% −62.99%
15 5− 113 Berea 1.56E− 08 23.21 5.30 High_TAN 0.1wt%Type(B) + TW(NPonly) 42.3 51.3 36.90% −57.39%
16 5− 040 Berea 1.55E− 08 23.26 5.30 High_TAN 0.1wt%Type(B) + TW(NPonly) 43.7 49.2 36.90% −57.19%
17 5− 203 Berea 1.56E− 08 3.57 1.26 Low_TAN 0.1wt%Type(B) + TW(NPonly) 32.7 56.9 62.94% −57.49%
18 5− 178 Berea 1.56E− 08 3.85 1.26 Low_TAN 0.1wt%Type(B) + TW(NPonly) 18.5 75.7 62.94% −57.70%
19 K88 Keuper 1.56E− 08 10.61 5.30 High_TAN 0.1wt%Type(B) + TW(NPonly) 31.0 62.5 36.90% −41.04%
20 K81 Keuper 1.55E− 08 12.44 5.30 High_TAN 0.1wt%Type(B) + TW(NPonly) 37.7 51.5 36.90% −40.62%
21 K134 Keuper 1.55E− 08 2.82 1.26 Low_TAN 0.1wt%Type(B) + TW(NPonly) 73.4 8.0 62.94% −56.55%
22 K120 Keuper 1.55E− 08 2.41 1.26 Low_TAN 0.1wt%Type(B) + TW(NPonly) 68.9 10.8 62.94% −57.13%
23 5− 206 Berea 1.55E− 08 0.14 0.04 High_TAN 0.1wt%Type(A) + 3000ppmNa2CO3 + TW 44.0 47.1 99.54% −56.60%
24 5− 212 Berea 1.56E− 08 0.14 0.04 High_TAN 0.1wt%Type(A) + 3000ppmNa2CO3 + TW 43.3 44.7 99.54% −57.36%
25 5− 210 Berea 1.55E− 08 0.47 0.18 Low_TAN 0.1wt%Type(A) + 3000ppmNa2CO3 + TW 21.7 73.2 94.76% −57.01%
26 5− 211 Berea 1.56E− 08 0.46 0.18 Low_TAN 0.1wt%Type(A) + 3000ppmNa2CO3 + TW 20.4 70.9 94.76% −57.59%
27 K124 Keuper 1.55E− 08 0.08 0.04 High_TAN 0.1wt%Type(A) + 3000ppmNa2CO3 + TW 7.5 91.2 99.54% −40.91%
28 K110 Keuper 1.55E− 08 0.07 0.04 High_TAN 0.1wt%Type(A) + 3000ppmNa2CO3 + TW 0.4 99.5 99.54% −40.47%
29 K99 Keuper 1.52E− 08 0.25 0.18 Low_TAN 0.1wt%Type(A) + 3000ppmNa2CO3 + TW 17.6 76.4 94.76% −54.25%
30 K115 Keuper 1.53E− 08 0.27 0.18 Low_TAN 0.1wt%Type(A) + 3000ppmNa2CO3 + TW 24.2 68.1 94.76% −54.49%
31 5− 163 Berea 9.38E− 09 0.63 0.15 High_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW −4.9 108.1 98.21% 5.07%
32 5− 186 Berea 9.38E− 09 0.63 0.15 High_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW 13.6 79.3 98.21% 5.07%
33 5− 124 Berea 9.38E− 09 2.90 1.00 Low_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW 18.0 75.8 70.59% 5.07%
34 5− 122 Berea 9.38E− 09 2.91 1.00 Low_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW 15.5 80.3 70.59% 5.07%
35 K106 Keuper 9.38E− 09 0.37 0.15 High_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW 20.2 76.5 98.21% 14.95%
36 K131 Keuper 9.38E− 09 1.72 1.00 Low_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW 5.1 92.5 70.59% 5.07%
37 K122 Keuper 9.38E− 09 1.57 1.00 Low_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW 36.1 48.2 70.59% 5.07%
38 5− 067 Berea 1.56E− 08 0.42 0.11 High_TAN 3000ppmNa2CO3 + TW 45.8 34.1 98.69% −57.49%
39 5− 130 Berea 1.55E− 08 0.41 0.11 High_TAN 3000ppmNa2CO3 + TW 27.6 65.9 98.69% −56.94%
40 K119 Keuper 1.55E− 08 0.21 0.11 High_TAN 3000ppmNa2CO3 + TW 2.0 97.2 98.69% −40.11%
41 K113 Keuper 1.54E− 08 0.24 0.11 High_TAN 3000ppmNa2CO3 + TW 4.7 93.4 98.69% −39.67%
42 K65 Keuper 1.53E− 08 0.65 0.55 Low_TAN 3000ppmNa2CO3 + TW 63.6 30.4 83.82% −54.40%
43 K14 Keuper 1.51E− 08 0.78 0.55 Low_TAN 3000ppmNa2CO3 + TW 33.4 51.8 83.82% −53.20%
44 5− 225 Berea 1.55E− 08 1.39 0.55 Low_TAN 3000ppmNa2CO3 + TW 3.9 94.6 83.82% −57.20%
45 5− 201 Berea 1.56E− 08 1.33 0.55 Low_TAN 3000ppmNa2CO3 + TW 17.9 78.9 83.82% −57.55%
46 K130 Keuper 1.24E− 08 0.36 0.15 High_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW −6.2 108.9 98.21% −12.58%
47 K139 Keuper 1.24E− 08 0.28 0.15 High_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW −5.5 108.0 98.21% −12.58%
48 K121 Keuper 1.24E− 08 1.49 1.00 Low_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW 35.5 60.2 70.59% −25.65%
49 5− 191 Berea 1.24E− 08 2.88 1.00 Low_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW 35.3 62.5 70.59% −25.65%
50 5− 185 Berea 1.24E− 08 0.57 0.15 High_TAN 0.1wt%Type(B) + 3000ppmNa2CO3 + TW −3.3 106.0 98.21% −25.65%
51 5− 129 Berea 1.55E− 08 0.43 0.11 High_TAN 3000ppmNa2CO3 + TW 15.1 79.1 98.69% −57.14%
52 5− 086 Berea 1.57E− 08 29.02 8.40 High_TAN Baseline 32.1 58.3 0.00% −58.45%
53 5− 082 Berea 1.57E− 08 32.78 8.30 High_TAN 0.1wt%Type(A) + TW(NPonly) 47.9 45.0 1.19% −58.82%
54 5− 097 Berea 1.57E− 08 29.76 8.30 High_TAN 0.1wt%Type(A) + TW(NPonly) 34.8 52.9 1.19% −58.87%
55 K23 Keuper 1.58E− 08 17.82 8.30 High_TAN 0.1wt%Type(A) + TW(NPonly) 76.4 9.2 1.19% −42.79%
56 K33 Keuper 1.57E− 08 15.68 8.40 High_TAN Baseline 88.6 7.1 0.00% −41.89%
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Wettability and Diffusion

Table 5.6 summarizes the results of N−1B calculations. As mentioned earlier, N−1B is
insensitive to wettability changes. In case of a stable wettability state, a reduction in
IFT should result in slower imbibition and thus reduction in Dc in the same magnitude.
The reduction in Dc can be seen only in the cores submerged in 0.1 wt% Type B +
3000 ppm Na2CO3 + TW. However, for the other EOR fluids, imbibition kinetics were
accelerated despite the IFT reduction. This can be attributed to wettability alteration
towards water wet, which results in rapid imbibition of the aqueous phase into the
core. Other works that investigated SI using nanomaterials also reported an increase
in imbibition rate (Wang et al. 2017).

By taking a closer look into the table 5.6, we can draw the following conclusions:
It can be seen that nanomaterial A induced an acceleration of the imbibition (in case

of Berea with high TAN oil, Dc was increased by 62% using nanomaterial (A) compared
to 57% with nanomaterial (B)). By adding 30000 ppm of Na2CO3, IFT was lowered.
Consequently, imbibition kinetics were decelerated compared to the case of nanomate-
rials only. However, Dc is still higher than the base case except the combinations with
nanomaterial (B).
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Chapter 6

Final Conclusions

In this chapter, the conclusions drawn in the course of this study are summarized based
on the the experimental methods and presented in a way that addresses the research
objective.

6.1 Summary

6.1.1 Interfacial Tension

The following points were concluded from the relatively short measurement period.
However, nanomaterials are expected to be more effective within a larger time scale
since they are less liable to degradation.

• Nanomaterials were very effective in terms of IFT reduction as standalone EOR
agents. With high TAN oil, IFT was lowered from 8.3 to 0.039 to mN m−1 after
combining nanomaterial (A) and 3000 ppm of Na2CO3

• The magnitude of IFT reduction by nanomaterials is highly dependent on its sur-
face modification

• Combining nanomaterials with alkali can result in synergistic IFT reduction es-
pecially after optimizing the surface charge of the utilized nanomaterials

• The TAN of the oil plays a substantial role when alkali is used

6.1.2 Phase Behavior

The phase behavior experiment could provide an idea on the effect of nanomaterials
on the emulsion stability but they can be hardly linked to the Amott tests since the
conditions of energy input are not the same in both experiments.
The main points are:

• The effect of TAN becomes detrimental since the emulsification process is mainly
driven by the alkali-acid reaction

• Nanomaterials alone were not able to generate a significant volume of emulsions

• The emulsions generated using alkali and nanomaterials were very stable com-
pared to those which were generated using alkali



78 Chapter 6. Final Conclusions

• EOR formulations with lower IFT resulted in better emulsification

• The effect of nanomaterial’s surface charge was more notable with high TAN oil

6.1.3 Spontaneous Imbibition

In Amott test the conclusions are grouped based on each parameter, which was varied
throughout the experiment

The Influence of Rock Type

• In Berea core plugs and in the absence of alkali, ultimate recoveries were higher
with low TAN oil

• This can be linked to the oil viscosity and the lower content of asphaltene and
resins

• With Keuper core samples, the opposite behavior was observed and the ultimate
recovery with high TAN oil were always higher

• The presence of clay minerals in Keuper core plugs together with the high content
of polar components in high TAN oil promotes more oil-wetness. Hence, the
wettability alteration becomes very effective in the recovery process

• The complex wetting behavior in the rock-fluid system is still to be investigated

The Influence of Nanomaterials

• In Berea core plugs, nanomaterials with more neutrally charged surface performed
better as a standalone EOR agent. This is in accordance with IFT and ζ-potential
measurements

• In Keuper core plugs, the comparison becomes more complex due to rock hetero-
geneity and the presence of clay minerals

The Influence of Alkali

• In some cases, alkali exhibited a synergistic effect with nanomaterials which re-
sulted in high ultimate recoveries (e.g. 97.7% of OOIP in Berea-high TAN oil case)

• In general, nanomaterial B performed better with alkali

• The IFT reduction by alkali and nanomaterials is vital for spontaneous imbibi-
tion but it cannot serve as the only explanation for the ultimate recovery (e.g.
nanomaterial A + 3000 ppm Na2CO3 with high TAN oil in Berea core plugs)

• The recoveries might differ from those expected from fluid-fluid interaction due
to complex rock-fluid interactions especially in cases with alkaline EOR formula-
tions

• The high ultimate recoveries can be attributed to different mechanisms but mainly
to IFT reduction and wettability alteration towards water-wet
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The Influence of Divalent Cations

• In Berea core plugs, the baseline in the core plugs saturated with synthetic forma-
tion brine (rich of divalent cations) was slightly higher than the one in core plugs
saturated with softened injection brine

• Introducing nanomaterials to the softened injection brine did not result in addi-
tional recovery

• In Keuper core plugs saturated with synthetic formation brine, the addition of
nanomaterials achieved slightly higher recovery

• Colloidal stability in the presence of divalent cations should be deeper investi-
gated

6.1.4 Numerical analysis

Inverse Bond Number

Unlike modified inverse Bond number, the classical inverse Bond number does not
take the wettability state into account but it is still a useful tool that links the gravity
and capillary forces together. Contact angle measurements would help optimizing this
calculation.
The following points were concluded:

• The impact of IFT reduction on the recovery under spontaneous imbibition is
well-captured by inverse Bond number

• An exponential relationship between inverse Bond number and ultimate recov-
ery was fitted for each oil-rock system

• The obtained results were in agreement with the ones from previous literature

Capillary Diffusion Coefficient

The capillary diffusion coefficient of the imbibing aqueous phase is an important in-
dicator of the imbibition kinetics. However, dividing the diffusion process into early
time and late time would have been more informative.

• A reasonable fit was obtained using a constant capillary diffusion coefficient

• Wettability alteration was indicated via a change in capillary diffusion coefficient

• The imbibition kinetics are very dependent on the wettability state of the studied
sample

6.2 Overall Conclusion

In general, nanomaterials had a positive impact on many EOR-related parameters.
Once combined with alkali, this impact was more significant and cannot be solely at-
tributed to one effect but rather a firm synergy.
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The surface modification of the particles is a determinant factor in the recovery pro-
cess. A neutrally charged surface was more effective in IFT reduction once combined
with alkali whereas a more negatively-charged surface performed better as standalone.
During spontaneous imbibition, the surface charge of pore walls comes also into play.
The presence of cationic iron oxides might have promoted a better adsorption of nega-
tively charged particles onto the surface. Hence, a more prominent rock-fluid interac-
tion.
In other words, the electrostatic interactions between the elements in a rock-fluid sys-
tem are the decisive factor during a nano-EOR process and any synergy between other
EOR agents and nanomaterials should consider this factor.

Inverse Bond number linked the additional recovery to IFT reduction in oil/brine
systems without considering the wettability state. However, an analysis of diffusion
mechanism and some of the high recovery rates revealed that a substantial wettability
alteration was taking place.

Some of these improvements especially in phase behavior should be closer inspected.
Better emulsification may not necessarily lead to higher recovery. It might also lead to
clustering of the oil or low mobility of the emulsion phase. The same applies for the
wettability state. A drainage in a strongly water-wet medium is mainly achieved by
oil-filling and snap-off which might influence the relative permeability at pore scale.

Although this work showed promising ultimate recoveries, the future work should
include deeper investigations in terms of downscaling to pore scale and upscaling to-
wards field scale and cannot provide a conclusive answer.

6.3 Future Work

• Perform contact angle measurements to quantitatively capture the wettability al-
teration and determine the initial wettability state

• Preform core floods and microfluidic experiments to study the particle retention
and the dynamic behavior of nanofluids in the reservoir

• Investigate the recovery in secondary and tertiary mode

• Study the phase behavior using µCT to determine droplet size and better under-
stand the mechanisms contributing to emulsion stabilization

• Perform Amott test under CT scanner in order to understand the imbibition ki-
netics and better determine the diffusion coefficient

• Assess the utilization of nanomaterials from a HSE point of view
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