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Abstract

Asphaltene is a poly-disperse distribution of the heaviest and most polarizable fraction of
crude oil. The asphaltene aggregation and subsequent precipitation in nonpolar media
may have a profound effect on plugging wellbores and production equipment. This thesis
develops an innovative concept of using nanoemulsions (NEs) as carriers for delivering
asphaltene inhibitors (AI) and control their release inside porous media to prevent
asphaltene agglomeration and deposition. The new concept could provide tremendous
value by 1) improving the stability of asphaltene, ii) reducing the usage of Al, iii)
extending the treatment time via slow release, and iv) allowing good adsorption of Als
on the formation surface to increase asphaltene treatment efficacy. Four areas were
studied including 1) the preparation of NEs and NEs loaded with Als; ii) asphaltene
aggregation/precipitation prevention and Al release kinetics study, iii) molecular
structure alteration of asphaltene in the presence of NEs, and iv) controlled the delivery

of these NEs through porous media.

Firstly, we developed a novel strategy to manipulate the occurrence of Ostwald ripening
to form stable NEs by using oil-soluble inhibitors such as dodecylbenzene sulfonic acid
(DBSA) and the polycyclic aromatic hydrocarbon phenanthrene (phe) to the oil phase.
Two methods, one static based on Brownian motion and one dynamic based on
centrifugal force, were used to evaluate and confirm the physical stability of NEs. It was
found that with the help of inhibitors, the NEs were very stable even after centrifuging

under 500 g for 1 hour or 4 weeks’ storage under ambient conditions.

Following this, a novel approach by using NEs for controlled delivery and release of Al
was proposed to minimize asphaltene precipitation with reduced Al amount. The amount

of inhibitor could be significantly reduced by ~ 20 times by using the DBSA NEs, with



largely extended release time. Continuing our work on the controlled release of Als by
using NEs, a mechanistic understanding of the controlled release effect was proposed
based on the effect of DBSA NEs on the asphaltene particle morphology variation, which
was related to the hydrophilicity of DBSA and the strong intermolecular interactions
among all DBSA NE’s components. The Al release mechanism was compared with eight
kinetic models, and the Korsmeyer-Peppas release model was identified. The evidence of
multiple intermolecular interactions and quantitative FTIR study showed that the
controlled release effect and long term asphaltene stability were due to the decrease of
the aromaticity and the reduction in the aliphatic side chains of asphaltene. The refractory
nature of asphaltenes was investigated by thermogravimetric analysis (TGA), which
revealed that the structure of asphaltene was improved considerably and the coke yield
was decreased by 62% due to the decrease of the cluster size and the increase of the

stacking distance between aromatic sheets.

Finally, DBSA NEs were used as carriers for delivery and controlled release of DBSA
for enhanced displacement of asphaltene on the sandstone rock surface. It showed that
comparing to DBSA injection alone, the cumulative asphaltene recovery efficiency was
increased by 16.4%. A combination of three possible mechanisms, including slow release
kinetic, electrokinetics repulsive expansion, and interfacial and wettability properties

were discussed to illustrate the mechanism of the enhanced asphaltene displacement.

Keywords: Delivery system, controlled release; asphaltene inhibitor, nanoemulsions,

asphaltene precipitation and stability, enhanced oil recovery
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Chapter 1

Introduction

In this chapter, we introduce the background of asphaltene and describe the scope of this
dissertation and the main objectives pursued and achieved in this research. In addition,
we introduce the structure and the different chapters of the dissertation in the following

sections.

1.1. Description of the problem

Petroleum is a fundamental source of energy for the whole world and will probably
remain so for many decades in the future. Due to the global decline of conventional oil
supply, oil industries and governments are investing in unconventional oil sources such
as heavy oils and bitumen to supply the increasing demand for fuels. Nowadays, the
hydrocarbon industry is a large part of the global economy, as well as it is the main source
of energy, so there is a great interest in the optimization of processes and solution of
problems of the oil industry [1]. Asphaltene fractions in oil contribute to various problems
that are present in such segments of the oil industry as mining, transportation, storage and
refining [2]. This is aggravated if being considered that the deposits of lighter
hydrocarbons are being depleted and the vast reserves of heavy hydrocarbons become

major sources of extraction of these precious materials [3,4].

Asphaltene can be defined as a poly-disperse distribution of the heaviest and most
polarizable fraction of the crude oil that is insoluble in low-molecular-weight alkanes,

such as n-pentane and n-heptane, but completely soluble in aromatic hydrocarbons, such
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as benzene and toluene [5,6]. The asphaltene fraction is formed of associated systems of
polynuclear aromatics bearing alkyl side chains, organic molecules containing oxygen,
nitrogen, and sulfur as well as vanadium and nickel porphyrins which are also present in
asphaltenes [7]. Asphaltene is usually responsible for many flow assurance problems like
wettability changes and pore clogging in reservoir rocks and fouling in wellbore tubing

and production surface facilities [8].

During brine injection into an oil reservoir, asphaltenes, present in the crude oil, may
precipitate, aggregate to flocs and subsequently leading to possible deposition.
Precipitated asphaltenes can deposit on the rock surfaces; thus leading to a reduction in
the porosity and permeability and eventual blocking of the rock reservoir pores, which is
the major focuse in this study. In addition, asphaltene precipitation and deposition may
occur in production wells in the pipelines thus giving rise to flow assurance problems.
Asphaltene instability in the crude oil which causes the precipitation of asphaltene is a
major contributor to fouling. The delayed coking process is a favoured technology for
upgrading the heavy fractions of bitumen but fouling in furnace tubes that preheat the
feed results in significant cost penalties due to increased fuel consumption, and time for
shut-down that is often required for cleaning. Asphaltene instability begins with the onset
of insolubility, followed by the formation of colloidal scale particles, which aggregate
and ultimately sediment out of solution. Asphaltene aggregation is attributed to
intermolecular attractive interactions arising from charges on the rings as a result of the
presence of dissociated ions, along with acid and basic functional groups, containing
heteroatoms (N, S, and O). Nitrogen is mainly contained within the rings, in either
pyrrolic structures (acidic) or pyridinic structures (basic). Sulfur is present in thiophenic
structures, while oxygen appears in hydroxyl, carbonyl, and carboxylic groups [9].

Thereby, the dissociation of charged ions must cause opposite surface charges on
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asphaltenes. Basic functional groups (e.g., pyridinic groups) should generate negative
charges in nonpolar medium, whereas hydroxyl groups in carboxylic acids, alcohols, and
phenols, as well as mercapto groups (associated with mercaptans) and organic sulphides,
would produce positive charges [5]. The time required for asphaltenes to fully separate
can be increased by varying solvent compositions, indicating that the delay of instability

is possible [10].

1.2. Asphaltene dependent phenomena

In general, precipitation, flocculation, a flow of suspended particles, deposition and
adsorption are instances of asphaltene-dependent phenomena which may work
individually or simultaneously and result in significant changes in the fluid flow
behaviour. Figure 1-1 illustrates a sequence of processes and their effects which might
take place in a typical rock-fluid system due to the presence of asphaltene particles. A

description for each of the mechanisms is presented afterwards.

1.2.1. Asphaltene aggregation

The mechanisms of the aggregation behaviour of asphaltenes are not completely understood
yet and are generally believed to attribute to m-m interactions, acid-base interactions and
hydrogen bonding between asphaltene molecules. Due to the amphiphilic nature of the
asphaltenes, asphaltenes can form micelle-like aggregates similar to surfactants. The
modified Yen model shows that the asphaltene nanoaggregate is around 2 nm in size and
composed of about six asphaltene molecules stacked through the aromatic sheets [8,11]. The
aggregation of asphaltenes can be affected by many factors such as the source of asphaltenes,
concentrations, solvent conditions, temperature, pressure and in the presence of resin.
Concentrations above 50-100 mg/L are believed for asphaltenes forming nanoaggregates [12-
14]. The amount of the aggregation was found to increase as the solubility parameter of the
solvent decreased [15]. As stated above, asphaltene nanoaggregates can further aggregate to
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clusters which are believed to be the precursors of the asphaltene flocculates leading to the

asphaltenes precipitation.

1.2.2. Asphaltene precipitation

Precipitation can be defined as a separation of asphaltene particles from a liquid phase
that leads to the formation of a new solid phase. Precipitation occurs due to a change in
thermodynamic conditions, i.e., pressure, temperature, and composition. Pressure
reduction during primary recovery may cause precipitation of asphaltene. It usually starts
at a pressure above the bubble point known as onset point. As pressure is reduced from
the onset point toward the bubble point pressure, more asphaltene precipitates. The bubble
point exhibits the highest amount of precipitation but any more pressure drop below the
bubble point will reversely affect precipitation; i.e., precipitated asphaltene returns to the
oil phase and the number of precipitated particle decreases [16,17]. At pressures below
the bubble point, light components leave crude oil and the heavier components in the
remaining mixture increase the solvency of the crude oil for asphaltene and cause it to re-

dissolve into the crude oil.

However, there is still no unified observation for the effect of temperature on asphaltene
precipitation and investigators have reported opposite trends for precipitation due to a

temperature change [18,19].

Various injection scenarios such as CO; injection, recycled gas injection, solvent
injection, gas-lift operations, and acidizing may destabilize the asphaltene in the oil phase
and make it precipitate. This can be described as the negative effects of the incompatible

injected fluid on the solubility of asphaltene [20].



1.2.3. Asphaltene flocculation

Flocculation is the intermediate stage between precipitation and deposition of asphaltene.
Due to polar-polar interaction between asphaltene molecules, they may aggregate and
form larger molecules. Therefore, it is very probable that deposition takes place when

large flocculated particles are entrapped in porous media during flow of the oil phase [21].

1.2.4. Asphaltene deposition

Deposition of asphaltene involves the porous medium,; i.e., rock properties also contribute
to quality and extent of deposition. A very tortuous path due to complex rock structure,
low porosity and permeability, the presence of impurities and clay in the rock structure
play roles in deposition mechanisms. In general, surface precipitation, pore throat
plugging, and re-entrainment are classified as different mechanisms of asphaltene
deposition in porous media [22]. Surface precipitation refers to the settlement of
asphaltene particles on a rock surface that might finish with gradual blocking of the pore
space. Pore throat plugging occurs when flocculated asphaltene particles are larger than
pore throat and plug the pathway which leads to permeability reduction. Re-entrainment
may take place when shear stress is developed due to the excessive pressure drop at the
location of deposited asphaltene. It might remove the deposited asphaltene and improve

the permeability again.

1.2.4.1 Asphaltene adsorption

Asphaltene adsorption is the adherence of asphaltene particles on the pore surface due to
interactions between the rock surface and asphaltene. It can be considered as an interfacial

phenomenon in which asphaltene contributes to modification of rock-fluid properties.



Adsorption changes the nature of the surface interactions between the rock surface and
the neighboring fluids and can cause considerable modifications in flow characteristics
and recovery factor. It may occur before and after the asphaltene precipitation and causes
modifications in surface structure and its interaction with the neighbouring fluids.
Adsorption may alter rock-fluid properties, for instance, interfacial tension (IFT), contact
angle (CA), wettability and relative permeability, and it affects the end-point saturations
as well as recovery. Wettability controls flow properties and it is an essential concept in
defining the distribution of fluids in a reservoir. It is as important as permeability and
viscosity in determining the production and recovery from a petroleum-bearing formation.
Therefore, asphaltene adsorption may affect multiphase flow in porous media and change

the efficiency of displacement processes such as water flooding.

Asphaltene aggregation
Asphaltene precipitation

Asphaltene flocculation

Asphaltene adsorption

Figure 1-1. Asphaltene Dependent Processes



1.3. Delivery and controlled release systems

The delivery system is a broad field and allows for the formulation of drugs in a variety
of different forms. Controlled (particularly extended) -release systems are designed to
enhance drug therapy. There are several motivations for developing controlled-release
systems: 1) to enable superior control of drug exposure over time, ii) to assist drugs in
crossing physiological barriers, and iii) to deliver drugs to the desired site of action while
minimizing drug exposure elsewhere in the body. Finally, iv) use of controlled release

technology may reduce the variability of performance of drug products [23].

The delivery system needs urgently carriers, vehicles, and protective systems to improve
the drug performance. The search for such vehicles is the aim of many recent studies, a
search that has become increasingly urgent. One important trend to mention is the
nanotechnology that can help the drugs that are added to the body to become more
efficient; i.e. healthier and safer. Nano-vehicles seem to be excellent candidates as
solubilization carriers for insoluble active compounds. There is a growing interest in
using NEs as vehicles for nutraceuticals and pharmaceutical formulations due to their
physicochemical properties, such as spontaneous formation, clear appearance, low
viscosity, thermodynamic stability, and high solubilisation capacity. According to the
drug delivery systems, the hydrophobic drug inside NE systems remains in solution
throughout its transit across the body and the dissolution step, which is the rate limiting
step in the absorption of such drugs, can be bypassed. In addition, NE systems promote
drug solubilization and drug release at the absorption site providing more consistent

absorption of the hydrophobic drug and hence better bioavailability [24].

The mechanisms used to achieve these goals are diverse and complex and depend on the

particular application. In fact, several mechanisms may operate simultaneously or at



different stages of a delivery process. An understanding of these mechanisms is important
when designing and manufacturing controlled release systems, and in identifying

potential failure modes [25].

In the oil and gas industries, a technology by which a substance can be delivered
downhole and applied in a timely manner without causing any adverse effect has many
advantages. Ideally, the system can be employed at any stage of stimulation or completion
without involving additional tools or pumping time. If achieved, the scope is enormous
with a multitude of applications. This will allow any chemicals, for example, viscosity
modifiers, tracers, surface or pH modifiers, diverters or water shut-off gels, to be
transported and placed in the well where needed and will be used as needed by delayed
release or timely activation. The controlled release mechanism will also help to extend
the effective treatment life of an inhibition process to prevent damage from scales,
corrosions, salts or organic deposits, such as paraffin or asphaltene, for a long period of

time [26].

The characteristics of this emerging nanotechnology that attract interest for oilfield
applications include the resistance of NEs to sedimentation and creaming, which should
translate to no separation in storage tanks or during transport through chemical feed lines,
etc. Also, the droplet size is small with the comparison to the pore throats in gravel packs
and in reservoir matrix rock, meaning that good injectivity and penetration without
filtration should be possible [27]. As a two-phase system, they should be well-suited to
carrying oil and water-soluble additives within the same fluid matrix, reducing the need
for separate storage tanks and multiple delivery lines. Finally, a NE that is stable over
time must, by definition, be resistant to coalescence and the exchange of the dispersed

phase between droplets [28]. In this sense, they can be likened to a dispersion of nano-



meter-sized spherical containers and are potentially capable of carrying incompatible

reagents without their coming into contact [29].

oil and gas

* Delivery of oilfield chemicals.
*EOR

T Drug

« pharmacuticals
* cosmetic

Printing

Delivery systems

T
\ Food

coatings

Agrochemicals

Figure 1-2. Diagram showing some of the many industrial applications of delivery

systems.

1.4. Thesis outline

Borrowing the concept of controlled delivery from the nanomedicine field, this work
proposes and validate a novel concept of using NE to deliver and controlled release of Al
in a bulk fluid or flowing through a porous medium. The novel concept encapsulates and
controls the release of Als by using NEs, which could i) improve the stability of the
asphaltene, ii) reduce the usage of inhibitors, and iii) extend the treatment time via the

slow release of inhibitors.



The thesis includes 7 chapters, as shown in Figure 1-3.

Chapter One introduces the description of the asphaltene problem in the oil and gas
industries. Asphaltene instability phenomena are briefly discussed. The concept of
delivery and controlled release system and the objective of the work and thesis structure

are presented.

Chapter Two conducts a literature review of asphaltene instability processes and the
proposed mechanisms. A comprehensive review of the main current strategies for
asphaltene removal is conducted. Controlled delivery in oil and gas applications are

illustrated in this chapter.

Chapter Three studies the preparation and stabilisation of oil-in-water NEs for extended
time. This chapter also explores a novel method by using inhibitors (as a new class of
ripening inhibitor) inside NEs to reduce Ostwald ripening. Two types of analysis,
including dynamic and static studies, were utilized to further evaluate and confirm the
physical stability of NEs. A parametric study of the effect preparation variables on the
size and size distribution and physicochemical properties of NEs is conducted to optimize

the process parameters.

Chapter four proposes a novel concept to encapsulate and control the release of Als by
using NEs. A conventional inhibitor (dodecylbenzene sulfonic acid (DBSA)) is used as
model inhibitor. The effects of asphaltene stability and controlled release effect via NEs
are examined by the centrifugal method in three case studies, 1) with DBSA, ii1) with blank

NEs, and iii) with NE loaded with DBSA (i.e. DBSA NE).

Chapter Five conducts a detailed release kinetic study by employing an optical technique

to monitor the release profile. Three case studies are performed on the stability of
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asphaltenes: 1) strong organic acids (dodecylbenzene sulfonic acid (DBSA)), ii) blank
NEs, and iii)) DBSA NEs. Those important physical parameters, such as the Al release
rate and time, are obtained. Not only providing new evidence to support our previous
concept, but the data is also proceeded and compared with eight established mathematical

models, to elucidate the release mechanism.

Chapter Six examines the asphaltene stability and molecular modification structure by
X-ray diffraction in three case studies, 1) with DBSA, ii) with blank NEs, and iii) DBSA
NE. To validate the intermolecular interaction between asphaltene and DBSA NEs and
allow quantitative comparison, FTIR spectroscopy is used, and the refractory nature of
asphaltene after addition of DBSA NEs is investigated. The thermal stability is performed

by a thermogravimetric analyser.

Chapter Seven investigates the kinetic adsorption mechanism and the level of asphaltene
adsorption through a core sample of crushed sandstone grains under dynamic condition.
This chapter also proposes and validates the concept of using NEs as carriers for delivery
and controlled release of DBSA and a blend of surfactants mixtures at the optimum
salinity to enhance the displacement of adsorbed and trapped asphaltene on the sandstone
rock surface. A combination of three possible mechanisms is discussed to illustrate the

mechanism of the enhanced asphaltene displacement.
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Chapter 2

Literature review

This chapter presents a summary of the background and detailed review of the state-of-
art work on asphaltene characterisation associated with bulk/surface properties, main
strategies for asphaltene removal, controlled delivery systems in oil and gas industries,

NEs characterisation and stabilisation, and established the novelty of the proposed work

2.2. Asphaltene bulk properties

2.2.1. Molecular structure of asphaltene and aggregation mechanism

The mechanisms of the aggregation behaviour of asphaltenes are not completely
understood yet and are generally believed to attribute to n-m interactions, acid-base
interactions and hydrogen bonding between asphaltene molecules. Different models are
used to describe the aggregation behaviours of asphaltenes. Colloids and micelles are two
commonly used terms to describe the self-association behaviours of asphaltenes. The
modified Yen model (also known as Yen-Mullins model) well described the colloidal-
like properties of asphaltenes in the solvents [8,11]. Due to the amphiphilic nature of the
asphaltenes, asphaltenes can form micelle-like aggregates similar to surfactants as a
distribution of nanoaggregates. These nanoaggregates self-assemble in a stepwise fashion
that depends on the concentration [8, 30—32], solvent [33,34], the presence of resins [35],
pressure, and temperature [8, 36—38]. These nanoaggregates can further associate into

clusters that are the precursors of asphaltene precipitation [15].

A variety of molecular interactions contributing to the aggregation of asphaltene
molecules and to the formation of colloidal particles in crude oil include hydrogen bond
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forces, aromatic m-m stacking forces [39,40], polarity induction forces [41], and
electrostatic attractions between the molecules [42,43]. It is believed that the nm——m=
interaction process between two asphaltene molecules generally involves two steps. First,
the dispersion force plays a dominant role to bring the two monomers together. Then,
with the two monomers approaching each other, Pauli repulsion will be produced and
prevent them from getting closer [44]. Once the equilibrium distance is reached,
electrostatic interaction, Pauli repulsion, dispersion, and intermolecular interaction will

work together [45].

One of the best representations of the asphaltene micelle is that reported by Yen 1974.
He suggests molecular weights of 1- 5x10°, a molecular formula of approximately
(C79H92N2S,0) 3 and molecular shape as in Figure 2-1. This structure would be formed
by several flat, stacked condensed rings. Five of these rings, each containing from 8 to 16
condensed rings could be placed at distances of 0.30 - 0.37 nm, and connected by systems
of sulphide, ether, aliphatic chain and/or naphthene ring linkages. The condensed sheets
may contain O, S and N atoms which may act as free radicals for anchor points of bound
metals like Ni, V, Mo or Fe. The whole asphaltene complex would be 0.8 — 1.6 nm in
diameter and 1.6 — 2 nm in height. More complete overviews about asphaltene aggregate
behaviour have been recently published by Mullins et al., which show nanoaggregates to
be about 2 nm in size, while clusters of nanoaggregates are around 5 nm [46,47]. Figure
2-2 shows the stepwise aggregation of asphaltenes described by the Yen—Mullins model.
Table 2-1 lists previously unresolved issues, often involving estimates spanning orders of
magnitude, which had long plagued the field of asphaltene science. Fortunately, the past
decade has seen huge advances in the molecular and colloidal structure of asphaltenes.

However, a complete molecular analysis of asphaltene and a systematic understanding of
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how asphaltene molecular structure changes with addition inhibitors have not yet been

achieved.

A, Crystallite; B, Chain bundle; C, Particle; D, Micelle;
E. Weak link; F, Gap and hole; G, Intracluster; H, Intercluster;

I, Resins; J, Single layer; K, Porphyrin; L, Metal.

Figure 2-1: The molecular structure of asphaltene, Zig-zag lines represent saturated

sheets or naphthenic rings; the straight lines represent the edge of flat sheets of

condensed aromatic rings. Figure is taken from [48].

Molecule Nanoaggregate Cluster

Figure 2-2. Yen—Mullins model. A typical asphaltene molecule with a polyaromatic
core is shown at the left, which can then associate into nanoaggregates that contain less
than 10 asphaltene molecules, shown in the middle. Groups of nanoaggregates (<10)
can further associate to form clusters of nanoaggregates. The Figure is taken from

[8,11,46,47].
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Table 2-1: Issues in asphaltene science that have been resolved over the past 20 years.

1,000,000,000 Da [48]

Scientific issue The range of reported values Values (as of 2018)
(as of ~1998)
Asphaltene molecular weight Less than 1,000 Da to 750 Da [14]

Number of polycyclic aromatic
hydrocarbons PAHs in an asphaltene
molecule

1 to 20

1 dominates

Number of fused rings per PAH in 210 20 7
asphaltene

Number of PAH stacks in Unknown 1
asphaltene nanoaggregate

Aggregation number of 10-100 [48] <10 [5]
nanoaggregates

Critical nanoaggregate
concentration of asphaltenes

50 mg liter ! to 5 g liter '[13]

100 mg litre ' [14]

The concentration of cluster formation Unknown ~3 g litre '[14]

Size of cluster Unknown 5 nm for small clusters
[45,46]

Role of resins in asphaltene None to necessary ~15% of crude oil

Nanoaggregate. nanoaggregates are

resins; resins are not
surfactants [7].

those in crude oil

Relation of nanoaggregate to Unknown Clusters consist of
cluster Nanoaggregates [8,11]
Relation of nanoaggregates in toluene to | Unknown Very similar in size and

composition [8,11]

2.2.2. Asphaltene precipitation and deposition mechanism

The main components of the crude oil can be divided into saturates, aromatics, resins, and

asphaltenes. At normal conditions, these components are all homogenized in solution to

form the crude oil. Saturates and aromatics are nonpolar compounds, while asphaltenes

are considered polar compounds since they contain heteroatoms such as nitrogen, sulfur,

or oxygen. For these components to be held together, a bridging agent must be present.

Resins contain both polar and nonpolar sites which make them act as a good bridging

agent which holds all the crude oil components together [49]. Once any change in

equilibrium conditions occurs, the forces holding these components together become
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severed, and thus the asphaltene, which is the solid component in the solution, begins to
precipitate. Changes in equilibrium conditions may include a change in pressure,
temperature, and the addition of a solvent such as CO,, n-heptane, and n-hexane [50].
Following asphaltene precipitation, if the conditions are suitable, asphaltene will begin to
form flocculations [51]. These flocculations have a high density and will thus begin to
deposit in the pores of the reservoirs. The excessive deposition will result in asphaltene
buildups, and eventually, pore plugging [52]. Figure 2-3 shows the main components of

crude oil and the bond severance resulting in asphaltene precipitation.

Aromatics
Saturates

Resins

o OH

I Asphaltenes

\

Breaking the bond between the resin and
Asphaltene will result in asphaltene
precipitation

Figure 2-3. Main components of crude oil and asphaltene precipitation. Figure is taken

from [53].

2.3. Asphaltene surface properties

2.3.1. Dynamic asphaltene adsorption studies

The flow and distribution of fluids in porous media are largely controlled by fluid-fluid
and rock-fluid interactions [54]. Asphaltene intramolecular forces are important when

considering asphaltene- asphaltene and ultimately asphaltene—surface interactions that
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can facilitate asphaltene - surface adsorption [55]. Therefore, the wettability of rock may
be changed to less water wet or more oil-wet. Wettability is a crucial parameter that
determines the location and distribution of fluids in a reservoir. The change in wettability
will affect the multi-phase flow behaviour in a porous medium when two or more
immiscible fluids are flowing in the porous medium. Accordingly, rock-fluid properties
such as interfacial tension, relative permeability, and capillary pressure are expected to

change because of asphaltene adsorption [56].

There is a large body of literature that deals with the adsorption of asphaltenes on various
rock minerals, including clays [58]. Most of these works are concerned with the
measurement and modeling of adsorption isotherms on crushed minerals under static
conditions [58-65]. Very little work currently exists on the adsorption kinetics of
asphaltenes under flow conditions [54]. Piro et al. [66] used a sand pack of crushed
dolomite and asphaltene-in-toluene solution to investigate their dynamic adsorption under
different flow rates. The authors found that the amounts of adsorbed asphaltenes are rate-
dependent. The continuous adsorption with time observed in their study is possibly due

to uncertainties in the estimation of initial concentrations.

Toth et al., [67] filled the glass column by 15 gr of adsorbent, an asphaltene solution of
0.5 g/L concentration was continuously added to the top of glass and samples were
collected from the effluent at the bottom of the column. The collected samples were
analyzed by Uv-vis spectrophotometry at 600 nm to determine the concentration of
effluent flow. However, most of the static adsorption tests report Langmuir type one
(monolayer) adsorption, and they observed multi-layer adsorption during the dynamic
flow of asphaltene solution made from dissolving extracted asphaltene in nitrobenzene.

Therefore, they concluded that dynamic asphaltene adsorption is continuous that ends up
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with a composite layer of asphaltene on the rock surface and wettability alternation

depends on the amount of asphaltene that has settled on the solid surface.

The literature also suffers from insufficient or even non-existing investigations on
dynamic adsorption of asphaltene and consequent effects on properties of a porous
medium, immiscible displacement, and recovery factor. Despite numerous studies on
precipitation and deposition of asphaltene in porous media, there is still no general and
consistent idea about many features of the adsorption process, its involved mechanisms

and effective parameters.

Summarily, above all, a better understanding of rock-asphaltenes interactions will

promote commercial development of asphaltene adsorption more quickly.
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Figure 2-4. The main factors of asphaltene adsorption.
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2.4. Main current strategies for asphaltene removal

As was mentioned in the previous chapter, asphaltene aggregation and subsequent

precipitation/deposition cause many problems during oil production. Our focus will be

on the current methods to fight these problems through the removal and the prevention of

asphaltene deposition in the reservoir. There are two strategies for solving problems

related to asphaltenes: their conservation and rejection.

1)

2)

The conservation of asphaltenes is based on asphaltene being kept in crude oil but
decreasing the viscosity of the medium by distinct methods. Some applied
techniques are as follows: the addition of organic solvents [71] and precipitation
inhibitors [72]. In case of precipitation inhibitors, great knowledge of the chemical
nature of the crude is required [73]; however, the addition of organic solvents is
usually very expensive due to a large amount of solvent needed to achieve the
required viscosity.

The rejection of asphaltene consists of the asphaltene removal from the medium
to be used in other processes. Sometimes, solvent deasphalting [74], ultrafiltration
and selective adsorption [75] are used. Application of solvent deasphalting is
usually lesser practical than the other two techniques and more expensive due to
use of paraffinic and naphthenic solvents, although this technique may be
combined with extraction emulsion thus reducing the amount of these solvents
[76]. Meanwhile, ultrafiltration has the disadvantage that the membranes easily
become dirty and saturated with asphaltene agglomerates [77]. Selective
adsorption is a practical strategy for removal of asphaltenes in reservoir and
refineries [78]. During this process, the asphaltenes can be adsorbed and then
desorbed to regenerate the adsorbent and, in some instances, they can function as

catalysts [79]. Among the most investigated adsorbents for remediation of
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asphaltenes, some minerals as montmorillonite, metal substrates, nanoparticles
[80] and metal oxide composites, among others, are used. However, there are
several factors affecting the adsorption capacity of the materials, such as the
nature of asphaltenes, their concentration in the medium, temperature, pH,

presence of metals, etc.

The advantages of the first method (i.e., inhibitors) are that it is usually more practical: it
is not necessary to know the exact composition of the raw material and crude oil does not
require further treatment. Asphaltene inhibitors (Als) are designed to interact with
asphaltene to inhibit precipitation, aggregation, and deposition, and ensure enhanced flow.
Even though this approach is widely used in oilfields, it has a major problem due to the
loss of a large amount of chemicals inside the reservoir, resulting in high treatment cost.
[81]. For instance, the cost of chemical additive injection in Middle Eastern fields is in
the range of USD § 31,000 ~$ 46,000 per well per year [82]. In a study investigating the
chemical amount required for controlling asphaltene precipitation, Subramanian et al. [83]
reported that at the addition of 5 wt. % of DBSA, the asphaltene precipitation could be
completely controlled. Similarly, Ortega et al. [84], suggested that the attachment of
DBSA to asphaltene molecules with 3 wt. % DBSA could noticeably improve the
rheological properties of bitumen. Hashmi et al. [85] studied the capability of commonly
available surfactant aerosol-OT (AOT) to stabilize asphaltene suspensions in heptane.
Regardless of the amount of AOT, however, the sedimentation behaviour of asphaltene
was similar to that of in the absence of surfactant. Even with 20 wt. % of AOT in solution,
samples collapsed within the first hour after the preparation, which indicated that it was
not effective in stabilizing asphaltenes. Moreover, aromatic solvents like toluene dissolve

asphaltenes, but only at very high concentrations, i.e., nearly 50% by weight [81].
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2.5. Intermolecular interaction between asphaltenes and inhibitors.

The dispersing ability and changes of mean radius and polydispersity would be helpful to
understand the interaction between inhibitors and asphaltene particles. The most common
inhibitor/dispersant for asphaltene stabilization is DBSA, which is cheap and has been

used commercially with some success in the field [86].

Wang et al, [87] investigated the effect of two typical ionic inhibitors, dodecyl benzene
sulfonic acid (DBSA) and dodecyl trimethyl ammonium bromide (DTAB) on Karamay
asphaltenes and Lungu asphaltenes. DBSA has good ability to stabilize Lungu
asphaltenes but has no effect on Karamay asphaltenes. Differently, DTAB has good
ability to disperse Karamay asphaltenes but has no obvious effect on Lungu asphaltenes.
They concluded that the electric property of asphaltenes plays an important role in the
interaction between asphaltenes and inhibitors. The negatively charged asphaltenes tend
to be dispersed by cationic inhibitors, whereas the positively charged asphaltenes tend to

be dispersed by anionic inhibitors.

Several research groups examined the properties of a number of monomeric additives.
They found that increasing the polarity on the headgroup gave better asphaltene
stabilization through stronger acid-base interactions. DBSA was also shown by Fourier
transform infrared (FTIR) spectroscopy to interact via hydrogen bonds with asphaltenes.
Besides acid-base interactions, this group also proposed that the sulfonic acid group could
donate its proton to C=C bonds in asphaltenes. The strong binding of DBSA to

asphaltenes makes DBSA effective enough to stabilize asphaltenes sterically [88].

Ortega et al., [84] reported that the presence of sulfonic acid groups (—SO3H) in the DBSA
molecules is required for the surfactant to effectively interact with asphaltenes, as shown

in Figure 2-5. The interaction between DBSA and asphaltenes in crude oils has been
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extensively studied in the literature [84-90], evidence that the concentration of DBSA and
the chemical and structural properties of asphaltenes are major controlling variables. As
shown in Figure 2-6, the modification takes place through the protonation of heteroatomic
components in the asphaltenes, which are positively charged, whereas proton-donor
DBSA molecules become negatively charged ions. Hence, this process leads to an ion
pair with strong ionic bonding, able to promote further electrostatic interactions with

other ion pairs in neighbouring molecules/aggregates.

On the other hand, DBSA amphiphiles have a strong tendency to self-associate in
nonpolar medium. This association takes place between the DBSA molecules,
asphaltenes then flocculate and precipitate out if the amount of DBSA is too high.
Although the interaction between asphaltenes and amphiphiles has not been exactly
understood at the molecular level, the electric property of asphaltenes plays an important
role in the process [91]. The mechanisms by which these inhibitors interact with

asphaltenes can be summarized as follows:

e 17 interactions between asphaltenes and unsaturated or aromatic groups in Al.
e Acid-base interactions.

e Hydrogen bonding.

e Dipole-dipole interactions.

e Complexing of metal ions

A key feature with nearly all inhibitors seems to be one or more polar functional groups
that interact with the asphaltene monomers or aggregates, plus one or more alkyl chains
that cooperatively form a less polar steric stabilization layer of alkyl tails around the
asphaltenes solubilizing them in the crude oil. The alkyl tails are compatible with the

crude oil, which has aliphatic hydrocarbons as its major component. The details of some
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inhibitors with the mechanisms of interaction with asphaltene are summarized in Table

2-2.

Free DBSA molecules and asphaitene DBSA-Asphaltene bonding Association of asphaltene aggregates
aggregates within maltenic medium

(Acid-base interaction) (lon-pairing electrostatic interaction)

=)

Bonded DBSA

Asphaltene aggregate @ FreeDBSA € (acid-base interaction)

Figure 2-5. Development of the acid-base ion-pairing electrostatic interaction
and association between different aggregates of DBSA—asphaltenes. Figure is taken

from [84].

Figure 2-6. Proposed chemical mechanism for molecular assembly between asphaltene
molecule with heteroatomic nitrogen protonated with DBSA, blue denotes asphaltene
and red, DBSA. Figure is taken from [90].
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Table 2-2. The details of some inhibitors with the mechanisms of interaction with

asphaltene.
inhibitor type Class Functional Interaction mechanism Ref.
group
Hexadecylnaphthalene | Surfacta | Very low polarity | hydroxyl group | m— m interaction [91]
nt alkylaromatics
hexadecylnapthoxide Surfacta | Very low polarity | alkyl group T — T interaction [92]
nt alkylaromatics
N-methyl pyrrolidone Surfacta | Very low polarity | hydroxyl group | m— 7 interaction [93]
(NMP) nt alkylaromatics
DBSA Surfacta Alkylaryl Sulfonic Acid, Acid-base interaction, T — | [94]
nt sulfonic acids alkyl group m interaction
dodecyl resorcinol Surfacta | Alkylaryl sulfonic | Sulfonic Acid Acid-base interaction [95-
nt acids 97]
dodecylphenol bis- Surfacta | Alkylaryl sulfonic | benzoic acid Acid-base interaction [98]
ethoxylate nt acids
hexylbenzoic acid
hexylamine Surfacta | alkyl amine Amine, Acid-base interaction [99]
nt hydroxyl groups
alkylphenylethoxylates | Surfacta | Fatty acid amides | phenyl, fatty Acid-base interaction, 7 — | [100]
blended with fatty acid | nt and their acid, amide 7 interaction
diethanolamides cthoxylates
Isooctyl acid phosphate | Surfacta | Alkylaryl sulfonic | octyl acid, Acid-base interaction, t— | [101]
blend with DBSA nt acids sulfonic Acid 7 interaction, ion-pair
nonylphenol- resin Alkylphenol- Phenol, alkyl 7 — m interaction, [102]
formaldehyde resins aldehyde resin group hydrogen bonding
blends of phosphoric Surfacta | Ester carboxylic Ester/carboxylic | m— m interaction, [103]
esters with carboxylic nt acids acid hydrogen bonding, acid-
acids base interaction, ion-pair
decahydro-1- Surfacta | carboxylic acid carboxylic acid, | m— m interaction, [104,
naphthalenepentanoic nt hydroxyl groups | hydrogen bonding, acid- 105]
acid base interaction
sarcosinate Surfacta | Sarcosinates hydroxyl group, | hydrogen bonding [106]
nt alkyl group
Polyisobutylene copolym | Alkylsuccinimide | hydroxyl group, | m— m interaction, [107]
succinimide er ] alkyl group hydrogen bonding
polyisobutylene graft Alkylsuccinimide | hydroxyl, alkyl, | m— 7 interaction, [108]
succinic anhydride copolym | s imide groups hydrogen bonding
er
diethylenetriamine Surfacta | Amide and Imide | amide or imide T — T interaction, [109,1
nt NonpolymericSur | groups hydrogen bonding 110]
factant
maleic anhydride and Surfacta | Amide and Imide | amide or imide 7 — T interaction, [111]
N-oleyl-diamino-1,3- nt Surfactant groups hydrogen bonding
propane 119
N-stearyl methyl-1- Surfacta | Amide and Imide | amide or imide | @ — 7 interaction, [112]
diamino-1,3-propane nt Surfactant groups hydrogen bonding
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NMP, N-ethyl Surfacta | Alkylpyrrolidone | Pyrrolidone 7 — T interaction, [131]
pyrrolidone nt ] hydrogen bonding
dodecylphenol (DDP) Surfacta | Alkylphenols and | group mildly m-interacting aromatic [114]
nt Related acidic phenolic | ring and a polar
hydrogen-bonding group
nonylphenolethoxylate | Surfacta | Alkylphenols and | acidic phenolic | m-interacting aromatic [115]
(NPE) nt Related ring and a polar
hydrogen-bonding group
2-hydroxybutyric acid Surfacta | Ion-Pair hydroxy group, | Acid-base interactions, [116]
nt Surfactant carboxylic acid | hydrogen bonding.
salicylic acid Surfacta | Ion-Pair carboxylic acid | Acid-base interactions, [117]
nt Surfactant Hydrogen bonding.
decaglycerol tetraoleate | Surfacta | Miscellaneous hydroxyl groups | m-interacting aromatic [118]
nt Surfactant ring and a polar
hydrogen-bonding group
nonylphenolic resin alkylphenol- polar anhydride | m— m interaction, [119]
formaldehyde resin formaldehyde groups hydrogen bonding
(NPR) resin
polycardanol polymer | cardanol Alkyl group, 7 — T interaction, [120]
hydroxyl groups | hydrogen bonding
ethoxylated Surfacta | oxyalkylated alkyl groups, T—7 interactions, [121]
triethylenetetraamine nt amines hydroxyl hydrogen bonding
groups, amine
dodecylphenol—- resin alkylphenol- phenolic hydrogen bonding, n— [122]
formaldehyde resin formaldehyde hydroxy groups, | interactions were not
(DPR) resin polar anhydride | considered
groups
lauryl copolym | lipophilic and alkyl groups, hydrogen bonding [123]
methacrylate/hydroxyet | er hydrophilic hydroxyl groups
hyl methacrylate monomer
copolymer
Poly(ethylene glycol) polymers | polyester Polyesters, hydrogen bonding, n—n [124]
esters of maleic anhydride polyamides, interactions
anhydride and o- anhydride
octadecene copolymers groups
methyl methacrylate polymer | pyridine pyridine rings hydrogen bonding, n— [125]
and with polar ester | interactions
hydroxymethylpyridine groups
s
1-vinyl-4-alkyl-2- polymer | polymeric amide | pyrrolidone hydrogen- bonding [126]
pyrrolidone polymers group, carbonyl
group
dialkanolamine polymer | hyperbranched alkyl groups, hydrogen- bonding [127]
polyesteramide hydroxyl
groups,
carboxylic acid
lignosulfonate polymer arylsulfonates phenolic and 7T interactions, [128]
sulfonic acid hydrogen bonding, Acid-
groups base interactions
4-vinylpyridine Graft vinylic monomers | Vinyl, alkyl n—7 interactions, [129]
polymer groups, hydrogen bonding
Xylene dissolver | aromatic solvents | mono-ring n— orbital overlap [130]
1-methylnaphthalene dissolver | aromatic solvents | bicyclic n— orbital overlap [131]
molecules
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2.6. Practical applications of the controlled delivery system in the oil and gas

industries

The concept of delivering a chemical by utilizing a vehicle to provide a predictable and
controlled release of the component holds the possibility of providing an effective and
efficient means of application in a broad range of instances [132]. There are a large
number of oilfield chemicals which have a potential for using in delivery system such as
corrosion products removers, asphaltene inhibitors, scale inhibitors, scale dissolvers,
paraffin inhibitors, gas hydrate inhibitors, biocides, pH modifiers, metal chelators, metal
complexes, antioxidants, wetting agents, clay stabilizers, wax inhibitors, wax dissolvers,
wax dispersants, H>S scavengers, water flow inhibitors, sand consolidation additives,
permeability modifiers, foaming agents, microorganisms, nutrients for microorganisms,
salts, polymers, polymer stabilizers, crosslinkers, and breakers. These oilfield chemicals
may exist in oil-soluble (nonaqueous) and/or water soluble (aqueous) forms [133].
However, research in this concept, for the controlled release of a production chemical in

the well, is just at the emerging phase.

In particular, the key to effectiveness inhibitor is getting to have good adsorption on the
formation surface and not be produced back too quickly. Otherwise, treatment lifetimes
become uneconomically short. More recently, attention has focused on increasing the
effectiveness of inhibitors by increasing the adsorption of scale inhibitors on the rock
surface, hence increasing the lifetime of a squeeze treatment [ 134]. These studies include:
(1) mixing cations or Fe (II) ions with the scale inhibitor to provide better retention than
using the inhibitor alone [135], (i1) adding pH modification chemicals to the inhibitor via
a temperature dependent material such as urea, (iii) using mutual solvents (such as the
small alkyl glycols) to change the rock wettability (more water wet) [136], and (iv) using

kaolinite or other clay to enhance the inhibitor adsorption [137].
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These studies, however, only showed a limited reduction in the amount of inhibitors. To
overcome these problems, a variety of inhibitor compositions have been developed. These

inhibitors can be used successfully in the oil and gas industries:

* Solid Inhibitors (i.e., use of porous ceramic proppant as a carrier to deliver chemicals

downhole)

* Nanoparticle

* Emulsions, microemulsions (MEs), or nanoemulsions

* Encapsulated products

The most popular approach is the incorporation of the chemicals into inert lipid vehicles
such as oils, surfactant dispersions, liposomes, MEs, and NEs. Many industries use
emulsion technology as a delivery vehicle for either aqueous- or oil-based chemicals (or
both). The study by Al-Zahrani, [138], examined (acid-in-oil) emulsion to deliver
corrosion inhibitor to the rock formation, which consists of two phases: the internal phase
formed of acid with corrosion inhibitor added to it, and the external phase formed of oil
with an emulsifier. Typically, the emulsified acid enters the formation and where
employed successfully creates a barrier causing the acid to release slowly at a distance
from the well-bore. When pumping the acid-in-oil emulsions through steel tubing and
piping, a corrosion inhibitor is usually added to reduce the corrosive effects of the acid.
An attempt to further reduce the amount of scale inhibitors has been done by Zhang et al.,
in 2016 [139] by using reverse micelles as non-aqueous scale inhibitor delivery vehicles
for oilfield mineral scale control. Table 2-3 lists the previous studies of some applications

of controlled delivery systems in the oil and gas industries.
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Table 2-3. The details of some applications of controlled delivery systems in the oil and

gas industries.

purpose Chemical type Carrier Chemical additive Author
scale phosphonate Proppant phosphonate Brown et al.
inhibitor 2011[140]
scale Phosphonates phosphonate— diethylenetriamine Zhang and co-
inhibitor polymer pentakis workers [141]
nanoparticle (methylenephosphonic
capsules acid) (DTPMP)
corrosion composite core-shell type | halloysite 2- Shchukin et al.
inhibitor nanomaterials nanotube lumen mercaptobenzothiazol | 2008 [142]
e
corrosion | acid acid-in-oil mixture of hydro Al-Zahrani,
inhibitor emulsion chloric acid with 2011 [138]
formic or acetic acid
scale phosphonate water-in-oil ME | diethylenetriamine Zhang et
inhibitor pentakis(methyleneph | al.,2016 [139]
osphonic acid)
(DTPMP)
wax Ferrofluid (5% magnetic Water or organic | Co-Ni nanoparticles Haindade et al.
deposition nanoparticles, 10% solvent (2012) [143]
surfactants, and 85%
water)
corrosion nanoparticles SiO, benzotriazole Shchukin,
inhibitors nanoparticles D.G. and
Mohwald, H.,
2007 [144]
mineral microporous microporous 1-Butyl-3- Charpentier et
fouling polypyrrole methylimidazolium al 2014 [145]
(PPy) bis(trifluoromethylsulf
onyl) imide (BMIm)
scale nanoparticles carbon nanotubes | polyphosphinocarboxy | Ghorbani et al.
inhibitor (CNTs) lic acid, PPCA 2016 [146]
scale nanoparticles amorphous methylene phosphonic | Zhang et al.,
inhibitor calcium—DTPMP | acid) (DTPMP) 2016 [147]
solid
scale nanoemulsions oil-in-water phosphino- Gaudio et al.,
inhibitor nanoemulsions polycarboxylic acids 2007 [148]
(PPCA)
Drilling cement spacer nanoemulsions nanoemulsion Maserati et al.
bits (2010) [149]
corrosion mesoporous Hollow sodium Zeacetal.,
inhibitor mesoporous phosphomolybdate 2017 [150]
silica
nanoparticles
corrosion microporous microporous sodium Contri et al.
inhibitor polypyrrole phosphomolybdate 2018 [151]
(PPy)
EOR nanodroplets nanodroplets SDS and Span 80 Nourafkan et
al., 2018 [152]
EOR nanoparticles TiO2 anionic alkyl aryl Nourafkan et
nanoparticles sulfonic acid (AAS) al., 2018 [153]
EOR nanoparticles Lipid nonylphenol Rosestolato et
nanostructures ethoxylate (NPE10) al., 2019 [154]
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2.7. Nanoemulsions as a new vehicle for chemical additive delivery

There are various delivery systems that can be generally classified as liquids, semisolids,
and solids. The most popular approach is the incorporation of the active substance into
inert lipid vehicles such as oils, surfactant dispersions, liposomes, MEs, and NEs. The
study of NEs has become a rapidly growing research field in the formulation community
and the development of oil-in-water NE has attracted an immense amount of interest
owing to their outstanding properties. NE is one of the most promising smart fluids that
has many applications in drug delivery, cosmetics, food production, etc. [150- 157]
(Figure 2-7). Recently, NE has been used successfully in the oilfield for enhancing oil
recovery and for delivering chemicals in the reservoir [158,159]. NEs can be prepared
either mechanically by sonication or by low energy procedures like phase inversion
temperature method. Sonication technique is found to be more efficient than mechanical

methods in term of production cost, handling, and maintenance [160].

The formation of stable transparent NEs poses two main challenges: the ability to initially
create an emulsion where the entire droplet size is below 100 nm, and the subsequent
stabilization of this emulsion against various physicochemical phenomena such as
gravitational separation, coalescence, flocculation, and particularly Ostwald ripening
[161]. It is well established from a variety of studies, that surfactant can be used as an
emulsifier to facilitate the formation of the NE and to ensure its kinetic stability during
storage [162]. The type of surfactant and its properties such as critical micelle
concentration (CMC), hydrophilic-lipophilic balance (HLB), etc.) play a very important
role in NE stabilization. Blend surfactants may be employed to reduce the total amount
of surfactant used in particular applications, resulting in the reduction of cost and
environment impact [163]. It is well known that polyoxyethylene non-ionic surfactants

interact attractively with both anionic and cationic surfactants such as sodium dodecyl

-30-



sulfate (SDS) and dodecylammonium chloride (DAC) at the oil/water interface [164].
The interaction in the oil/water interface between mixed surfactants is more attractive
than that between anionic surfactant molecules alone or between non-ionic molecules
alone [165]. However, NEs are particularly prone to growth in particle size over time by
a process known as Ostwald ripening [166]. Ostwald ripening is a process by which the
fluid contained in smaller drops with high interfacial energy is transferred to larger drops,

forming large droplets at the expense of smaller ones [166, 167].

Surfactant

Oil phase

Oil-in-water nanoemulsion

Figure 2-7. Schematic diagram of NEs fabricated from oil, water, and surfactant. Figure

is taken from [168].

A considerable amount of literature has been published on two strategies for reducing the
rate of Ostwald ripening in oil-in-water NEs. The first one is to use long-chain oils (as a
second oil), which is insoluble in the continuous phase. This second oil is referred to as
a” ripening inhibitor” and is usually a highly nonpolar substance with a relatively high
molecular weight, such as corn oil [169], sunflower oil [170], and medium chain
triglycerides (MCT) [171]. This would provide a kinetic stabilization of NEs and increase
significantly the aging rate [172]. In 2008, Wooster et al. [161] responded to the need for

reducing Ostwald ripening by adding the large molar volume of long-chain triglyceride
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oil to the organic phase, which decreased the water solubility of organic phase thus
providing a kinetic barrier to Ostwald ripening. Similarly, Mc- Clements et al. 2011 [173],
found that by adding highly hydrophobic triglyceride molecules to the lipid phase of
orange oil, a significant reduction in Ostwald ripening occurred. Recently, Chen et al.,
2016 [171] used long-chain and medium-chain triglycerides with Eugenol oil at high
incorporation ratio (30 wt. % to 80 wt. % in the lipid phase) when Tween 80 was used as
the surfactant. Their results showed that NEs with the smallest particle size were stable
within 28 days of storage. However, exactly how the second oil inhibits Ostwald ripening

is still not yet fully understood.

The second way is to use polymeric stabilizers to form a strong interfacial layer around
oil droplets that prevents the Ostwald ripening. In 2011, Galindo et al. examined the
stability of NEs with mixtures of amphiphilic polyelectrolytes and non-ionic surfactant
(tetraecthylene glycol dodecylether). They showed that the shelf life of dodecane NEs was
significantly extended by the presence of the non-ionic surfactant [174]. The surfactant
film is responsible for the prevention of the two phases from collapsing, which must be
on one hand rigid enough to give a mechanically strong interface, and on the other flexible
enough so that the collision of oil droplets does not lead to the rupture of the film.
Fundamentally, the stabilization of an emulsion system can be achieved by electrostatic
and/or steric repulsion forces [175]. However, the formed droplets are generally large in
the range of a few hundred nanometers. Although there are many reports in the literature
on the reduction of Ostwald ripening [171], most are restricted to explain the mechanism

of stability.

-32-



2.7.1. Characteristics of NEs

2.7.1.1. Small droplet size and narrow size distribution

The droplet size of NE is one of the most important characteristics. It influences optical,
rheological, stability, and release characteristics. The small droplet size also has the
potential to alter the biological fate of the delivery system [176]. The small droplet size
and narrow size distribution impart several overwhelming advantages to a NE over other
delivery systems. The droplet size is so small that it only scatters light weakly. This
characterizes the appearance of NEs, optically clear or slightly turbid. Moreover, the
small droplet size and narrow size distribution contribute to high kinetic stability of NE

against aggregation and gravitational separation by Brownian motion.

In oil and gas applications, the small size of the droplets will likely increase the
momentum transfer efficiency of the chemicals or other molecules inside the droplet

across porous media [177].

2.7.1.2. Low concentration of surfactant

Both ME and NE systems require surface-active molecules to stabilize the interface of
two immiscible phases. Surfactants serve as emulsifiers that adsorb to the surface and the
interface, preventing the aggregation of droplets. ME was introduced as early as the 1940s
and they are of interest as a drug delivery system due to its simplicity of manufacture,
thermodynamic stability and high solubilization capacity [ 178]. ME is defined as a system
of water, oil, and amphiphile, which is a single optically isotropic and thermodynamically
stable liquid solution [179]. It shares a similar system classification as NE. The surfactant
is the critical component in ME formation and a large amount of surfactant required to

produce ME is a major concern of the ME due to surfactant-induced toxicity and side
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effect, consumer compliance and excipients acceptability [180]. Nevertheless, it is
possible to fabricate a NE with much less surfactant (~3-10 wt.%) than a ME (>20 wt.%)

[181,182].

2.7.1.3. Enhanced solubility and absorption of chemicals.

NEs can encapsulate chemicals inside the dispersed phase so as to increase their release
time and efficacy due to the increase of surface area resulting from the decrease in droplet
size [183]. Because of enhanced release time and efficacy of chemicals, there can also be
areduction in the amount of chemicals losses. NEs also show a strong tendency to migrate
and adsorb on the mineral surface due to the large surface area of the droplets and the
presence of surfactants, which restored the wettability and induced ultralow interfacial
tension of oil, promoting the solubilisation of the adsorbed oil layers on porous media

[184].

2.7.1.4. Thermodynamically unfavorable system.

NEs are thermodynamically unstable systems because the free energy of the separated
two phases (oil phase and water phase) is lower than that of the one-phase emulsion itself.
Consequently, NEs always tend to breakdown over time due to various physicochemical
phenomena, namely gravitational separation, coalescence, flocculation, and particularly
Ostwald ripening [181,185]. Therefore, the major concern of a NE formulation is to create
sufficiently small droplets in order to ensure that the system has a satisfactorily long
kinetic stability for commercial applications. The long-term physical stability of a NE can
be achieved by means of electrostatic or steric stabilization, static by solid particles at the
interface, or increasing the viscosity of the system. Thus NE, sometimes, can be labelled

as “Approaching Thermodynamic Stability” [181].
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2.7.2. Advantages and formulation challenges of NEs

The attractions of NEs from personal care and health products to oil and gas applications
are due to the following advantages: the transparent appearance of nanoemulsion and its
fluidity at a preferable oil concentration give NE product a pleasant aesthetic character

and skin feel.

With the increase in chemical solubility in the NE, the greater concentration gradient
facilitates the slow release. When across the pore space in porous media, the oil droplet
not only carries the chemical directly entering the porous medium but also provides an
extra solvent with other components such as surfactants and induces highly permeable
pathways across porous media. The small droplet size (less than 100 nm) of NE can be
efficiently penetrated through the pore space in porous media [186]. The small droplet
size of NE also prevents flocculation, coalescence, and gravity-induced sedimentation or
creaming, phase separation and surface fluctuation during storage. Wetting, spreading
and penetration can be enhanced due to the low surface tension of the whole system and

low interfacial tension of the o/w phases [187].

The reduced amount of surfactant in NE formulation significantly reduces the treatment
cost. NEs can be designed at much lower droplet concentration than conventional
emulsions [176]. With respect to the inhibitor in a formulation, the primary goal of NE as
a carrier system is to protect and deliver the chemical incorporated inside. Hence,
compatibility of formulation components with the inhibitor and capacity of formulation
components to solubilize and stabilize the inhibitor should be considered. Prerequisite
information such as physicochemical properties of the inhibitor is needed to select a

proper emulsifier system and an oil phase.
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Two major concerns in formulation considerations are the efficiency of NE formation and
stability of a NE [188]. The oil phase in a NE system not only influences the NE formation
but also affects end-product stability. Using high viscosity oil limits droplet disruption
within a high-pressure homogenizer; high level of hydrophobicity makes it difficult to
prepare NEs; high interfacial tension with the aqueous phase challenges the emulsifiers
to stabilize the interface. In contrast, when using oils of low viscosity, relatively high
polarity, and low interfacial tension to formulate NE, it is very likely that the NE formed
will easily breakdown because of Ostwald ripening or coalescence. The relatively high
water-solubility of oil causes diffusion of oil molecules from small to large droplets,
which leads to droplets growing. The low interfacial tension makes oil droplets more

prone to coalescence [171].

2.8. Displacement/removal mechanism of asphaltenes in porous media

2.8.1. Asphaltene removal mechanism by inhibitors

Asphaltenes tend to adsorb on mineral surfaces and alter their wettability, which can
reduce crude oil effective mobility by plugging pore throats, thus reducing rock
permeability. Once asphaltene deposits have built up on rock surfaces, the ability to
effectively mobilize and produce crude oil can be challenging [189]. Removal of
asphaltenes requires the use of mechanical methods or chemical treatments (see Section

2.3).

Several investigations have been conducted to study the effect of inhibitors on the
decrease and/or delay of the asphaltene precipitation and deposition. These studies
suggested the injection of the surfactants into streams susceptible to asphaltene

precipitation and deposition. However, there is a lack of information on the effect of the
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inhibitor on the deposition of asphaltene particles on surfaces, such as rocks, stainless-

steel (SS) and glass.

Al Sultan et al., 2018 [190] studied the effect of DBSA as an anionic inhibitor on
asphaltene deposition on SS and glass surfaces. SS can be representative of the pipeline
surface, while glass beads can be a representative of porous media. Results revealed that
the inhibitor delays the asphaltene onset in the bulk system. However, asphaltene
deposition on the stainless-steel surfacé was increased at all measured concentrations of
the inhibitor, while the deposition rate on the glass surface decreased by increasing the
inhibitor concentration. The results revealed that the DBSA can remove deposited
asphaltene on glass surfaces at high concentrations. Similarly, Hashmi et al. recently
showed the ability of DBSA to remove asphaltenes that have been deposited in metal

capillary tubes [191].

There are two major mechanisms responsible for the removal of asphaltenes in porous
media by inhibitors: mobilization and micellar solubilisation. Mobilization involves
reduction of interfacial tension between the asphaltene and aqueous phase [191] and is
primarily assumed to be responsible for the bulk removal of trapped oil during
remediation operations [192]. Micellar solubilisation, on the other hand, is a less
understood phenomenon. It is believed that inhibitor micelles dissociate near the
asphaltene-water interface and then re-form around the asphaltene, essentially
partitioning the hydrocarbons into the aqueous phase [193]. Micellar solubilisation of this
type leads to a Winsor type I, oil-in-water emulsion [191-195]. This phenomenon has
been investigated in groundwater contaminant (non-aqueous phase liquids NAPL)
transport and chemical flooding in oil reservoirs for four decades [240-243]. Although
most of crude oils are less dense than brine and thus considered as LNAPLs (light non-

aqueous phase liquids), they often contain heavy organic macromolecules (asphaltenes)
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that are denser than brine and thus classified as DNAPLs (dense non-aqueous phase
liquids). However, the extent to which these two mechanisms occur is still unclear,
particularly in asphaltene adsorption. Surfactant injection was very effective in
mobilizing residual oil trapped in a well-controlled experimental site [196]. Although
increased efficiency with surfactant mixtures has been reported in the past, some

challenges may arise due to micellar agglomeration [196] or surfactant partitioning [197].

Javanbakht et a/ [198] illustrated the mobilization and micellar solubilisation mechanisms
for removal of contaminants by surfactants, as shown in Figure 2-8. Fast mobilization of
LNAPL (through the formation of Winsor Type III MEs) occurs first followed by the
slow micellar solubilization of DNAPL (i.e., asphaltenes). The wettability reversal is due
to the adsorption of surfactant molecules via their hydrophobic tails on the thin asphaltene
layer causing it to detach and form Winsor Type I MEs. Mobilization here was the
dominant mechanism because asphaltene nanoaggregates were colloidally stable in
NAPL and their adsorption on mineral surfaces reached saturation relatively fast.
However, there are situations where asphaltene aggregates may become unstable and
flocculate (for instance, due to incompatible fluid mixing), leading to much larger
amounts of DNAPL deposited on mineral surfaces that may hinder NAPL displacement
in porous media. In this case, micellar solubilization may become the dominant
mechanism. Therefore, the selection of surfactants and the effectiveness of aquifer

remediation strategies depend on the colloidal stability of asphaltenes in the NAPL phase.
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Figure 2-8. Process of NAPL removal from contaminated aquifer: (a) trapped and
adsorbed NAPL, (b) mobilization of NAPL, (¢) mobilization and micellar solubilisation

of NAPL. Figure is taken from [198].

Besides the use of surfactant to remove asphaltenic deposits, BETX (Benzene,
Ethylbenzene, Toluene, and Xylene) solvents have historically been used in the oilfield
as a chemical treatment to remove deposits from pipeline tubing and near the wellbore.
The use of these solvents presents serious health and safety hazards. In comparison, the

use of aqueous-based treatments represents a safe alternative.
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2.8.2. Molecular mechanism of contaminant removal by MEs

More recently, interest has centred on special mixtures known as MEs that may be useful
for removal of contaminants. Specifically, in an O/W ME, the micellar capsules are
thermodynamically stable, enabling their usage in field applications [199]. The oil phase
may be an organic solvent that can be delivered to the contaminant via the ME, allowing
the solvent to assist in breaking up the adsorbed contaminant. Mandal and others
conducted experiments with non-ionic surfactant-stabilized MEs to prove that MEs can

recover up to 30% more trapped oil phase than traditional water-flooding [200].

Qin et al. [201] observed that oil solubilization achieved by a ME was higher than that
obtained using a surfactant at low concentrations in an aged Tensleep core using
imbibition tests. They attributed this result to the unique ability of d-limonene swollen
micelles to penetrate into microcrystalline dolomite cement and swell the crude oil
leading to more effective desorption. Similarly, Oliveira et al. [202] investigated the

removal of heavy crude oil from sand using MEs.

Javanbakht et al 2017 [198] studied the impact of surfactant and ME flooding on NAPL
displacement in heterogeneous porous rocks. They found that ME flooding had a greater
impact in displacing NAPL phase compared to surfactant flooding. They concluded the
reduction of contact angle (i.e., wettability alteration) and IFT were the main mechanism
for displacement of NAPL. Although the NAPL/ME IFT was slightly lower than
NAPL/surfactant [FT, the increased ability of MEs to alter the wettability of contaminated
rough surfaces (such as dolomite cement) was the key parameter controlling fluid
displacement in this system. MEs could penetrate adsorbed DNAPL layers because of the
presence of d-limonene molecules that were able to carry the surfactant even to rough

surfaces and form small- emulsified NAPL droplets that were easier to displace through
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narrow pores and throats. In contrast, the surfactant alone could not alter the wettability

of rough surfaces and therefore left 12% more NAPL in the contaminated rock than MEs.

Lowry et al., 2016 [203] suggested that MEs may be a better option than surfactant alone
for removal of oil-based contaminants from mineral surfaces. The combination of the
surfactant with the limonene solvent allows the micelles to dissociate and swell the oil
phase. Also, by reducing the interaction between the near irreversibly adsorbed polar
molecules and the bulk oil phase, the ME can increase the mobility of otherwise adsorbed
non-polar molecules. The total mechanism may be summarized as the diffusion of the
micelles to the contaminant droplet, infiltration of the ME solvent, swelling of the

contaminant phase and finally solubilization induced by flow (Figure 2-9).

Figure 2-9. Proposed mechanism of ME interaction with NAPL on the mineral surface.

Figure is taken from [203].

Hernandez et al. 2019 [204], investigated the ability of MEs to remove crude oil residue
from solid surfaces using surfactant and ME in a fast and reproducible manner. ME was
consisting of 23 wt.% ethoxylated nonionic surfactant (Ci2-15EO7), 23 wt.% isopropyl

alcohol, 39 wt. % fresh water and 15 wt. % solvent (d-limonene). An equivalent surfactant
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package (SP) was prepared by replacing the amount of solvent by water. They suggested
a diagram of the removal mechanisms of solid crude oil residue from sand using MEs, as
shown in Figure 2-10. They suggested that d-limonene swollen micelles will adsorb to
crude oil deposits and then will diffuse and penetrate into the deposited layer, thereby
softening it. The softening process is followed by removal into the aqueous phase. The

ME exhibited a much higher removal than the SP for all parameters tested in this study.

(a) (b) (c)

LE

Crude oil residue

(d) (e)

Figure 2-10. Cartoons showing the removal mechanisms of crude oil residue from sand
using a ME. (a) diluted ME contacting sand, (b) and (c) adsorption of both dlimonene

and surfactant contained within the ME into the sand surface, (d) d-limonene diffusing
into the crude oil coated layer and softening it, (¢) removal of crude oil residue. Figure

is taken from [204].
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2.9. Summary of the state-of-art

i) Stabilization of NEs

Over a sufficient storage time, NEs have a tendency to undergo physical changes that lead
to their eventual phase separation. Previous studies reported two strategies for reducing
the rate of Ostwald ripening or growth of NEs: the first one is to use long-chain oils (as a
second oil) and the second way is to use polymeric stabilizers to form a strong interfacial
layer around the oil droplet that prevents the coalescence and Ostwald ripening. Most of
these works have failed to form droplets less than 100 nm in diameter and to be stable for
a long time. In addition, previous studies are limited to explain the mechanism of NEs
stability. Previous studies have also failed to understand the retention and release

characteristics of chemicals from NE-based delivery systems.

ii) Stabilization of asphaltene and preventing aggregation and precipitation

Although chemical treatment is widely used in oilfields, it has a major problem due to the
loss of a large amount of chemicals inside the reservoir, resulting in high treatment cost.
In addition, using high concentrations of inhibitor tends to produce self-associations near
the wellbore rather than adsorption on asphaltene, reducing their effectiveness. Thus,
there is a strong need to develop new methods for controlled and sustained inhibitor

release inside the oil reservoir.

iii) Molecular structure characterization of asphaltene

The mechanisms of the aggregation behaviour of asphaltenes are not completely
understood, and a complete molecular analysis of asphaltene structure changes with the

addition of inhibitors have not yet been achieved.
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iv) Asphaltene adsorption/desorption into porous media (i.e. underflow conditions)

Most of the asphaltene works are concerned with the measurement and modeling of
adsorption isotherms on crushed minerals under static conditions [80-87]. Very little work
was conducted on the adsorption kinetics of asphaltenes under flow conditions [76] and
on the effect of inhibitors on the delay of asphaltenes precipitation and deposition of
asphaltene particles on porous media. Also, there are no systematic studies that establish
the removal mechanisms of asphaltene from rock surface using NEs in the presence and

absence of asphaltene inhibitor.

Addressing these problems, this work will develop a novel concept of using NE to deliver
and controlled release of asphaltene inhibitor (Al) in a bulk fluid or flowing through a
porous medium, which could i) improve the stability of the asphaltene, ii) reduce the
usage of inhibitors, and iii) extend the treatment time via the slow release of inhibitors.

Specifically, the thesis will:

1. Explore a novel method by using Al (i.e., as a new class of ripening inhibitor)
inside NEs to reduce Ostwald ripening, which could be used as a carrier for Al in
both upstream and downstream.

2. Inveterate the effect of the controlled release of Al on asphaltene stability and
propose a mechanistic understanding of the controlled release effect on preventing
asphaltene precipitation.

3. Conduct a detailed kinetic study of controlled Al release from NEs and elucidate
the release mechanism by comparing with established mathematical models.

4. Investigate the molecular structure characterization of asphaltene in the presence
of inhibitors with NEs and validate the intermolecular interaction between

asphaltene and DBSA NEs.
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5. Develop a novel concept of using NEs as carriers for asphaltene inhibitors and
control their release inside porous media to improve the cumulative asphaltene

recovery efficiency.

These are presented in the following chapters.
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Chapter 3

Nanoemulsion preparation, characterisation and

stability

3.1. Introduction

In many commercial applications, it is important that a NE-based product remains both
physically and chemically stable when exposed to specific environmental conditions
during its manufacture, storage, transportation, and utilization (such as pH, ionic strength,
temperature, and mechanical forces) [200]. For emulsions to be used in the oilfield
applications, emulsions need to be small size and stable for a long time [200,207]. A
considerable amount of literature has been published on two strategies for stabilization of
NEs: 1) use long-chain oils (as a second oil) and ii) use polymeric stabilizers to form a
strong interfacial layer around the oil droplet, that prevents coalescence and Ostwald

ripening.

Different to the previous two methods, this Chapter explores a novel method by using Als
(as anew class of ripening inhibitor) inside NEs to reduce coalescence process or Ostwald
ripening, which could not only reduce the usage of stabilizers but also produce small oil
droplets stabilized for a long time. Characterization of NEs is conducted in terms of
droplet size distribution, IFT measurement, surface charge determination, stability study,
and rheological behaviour, which will be used in the following applications in the delivery

and controlled release Al through bulk and porous media.
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3.2. Experimental work and procedure

3.2.1. Materials

Analytical grade materials including: xylene (purity > 98.5%), sodium dodecyl sulfate
(SDS) (Figure 3-1 A), Tween 80 (sorbitan monooleate) (Figure 3-1 B), dodecyl benzene
sulfonic acid (DBSA) (Figure 3-1 C), phenanthrene (phe) (purity 98%) (Figure 3-1 D),
deionized water, and sodium chloride (NaCl) were purchasing from Sigma- Aldrich
Company. Figure 3-1 shows the chemical structure for the materials used.

SDS

(A) 0 .
head with sulfate group
9,
(B) Tween 80 =

Non-ionic head with

oxyethelene group

(©) DBSA

Anionic head with Long tail saturated

benzene sulfonic aci

(D) phenanthrene

Three fused benzene rings

Figure 3-1: Chemical structure A) SDS, B) Tween 80, C) dodecyl benzene sulfonic acid

(DBSA), D) phe.

-47 -



3.2.2. Preparation of oil-in-water NEs

The properties and stability of the final NEs are largely dependent on the preparation
procedures and techniques applied. NE was formulated using ultrasonication method,
which is one of the most efficient high-energy homogenization techniques. Some of the
potential advantages of ultrasonic homogenizers for commercial applications are their
ability to produce stable NEs with very small droplet diameter and low polydispersity,

low operating costs, and low energy consumption [160].

In the beginning, the formation consisting of DBSA was dissolved in xylene and mixed
together by stirring using a magnetic stirrer at 1000 rpm at room temperature for 24 hours
until a clear sample was obtained. At the same time, another sample consisting of a non-
ionic surfactant (Tween 80), an anionic surfactant (SDS) and deionized water were mixed
together by using the magnetic stirrer for 24 hours as well to ensure complete dispersion
and dissolution. In the next step, the mixture of (deionized water, surfactants) was added
slowly to the mixture of xylene and DBSA. Then, the samples were pre-homogenized by
a high shear mixer (IKA T2S digital/Ultra- Turrax) for 4 minutes (~3000rpm) for each
sample to improve the mixing and size distribution. After that, the samples were sonicated
by an ultrasonic probe for 8 minutes per sample, amounting to 2 minutes of actual
sonication for 4 times (i.e., | minute without sonication between two actual sonications).
The amplitude for sonication was about 20%, the power was 26 watt, and the energy about
2000 J for each cycle. The procedure was implemented carefully to ensure the oil inside
the NE is not evaporated by the elevated temperature due to the sonication. A temperature
controller and a double-walled cylindrical glass container cooled by water were used to
monitor and control the temperature to 25 °C during the sonication process. The low
volume percent of the oil was selected to minimize the effect of droplet coalescence and

the mass of the surfactants was tested to be in excess for the smallest emulsion produced.
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The composition of the dispersions used to prepare blank NEs were at a concentrations
of 7 vol.% xylene (oil phase), 10 vol.% mixed surfactants (9.9 vol.% Tween 80 and 0.1
vol.% SDS), and 83 vol.% deionized water, while DBSA NEs were composed of: 1 vol.%
DBSA, 7 vol.% xylene, 10 vol.% mixed surfactants, and 82 vol.% deionized water. While
phe NEs were composed of: 1 vol.% phe, 7 vol.% xylene, 10 vol.% mixed surfactants,

and 82 vol.% deionized water.

3.2.3. Characterization of nanoemulsion

3.2.3.1. Analysis of droplet size and polydispersity index

The droplet size and size distribution for the NEs prepared with different concentrations
of inhibitor were measured approximately 2—5 h after the preparation by a laser diffraction
method (i.e., Zetasizer Nanoseries ZS, Malvern Instrument, Worcestershire, UK). NE
droplet size was determined by 3 measurements and calculated as the mean diameter of

the volume distribution (MV).

_ Yvidi

MV SVl

where V1 is the volume percentage between droplet sizes and di is the diameter of droplets.
About 1 ml of sample was placed in a disposable cuvette (1x1x4 cm). The polydispersity
index (PDI) for asphaltene particles in the suspension can be calculated from a two-
parameter fit to the correlation data (the cumulants analysis) as Mw/Mn, where Mw is the
weight average and Mn is the number average molecular weight [181]. Zeta potential, the
electrical charge on the oil droplets in the emulsions was determined under holder
temperature of 25 °C and electrical voltage 3.9 V. All NEs were stored at 25 °C and

withdrawn periodically for droplet size, PDI, and zeta potential determinations.
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3.2.3.2. Interfacial tension measurements

For IFT measurements of the oil/water system were carried out using a KSV CAM 200,
a syringe needle with the size of the 2 inch (50.8 mm) and an outer diameter of 0.7 mm
was filled with low-density fluid (i.e. xylene) and immersed in an optically clear cell filled
with the aqueous phase. Then the xylene droplet was injected upwards, and a stable
pendant xylene droplet was recorded by a camera. The same drop size (12 pl) was used
for all experiments. A pendant drop shape was then processed by the software to fit the
Young-Laplace equation, and the IFT values were determined. The measurements were
repeated several times for each oil/ water system and similar trends were yielded with the
standard deviation of the about +2 unit. All the interfacial measurements were conducted

at room temperature (25 °C) and atmospheric pressure.

3.2.3.3. FTIR analysis

The intermolecular forces between NE’s components were investigated by FTIR-Thermo
1S10 spectrometer. Infrared spectra of NEs samples were collected in the spectral range
from 500 to 4000 cm !, 64 scans per spectra, and a resolution of 1 cm™!. FTIR spectra
were measured by the attenuated total reflectance (ATR) technique, which is a sampling
technique used in conjunction with FTIR spectroscopy and enables samples to be
examined directly in the solid or liquid state without further preparation. A Bruker ATR
A225 sample cell equipped with a diamond crystal of quadrate area of 2 x 2 mm? was
used. The FTIR spectrometer was controlled using the OPUS software. The background
was collected every 7 min and the samples were used making sure they applied uniformly
in order to get the better peaks. The equipment was cleaned in between the samples in

order to avoid the chances of contamination.
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3.2.4. Rheological measurements

The viscosity measurements of all NEs were performed using Bohlin Gemni rheometer
at 25 °C for the shear rate range of 0—1000 s'. The sample of NE was placed into the cell
(2ml Mooney). This cell is intended for use with low viscosity samples.

A fluid showing viscoelastic nature (partial viscous and partial elastic) under varying
strain is known as viscoelastic fluid. Viscoelastic was measured by oscillatory mode with
a frequency range between 0.1 and 20 Hz at 25 °C. For viscoelastic fluids the
measurement of storage/elastic modulus (G') and the loss/viscous (G”) modulus is
possible. If, G” > G' = viscous or liquid-like nature, and G"< G' = gel or solid-like nature
[200].

3.2.5. Stability measurements

The static stability of NEs was evaluated by a Turbiscan instrument (Formulaction,
France). The sample in the cell was at level (55 mm) and scanned every 30 minutes for 3
days and 10 hours at 25 °C, and the change in transmission, backscattering flux and delta

backscattering (ABS) were obtained as measurements of the stability of the NEs.

Stability was evaluated as Turbiscan stability index (TSI), which is a statistical parameter
used to estimate the suspension stability [207], where a low TSI value indicates high
stability of the system [208,209]. The TSI value was calculated using Eq. (1) reported for

[210]

rs] = [|P=ixe) (3-2)

n—1
Where x; represents the average scattering intensity measured per minute, xgg is the
average value of x;, and n represents the number of scans.
The dynamic stability of the NE was analyzed using LUMI-sizer (LUMiSizer, LUM

Americas, Boulder, CO, USA) to determine the mechanism of instability and the
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instability index as a function of time (1 hr and 4 weeks). In brief, (400 pul) of NEs was
put into 8 mm x 2 mm rectangular polycarbonate cuvettes and centrifuged at 2000 rpm
for 1hr. The intensity of the transmitted light through the NE is based on the movements
of the droplets under the centrifugal force. The final transmission profiles of the
emulsions as a function of time and height of samples in the cuvettes give an indication

of kinetic stability of the NEs under accelerated gravitation.

3.3. Results and discussion

3.3.1. Influence of mixed surfactant concentration on synthesized NEs

NEs were prepared with mixed surfactants initially dissolved in the aqueous phase at
mixed surfactants (SDS and Tween 80) concentration varying between 0 and 10 vol. %
(with a fixed concentration of 0.1 vol. % for SDS). At low mixed surfactants
concentration (i.e., 2.5 vol. %), large droplet size was observed because of high interfacial
tension and coalescence of oil droplets, which is supported by a low zeta potential value.
With an increase in surfactants concentration, a decrease in droplet size was observed due
to a significant increase of interfacial area and reduction of interfacial energy, which in
turn reduced the IFT [211], denoting less coalescence of oil droplets and an increase in
the NE. The droplet size decreased from 250 nm to 200, 150, and 22 as the surfactant

concentration increased from 2.5 vol. % to 5, 7.5, and 10 vol. %.

Results of zeta potential for mixed surfactants at the different concentrations studied were
also shown in Table 3-1. All NEs showed negative charge with increasing Tween 80
concentration, which was not an expected result. These negative values of zeta potential
may be due to the ability of oil-water interfaces to preferentially adsorb hydroxyl ions
from water or due to the presence of anionic impurities in the oil or surfactant [212,213].

Samples showed an increase significantly of zeta potential absolute values from —26 to
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—32 mV as Tween 80 concentration increased. NE stabilized with 10 vol.% of mixed
surfactants showed zeta potential value over -30 mV, so these NEs could be considered
stable; however, these results cannot guarantee NE stability, since there are other factors
that affect the emulsion stability, as droplet size and distribution, interfacial tension

reduction, environmental conditions, etc. [214].

In order to further investigate the co-adsorption of both surfactants at the oil/water
interface, the time variation of xylene/ water interfacial tension was monitored (Figure 3-
2). An IFT value of 38.31 mN/m was obtained by the pendant drop method at zero
surfactant concentration, that was, between xylene and water. From Figure 3-2, the IFT
values decreased with an increase in surfactant concentration. The decrease of IFT as
increasing surfactant concentration can be related to faster surfactant adsorption to the
oil-droplets surface. The interfacial tension for the sample with 2.5 vol. % surfactants
decreased from 30.39 to 12.81 mN/m within a period of 240 s before the values became
almost constant. Similarly, for the other three NE samples with 5, 7.5, and 10 vol. %
concentrations, IFT decreased from 28.8 to 8.85 mN/m, from 22.8 to 5.75 mN/m, and

from 20.7 to 1.9 mN/m, respectively, within a 240 s.
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Figure 3-2. Variation of interfacial tension of the formulated NEs at different mixed

surfactants concentrations.

Another significant effect was related to the storage stability of NEs. Adding Tween 80
surfactant in the aqueous phase led to a strong slowing down of emulsion aging (Figure
3-3). For a surfactant concentration of 2.5 vol. %, average droplet diameter increased
during the first 100 h and level off around 700 nm over the following 250 h. Similarly,
for the other three NE samples with 5, 7.5, and 10 vol. % surfactants concentrations,
droplet size increased from 200 to 738 nm, from 150 to 450 nm, and from 22 to 270 nm,

respectively, within 300 h time.

Although there are many reports in the literature on the outcome of using one type of
surfactants, most are restricted to use mixtures of anionic and non-ionic surfactants.
Mixed surfactants can provide a strong interaction at the oil/water interface. In the current
study, there are two factors indicating the behavior of SDS and Tween 80 at droplet

interfaces, which are discussed here. First, we expect SDS and Tween 80 can pack closely
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at the oil/water interface, which may be assisted by attractive interactions between both
the tails and the head groups. Note that the interactions between hydrocarbon tails are
expected to be via van der Waals or dispersion forces, which become much higher if the
tails can approach in close proximity [215]. The primary three hydroxyl groups on the
head of Tween 80 may also undergo hydrogen bonding with the sulfate group on the head
of SDS, thus serving to bind the adjacent head groups [216]. Due to these interactions,
SDS and Tween 80 are anchored at the interface and thereby create a stable interfacial
film. It is believed that the attractive interaction at the oil/water interface is the indirect
interaction between dodecyl sulfate ions (DS") and the oxygen atom of polyethoxylated
head group in Tween 80 through the (Na") countercations. Sodium ions interact with the
(DS°) ion and Tween 80 simultaneously, probably through the ion-dipole interaction
and/or hydrogen bonding between them. The second aspect is the nature of Tween 80,
which is largely hydrophilic and water soluble. In fact, its affinity for water is due to the
three oxyethylene oligomers present on its head group. These three oxyethylene are also
essential for providing steric stabilization to oil droplets and hence preventing their
coalescence [217]. As aresult, when droplets approach each other, a short-range repulsion
(steric barrier) arises due to the presence of three oxyethylene. However, this effect is
compromised if the Tween 80 molecules move from the droplet into the aqueous phase,
leaving bare uncovered regions at the interface. These uncovered droplets could then

undergo destabilization processes, specially Ostwald ripening or coalescence processes.
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Figure 3-3. Average droplet (nm) as a function of storage time (h) for NEs at different

mixed surfactants concentrations.

Table 3-1. Effect of emulsifier type and concentration on droplet size and zeta potential.

After 1 hr After 4 weeks
Mixed Tween 80 | SDS | d (nm) | PDI Zeta d (nm) | PDI Zeta
surfactants potential potential

(mV) (mV)

2.5 2.4 0.1 250 0.39 -26 825 0.59 =22

5 4.9 0.1 200 0.34 -28 738 0.48 -24

7.5 6.9 0.1 150 0.30 -30 450 0.39 -26

10 9.9 0.1 22 0.20 -32 270 0.30 -28
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3.3.2. The effect of the concentration and type of carrier oil

We examined the influence of the concentration of oil phase on the physical stability and
characteristic of NE. Different concentrations of oil were used to study the effect of oil
concentration on particle size and the physiochemical properties of NE. Figure 3-4
revealed that with increasing oil concentration (i.e, xylene), the sample became turbid. At
the concentration of less than 10 vol. %, we got a droplet size NE less than 100 nm.
Therefore, all NEs were prepared and stored using oil concentration 7 vol. %. Using a
low concentration of oil phase in NE makes the surfactants strongly adsorbed at the
oil/water interface and tightly surrounded it. However, increasing the concentration above
10 vol. % leads to alter the physiochemical properties of NE. The viscosity of NE steadily
increased and the system became more concentrated when used oil concentration more
than 20 vol. %. The viscosity increased from (0.004 Pa.s) at 7 vol. % to reach about
(0.0187 Pa.s) at 20 vol. % of the oil phase. The NE appearance became more unstable.

However, the density of NE decreased with increasing the concentration of the oil phase.

The results of this study also indicated that the type of oil phase also affects the droplet
size and size distribution of NE. Figure 3-5 showed the size droplet variation at using four
different oil types. The low viscosity oils such as xylene and cyclohexane showed average
droplet size 19 and 35 nm respectively. Whereas, highly viscous oils such as mineral oil
and standard oil calibration (ASTM ref. S6) showed a droplet size of 411 and 601 nm
respectively. It is possible that the increase in droplet size for NEs with high viscous oils
may be attributed to its viscosity. Therefore, the viscosity of the oil phase plays an

important role in NE size.
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Figure 3-4. Xylene concentrations (A) 7 vol.%, (B) 10 vol.%, (C) 15 vol.%, (D) 20

vol.%
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Figure 3-5. The droplet size and size distribution for NE with different oils.
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3.3.3. Effect of inhibitor content on the particle size of NE

The effect of Als loading on the properties of NEs is related to the molecular length and
position of Al in the emulsion layer. Table 3-2 summarizes the features of NEs prepared
with different added amounts of DBSA and phe. At low concentration of 0.5 vol. %, the
Alloading reduced the droplet size of the NE, indicating that the presence of Al may play
an important role in softening the phase interface and reducing its curvature then
decreasing the droplet size. This effect may also be related to the localization of Al in the
hydrophobic core area and provide strong interaction with the mixed surfactants
molecules. At increasing of Al concentration to 1 vol. % almost did not vary droplet size
values, probably because the saturation of the oil phase by Al molecules as well as the
limit for droplets disruption by the sonication process used was already reached. These
effects may also be related to the localization of Al in the hydrophobic core area and
provide strong interaction with the mixed surfactants molecules. However, at high
concentration of Als, the system became more heterogeneous because the large droplet
sizes are formed due to partition of surfactant molecules between the oil and aqueous
phases and the molecules may preferentially accumulate at the oil/water interface and this
may result in reduction of the Gibbs elasticity, which in turn results in an increase in the
Ostwald ripening rate or coalescence [218]. However, the amount of Als added did not
significantly affect the PDI values of the NEs. All NEs exhibited a similar and narrow
size distribution with the PDI ranging from 0.208 to 0.218. DBSA-based NEs did not
differ significantly on PDI values ranging between 0.17 and 0.18, whilst the NEs with the
highest concentrations of DBSA (2 vol. %) showed a higher polydispersity of particle
size with values between 0.26 and 0.29. In general, it is considered that PDI values below
0.2 indicate uniformity among droplet sizes or monomodal distributions and therefore

good physical stability during storage [219] although this effect not only depended on
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particle size distribution, but also on continuous phase viscosity, electrostatic and steric

repulsive interactions, density of each phase, etc. [212].

The Zeta potential value is a measure of the electrostatic repulsion of the droplet, and the
higher its negative value, the better its stability. Table 3-2 shows that the Zeta potential
of NEs was not significantly affected by the Al loading, and all at about -30 mV, which
indicates that the NEs had good stability. NEs with an appropriate amount of Al (1 vol.%)
gave consistently small droplet sizes compared to the other concentrations used in this

study, thus, we have focused more on 1 vol.% DBSA in the rest of the thesis.

Table 3-2. Diameter, PDI and zeta potential of DBSA NEs with different DBSA

concentrations.
DBSA NEs phe NEs
Inhibitor d PDI Zeta d (nm) PDI Zeta
concentration (nm) potential potential
(vol. %) (mV) (mV)
0.0 21 0.20 -32 21 0.20 -32
0.5 18 | 0.19 -32 18 0.19 -30
1.0 21 0.19 -33 21 0.20 -30
1.5 35 ] 0.26 -32 44 0.29 -29
2.0 93 | 0.31 -30 102 0.34 -29

3.3.4. Effects of inhibitor loading on the static stability during storage

Turbiscan is one of the most well-known tools for assessing the stability of colloidal
dispersions and is used in the present study to investigate the physical stability of DBSA
NEs.

Figure 3-6 (A) showed increases in the AT and ABS of blank NEs at the 3—45mm sample
height within 3 days. In addition, in the bottom (0—4 mm) and the top (45-50 mm) layers,
the ABS values changed with time, and it had a significant change after 3 days (red lines),
which meant that an increase in the droplet diameter had occurred probably because of
coalescence or Ostwald ripening. In addition, we can observe very easily on Figure 3-6
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(A) that the AT increases at the bottom of the sample due to a decrease of the
concentration of the particles in this part (clarification). This is caused by an increased
presence of water at the bottom due to the separation of water from the NEs over time
(i.e., phase separation). From the ABS, a high increase in signals at the top of the sample
is observed. This is due to an increase in the concentration of the dispersed phase
(creaming).

For DBSA NEs, Figure 3-6 (B) showed no change in AT and ABS peaks appear in the
bottom of the sample, which meant that the sample was homogeneous with good physical
stability. However, phe NEs showed a slight decreasing in ABS peaks, this is possibly

caused by oil separation and absorbing the light at the top of the sample.
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Figure 3-6. AT and ABS profiles for (A) blank NEs, (B) DBSA NEs, (C) phe NEs

during 3 days of the continuous test at 25 °C.
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The Turbiscan stability index (TSI) is a measure of the stability of the NEs, and the
smaller its value, the better its stability. Figure 3-7 showed the changes in TSI for blank
NEs and DBSA NEs, indicated that the TSI value of both samples gradually increased
with time, implying that the stability of the NE decreased. However, the stability index
for DBSA NEs was smaller than blank NEs. Combined with the results from DLS, it can
be concluded that for samples with the presence of DBSA, the DBSA molecules were
transported across the interface, and the interaction between DBSA with both oil and
mixed surfactants molecules enhanced the packing of the interfacial surfactants,
significantly decreasing the mean diameters of the particles and improving the stability
of the NEs. Therefore, we can conclude that the stability of NEs was dramatically
influenced by the location of the Al and the interaction between the Al with both oil and

surfactant molecules.

T T T T T T T
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104 —&— phe NEs i
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Figure 3-7. Turbiscan stability index (TSI) of blank NEs, DBSA NEs, and phe NEs.
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3.3.5. Dynamic accelerated storage stability of NE in the presence of Als.

The accelerated storage stability based on centrifugal force was carried out by using the
LUMI-sizer to determine the long-time storage stability and to know which mechanism
of the instability is dominating. When the transmission lines are shifted towards the
bottom of the cuvette, it indicates the movement of droplets and settles down to the
bottom (i.e. sedimentation mechanism). While, when the transmission profile appears on
the top of the cuvette, it indicates the movement of droplets towards the surface (i.e.
creaming mechanism). Looking at Figure 3-8 (A), as the time of centrifugation started,
the oil droplets transferred towards the top forming a cream layer (109 mm). However, in
the bottom part of the cuvette, the transmission has been decreased. The drop-in
transmission near the end of the cuvette could be attributed to the sedimentation of large
droplet aggregations. However, after 4 weeks (Figure 3-8 B), blank NEs showed higher
phase separation. It should be noted that both creaming, and sedimentation occur. This
could be due to the formation cream layer resulting from moving droplets towards the top
of the sample. Creaming usually leads to coalescence of droplets that causes the
destabilization of the emulsion, whereas both DBSA NEs and phe NEs showed no phase
separation even after 4 weeks of storage, indicating a longer storage period (Figure 3-8
C, D, E, and F). There was no sign of creaming action in the stored sample denoting the
slow recoalescence rate of oil drops because of continuous Brownian motion of the
smaller droplets. This behaviour is in agreement with all dynamic stability studies in the
current study.

In order to get a proper comparison of NEs long term stability it necessary to quantify the
transmission profiles. Instability index, calculated from the ratio of clarification due to
phase separation to the maximum possible clarification, was used to compare the

accelerated stability of the NEs. Instability index is a dimensionless number between 0
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and 1, where 0 represents no change in transmission usually meant higher stability;
whereas, 1 indicates complete sedimentation or creaming and hence meant lower
stability. In Figure 3-9, the lowest value of instability index was shown for DBSA NEs
and phe NEs compared with blank NEs, which showed the highest instability index. It
can be concluded that the DBSA NEs were the most stable and it showed remain stable

without any measurable phase separation for a long time.
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Figure 3-8. Transmission profiles as a function of length of (A) blank NEs after 1 hr,
(B) blank NEs after 4 weeks, (C) DBSA NEs after 1 hr, (D) DBSA NEs after 28 day,

(E) phe NEs after 1 hr, (F) phe NEs after 28 day.
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Figure 3-9. Instability index for NEs with and without Als.

3.3.6. Rheological behaviour and characteristics of the oil-in-water NE

3.3.6.1. Viscometry (viscosity-shear rate relationship)

The purpose of the rheology study is to present the general principles of rheology, to
discuss the relationship between the rheological characteristics of NEs and their colloidal
properties. The rheological behaviour of NEs in the range of shear rates (0 - 1000) 1/s at
25 °C was illustrated in Figure 3-10. There is an increase in viscosity with the presence
of Als at lower shear rate due to a sharp increase of intermolecular entanglement in the
solvent. The entanglement translates to increased shear stress and more pronounced
pseudoplastic behaviour. It is obvious that NEs systems exhibit a non-Newtonian flow
character for all samples and the viscosity strongly depends on shear rate. NE with Al has
high viscosity values even at a high shear rate which indicates it has the potential to
improve the mobility ratio that signifies the suitability of the NE in enhanced oil recovery
(EOR) application. Shear-thinning behaviour of NEs at high shear rates is favourable

during the injection process, as there is a decrease in viscosity at higher shear rates which
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results in an increase in injectivity [220]. Furthermore, high consistent viscosity values
are desirable when NEs moves deep into the reservoir at low shear rates, thereby

improving mobility control and recovery efficiency [221].

9'_ —=— blank NEs
el —es—DBSA NEs
—&— phe NEs i
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. T T . T E . T
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Shear rate (1/s)

Figure 3-10. The variation of shear rate with viscosity for blank NEs, DBSA NEs, and

phe NEs.

The flow curves plotted in Figure 3-10 were fitted with the power law model. The power

law is usually used as a model for materials of non-Newtonian behaviour:
o=k» . (3-5)

where £ is the consistency index and n is the flow behaviour index. Power law model
can describe Newtonian, shear-thinning and shear-thickening behaviour, depending on
the value of the flow behaviour index, n. For a Newtonian material, n is equal to 1, and
the equation reduces to the Newtonian model. If n is less than 1, the fluid is shear thinning,

whereas if it is greater than 1, then the fluid is shear thickening (dilatant). Therefore,
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according to the power law model, all analyzed NEs are of shear-thinning nature, where
the viscosity decreases with increasing the shear rate [222]. The values of n and k increase
with the presence of Als in descending order was: DBSA NEs > phe NEs > blank NEs
denoting an improvement in rheological behaviour of NEs and a rise in viscosity. Thus,
Power law model is essential in understanding the non-Newtonian flow behaviour of NEs
solution at any desired concentration. The experimental data at 25 "C were fitted and

analyzed with the help of the above model as shown in Table 3-3.

Table 3-3. Determination of rheological model parameters using the power law model.

Sample 20 vol. % blank NEs 20 vol. % DBSA NEs 20 vol. % phe NEs

Modeling k n k n k n

parameters

0.067 0.824 0.147 0.882 0.101 0.872

3.3.6.2. Oscillatory measurements: frequency sweep profile

Oscillatory experiments were conducted to determine the dynamic moduli (G’ and G” )
of the NEs with and without Als. Storage modulus G’ is the elastic component, which
indicates the amount of energy stored; while loss modulus G" is the viscous component,
which indicates that the amount of energy dissipated through a generated heat. During
fluid deformation, both behaviours (elastic and viscous) of the fluid are required for
dynamic modulus determination. The variation of dynamic modulus with frequency is

shown in Figure 3-11. Initially, for smaller values of frequency, the storage modulus (G’ )
values for all NEs are much smaller than the loss modulus (G” ) suggesting the viscous

behaviour of the emulsion. However, the storage modulus increases rapidly as compared

to loss modulus with a rise in frequency, implying NES exhibit viscoelastic properties.
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This suggested that not only these NEs spread easily but also their storage stability was
reasonably high [223]. Looking at Figure 3-11, G’ and G” values for NEs loaded Al are
much larger than G’ and G” for blank NEs, signifying the NEs exhibit viscoelastic
properties.

The storage and loss modulus intersect each other with a further increase of frequency
values. The intersection points of G’ and G” is known as the specific frequency (SF) or
cross-over frequency which indicates the transition point between the elastic and viscous
phases. The value of specific frequency is helpful in signifying the point of transition
between the elastic phase and viscous phase of the sample [224]. The SF values for all
NEs in ascending order was: DBSA NEs > phe NEs > blank NEs. Therefore, a frequency

lower than SF, the dominance of G” can be observed indicating liquid-like behaviour.
Whereas, for frequency greater than SF, elastic component G’ was the guiding factor
and became more active than the viscous factor indicating solid-like behaviour. The G"”

values for the NEs became almost constant after SF denoting better injectivity of the
emulsions [223]. Therefore, the viscoelastic property of emulsion strongly depends on

the type of Al used.

However, it was hard to judge whether the elastic behaviour NEs dominated over their
viscous behaviour as a function of frequency dependence on dynamic moduli alone. A
better way as to how these NEs behave under a small amplitude oscillatory shear can be
found by the investigated frequency dependence of phase angle (8) [225]. Figure 3-12
shows that the values of the phase angle of these NEs were lower than 45, it was evident
that the solid-like elastic property dominated in these NEs over their liquid-like viscous

property. The phase angle & decreases from a value of 68 (viscus region) to a value of
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about 6.2 and 10.5 (elastic region) for both DBSA NEs and phe NEs respectively,

indicating that DBSA NEs and phe NEs are more stable than blank NEs.

Both elastic/viscous behaviour and phase angle for NEs revealed a higher prominence of
elastic over viscous behavior (more stable) because of the synergy between mixed
anionic/non-ionic surfactants and Al which may arise from hydrophobic interactions
between the hydrophobic tails, hydrogen bonds between hydrophilic groups, and
aromatic-aromatic interaction of molecules and hence produce DBSA NEs and phe NEs

that are stable for long-term.
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Figure 3-11. The elastic and viscous modulus for blank NEs, DBSA NEs, and phe NEs

at t= 1 h storage.
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Figure 3-12. Phase angle variation with shear stress for blank NEs, DBSA NEs, and phe

NEs.

3.3.7. Effect of DBSA loading on the structural properties and stability mechanism

of NEs

In the present study, the intermolecular force between Al and other NE’s components

were investigated using FTIR spectroscopy in the wave range from 4000 to 400 cm ™. In

order to investigate the interaction between DBSA with mixed surfactants inside NEs,
about 25 vol. % of carbon tetrachloride (CCL4) was added to blank NEs. CCL4 is often
used as a solvent in FTIR spectroscopy to determine the free (uncomplexed) species (i.e.,
when it is used the spectra shows OH free) [226]. The hydrogen bonded OH band initiated
at 75 vol. % of blank NE in carbon tetrachloride that is the starting point of the formation
of hydrogen bonding of blank NE molecules. Looking at Figure 3-13, it is apparent that
blank NEs showed broad strong absorption band centred at 3365 cm™ and this can be
attributed to the formation of hydrogen-bonds of interlayer water molecules with
hydroxyl groups of non-ion of Tween 80 and SDS as well as the peak of free OH bond at
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3606 is appeared due to the addition of carbon tetrachloride. However, for the DBSA NEs,
the peak of free OH bond at 3606 disappears and the intensity of hydrogen-bonded OH
at 3365 cm ' is increased, which suggested that DBSA had been successfully
encapsulated in the NEs [222, 225]. The C=C bands of DBSA NE molecules had also
increased, and two new vibration bands, possibly related to the incorporation of DBSA,

was found at 1345 cm ! and 1030 cm ™! for sulfonic acid and sulfoxide respectively.

Overall, these suggested that DBSA can only be in the hydrophobic core area and leads
to hydrogen bonding of free OH groups in the DBSA NEs. In addition, the integrated
areas under the IR spectrums of NEs with and without DBSA were calculated after curve
deconvolution and normalizing to quantitatively evaluate any alteration. These results
indicate that addition of DBSA increases the integral from 4.09 to 5.76, demonstrating

that DBSA forms hydrogen bonding with a blend of surfactants (i.e., synergistic effect).
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Figure 3-13. FTIR of blank NEs with 25 vol. % of carbon tetrachloride and DBSA NEs.
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The overall trend of blank NEs stability is justified by the electrostatic repulsive effect
due to the negative zeta potential values and the steric repulsions due to the presence of
three oxyethylene side chains in Tween 80, which prefer to be surrounded by the solvent
rather than interpenetration when droplets meet. As well as the synergistic effect of
anionic/non-ionic surfactants is provided to pack tightly on the droplet surface. However,
blank NEs undergo a growth process of droplets with time. A possible explanation for
this is that Tween 80 molecules have an affinity for water due to the three oxyethylene
oligomers present on its headgroup. Therefore, the Tween 80 molecules are likely to
transfer from the droplet into the aqueous phase, leaving bare uncovered regions at the
interface. In addition, the oil phase with relative solubility in the water phase, it has
greater mobility between droplets [226]. Due to transport and diffusion of oil droplets
into the water phase, the droplet size becomes larger over time. As a result, the droplet
size increases with storage time.

However, addition DBSA to the organic phase makes it oil-rich or more insoluble in the
continuous phase. Due to its long chain tail group and sulfonic acid group, this contains
hydroxyl group that causes poorly soluble in water. During adding the continuous phase
to the oil phase (xylene and DBSA), the spontaneous curvature of mixed surfactants
(anionic and non-ionic) adsorb at the oil/water interface. Therefore, some of DBSA
molecules adsorb at oil/water interface whereas the surplus is trapped in the oil phase due
to its low affinity towards water. However, NE with DBSA may undergo electrostatic
interactions, together with hydrophobic, hydrogen bonding, or acid-base interactions
between DBSA and ionic/non-ionic surfactants that may enhance the binding of the
DBSA to the stabilized NEs. Since Tween 80 molecules have an affinity for water and

leave bare uncovered regions at the interface.
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Immediately DBSA which trapped in the core of the oil droplet will adsorb on oil/water
interface thereby it will cover the regions at the interface. The most interesting finding is
that the DBSA NEs are more stable than blank NEs due to the synergistic effect between
DBSA and blend of ionic/non-ionic surfactants as well as the long tail which makes oil
phase low soluble in water.

The presence of phe in NE, the interactions between three aromatic rings of phe and
aromatic ring in xylene are controlled by n-r interactions (aromatic-aromatic interaction),
which play an important role in the binding interactions of both phe and xylene. Since
phe is insoluble in water and the thermodynamic gradient may drive them out from the
water and hence reduces the oil phase of NE to be soluble in water for the long term. In
other words, phe and xylene molecules tend to clump up together rather than distributing
itself in a water medium, because this allows the phe and xylene molecules to have
minimal contact with water. Figure 3-14 shows the mechanism of NEs stability with and

without Als.

-74 -



Steric repul

| |
Breakage of the interfacial film due to thinning of hydration
shell and dislocation of surfactant molecules

]
, SDS, * Tween 80, f‘ DBSA, m phe
=

Figure 3-14. The mechanism of stability of NEs. (A) blank NEs, Tween 80 and SDS are

shown to pack tightly at the surface of an oil droplet, Tween 80 stabilizes droplets by
steric repulsions due to its oxyethene side chains. (B) DBSA NEs, DBSA molecules
stay entrapped in the oil droplet because it has low water solubility, which makes it
unfavourable for the molecules to diffuse through water from one droplet to another. (C)
phe NEs, phe can provide good solubility in the oil phase and very strong

intermolecular interaction with oil.
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3.4. Chapter summary

This Chapter investigated the physical stability of the NEs in the presence of Als (DBSA

and phe) with high interaction between surfactants and oil phase. The results showed that:

e The type of mixed surfactants, type of oil phase, and the content of Als are
important parameters to fabricate stable NEs.

e For the blank NEs, a cream layer was formed after 4 weeks’ storage or
after undergoing centrifugal force. However, when Als were introduced and
put under the same condition as the blank NEs, no cream layer was produced.
The NEs were remained visually homogeneous with an only slower increase
in droplet size. Both static and dynamic studies revealed that inhibitor-
reinforced NEs were more stable than the blank one.

e DBSA provided slightly higher stability than that of phe due to the
interactions via hydrogen bonding, acid-base interactions and the presence of
long chain tail group that dissolved in the oil phase. While for phe, the
interactions via © - 7 stacking between three aromatic rings in phe and the
benzene ring in xylene are dominated.

e Stable viscosity values with shear thinning nature indicated better mobility
control of NEs.

¢ Both dynamic and static physical stability also showed that a coalescence
process and Ostwald ripening were the main instability mechanism for all

NEs.
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Chapter 4

Controlled Releases of Asphaltene Inhibitors by

Nanoemulsions

4.1. Introduction

From the literature review in Chapter 2, one of the greatest challenges related to
asphaltenes is the instability, which results in precipitation in reservoirs, wells and
facilities, severely impacting the oil production quality and economics. This work
proposes a novel concept to encapsulate and control the release of asphaltene Als by using
NEs, which could 1) improve the stability of the asphaltene, ii) reduce the usage of Als,
and iii) extend the treatment time via a slow release of Als. As an example study, a
conventional Al, dodecyl benzene sulfonic acid (DBSA), is used as model Al The effect
of asphaltene stability and controlled release effect via NEs are examined by the
centrifugal method in three case studies, 1) with pure inhibitors (DBSA), ii) with blank

NEs, and iii) with NE loaded with DBSA (i.e. DBSA NE).

4.2. Experimental and methods

4.2.2. Preparation of oil-in-water NEs

The procedure of preparation of oil-in-water NEs with and without DBSA is illustrated
in Section 3.2.2. The composition of the dispersions used to prepare blank NEs were at a
concentrations of 7 vol.% xylene (oil phase), 10 vol.% mixed surfactants (9.9 vol.%
Tween 80 and 0.1 vol.% SDS), and 83 vol.% deionized water, while DBSA NEs were

composed of: 1 vol.% DBSA, 7 vol.% xylene, 10 vol.% mixed surfactants, and 82 vol.%
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deionized water. Figure 4-1 (A and B) shows the images of DBSA, blank NE, and DBSA
NE solutions.The droplet size for blank NE, and 1 vol. % DBSA NE were about 20 and

22 nm respectively.
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Figure 4-1. (A): The images of DBSA, blank NE, and DBSA NE solutions; (B): Droplet

size for blank NE, and DBSA NE (containing 1 vol. % DBSA).
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4.2.3. Asphaltene extraction and characterisation

The separation of asphaltenes was carried out according to ASTM D2007 by mixing crude
oil with n-heptane at a volume ratio of 1:40, which is known to destabilize asphaltenes
and to give rise in asphaltene precipitation [227]. The mixture could equilibrate after
stirring and left overnight at room temperature. It was then filtered under vacuum using
0.2 um pore size Whatman filter paper. Next, the filter cake was repeatedly washed with
n-heptane to remove any resins until the effluent from the filter became colourless.
Finally, the asphaltenes were recovered from the filter cake by dissolution in toluene and
then dried after toluene evaporation. The asphaltene solution containing 0.5 w/v % of the
asphaltene was prepared in a mixture of two solvents: toluene and n-heptane (Heptol), in
different portions, which will be detailed below. FTIR allows investigating the functional
groups present in a sample. The elemental composition (C, H, N, O, S) of asphaltene were
determined by Elemental Analyser (CHNS-O). Figure 4-2 shows a schematic of

asphaltene extraction and preparation of asphaltene solution.

n-heptane
n-heptane

Glass funnel
Filter paper
filter cake

Meltene L |
Asphaltene
powder

Crude oil

Stirring for48 hr

Asphaltene filtration Washing filter cake with
n-heptane
Toluene n-heptane

D
=

Asphaltene solution

Water bath 40 °C

Figure 4-2. Schematic of asphaltene extraction and preparation of asphaltene solution
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4.2.4. Separation analysis

Sedimentation (precipitation) analysis was performed by an analytical centrifuge
(LUMiFuge, LUMiSizer; LUM, Germany). In each measurement, 400 uL of the
asphaltene solution (asphaltene in 60:40 Heptol) was pipetted into a polycarbonate
transparent cell with a 2 mm path length. Real-time transmission profiles across the
sample were recorded at certain time intervals during the centrifugation. The

sedimentation velocity was determined.

4.2.5. Optical and electron microscopy

The morphology of the asphaltene particles was examined using dynamic optical imaging
(Malvern Instrument Morphology G3S Microscope (Instrument AG, Renens,
Switzerland)).

A transmission electron microscope (FEI Titan Themis Cubed 300 TEM) operated at 300
kV was also used. Prior to TEM analysis, samples were dispersed on a TEM grid (holey
carbon film, 400 Cu Mesh from Agar Scientific). Chemical compositions of asphaltene
solutions were analysed using an Oxford Instruments INCA 350 energy dispersive x-ray

spectroscopy (EDX) with 80mm X-Max SDD detector, within the FEGTEM instrument.

4.3. Results and discussion

4.3.1. Analysis of asphaltene

Asphaltenes are composed of fused benzene rings with aliphatic chains, heteroatoms (O,
N, and S), and metals (Fe, V, and Ni) [228]. In asphaltenes, oxygen exists mostly in OH
groups and can be found in peripheral aromatics or in aliphatic chains. Nitrogen can be
found in pyrolic (5-member ring) or pyridinic (6- member ring) form. Whereas sulfur

mostly exists as thiophene (5- member ring), sulfide type groups (RSR), or sulfoxide (RS
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(=0) R) [229]. Infrared spectroscopy, which shows characteristic peaks that correspond
to the modes of functional groups, is one of the most well-known tools for assessing the
structure and functional groups for asphaltene. The current study of using FTIR
spectroscopy found that asphaltene molecules consisted mainly of linear, branched, and
naphthenic hydrocarbons attached to large aromatic clusters. These results are similar to
those reported by Tan et al. [229]. Figure 4-3 shows that the asphaltene sample consisted
of aromatic, aliphatic hydrocarbons, sulfoxide, and aliphatic primary amines functions.
In the aliphatic, C-H stretch range and CHj3 stretching dominated over CH,. Table 4-1
shows the functional groups present in asphaltenes obtained from different references
using FTIR. One advantage of determining the functional groups and heteroatoms is to
understand the mechanism of asphaltene stability by intermolecular interactions between
these functional groups and heteroatoms with AI molecules. Table 4-2 shows the
properties and SARA analysis (i.e., Saturate, Aromatic, Resin and Asphaltene) of the
crude oil, whereas Table 4-3 shows the elemental analysis of the crude oil and asphaltene

by the elemental analyzer.
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Figure 4-3: Infrared spectroscopy analyses of asphaltene.
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Table 4-1: Functional groups present in asphaltenes by infrared spectroscopy.

Functional Group Absorption Band (cm ™) Ref.
- OH, - NH stretch 3600-3300 [230, 231]
OH-n hydrogen bond 3530 [230]
Self-associated n-mers (n >3) 3400 [231]
OH- ether O hydrogen bonds 3280 [232]
Tightly bound cyclic OH tetramers 3150 [233]
OH- N ( /base structures) 2940 [234]
COOH dimmers 2640 [235]
Aromatic hydrogen 3050 [236]
Aliphatic hydrogen 2993, 2920 [231]
- CH, - CHa, - CHj5 stretching regions 30002800 [237]
-SH stretching regions ~2500 [234]
C=0 1800-1600 [232]
Keton (C = O stretching) 1735-1705 [231]
Aldehide (C = O stretching) 1740-1730 [230]
Conjugated C=C 1650, 1600 [230]
Aromatic C=C 1602 [233]
-CH, -CHa», -CH3 bending regions 1450-1375 [233,237]
Methyl bending vibrations 1377 [232]
Ether or ester group 1306 [231]
Ester linkage 1032 [239]
Sulfoxide groups 1030 [239]
C-8S,C-0,C - N stretching regions ~1000 [231,233]
Aromatic C- H bending 900-700 [230]
Alkyl chain longer than four methylene 725-720 [231]
groups
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Table 4-2: Properties and SARA analysis for the crude oil.

Property of the Crude oil Value

Density, API 18.96
Density at 20 °C, g cm™ 0.936
Density at 15 °C, g cm™ 0.939

Viscosity at 25 °C, mPa s 76

Viscosity at 50 °C, mPa s 28
Total acid number, mg KOH g’! 0.47

Asphaltenes, % m m! 3.6
Resins, % m m™! 15.0
Saturates, % m m™' 54.4
Aromatics, % m m’! 27.0

Table 4-3: Elemental analysis of the crude oil and its asphaltene.

Samples N (wt. %) C (wt. %) H (wt. %) S (wt. %) O (wt. %)
Asphaltene 0.80 78.64 7.56 9.04 1.21
Crude oil 0.24 81.15 10.3 2.08 2.03
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4.3.2. Asphaltene precipitation test in toluene/ n-heptane mixture (Heptol)

The precipitation of asphaltene involves complex interactions among a variety of
intermolecular forces, such as dispersion and van der Waals forces [240]. Gray et al. [241]
proposed several mechanisms for asphaltene self-association including acid-base
interactions, hydrogen bonding, metal coordination complexes, and interactions between
cylcoalkyl and alkyl groups to form hydrophobic pockets driven by van der Waals
interactions, in addition to aromatic n—m stacking. They suggested that all of these
mechanisms interact to form a complex mixture of asphaltene nano-aggregates, leading
to precipitation eventually. In order to find a practical way to prevent or treat potential
problems due to asphaltene precipitation, it is necessary to determine the amount of n-
heptane, which affects the stability properties of asphaltenes. It has been proposed that
the refractive index, which is an indicator of the extent of the intermolecular attractions
between asphaltene molecules, is a proper property to describe the asphaltene
precipitation from a crude oil-hydrocarbon mixture [242,243]. The refractive index

function can be calculated by:

2_
RE, = &=

T (n2+1)
where RE, is the refractive index function and n is the refractive index.

In previous studies [242, 243], a linear relationship was found between the refractive
index function, and the concentration of heptane for toluene/heptane mixture, as shown
in Figure 4-4. However, in the present study, the asphaltene with toluene/heptane mixture,
where asphaltene particles precipitate out from the solution, a gradual deviation from the
linear relationship, Figure 4-5, was observed. This deviation in the refractive index

function at high n-heptane concentrations is caused by the formation of asphaltene
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particle flocculation and precipitation. Therefore, the point at which a departure from a
linear trend on refractive index is observed is defined as the “onset precipitation point”.
Before the onset, asphaltenes were inherently stable and do not precipitate. This value
was then used to calculate the parameters such as solubility blending and insolubility
numbers [244] (Figure 4-6). The solubility parameter (6) was derived by Hildebrand
which provides a numerical estimate of the degree of interaction between materials and
can be a good indication of solubility, particularly for nonpolar materials [245]. Changing
the solubility parameter alters the interactive forces between asphaltenes. Several
researchers have adopted the solubility parameter to describe the properties of asphaltene-
Heptol systems [246, 247]. A simple method for estimating the solubility parameter of
mixtures of hydrocarbons (toluene and n-heptane) makes use of the linear relationship
between the solubility parameter and the refractive index function. From the data obtained
from Ref. [247], we can determine the solubility parameter at different refractive index
function (obtained from Figure 4-4) as shown in Figure 4-6. The solubility parameter for
each volume ratio of n-heptane was found to vary from 17.0 MPa®? at 40 vol. % to 15.6

MPa®> at 80 vol. %.
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Figure 4-4. The refractive index function for toluene/heptane mixture
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Figure 4-5. Asphaltene precipitation ratio for the asphaltene mixed with n-heptane.

Precipitation onset occurs at 38.2 vol % of n-heptane.
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Figure 4-6. The solubility parameter of the asphaltene-heptane mixture at a different
volume ratio of heptane.
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4.3.3. Asphaltene stability performance by analytical centrifugation

An analytical multi-sample centrifugation technique, the LUMiSizer, has been recently
used to characterize the stability of colloidal dispersions for early formulation stability
within shorter timescales [248,249]. It works on centrifugal technology and detects
changes in the transmitted light across the entire length of the sample. However, this
technique has received little attention in the field of asphaltene sedimentation (or
precipitation). By observing the asphaltene particles front moving as the sedimentation
occurs, it is possible to characterize the stability of asphaltene and determine the optimum
concentration of additives which affect the stability. The centrifugation method is adopted
in this work to examine the effect of controlled release by investigating the stability of
asphaltene particles by three case studies: 1) with pure DBSA, ii) with blank NE, and ii1)

with DBSA NE, as below.

4.3.3.1. Asphaltene stability with pure DBSA

Asphaltene stability and sedimentation velocity with DBSA were investigated first.
Sedimentation velocity is an analytical method that measures the rate at which molecules
or particles move in response to centrifugal force generated in a centrifuge. From the data
in (Figure 4-8 A), the DBSA can enhance the asphaltene stability. The results demonstrate
that the sedimentation of asphaltene without DBSA showed high bed sediment from 24
mm (initial uniform dispersion height) to 0.8 mm (packed bed height) within 7 minutes,
resulting in a quick formation of aggregation into larger structures, settling faster. It also
shows that the sedimentation process decreases with the increase of DBSA concentration

until approaching a plateau value. For samples with a concentration < 4 vol. % DBSA,

the asphaltene particles are sterically stabilized by the presence of extended DBSA
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molecules on the asphaltene particle surface and the precipitate height is reduced to 0.21

mm within 24 minutes.

It can be explained by the stability behaviour of DBSA-stabilized asphaltene particles, as
depicted schematically in Figure 4-7. For asphaltene solution, the asphaltene particles
tend to aggregate into larger structures and settle down over a short time, resulting in
instability of the asphaltene particles. Under these conditions, the aggregated asphaltene
particles initially form a more open particle bed structure under the applied centrifugal
field. In contrast, for asphaltene treated with DBSA, the individual particles gradually

settle over time and are able to arrange into a very close-packed bed.

These larger mass aggregates, when compared to stable individual particles, settle faster,
leading to shorter sediment bed formation time. The observed particle packing behaviour
with respect to applied centrifugal force is consistent with other research [250,251],
whereby stable particle dispersions form a pressure-insensitive packed bed while
aggregated particles have a pressure-dependent network. However, with increasing the
concentration of DBSA (i.e., 5 vol. %), the sedimentation only increased slightly, which

1s due to the self-association of DBSA.
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Figure 4-7. Schematic diagram for the effect of the centrifugal field on the
sedimentation of (a) aggregated and precipitated asphaltene and (b) Stable asphaltene

particles.

4.3.3.2. The effect of NE on asphaltene precipitation

The settling data for asphaltene particles with and without NEs has considered in Figure
4-8 B. It is obvious that the sediment time is seen to progress in a linear fashion with all
volume fractions of blank NEs. For samples, with a volume fraction <20 % (80 ul NE),
a transition to a settling regime is seen after a finite time, and only a small change in the
sediment height is observed over extended times. At 20 % NE, the rate of settling reduces
and the time for sediment consolidation increases, 1.e. within 16 minutes. Therefore, these
findings suggest that the NEs have a moderate influence on asphaltene stabilization
comparing with using the optimum concentration of DBSA (4 vol. %). The stability
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behaviour can be attributed to the presence of blank NEs components such as water,

mixed surfactants, and xylene that interact with asphaltene molecules.

4.3.3.3. The effect of DBSA NE on asphaltene precipitation

DBSA NE in this study consists of four components: xylene, DBSA soluble in xylene,
mixed ionic and non-ionic surfactants (SDS and Tween-80), and water, and the detailed
compositions are shown in Table 4-5. NEs with 1 vol. % DBSA remain homogeneous
without any observable sediment for weeks and are used for the centrifugation tests, as
shown in Figure 4-8 C. It can be observed clearly that with the addition of small volume
fractions of DBSA NE (5 and 10 vol. %), the sedimentation height of asphaltene becomes
considerably lower than that of pure asphaltene solution. For asphaltene sample with a
volume fraction 20 vol. % DBSA NE (i.e., containing 0.8 pl DBSA), there is a significant
reduction in the final settling height, which decreases from 0.8 mm to 0.2 mm, and the
sedimentation time increases from 390 sec to 1470 sec comparing to pure asphaltene
solution. This is indicative of reduced settling velocities of asphaltene particles. A possible
explanation for these results is due to the intermolecular interactions between DBSA NE
components and asphaltene molecules. It may be assumed that, in this case, the DBSA
was progressively released from NE and interact with asphaltene molecules, leading to a
slower settling. However, with increasing the concentration of DBSA NEs (i.e., 30 vol.
%), the sedimentation only increased slightly, which may be due to the formation of large

emulsion droplets.
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Figure 4-8. Precipitation profiles for asphaltene solution with and without different
volume fractions of (A) DBSA, (B) blank NEs, and (C) DBSA NEs. The data indicate

the sedimentation rate and the final height of the precipitation.
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Figures 4-9 and 4-10 further compare the four cases under the optimum conditions, which
shows that asphaltenes treated by 20 vol. % DBSA NE has a similar effect as that of 4
vol. % DBSA. The treatment by 20 vol. % blank NE still has some effect but less strong
the other two. The analytical centrifuge technique also allows the determination of an
instability index and sedimentation velocity based on the sedimentation behaviour during
centrifugation. Instability index is a dimensionless number between 0 and 1, where 0
indicates to the higher stability of the dispersion, and 1 represents complete precipitation
of particles and hence lowest stability under the centrifugal field [252-254]. This
sedimentation rate provides information about the sedimentation time of particles and
hence its stability [255]. To illustrate the effect of DBSA reduction, the instability index
and sedimentation velocity are plotted as a function of DBSA volume. Using 20 vol.%
DBSA NEs (i.e., containing 0.8 ul DBSA) give nearly the same values of instability index
and the sedimentation rate as that of 4 vol.% DBSA (i.e., about 16 pul). Therefore, the
amount of asphaltene inhibitor (% Rar) is decreased by 95%. Although DBSA NEs
contain different chemicals such as xylene, surfactants, and DBSA, the total chemicals
(% Rc) are again lower than 4 vol. % DBSA by a factor of 10%, as shown clearly in the
detailed materials balance in Tables 4-4, 4-5, and 4-6. Using NEs for DBSA delivery can

significantly reduce the inhibitor and chemical amounts.
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Figure 4-9. The precipitation rate and the effect of optimum concentrations of DBSA,
blank NE, and DBSA NE on asphaltene precipitation.

Table 4-4. Volume and volume fraction of DBSA.

DBSA Vol. DBSA (uL)
1 vol.% 4.0
2 vol.% 8.0
3 vol.% 12.0
4 vol.% 16.0
5 vol.% 20.0

Table 4-5. Blank NE components and material balance.

Vol%. of Vol. of xylene | Vol. xylene | Tween 80 Vol. SDS | Vol. SDS Water Vol.
blank NE blank vol.% (uL) vol.% Tween 80 | vol. (uL) vol.% Water
NE (nL) % (nL)
(nL)
5 20 7 1.4 9.9 2.475 0.1 0.02 83 16.6
10 40 7 2.8 9.9 3.96 0.1 0.04 83 33.2
20 80 7 5.6 9.9 7.92 0.1 0.08 83 66.4
30 120 7 8.4 9.9 11.88 0.1 0.12 83 99.6
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Table 4-6. DBSA NE components and material balance.

Vol.% of | Vol.of | xylene | Vol. | Tween | Vol SD | Vol DBS Vol. | Water | Vol. % %
DBSA DBSA | vol% | xyle 80 Twee S SDS A DBS | vol.% | Water | Ra™ | Rpc**
NE NE ne vol.% n80 | vol | (uL) | Vol A (uL)
(L) (L) (uh) | % % (L)
5 20 7 14 9.9 1.98 0.1 | 0.02 1.0 0.2 82 16.4 98.7 74.4
10 40 7 2.8 9.9 3.96 0.1 | 0.04 1.0 04 82 32.8 97.5 55.0
20 80 7 5.6 9.9 7.92 0.1 | 0.08 1.0 0.8 82 65.6 95 10.0
30 120 7 8.4 9.9 11.88 | 0.1 | 0.12 1.0 1.2 82 98.4 92 <1
Total volume of sample x vol.%
*: vol.of component = 1};0 d > (4-3)
ok O RTC _ (Total chemicals vol. witho.u NE — Tot'al chemicals vol.with NE) x100% e (4_4)
Total chemicals vol. without NE
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Figure 4-10. Instability index and sedimentation rate for asphalting solution with

different amounts of DBSA and DBSA NEs.
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4.3.4. Potential asphaltene stability mechanisms

4.3.4.1. Intermolecular interaction between asphaltene and the presence of DBSA

NEs.

The DBSA NEs can modify the colloidal structure of asphaltene by promoting the
interactions between the asphaltene molecules and the components of DBSA NEs (i.e.,
DBSA, xylene, surfactants (Tween 80 and SDS) and water). The DBSA is the most
important component of DBSA NE and its head group plays a major role in the asphaltene
stabilization. Consequently, the presence of sulfonic acid groups (—SOsH) is required for
DBSA to effectively interact with asphaltenes. The interaction between DBSA and
asphaltenes takes place through the protonation of heteroatoms functional groups in the
asphaltenes, which are positively charged, while proton-donor DBSA molecules become
negatively charged ions. Hence, this process leads to an ion pair with a strong ionic
bonding, able to promote further electrostatic interactions with other ion pairs in
neighbouring molecules/aggregates [256-261]. In addition to the DBSA’s head group,
DBSA’s tail length plays a key part in the asphaltene stabilization. DBSA's tail length (12
carbon atoms) can provide a steric-stabilization effect to prevent asphaltenes from
aggregating [259]. When the alkyl tail has six carbon atoms or more, this polar moiety
becomes sufficiently large to form a stable aliphatic layer to prevent asphaltene particles
from aggregation. As the length of the Al tails increases, the steric exclusion effect
becomes successively important [257].

The second component in DBSA NE may affect asphaltene precipitation is xylene, which
is one of the most effective solvents for asphaltenes [262]. The third component is
surfactant; Souza et al [263] suggested that the diffusion of the surfactant molecules to
the water/oil interface can reduce the aggregation size of the asphaltene. Therefore, in this
study, it was found that the use of mixed surfactants (Tween 80 and SDS) in DBSA NE
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can provide good interactions with asphaltene molecules. In addition, water can appear
in three different forms in oil systems: solubilized, emulsified, or free water. Non-polar
oils dissolve very small amounts of water depending on the saturation limit of the type of
oil. Beyond the saturation limit, water becomes either emulsified when surfactants are
added or separated as free water [261, 262]. According to Sjoblom et al. [261] and Aslan
et al. [262], water delays the precipitation of asphaltene, which could be due to i) water
forms a layer around asphaltene and prevents asphaltene from precipitation or ii) water
molecules act as a bridge between asphaltene molecules via hydrogen bonds between
water molecules and heteroatoms in asphaltenes.

This system can provide very strong and different bonding interactions between
asphaltene and DBSA NE components such as acid-base interaction, hydrogen bond,
polar-m interaction, cation-m interaction, and aromatic-aromatic interaction. These
interactions can promote further electrostatic interactions with other ion pairs. For
example, the hydroxyl group in the chain length can form H- bonding with water or
surfactants, whereas the nitrogen in the aromatic core can provide acid-base as well as H-
bonding interactions with DBSA. Therefore, using a small amount of DBSA (1 vol. %)
with other components in the DBSA NEs is sufficient to produce complete coverage of
the individual aggregates. Figure 4-11 shows a proposed chemical mechanism for
molecular assembly of DBSA NE components: DBSA, xylene, Tween 80, SDS, and
water to an active site at the asphaltene molecular structure, through very strong

interactions.
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Figure 4-11. Proposed chemical mechanism for molecular assembly shows a schematic
attachment of DBSA NE components: DBSA, xylene, Tween 80, SDS, and water to an
active site at the asphaltene molecular structure, through very strong interactions, the

heteroatomic such as nitrogen, oxygen, and sulfur groups are all protonated.

4.3.4.2. Water/asphaltene dispersion interface in the presence of the NEs.

To evaluate the influence of the blank NEs and DBSA NE and their composition on the
asphaltene aggregates/ clusters present at the water/oil interface, the interfacial tension
(IFT) was studied. Figure 4-12 shows the IFT for four cases: i) water/Heptol mixture
(60:40 vol.%), i) water with and without surfactants/asphaltene solution (asphaltene in
60:40 Heptol), iii) blank NE/asphaltene solution, and iv) DBSA NE/asphaltene solution.
Interestingly, the IFT of water/Heptol was decreased from 28.0 to 22.0 mN m ™! when the

asphaltenes were added to Heptol.
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In the case of using blank NE or 1vol. % DBSA inside NE in asphaltene solution, 1vol.
% DBSA did not cause a significant change in the IFT. Thus, DBSA is likely located
inside nanodroplets (in xylene) and stabilised by mixed surfactants, which acts as a very
good carrier for DBSA. DBSA NEs shows a strong tendency to migrate and adsorb at the
water/oil interface due to the large surface area of the droplets and the presence of
ionic/non-ionic surfactants, which reduces the IFT to 3.7 mN m ™. This interfacial activity
explains the effectiveness of DBSA NE in controlling asphaltene precipitation, as it
allows the displacement of asphaltenes from the water/oil interface, thereby stabilizing

the asphaltene in solution. Subsequently, DBSA 1is slowly released and interact with

asphaltene molecules.
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Figure 4-12. Water/oil interfacial tensions in the presence or absence of NEs containing

10 vol. % surfactants with 7 vol. % xylene.
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4.3.4.3. Controlled release of DBSA and its effect on asphaltene stability.

Two possible mechanisms can be used to explain the role of DBSA NEs to control
asphaltene precipitation in both the oil phase and water/oil interface. The first mechanism
may occur in the oil phase (asphaltene in 60:40 Heptol), i.e., the bulk effect. The water
phase (oil-in-water NEs) forms a layer around the asphaltene particles. Nanodroplets
adsorb on asphaltene particles due to its high lipophilicity and higher affinity to the
asphaltene as well as its small size (about 20 nm). Figure (4-13 B) shows the micrograph
obtained from morphology G3S microscope for the asphaltene with DBSA NEs before
the centrifugation. It is obvious that asphaltene particles are surrounded by the water
phase (i.e., containing DBSA NEs). However, very long chains of asphaltene flocculate
linked together (like filaments) were clearly observed before centrifugation experiment.
When asphaltene with DBSA NEs are centrifuged, the stresses exerted on the asphaltene
particles with NEs can be amplified and may make Tween 80 molecules move towards
the water phase (i.e., around asphaltene particles) due to its affinity toward the water,
leaving the oil droplet uncovered. As a result, the DBSA inside oil droplets can be
released to interact with asphaltene particles, hence preventing asphaltene precipitation.
Figure (4-13 C) shows the TEM micrographs obtained for the asphaltene with DBSA NEs
after the centrifugation, which shows that asphaltenes are formed by nanometric particles
having a diameter of around 5 to 30 nm with a large distance in between. The evidence
here confirms that the DBSA NEs are able to reduce asphaltene particles from the
precipitate and form good dispersion in the medium, due to the effectiveness of DBSA
NE:s for asphaltene stabilization.

The possible second mechanism occurs at the water/oil interface, i.e. the surface effect,
as described in Section 4.4.4.2. Therefore, DBSA NEs (containing DBSA dissolved in

xylene) and surfactants can displace all the asphaltenes from the interface via the release
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of DBSA and other components from DBSA NEs. Therefore, DBSA NEs interact with
asphaltene aggregates/ clusters at the oil/water interface due to the high lipophilicity and
higher affinity to the oil than water, which consequently keep asphaltene particles in the

solution with smaller average size.
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Figure 4-13. The mechanism scheme of (A) asphaltene molecule and formation of
aggregates and clusters; (B) G3S morphology micrographs obtained for the asphaltene
with DBSA NEs before centrifugation; (C) TEM micrographs obtained for the

asphaltene with DBSA NEs after centrifugation and releasing DBSA from DBSA NEs.
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4.4. Chapter summary

This Chapter explored the concept of controlled delivery of Als by using NEs, and

validated the concept by centrifugal experiments:

NEs allowed a significant reduction of inhibitor and chemical amounts in
stabilizing the asphaltene. The inhibitor amount and total chemical usage could
be reduced by 95 and 10 % respectively compared with the case of using pure
DBSA.

DBSA NE:s allowed a significant delay of asphaltene precipitation, i.e., a delay
from pure asphaltene solution of 450 sec to 1400 sec in the presence of NEs.
The presence of DBSA NE also reduced the precipitation thickness of asphaltene
up to 75 %.

The release of DBSA from NE depended on the interactions of surfactants used
for the fabrication of NEs, and the subsequent change of the overall polarity and
hydrophobic characteristics.

Both the surface effect and bulk effect were contributing to effectiveness the NE
in releasing inhibitors, including the migration of NEs to the water/oil interface
and slowly release of chemicals at the interface, and the formation of hydration

layers around asphaltene particles in the bulk.
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Chapter 5

Kinetic Study of Controlled Asphaltene Inhibitor

Release from Nanoemulsions

5.1. Introduction

Continuing our work on the controlled release of asphaltene inhibitor by using NEs, this
Chapter provides new evidence from optical measurements and reveals the release
mechanisms kinetically. Three case studies are performed on the stability of asphaltene:
1) DBSA), ii) blank NEs, and iii) DBSA NEs. The kinetic processes of DBSA transport
and release through the dialysis membrane are examined for two cases: NEs loaded
DBSA and DBSA directly dissolved in xylene. Those important physical parameters,
such as the Al release rate and time, are obtained. Not only providing new evidence to
support our previous concept in Chapter 4, but the data are also proceeded and compared

with eight established mathematical models, to elucidate the release mechanism.

5.2. Experimental and methods

5.2.1. Asphaltene preparation of solution and characterization.

The separation of asphaltenes was carried out according to ASTM D2007 by mixing crude
oil with n-heptane at a volume ratio of 1:40, which is known to destabilize asphaltenes
and to give rise in asphaltene precipitation. The procedure of asphaltene extraction was
reported previously in Chapter 4 (see Section 4.3). For the preparation of asphaltene

solution, a (0.025 w/v %) of the asphaltene was prepared in a mixture of two solvents:
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toluene/heptane (Heptol) volume ratio of 60:40. To examine the effect of DBSA, blank
NEs, and DBSA NEs on asphaltene precipitation, samples were slowly added to
asphaltene solutions under shear action in an (IKA T2S digital/Ultra-Turrax)
homogenizer at a rotation speed of 8000 rpm until complete incorporation of the NEs into
the asphaltene solution. TEM (FEI Titan Themis Cubed 300 TEM) was employed to the
influence of DBSA NEs on the asphaltene particles sizes and the morphology of these
particles after the adsorption and slowly release. Prior to TEM analysis, samples were

dispersed on a TEM grid (holey carbon film, 400 Cu Mesh from Agar Scientific).

5.2.2. The stability of asphaltene using multiple light scattering

The static stability of asphaltene was evaluated In-situ by a Turbiscan instrument
(Formulaction, France). The sample in the cell was at level (40 mm), and two types of
measurements were carried out: i) whole sample scanning continuously for 15 hours
where the change in transmissions with position of sample was recorded, and ii) fixed
position scanning where the transmissions as a function of time were measured at 25 mm
from the top of the sample. Unstable asphaltene forms particles that precipitate quickly,
while stable asphaltene tends to form small aggregates that show small changes in the
transmittance profile. Moreover, stability is also assessed by means of the separability
number (SN), which is defined as the standard deviation of the average transmittance. A
value lower than 5 indicates high asphaltene stability, and greater than 10 suggests that
the asphaltene is unstable, whereas a value between 5 and 10 means medium stability
[264, 265]. The transmission of asphaltene sample and treated samples are recorded as
(%Tasph.) and (%Tieated) respectively. The asphaltene sample is shaken again on the

vortexer such that all the asphaltenes are dispersed in the solution and the transmission is
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recorded as 100% dispersion (100% Asph. dgispersion). The percent inhibition (A.I %) is

calculated from transmission measurements as per the equation [266]:

A1 (%) = 100 — |DLtreated” % APhdispersion| 100 (5-1)

%Tas .= % Asph.gispersion

5.2.3. Asphaltene inhibitor release study

Membrane diffusion (i.e. dialysis) method is considered as one of the most convenient
techniques for determining the drug release profiles of nano-sized drug delivery systems
like nanoparticles, liposomes, nanosuspensions, emulsions [267-269]. With the same
mechanism and methodology, the dialysis bag (12 kDa) was filled with a known amount
of DBSA NEs, which was immersed into 300 ml of Heptol/ethanol mixture (7:3 in
volume) (i.e., acceptor) [269]. Similarly, DBSA dissolved directly in xylene was also
filled into the dialysis bag by adding of 1 vol. % of DBSA in xylene. The release and
transport of DBSA from the dialysis bag into the acceptor medium can be accelerated
using a magnetic stirrer and was set to 400 rpm to assure constant agitation of the acceptor
compartment. A total of 1 ml of sample was collected at a predetermined time interval
and an equal volume of acceptor medium was replaced. DBSA was quantified using UV-
visible spectrophotometry, at the wavelength of 320 nm, on the basis of a previously

prepared calibration curve using the following equation:

DBSA in acceptor media

DBSA released (%) = Total DBSA added

%X 100 (5-2)
The existing experimental method for measuring inhibitor release kinetics is shown in
Figure 5-1.

Once the profile of released and transport DBSA through the membrane from NEs loaded
with DBSA and DBSA dissolved directly in xylene is obtained, different models can be
used to fit the results in order to study the kinetics of DBSA released through the

membrane between 0 and 24 h. The release kinetics was determined by linear regression
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analysis of the release curves in eight models: zero order (cumulative amount (%) of
inhibitor released with time), first order (log cumulative amount (%) of inhibitor released
with time), Higuchi (cumulative amount (%) of inhibitor released with the square root of
time), Korsemeyer-Peppas (log cumulative amount (%) of inhibitor released with log
time), Hixon—Crowell, square root of mass, three seconds root of mass and Baker—
Lonsdale models [270,271]. The best-fit kinetics model was selected based on the highest
coefficient of determination (R?).
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Figure 5-1. Schematic of the inhibitor release through a dialysis membrane. A) Direct
loading method (DBSA in xylene) and B) NEs loaded DBSA. Inhibitor releases through

the dialysis membrane into the outer compartment holding release medium.

5.2.4. Methodology applied in the construction of transmission % — cumulative

inhibitor released %

In order to validate the best-fit kinetics release model to stabilise asphaltene, the

membrane dialysis method data (% cumulative of DBSA released versus time) was
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retrieved from studies described in Section 5.2.3, and the Turbiscan technique data (%
transmission versus time) was obtained from a study described in Section 5.2.2. This
relationship was generated by plotting the % cumulative of DBSA released on the X-axis
and the corresponding % transmission on the Y-axis at same time points. The model
(linear or polynomial) with the best regression coefficient was selected and used for

validation.

5.3. Results and discussion

5.3.1. The stability of asphaltene using optical techniques

Analytical stability of asphaltene technique, the Turbiscan, has been recently used as “in
situ” tool to characterize the stability of colloidal dispersions for early formulation
stability within shorter and longer timescales [272-274]. However, this technique has
received little attention in the field of asphaltene sedimentation or precipitation. The
multiple scan method is adopted in this work to examine the effect of controlled release
by investigating the stability of asphaltene particles by three case studies with: i) DBSA,

i1) blank NE, and iii) DBSA NE, as below:

The results demonstrate that when the asphaltene is destabilized by the addition of n-
heptane (0.025 w/v % asphaltene in 60:40 volume ratio Heptol), the transmission of
asphaltene showed an increase with time, resulting in a quick formation of aggregation
into larger structures, settling down faster. However, after the addition of 4 vol. % DBSA
to the asphaltene solution, the asphaltene particles are sterically stabilized by the
presence of DBSA molecules on the asphaltene particle. Under this condition, the
individual particles are kept into the asphaltene sample without any aggregation or
sedimentation. In addition, no significant change in transmission for asphaltene solution

was observed after 24 h under gravity force, as shown in Figures (5-2 B) and 5-3. This
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can be attributed to the effectiveness of DBSA to interact with asphaltene molecules,
which is kept the asphaltenes well-solubilized in the solution; as a result, the transmission

remains unchanged within 24 h.

The transmission data for asphaltene particles with blank NEs is considered in Figure (5-
2 C) and 5-3. It is obvious that the transmission is seen to progress in a linear fashion
with time. For asphaltene with 20 vol. % blank NE sample, the transmission decreases
compared with the transmission for asphaltene solution over extended times; therefore,
these findings suggest that the NEs have a moderate influence on asphaltene stabilization
comparing with using 4 vol. % DBSA. The stability behaviour can be attributed to the
presence of components of blank NEs such as water, surfactants, and xylene that interact

with asphaltene molecules.

In the case of the addition of DBSA NEs, as shown in Figure (5-3 D), the transmission
slightly increases after 2 h due to settling down of large asphaltene particles and then
gradually decreases within the extended time, which indicates that the release effect plays
a significant role in the process. It may be assumed that, in this case, the DBSA and other
NE’s components were progressively released from NE and interact with asphaltene
molecules, which is saturated the H-bonding sites of asphaltenes and the fact that it
interacted with both the periphery and aromatic cores of asphaltenes, suggesting that the
asphaltene is prevented from interacting laterally between themselves and kept well-
solubilized in the solution i.e., increasing the stability of asphaltene. These interactions
are almost certainly due to acid-base interaction, hydrogen bond, polar-n interaction,
cation-m interaction, and aromatic-aromatic interaction. These interactions can also
promote further electrostatic interactions with other ion pairs. For example, the hydroxyl
group in the chain length can form H- bonding with water or surfactants, whereas the
nitrogen in the aromatic core can provide acid-base as well as H-bonding interactions
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with DBSA. Therefore, using a small amount of DBSA (1 vol. %) with other components

in the DBSA NE:s is sufficient to produce complete coverage of the individual aggregates.
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Figure 5-2. Transmission profiles for (A) asphaltene, (B) 4 vol. % DBSA, (C) 20 vol. %

blank NE, and (D) 20 vol.% DBSA NE during 15 h of continuous test at 25 °C.
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Figure 5-3. Transmission profiles at a fixed position (25 mm) for asphaltene, 4 vol.%

DBSA, 20 vol.% blank NE, and 20 vol.% DBSA NE during 15 h of the continuous test.

The effect of these three cases on the stability of asphaltene is further examined by
determining the separability number (SN) (%). Interestingly, the asphaltene with 4 vol.
% DBSA reduces SN from 12.18 (for asphaltene solution) to 2.76, indicating that
asphaltene stability is increased. However, asphaltene with blank NEs reduces SN to 7.22.
It can thus be suggested that the addition of blank NEs to asphaltene solution categorizes
them as "moderately stable” when the separability number is between 5 and 10.

Coming back to the topic of the role of DBSA NEs in asphaltene stability, these
experiments have shown that there is a significant effect of the DBSA NEs on asphaltene
stability by reducing SN from 12.18 to 2.9. Therefore, the results of stability as found by
separability number are more superior, accurate and highly sensitive.

The percent of asphaltene inhibition (A.I %) was also calculated from each transmission
by using Eq. (5-1) to evaluate the performance of three cases on asphaltene stability.

These findings for average transmission, A.I % and SN data provide a further comparison
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between the three cases, which show that asphaltenes treated by 20 vol. % DBSA NE has
a similar effect as that of 4 vol. % DBSA. However, the treatment by 20 vol. % blank NE
still has some effect but less strong the other two. To illustrate the effect of inhibitor (i.e.
DBSA) reduction, the transmission, A.I %, and SN are plotted in Figure 5-4. Using 20
vol.% DBSA NE:s (i.e., containing 0.04ml DBSA) give nearly the same values of average
transmission, SN, and A.I % as that of 4 vol.% DBSA (i.e., about 0.8 ml). Therefore, the
amount of asphaltene inhibitor (% Rar) is decreased by 95%. Although DBSA NEs
contain different chemicals such as xylene, surfactants, and DBSA, the total chemicals
(% Rrc) are again lower than 4 vol.% DBSA by a factor of 10%, as shown in clearly in
the detailed materials balance are shown in Tables S1 in the Supplementary Information.
These results in good agreement with the previous chapter for reducing Al amount and
the total chemicals used, which found that 4 vol. % DBSA and 20 vol. % of DBSA NEs
gave the same values of instability index and sedimentation rate.

Furthermore, the results of the efficiency of asphaltene inhibition provide compelling
evidence for long-term stability with high efficacy and suggest that this approach appears
to be effective with increasing release time. From the data in Figure 5-5, it is apparent
that, for asphaltene with DBSA NEs after 24 h of aging, the A.I % increases with time
(i.e. increasing from 15 to 84.12 % gradually) due to the release effect, while for
asphaltene with 4 vol. % DBSA the A.I % decreases with time (i.e. decreasing from 89
% to 79.3 %). Consequently, it can be suggested that the DBSA NEs provide cost-
effective and long-lasting stability, and this is an invaluable method to control asphaltene

precipitation.
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5.3.2. The effect of DBSA NEs on the size and morphology of asphaltene

To validate the effect of DBSA NEs on the sizes of asphaltene precipitates, samples were
collected from both the bulk and the bottom of the sample (i.e. sediment bed) for
asphaltene in the presence and absence of DBSA NE:s after 24 h of aging time to measure
particle sizes using dynamic light scattering (DLS). We found that the asphaltene bulk
contains fine particles of 5 — 20 nm, suggests that all larger particles in the bulk are
precipitated down towards the bottom of the sample. Whilst the sediment bed showed
formation asphaltene precipitates into larger structures within the ranges of 1000 — 3073
nm. On the other hand, asphaltene solution with DBSA NEs was shown to contain some
small particles of 10 - 60 nm in the bulk, suggests that DBSA NEs make the bulk more
size polydisperse than asphaltene without DBSA NEs. Moreover, the sample taken from
the sediment bed shows no significant change in asphaltene particle sizes due to the
stability of the sample without sedimentation or precipitation. It can be seen in Figure 5-
6 (A and B) that the size distribution of the asphaltenes particles in both bulk and sediment
bed was narrower compared with asphaltene without DBSA NEs, that also is evidence to
indicate that the DBSA NEs are able to reduce asphaltene particles from precipitation and
form a good dispersion in the medium. The data presented in Figure (8 B ) also confirmed
that using 4 vol. % DBSA and 20 vol. % of DBSA NEs gave nearly the same values of
particle sizes and size distribution of the asphaltenes in both bulk and sediment bed. These
findings are broadly consistent with the data collected using the Turbiscan and with those
obtained by Mansur et al. [275]. Table 5-1 shows the particle sizes and polydispersity
index data of both supernatant and sedimentation bed for asphaltene with and without 4

vol. % DBSA and 20 vol. % DBSA NEs after 24 h.

The release mechanism is supported by the evidence of the transmission electron
microscopy that the DBSA NEs were firstly added to the dispersion of asphaltenes under
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shear action in a homogenizer until complete incorporation of the DBSA NEs into the oil
phase. The water phase which contains nanodroplets forms a layer around the asphaltene
particles [276,277]. Nanodroplets adsorb on asphaltene particles due to its high
lipophilicity and higher affinity to the asphaltene. Eventually, the DBSA inside NEs can
be slowly released to interact with asphaltene clusters, and hence the larger asphaltene
particles are reduced and kept well-stabilized in the bulk. Figure 5-7 shows the optical
and transmission electron microscopy at different steps of asphaltene stability via the slow

release of DBSA from NEs.

Although the proposed mechanism is well presented and evaluated by the effect of DBSA
NEs on the asphaltene particle size, more validation about its effect on the morphology is
still demanded. Figure 5-7c presents the micrographs of asphaltenes in 60:40 Heptol
solution with and without DBSA NE after 24 h of releasing test. Without DBSA NE, large
asphaltene clusters interacted with each other and grew into asphaltene precipitates to
form rodlike shape structures. However, DBSA NEs can reduce asphaltenes from
precipitate to spherical nanometric particles having a diameter of around 5 to 30 nm. It is
evident that these results are in good agreement with those obtained by DLS. A possible
explanation for this might due to very strong intermolecular interactions, which provide
complete coverage of the individual aggregates to interact with both all periphery and
aromatic cores of asphaltenes. This explained why DBSA NEs favoured the formation of
nanoaggregates with spherical rather than rodlike shape structures. However, the
formation of rodlike shape structures is might be contributed to the onset of asphaltene
precipitation is near 60:40 Heptol, in excellent agreement with recent studies [275, 278].
These rodlike shape structures have an average size of 500 nm, while the spherical

particles equivalent size of these structures is approximately 10 nm in the same volume
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ratio of Heptol. This indicates that DBSA NEs can delay the precipitation onset in 60:40

toluene/heptane solutions.

Table 5-1. Particle sizes and polydispersity index data of both supernatant and

sedimentation bed for pure asphaltene and asphaltene with 4 vol. % DBSA and DBSA

NEs DBSA NEs after 24 h.
Sample Size (nm) PDI
Asphaltene (bulk) 5.577 0.570
Asphaltene (sediment bed) 3019 0.350
Asphaltene with 4 vol. % DBSA (bulk) 28 0.200
Asphaltene with 4 vol. % DBSA (sediment bed) 95 0.293
Asphaltene with DBSA NE (bulk) 19 0.120
Asphaltene with DBSA NE (sediment bed) 58.44 0.223
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Figure 5-6. Size distribution data of both bulk and sedimentation bed or interface for

(A) asphaltene, and (B) asphaltene with DBSA NEs.
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Figure 5-7. Schematic diagrams of different steps of asphaltene stability via slowly

release DBSA from NEs; (b) optical and electron microscopy images of the asphaltene
with DBSA NEs. The micrographs correspond to different times and are chosen to

illustrate the release effect; (c) the effect DBSA NEs on the shape and size particles.
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5.3.3. Kinetic study of inhibitor release

The kinetic processes of Al transport and release through the dialysis membrane are
examined for two cases: NEs loaded DBSA and DBSA directly dissolved in xylene. This
procedure is similar to drug release in the area of nanomedicine by using the dialysis bag
method [279-281] (see Section 5.2.3). The release rate is calculated from the slope of the
released amount-time profiles of DBSA. The rate of DBSA released through the dialysis
membrane was measured for both cases at different DBSA concentrations: 1 vol. %, 2
vol. %, 3 vol. %, and 4 vol. %, as shown in Figure 5-8. At low concentration (1vol. %),
it is noticed that the transport of DBSA from xylene shows initial burst behaviour during
the first three hours followed by a steady transport through the membrane for the
following 22 hours, which means that the inhibitor transport is not completely controlled.
Initial burst behaviour kinetics and uncontrolled transport through the membrane are very
common in the use of drug directly with oil [267-269]. This behaviour could cause
aggregation near the wellbore, leading to the loss of a large amount of chemicals inside
the reservoir, resulting in high treatment cost. Thus, there is a need to develop methods
for controlled and sustained inhibitor release inside the oil reservoir. The data presented
in Figure 5-8b confirmed that the beneficial effect of NEs for controlled DBSA release
as compared to burst and uncontrolled DBSA transport from xylene. It is clear that DBSA
NEs demonstrated lower DBSA release at initial time points in comparison with DBSA
in xylene, ascribable to the use of mixed surfactants, which offers a physical barrier to
inhibitor release from NEs and efficiently control its release. Moreover, the slower release
rate from DBSA NEs with mixed surfactants could be attributed to the small size of
DBSA NE:s (i.e., 21 nm), which can provide a high surface area of the system. In fact,
higher surface area means a higher surface from which the inhibitor can be released.

Therefore, the relatively small burst release and higher sustained release rate of DBSA
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from NEs can be achieved. However, our results also suggest that the cumulative release
or transport of DBSA clearly depended on the amount of inhibitor. The release profiles
of DBSA from NEs tended to decrease as the DBSA concentration increased. This may
have been due to droplet growth with increasing the concentration of DBSA inside NEs,
which means an appreciable amount of DBSA is not released from the droplets into the
acceptor media. Similarly, the transport profiles of DBSA molecules from xylene
decrease as the DBSA concentration increased in xylene. The drop in the transport
profiles of DBSA with increasing the inhibitor concentration may have been due to the
formation of large molecules in the donor compartment. Table 5-2 shows the influence
of DBSA concentration and droplet size on the total amount of DBSA released or

transported for both cases.

Table 5.2. Influence of DBSA concentration and droplet sizes on the cumulative of

DBSA released % through the dialysis membrane after 24 hr.

DBSA NEs DBSA in xylene
DBSA d (nm) | PDI | Zeta potential | DBSA released | DBSA transported
concentration (mV) (%) (%)

(vol. %)

1.0 21 0.19 -33 99.0 13.7

2.0 93 0.21 -34 87.6 12.25

3.0 135 0.36 -33 72.2 11.65

4.0 274 0.44 -30 67.2 11.15
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Figure 5-8. Release or transport profiles of DBSA through the dialysis membrane

from (A) xylene and (B)DBSA NEs.
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In the dialysis membrane testing, there are two kinetics steps involved in the total inhibitor
release: 1) the inhibitor is released from the NEs to the medium inside the donor (ki, see
Figure 5-9 A & B), and 2) the released inhibitor inside the donor diffuses across the
membrane to the acceptor due to concentration gradient and its high affinity for oil phase
in the acceptor (k2, see Figure 5-9 A & B). On the other hand, a poor membrane
permeation of DBSA from xylene in comparison to DBSA NEs clearly indicated a higher
intermolecular interaction between DBSA and xylene in the donor media; this may result
in aggregation and formation of self-assembly in the donor compartment (k3 and —ks, see
Figure 5-9 B). This could explain why the accumulative DBSA transported through the

membrane is small in the case of using DBSA in xylene.
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Figure 5-9. Schematic of the kinetic processes of Al transport and release through the

dialysis membrane for (A) DBSA NEs and (B) DBSA in xylene.

[A] — DBSA concentration in the NEs, [B] — DBSA concentration in the donor, [C] —
Al concentration in the receptor, and [D] — DBSA concentration in the donor. K is the
diffusion rate constants of Al inside the dialysis bag, K> is the diffusion rate constant of
Al through a dialysis membrane to the receptor, and, K3 and — K3 are the diffusion rate

constant of Al at formation aggregates in the donor.
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It is essential to study the release kinetics for a better understanding of the efficacy of NE
to deliver and release DBSA. The selection of a suitable kinetic model for fitting the Al
release data helps determine the release characteristics. There are number of kinetic
models, which describe the overall release of drug from the carrier. The most common
mathematical models used in this study to investigate the release of DBSA from NEs and

DBSA transport from xylene through the dialysis membrane are presented in Table 5-3.

Table 5-3. The kinetic model parameters fitting to the DBSA release results.

Models Mathematical models Parameters | DBSA in | DBSA
NEs in xylene
Zero-order F=F,+K,.t R? 0.98151 0.96981
Ko 0.000627722 | 0.0000949912
First order In(1-F)=-K, -t R? 0.61938 0.97217
K 0.00251 0.000102931
Higuchi F = Fy + Ky.t'/? R2 0.98204 0.97142
Ky 0.02585 0.00389
Korsmeyer- F, = Fy + Kyp. t" R? 0.99805 0.96414
Peppas Kyp 0.00628 0.000768552
n 0.68991 0.51113
g 2 2
Baker-Lonsdale 3/2[1 = (1 — F£)3] — F, = Kg,t R 0.72421 0.96702
Kz, 0.000328911 | 0.000110438
2 1 2
Hixon-Crowell 1= (1=F)5 —F, = Kyt R 0.88113 0.97146
Ky 0.00045031 | 0.0000333992
1 2
Square root of 1= (1=F)7—F, = Kt R 0.95244 0.97107
mass
Ksr 0.000534237 | 0.000049432
2 2
Three seconds 1— (1= F)5 = Kyt R 0.98463 0.97067
root of mass
Krs 0.000582836 | 0.0000650347
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where: F;: the amount of drug released in time t,

Fy : the initial amount of drug,

K,: zero order kinetic constant,

K; : first order kinetic constant,

Ky :Higuchi kinetic constant,

Ky p: Korsmeyer-Peppas release constant,

Kp; : Baker-Lonsdale release constant,

Ky c: Hixon- Crowell release constant,

Ksr : Square root of mass release constant,

Krs : Three second root of mass release constant,

n — diffusional release exponent,

¢ — time.

It can be seen from the data in Table 3 that the best kinetic fit of Al release from NE was
described by Korsmeyer-Peppas model, also confirmed by the coefficient of
determination, R?=0.99805 (highest value). The parameter “n” in the Korsmeyer-Peppas
equation is related to the mechanism of release of the inhibitor, i.e. if the exponent n <
0.43, then the release mechanism is Fickian diffusion, if 0.43 <n < 0.85, then it is non-
Fickian or anomalous diffusion and an exponent value is 0.85 or greater is indicative of
Case-II Transport or typical zero-order release [280, 281]. In this case, DBSA NEs give
a value of n of 0.68, so their release mechanism followed a non-Fickian or anomalous
diffusion. This suggested, there is a strong interaction among DBSA molecules and the
NE components, which confirms that the DBSA is released slowly, dependent on the
inhibitor concentration in the NE. A slow release DBSA from NEs overtime can provide
long-lasting stability and minimize the amount of inhibitor. Therefore, this result clearly

highlights that DBSA NE systems can act as a better inhibitor carrier for controlled
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release of DBSA with a prolonged release profile. This data is in accordance with many
recent drug release studies Rodriguez-Burneo et al. [282], Alvarado et al. [283], which
showed that the Korsmeyer-Peppas model best describes a release process of drugs from
NEs.

On the other hand, in the case of using DBSA in xylene, the DBSA transported profiles
through the dialysis membrane could be best explained by first order or Higuchi models.
Both regression lines are characterized by higher R? values than the initial (R>> 0.97).
This indicates an initial burst transport of DBSA from xylene; however, only a small
amount of DBSA is released, and no significant cumulative transport efficacy is achieved.
The results also suggested that it takes times for the DBSA incorporated in xylene to be
released. This result is in agreement with those obtained by Miastkowska et al. [284], and
Nanjwade et al. [285], who suggested that the release oil-soluble drug from the oil phase
could be best explained by Higuchi or first order. Figure 5-10 (a and b) shows the release
profiles of 1 vol.% DBSA from NEs and fitted to the Korsmeyer-Peppas mode, and the
transport profiles of 1 vol. % DBSA from xylene and fitted to the first order mode. All
the kinetic models fitting to the DBSA release from NEs and transport from xylene are

illustrated in Figure A-1 (See Appendix A).
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Figure 5-10: (A) The release profiles of 1 vol.% DBSA from NEs and fitted to the
Korsmeyer-Peppas mode (n = 0.68), and (B) The transport profiles of 1 vol.% DBSA

from xylene and fitted to the first order mode.
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5.4. Relationship between DBSA released from NEs in asphaltene solution and its
release through the membrane

In order to provide robust evidence for supporting the mechanism of asphaltene stability
and the kinetic release mechanism of DBSA from NE, a relationship between the
Turbiscan technique data (% transmission, see Figure 5-3) and membrane dialysis method
data (% cumulative of DBSA released, see Figure 5-8 B) was correlated at the same time
points (point-to-point) without any change in the time scale.

It is interesting to note that a second order polynomial correlation is found between %
cumulative release obtained from the membrane dialysis method (X-axis) and %
transmission obtained from Turbiscan technique data (Y-axis) with a correlation
coefficient (R?) 0f 0.9315, as shown in Figure 5-11. This may indicate a strong correlation
between the mechanism of release DBSA with the mechanism of stabilization of
asphaltene particles. Furthermore, the good correlation among the measurements
obtained by the different techniques indicates that this methodology is useful to quantify
the time needed for the release to occur and to determine the minimum DBSA
concentration that starts to interact with asphaltene.

It can also be observed that, up to 3h, light transmission can increase along with the
measuring cell because the settle down of some asphaltene clusters and the corresponding
cumulative release of DBSA was about 5 %, which can not affect asphaltene clusters.
There is, however, after 4 h, the transmission dropped progressively when the release rate
increases, confirming that small particles are formed, and therefore this is an indicator of
keeping the asphaltenes well-stable in the solution, which is in perfect agreement with
data obtained by particle size measurements.

Figure 5-11 also presents the overall possible mechanism of asphaltene stability, based

upon the kinetic processes of DBSA released from NEs and their influence on

-126 -



transmission within 24 h. This proposed mechanism suggests that the release kinetics and

asphaltene stability can occur within three stages: 1) the first plateau corresponds to the

adsorption of self-assembled asphaltene at the w/o interface; 2) DBSA NEs are adsorbed

at w/o interface and induced release of entrapped DBSA from NEs, and 3) with time, the

asphaltene undergoes disassembly (break down clusters) into the bulk due to the release

of DBSA NEs components, and the final transmission decreased corresponds to the

increase in the release rate.
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Figure 5-11. The relationship between the transmission and cumulative DBSA released

and the overall possible mechanism of stabilization of asphaltene particles.
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5.4. Chapter summary

This Chapter further studied the stability of NEs by using in sifu Turbiscan and examined

the detailed kinetic release mechanism, which can be summarised as:

The DBSA and other components were progressively released from NE and
interact with asphaltene molecules, increasing the stability of asphaltene.

DBSA NEs could significantly increase the efficiency of Al by 84.12 % after 24
h, showing its effectiveness with increasing release time.

DBSA NEs were able to reduce asphaltenes from precipitate to spherical
nanometric particles (5 to 30 nm), delaying the onset of asphaltene precipitation.
The rate of DBSA released through the dialysis membrane increases as the droplet
size decreases, which is attributed to the increase in the surface area of the NEs.
The released amount of DBSA from NEs (99 %) was much higher than form the
xylene (13 %). The release profile of DASA NEs follows that Korsmeyer-Peppas
mode kinetic model.

The strong correlation between % DBSA released and % transmission clearly
indicated the possibility of predicting the release time and the minimum DBSA
released amount to interact with asphaltene based on the kinetic processes of
inhibitor release through the dialysis membrane studies.

It suggests that there is a significant advantage in using NEs loaded DBSA to
achieve prolonged asphaltene treatment with a reduced amount of inhibitor, rather
than DBSA in xylene, to encapsulate and deliver lipophilic functional
components. These results also suggest that utilisation of the direct treatment of
asphaltene with DBSA in both upstream and downstream should be avoided

because any extended and efficient treatment may not be available.
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Chapter 6

Molecular structure characterization of asphaltene

in the presence of inhibitors with nanoemulsions

6.1. Introduction

From the literature review in Chapter 2, a complete molecular analysis of asphaltene and
a systematic understanding of how asphaltene molecular structure changes with the
addition of inhibitors have not yet been achieved. To address this limitation, we attempt
to provide novel insights into the stability and molecular modification structure of
asphaltene in the presence of three cases: 1) pure DBSA, ii) blank NEs, and iii) DBSA
NE. Based on the structural parameters obtained from combined X-ray diffraction,
transmission electron microscopy TEM, and FTIR spectroscopy, a stability mechanism
is proposed to describe changes in asphaltenes and the effects of DBSA NEs thereon. The
thermal stability and the refractory nature of asphaltene are also performed by a

thermogravimetric analyser (TGA).

6.2. Experimental and methods

6.2.1. Synthesis of NEs with the presence and absence of Al

The successful long-term stability of Al inside NEs requires different materials than
currently used (surfactants) to create impermeable barriers that can arrest the diffusion of
Al from the nanodroplet core. As an example, DBSA can provide steric and electrostatic
repulsion together with hydrophobic and acid-base interactions between its molecules and

ionic/non-ionic surfactants. Such a synergistic effect may overcome the hydrogen bonds
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of water molecules and enhance the bounded molecules at the interface, resulting in more
hydrophobicity of the oil phase. The procedure of synthesis of NEs with the presence and
absence of Al was elaborated in the previous chapter (see Section 3.2.2). Table 6-1 shows

the composition and concentrations of all three cases used in this work.

Table 6-1. The composition and concentrations of all three cases.

Sample DBSA xylene Tween 80 | SDS Water
(vol.%) (vol.% (vol.%) (vol.%) (vol.%)
DBSA 40 |- e e e
Blank NE | - 7 9.9 0.1 83
DBSA NE 1.0 7 9.9 0.1 82

6.2.2. Asphaltene extraction and preparation of samples.

The procedure of asphaltene extraction was reported previously in Chapter 4 (see Section
4.3). For preparation asphaltene solution in this Chapter, a 0.5 w/v % of the asphaltene
was prepared in a mixture of two solvents: toluene/heptane (Heptol) volume ratio of
60:40. To observe the effect of DBSA, blank NEs, and DBSA NEs on asphaltene
precipitation structure, samples were slowly added to the asphaltene solution under shear
action in an (IKA T2S digital/Ultra-Turrax) homogenizer at a rotation speed of 8000 rpm
until complete incorporation of the NEs into the asphaltene solution. Then the asphaltene
solution with and without DBSA, blank NEs, and DBSA NEs were kept for 3 days for
totally evaporation at room temperature. The dried solid asphaltene was used for XRD

characterization and TGA.
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6.2.3. Molecular structure characterization of asphaltene
Analysis of the asphaltene structure was characterised using the x-ray diffraction (XRD)
technique (Bruker D8, UK). The diffraction patterns (6°<26 < 90°) were recorded at room
temperature using Cu Ka radiation (1 = 1.54055 A) at a scanning rate of 1 deg-min ' and
a step size of 0.02 (20). The dried solid asphaltene without and with 4 vol. % DBSA, 20
vol. % blank NEs, and 20 vol. % DBSA NEs samples should be finely ground, and are
prepared directly onto the sample holder. This sample arrangement provides a good
signal to noise ratio, and therefore avoid fluctuations in the intensities. The main
parameters required for the technique is the radiation source, in this case, it is a copper
source (Cu Ka) with an electron beam of 40 keV hitting the sample. The wavelength is
known to be 1.54 A and 1.6 kW of energy in the radiation source.
To obtain any quantitative information from X-ray diffraction patterns of asphaltenes it
is necessary to fit a theoretical distribution to the pattern. In the present study, Gaussian
fitting procedure was employed and applied by using Origin software. The fitting
procedure starts with estimating initial values for the peaks of patterns that are y band,
graphene band, 10 band, and 11 band for asphaltene. Then the regression initiates with an
estimation of the peak width and intensity.
The final procedure includes the following steps:

¢ Go to the menu Analysis: Peaks and Baseline :Multiple Peak Fit to open a

dialog.
e Select a function from Peak Function drop-down list for fitting and click OK
to proceed to locate peaks.

e Point your mouse and double-click on the desired peak positions to add peaks.
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e C(Click the Fit button in the Get Points dialog to fit all specified peaks and the
detailed results about each peak will be summarized in a table (regression
analysis of each peak).

Then peak position, peak intensity, peak area, interplanar distance, and full width at half
maximum (FWHM) were calculated. Asphaltenes aromaticity and crystalline parameters
obtained by the above procedure in the presence and absence of three cases: DBSA, blank
NEs, and DBSA NEs are given in Table 6-2.

Infrared spectra of 20 vol. % DBSA NEs and asphaltene samples without and with 20
vol. % DBSA NEs were collected on a FTIR-Thermo iS10 spectrometer in the spectral
range from 500 to 4000 cm™', 64 scans per spectra, and a resolution of 1 cm™'. FTIR is
carried out to obtain an infrared spectrum which could identify different chemical bonds

of samples.

Studying the thermal behaviour of asphaltene in the presence of oxygen is necessary to
have a better understanding of the thermal stability of asphaltenes. In a general
thermogravimetric analysis (TGA) (a Perkin- Elmer analyzer model TGA-7HT), a known

amount (9-15 mg) of a solid sample was placed in an alumina or a platinum pan and

placed in a small furnace. The weight of the sample was constantly measured at a heating
rate of 10 °C/min. In the case of the presence of oxygen, oxidation cracking was the
dominant phenomenon. For all cases, the temperature interval ranged from room
temperature up to 800 °C.

6.3. Results and discussion

6.3.1. XRD Studies of Asphaltenes
Generally, four peaks can be detected in the X-ray diffraction pattern of petroleum
asphaltene. Their origin is due to the scattering of X-ray from the periodic molecular

structure of asphaltenes [276- 278]:
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e ypeak: originates from aliphatic chains and condensed saturated rings and can be used
to determine the packing distance of saturated structures, which appears around 26 =
20°.

e Graphene (002) peak: initiated by the stacks of aromatic molecules, which appears
around 260 = 20°.

e 10 peak: originates from the in-plane structure of the aromatics (the first nearest
neighbor in the ring compound).

e 11 peak: originates from the in-plane structure of the aromatics (the second nearest

neighbor in the ring compound).

The (10) and (11) bands reflections come from the inplan structure of aromatics, which
reveal the average diameter of the aromatic sheets. The (11) band is generally very weak
and often not seen for its very low intensity compared to the (10) band and, therefore, the
(10) band at around 26 = 40° is normally adopted in the calculation [286]. These findings
reflect those of Afra et al. [287] and AlHumaidan et al. [288].

6.3.1.1. The effect of DBSA on asphaltene structure.

The structural parameters for the asphaltene samples were determined from the
deconvoluted XRD patterns (using Origin software), which use in equations in Table 6-
2. The procedure of deconvoluted XRD patterns of asphaltene used in this investigation
is similar to that used by other researchers [286-288]. Figure 6-1 shows that when the
asphaltene is stabilized by the addition of 4 vol. % DBSA, the crystalline parameters are
changed. The distance between two aromatic sheets dy of asphaltene is 3.26 A, which
increases to 3.70 A for the asphaltene with DBSA. These results are compatible with
those reported in the literature [289-291]. Correspondingly, the distance between the two
aliphatic chains or saturated rings d, also increased from 4.70 to 5.25 A. However, the

height stack of the aromatic sheets vertical to the plane (L.) is decreased from 13.3 to
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10.31 A. The average number of aromatic sheets (#2) in asphaltene cluster is 4.65 A and
it decreases to 3.9 A after the addition of DBSA molecules. The average diameter of the
aromatic sheet L, and the number of aromatic rings in the aromatic sheet (R,) are
significantly changed with the addition of DBSA from an average of 7.1 A and 2.66 for
asphaltene to 6.2 A and 3 for asphaltene with DBSA respectively. This can be attributed
to the effectiveness of DBSA to interact with asphaltene molecules via acid-base

interaction, which suggests that the asphaltene becomes looser.

6.3.1.2. The effect of blank NE on asphaltene structure
3.1.2. Effect of blank NEs on asphaltene structure

The average interlayer distance d, for asphaltene stacks with blank NEs are not
significantly changed, gradually, from 3.26 A for the asphaltene sample to 3.42 A.
Therefore, despite the fact that observed changes are considerably small, they give a good
indication that the distance between two aromatic sheets of asphaltene cluster is slightly
affected and loosened by the addition of blank NEs. The distance between the two
aliphatic chains or saturated rings was around 5.01 A for the asphaltene with blank NEs.
The average diameter of the aromatic sheet L, and the cluster diameter L. for asphaltene
have also decreased with the addition of blank NEs and ranges from an average of 7.1
and 13.3 A to 6.7 and 11.3 A respectively. However, the insignificant change in the
average number of aromatic sheets M., the average number of aromatic rings in each
aromatic sheet Az, and the number of carbons per aromatic structural Cy, compared with
asphaltene sample were observed. Thus, these results suggest that blank NEs have a
moderate effect on asphaltene structure comparing with using 4 vol. % DBSA. This

performance may be owing to the presence of different components in blank NEs such as
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surfactants, water, and xylene that provide intermolecular interactions with asphaltene

molecules.
6.3.1.3. The effect of DBSA NE on asphaltene structure

One interesting finding is the distance between the aromatic sheets (stacking space),
which is significantly increased from 3.26 A to 3.96 A with the addition of DBSA NE to
the asphaltene sample. The distance between the aliphatic chains and naphthenic sheets
(d,) was also affected by the addition of DBSA NE and increased to 5.35 A. In addition,
the average diameter of the aromatic sheet (L.) has significantly changed with the addition
of DBSA NEs from 7.1 A to 6.1 A. This finding is associated with a reduction of the
number of aromatic rings in the aromatic sheet (R,) from 3 to 2. The significant change
in the average diameter of the aromatic sheet is mainly due to the fact that at the addition
of DBSA NEs, the aromatic C = C-bond is changed. The M., Ra, and Cau decreased to
3.9, 2.2, and 11.27 respectively. The cluster diameter (L), on the other hand, decreased
in size to 10.2 A as the DBSA NEs is added. The decrease in cluster diameter is due to
the loss of aliphatic carbon in the side chains and naphthenes that is clearly reflected by
the parameter (f.), which represents the ratio of aromatic to total carbon per stack cluster.
Since aromaticity plays a key role in the asphaltenes stacking mechanism, its alteration
due to the addition of DBSA NEs should be investigated to provide more information
about the parameters that would change aromaticity. The main advantage of determining
aromaticity is to give the aromaticity of aromatic carbon that has the ability to stack. The
results of Table 6-2 show that the primary aromaticity of the asphaltenes sample was 0.35,
however, after the addition of DBSA NEs this value decreased to 0.22. It is possible that
these results are due to altering the structure of asphaltenes cluster and made it less
aromatic. Less aromaticity can be the result of the shortening of alkyl side chains or
removal of aromatic rings. These results also suggest that the increasing trend for (d)
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values after addition of DBSA NEs is in agreement with the aromaticity decreasing trend.
Aromaticity reduction is indicative of the decrease in the molecular moieties that initiate
the stacking and leads to a less ordered structure. It may be assumed that, in this case, the
DBSA and other NE’s components were progressively released from NE to provide
various interactions with asphaltene and involve mainly the breaking of alkyl groups that
weakly bond the poly-aromatic basic units, which are saturated the H-bonding sites of
asphaltenes and the fact that it interacted with both the periphery and aromatic cores of
asphaltenes. This suggests that the asphaltene is prevented from interacting laterally
between themselves and kept well-solubilized in the solution (i.e., increasing the stability
of asphaltene). The considerable cleavage in alkyl side chains also caused a decrease in
asphaltene cluster diameter (L) as well as the average diameter of the aromatic sheet (L)

and the number of aromatic rings per sheet (R,) were affected.

1800 T T T T T T T T T
E Asphaltene
1600 Y-band  002- band with 4 vol.% DBSA 1
E with 20 vol.% blank NEs
1400 — with 20 vol.% DBSA NEs | ]

20=22.9°

20=22.2°

10 - band

11 - band

Position (26)

Figure 6-1. XRD pattern of asphaltenes with 4 vol. % DBSA, 20 vol. % blank NEs, and

20 vol. % DBSA NEs.
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These findings for crystallite parameters of the asphaltene clusters and its aromaticity
provide a further comparison between the three cases, which show that asphaltenes treated
by 20 vol. % DBSA NE has a similar effect as that of 4 vol. % DBSA. However, the
treatment by 20 vol. % blank NE still has some effect but less strong the other two. Using
20 vol.% DBSA NEs (i.e., containing 0.04ml DBSA) give nearly the same values of
crystallite parameters and aromaticity as that of 4 vol.% DBSA (i.e., about 0.8 ml).
Therefore, the amount of Al is decreased by 95%. Although DBSA NEs contain different
chemicals such as xylene, surfactants, and DBSA, the total chemicals are again lower
than 4 vol. % DBSA by a factor of 10%. These results in good agreement with the
previous chapter for reducing Al amount and the total chemicals used, which found that
4 vol. % DBSA and 20 vol. % of DBSA NEs gave the same values of instability index

and sedimentation rate.

Table 6-2. Crystalline parameters derived from XRD data for asphaltene without and

with DBSA, blank NE, and DBSA NE.

asphaltene With With blank | With DBSA Equation* Ref.
DBSA NE NE
dy, A 4.70 5.25 5.01 5.35 _ 54 [279]
v 8 sin G(Y)
dn, A 3.26 3.65 342 3.96 _ A [279]
m sin 0(002)
L, A 13.3 10.3 11.3 10.2 L= 0.45 [279]
¢ FWHMooz-pana
. L
M, 5 4 4 4 M=l [279]
d
La, A 7.1 6.2 6.7 6.1 L = 0.92 [279]
“ FWHMio_pana
R, 3 2 3 2 R = _La [279]
¢ 2667
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Aoz) T Ag)

Cau 13 11 12 11 L, +1.23 [282]
AT 0,65
fa 0.35 0.27 0.31 0.22 £ = A0o2) [282]
a

*Where A = 1.54055 A ; 8y, 6002, and 810 are the diffraction angles of y, 002, and 10

bands, respectively; FMHM is the full width at half maximum of diffraction peak, all these

values are reported in the Table 6-3.

ay: the distance between the two aliphatic chains or saturated rings,

. the distance between two aromatic sheets,

L,: the size of the aromatic sheets,

L¢: cluster diameter,

Me: the average number of aromatic sheets,

Az the average number of aromatic rings in each aromatic sheet,

Cy4u: the number of carbons per aromatic structural.

fa: the aromaticity

Table 6-3. XRD values obtained from Origin 2017 software (as explained in Section

6.2.3).
asphaltene With DBSA With blank NE | With DBSA NE
20y 19.68 20.1 20.92 20.85
260002 26.5 22.9 24.0 222
FWHMyp2_pana | 0.012 0.043 0.039 0.044
FWHM;i9_pana | 0.129 0.148 0.137 0.15

-138 -




To see if the evidence from experiments supports the theoretical predictions, we
investigated the effects of DBSA NEs on asphaltene stacking with transmission electron
microscopy. TEM is especially effective at providing direct images of asphaltene
nanoaggregate stacks in asphaltene samples. As shown in Figure (6-2 A), with the
addition of DBSA NEs, the cluster size of asphaltene is significantly decreased to about
(5 nm), while the average interlayer spacing between aromatic rings is increased,
indicating a gradual stabilization process. Figure (6-2 B) shows the selected area electron
diffraction (SAED) images of asphaltene with and without DBSA NEs, which further
indicated the transformation of asphaltene sample from unstable to stable by reduction of
the m-n stacking distance of the asphaltene molecules. The interlayer distance between
the periodic lattice fringes from the (002) plane of asphaltene with DBSA NEs was
approximately 0.310 nm. This suggests that DBSA NEs allow significant change about
22.2 % increase in the stacking distance between aromatic rings of asphaltene. This is in
agreement with the findings from our XRD that show the m-m stacking distance of

asphaltene molecules is reduced in the presence of DBSA NEs (d») value of 0.396 nm.
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(A)

100 nm |

10 1/nm

Figure 6-2. A) TEM image of asphaltene, and B) HRTEM image of asphaltene in the
presence of DBSA NEs. The insets are the selected area electron diffraction pattern
(SAED), which show the stacking distance measured doo> = 0.310 and doo2 = 0.389 nm

for asphaltene without and with the presence of DBSA NEs respectively.

6.3.2. Intermolecular interaction between asphaltene and the presence of DBSA

NEs

One of the analytical techniques used for the determination of functional properties of
asphaltenes is FTIR. Despite its versatility, this technique has received little attention to

the study of asphaltenes [292, 293]. In addition, FTIR has been seldom mentioned in the
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literature regarding quantitative [292, 294-296] and qualitative [266,297] studies for the
functional resolution of asphaltenes. The FTIR analysis not only identifies the presence
and quantity of functional groups in crude oil but also provides the information on the
ratio of CHz to CH3 and the relative amounts of aliphatic and aromatic groups, which are
important criteria for crude oil [298].

The obtained FTIR absorption spectrum of extracted asphaltene is shown in Figure 6-4,
which exhibited similar characteristic peaks as seen in previous studies [299-301]. Based
on its complicated molecular structure, the featured peaks could be categorized into three
sections: aromaticity, aliphaticity, and polar functionality [300]. Especially, for the
aromatic moiety, the detected adsorption bands at 750, 808, and 866 cm-' corresponded
to the out-of-plane C—H bending in 1,2-disubstituted aromatic, 1,4-substituted aromatic,
and 1,3-disubstituted aromatic, respectively; C=C stretching vibration in the aromatic
structure was assigned at 1602 cm-'. For the aliphatic characteristic, C-H stretching
vibrations of CH, and CH3 were assigned at 2922 and 2852 cm’!, while the peaks at 1458
and 1375 cm™ represented the C—H bending vibration of CH> and CHj;. For polar
functionalities, stretching vibrations of —OH and/or -NH appeared at around 3458 cm;

and stretching vibrations of S = O in sulfoxides was observed at 1031 cm™.

Looking at Figure 6-3, it is apparent that DBSA NEs showed broad strong absorption
band centred at 3365 cm™! and this can be attributed to the formation of hydrogen bonds
of interlayer water molecules with an anion (DBSA) as well as with hydroxyl groups of
non-ion of Tween 80 and SDBS. The DBSA NEs can modify the colloidal structure of
asphaltene by promoting the interactions between the asphaltene molecules and the
components of DBSA NEs (i.e., DBSA, xylene, surfactants (Tween 80 and SDS) and
water). The ability of DBSA NEs in reducing n-r stacking and hence increase the stability

of asphaltene can be attributed to two main mechanisms: hydrogen bonding and acid-base
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interaction. The hydrogen bonding interaction of asphaltenes and OH functional group of
DBSA NE molecules was further investigated by observing the OH peak at the wave
range of 3150 cm™! to 3650 cm™!. At the first step, the intensity of free and hydrogen-
bonded OH of different concentrations of DBSA NE in carbon tetrachloride was
characterized. The hydrogen bonded OH band initiated at 75 vol. % of DBSA NE in
carbon tetrachloride that is the starting point of the formation of hydrogen bonding of
DBSA NE molecules. Then this solution (DBSA NE and carbon tetrachloride) was added
to asphaltene solution (0.5 w/v % of asphaltene dissolved with 60/40 vol. % Heptol) and

IR spectrum was collected (Figure 6-4).

This figure shows that after addition of asphaltene, the peak of free OH bond at 3606 cm™!
disappears and the intensity of hydrogen-bonded OH at 3365 cm™! is increased. These
observations demonstrate that addition of DBSA NEs to asphaltenes leads to hydrogen
bonding of free OH groups in the DBSA NEs. In addition, the integrated areas under the
IR spectrums of asphaltene with and without DBSA NEs were calculated after curve
deconvolution and normalizing to quantitatively evaluate any alteration. These results
indicate that addition of DBSA NEs increases the integral from 2.59 to 5.36,

demonstrating that asphaltenes form hydrogen bonding with DBSA NEs.

Furthermore, the addition of DBSA NEs to asphaltene largely exhibited several additional
peaks. For instance, a peak from the O=S= O stretching vibration around 1300— 1000
cm ! in the fingerprint region of FTIR spectrum of asphaltene shifts of the sulfonic group
stretching vibration of asphaltene with DBSA NEs should be the result of bonding
between functional groups of DBSA and the surface heteroatoms of asphaltenes.
Therefore, it can be speculated that the release of DBSA molecules could contact
asphaltenes and absorb onto the surfaces, via hydrogen bonding of O=S=0 with O—H or
C— H. Besides, the peaks between 660 — 900 cm™ were higher than for asphaltene without
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DBSA NEs, which were caused by the intensity vibration of NH3 and N-H wagging (shifts
on H- bonding). The peak intensity at 1740 cm™ can be assigned to C=0O (saturated
aldehyde) or cis — RCH=CHR. The changes in out-of-plane O—H bending in aromatic

rings of the asphaltene appeared at 675 cm™!, while the peak intensity at 1510 cm™! caused

by NHo scissoring.
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Figure 6-4. FTIR of asphaltene with and without DBSA NEs, showing the characteristic
bands.
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As discussed in the previous chapter, this system can overcome asphaltene intramolecular
forces, creating new spaces, and involves multiple interactions between asphaltene and
DBSA NE components such as acid-base interaction, hydrogen bond, polar-r interaction,
cation-m interaction and aromatic-aromatic interaction. These interactions can promote
further electrostatic interactions with other ion pairs. For example, the hydroxyl group in
the chain length can form H- bonding with water or surfactants, whereas the nitrogen in
the aromatic core can provide acid-base as well as H-bonding interactions with DBSA.
Therefore, using a small amount of DBSA (1 vol. %) with other components in the DBSA

NEs is sufficient to produce complete coverage of the individual aggregates.

For quantitative comparison of major functional groups in asphaltene, the integrated area
of peaks (obtained from Origin 2017 software and explained in Section 6.2.3) and the
intensities of specific wavelength were investigated. To calculate the number of carbon
atoms per alkyl side chain, the molar ratio of CH»/CHj3 is required which can be attributed
to the ratio of absorbance intensities at wavelengths of 2,927 and 2,957 cm’!. Also, this
ratio is the measure of the length and the degree of the aliphatic chain by the Eq. 6-1 [301-

304]:

n(CH: A
_ Nn(CHz) _ Az927 x K
n(CHz) Az957

Where K is a constant and determined to be 1.243 from correlating of 20 chemicals [305].
The molar ratio of aromatic rings to aliphatic side chains can be correlated with the

absorbance intensities of 1450 and 1600 cm™ by Eq. 2:

__n(aromatic C=C) _ Aieo00

n(aliphatic C—H) Aq4s0
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Also, the ratios of the integrated area I; (2500-3000 cm™!/1600 cm™) and I (2500-3000
cm !/ 630-930 cm™!) are relative indicators of how many aliphatic and aromatic groups

are [306].
Table 6-4 shows the values of N and R for asphaltene with and without DBSA NEs

samples. It can be seen from the results that asphaltene with DBSA NEs has lower the
higher number of carbon atoms per alkyl side chain and it also has lower aromaticity
compared with pure asphaltene. It means that the pure asphaltene is the most aromatic
asphaltene and the asphaltene with DBSA NE:s is the least aromatic sample. On the other
hand, asphaltene with DBSA NEs shows a higher ratio of I and I than asphaltene without
DBSA NEs, which means the shorter side chain of aliphatic substituents and more amount

of aliphatic and aromatic groups.

Table 6-4. Asphaltene structure parameters with and without DBSA NEs from FTIR.

Sample N R L L L3435/13100
asphaltene 2.2 0.5 1.29 0.85 0.23
With DBSA NE | 1.8 0.42 1.52 1.05 0.188

The tendency of asphaltene toward the formation of hydrogen bonding can be evaluated
by calculating the ratio of the N-H and O—H intensities (3435 cm!) over the intensity of
aromatic fraction (3100 cm™). These values in Table 6-4 imply that the pure asphaltene
has the highest propensity toward aggregation by forming hydrogen bonding. The length
of alkyl side chain can be attributed to the ratio of the intensities at a wavelength of 1455
and 1376 cm™'. On the other world, the higher the ratio, the longer the side chain. These

results are in the good agreement with the aromaticity results from XRD.
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6.3.3. Mechanism on the effect of DBSA NEs on asphaltene structure

According to the experimental results, a possible mechanism was proposed and discussed
as followed. The DBSA NEs can modify the colloidal structure of asphaltene by
promoting the interactions between the asphaltene molecules and the components of
DBSA NEs (i.e., DBSA, xylene, surfactants (Tween 80 and SDS) and water). Therefore,
the ability of DBSA NEs to stabilize asphaltene can be attributed to several mechanisms
such as 1) the slow release of DBSA from NEs can provide the electrophilic addition
reaction between DBSA and the m-electron of asphaltenes by initial breaking of its
SOs;-H bond and subsequently bonding its dodecylbenzenesulfonate group with
asphaltene molecules. It is worth noting that the DBSA NEs exhibit effective release
kinetics due to the use mixture of anionic and non-ionic surfactants, which can pack
closely at the oil/water interface and thereby make DBSA diffusion from NE slower.
Moreover, the slower release rate could be attributed to the small size of DBSA NE (i.e.,
21 nm), which can provide a high surface area of the system. In fact, higher surface area
means higher surface from which the inhibitor can be released; ii) the presence of the
relatively large lipophilic group (i.e., long-chain alkyl) of DBSA molecules shaped
adsorbed DBSA similar to a wedge with a thick tail in the periphery of the new structure
[307]. Likewise, the molecular structures of Tween 80 and SDS would shape themselves
similar to a wedge with a thin tail aliphatic side chains that can hinder the z-7 interactions
of the asphaltenes neighbouring polyaromatic cores by introducing steric interferences in
those interactions which consequently prevent the growth of asphaltenes aggregates. The
length and shape of aliphatic side chains were proved to be vital factors that control the
effectiveness of asphaltenes inhibitors. With an increase of the aliphatic chain length, the
ability of inhibitors to surround molecules of asphaltene increases resulting in higher

efficiency of the inhibitors [308, 309]; iii) aromatic compounds of Tween 80, SDS, and
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xylene with a certain rigidity in the DBSA head capable of interacting with asphaltene
aggregates by n—m stacking and hydrogen-bond formation; iv) H,O may also undergo an
electrophilic addition to the asphaltene's m-electron by the catalysis of acids (e.g., DBSA)
and cause the absorption band in the range of 2000-3000 cm™ as well as water molecules
act as a bridge between asphaltene molecules via hydrogen bonds between water
molecules and heteroatoms in asphaltenes. Figure 6-5 shows asphaltene molecules with
two distinct nanocolloidal species are obtained after asphaltene molecules stacking. The
smaller species is a nanoaggregate of small aggregation number with an aromatic core
and an alkane shell. A cluster with a small aggregation number of nanoaggregates is
obtained. While the overall length scales for the nanospecies are obtained from TEM and
XRD results share many similarities with the Yen—Mullins model [310]. However, our
proposed model involves the molecular structure of asphaltene after the addition of Al or
NE loaded with Al and this must be explicitly accounted for the energetics of ring

systems, as discussed.
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Figure 6-5. Schematic representation of the progression of asphaltene molecule and
formation of nanoaggregates, with most aging being seen in larger asphaltene clusters
(or primary particles). The mechanism of the adsorption of DBSA NEs on asphaltene

and the slow release of DBSA from NE affect the stacking distance and the cluster size.
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6.3.4. Thermogravimetric analysis (TGA)

The wide difference in the weight loss confirms the refractory nature of asphaltenes,
which is relatively insensitive to the temperature. Weight loss due to the combustion of
asphaltenes and asphaltene with DBSA NEs has been measured by thermogravimetric
analysis purposes in the presence of air and it is presented in Figure (6-6 A). The role of
air is to start the oxidation reaction; therefore, the decomposition rate is very fast at a
higher temperature. This figure shows that the behaviour of asphaltenes toward coke
formation is completely burned off having a maximum weight loss at 600 “C. Similar
results were reported by Savel’ev et al., [311] and Maity et al., [312] using air in the
degradation of asphaltene and functionalized asphaltene. However, around 97 wt. %
another sample (asphaltene with DBSA NEs) is burned in the presence of air at around
600 °C.

The derivative curve clearly shows two principal weight losses at around 460 °C and at
585 °C, indicating that two types of asphaltenes are present in Figure (6-6 B). One is
burned at a lower temperature, named as soft asphaltene and other at a higher temperature,
named as hard asphaltene. Both peaks are sharp in nature. The presence of two types of
coke (obtained mainly polymerization of asphaltene) is also reported in the literature
[313-315]. Two peaks were situated at 390 and 460 °C which could mean decomposition
of heavier asphaltenes with higher molecular weight or very highly associated asphaltenes.
Total volatilization is achieved at 550 °C; asphaltenes at this temperature were fully
burned off by the presence of oxygen in the air and the maximum weight loss is seen. In
this stage, intermolecular associations and weaker chemical bonds are destroyed such as
sulfur bridges. However, asphaltenes are not only converted into coke but also expected
to be transformed into lighter compounds such as gases, oils, and resins. Above 450 °C

temperature, asphaltenes are subjected to very severe conditions making condensation
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reactions to form coke as final residue [315]. The final residue from asphaltene
decomposition was 12.57 % (2.33 mg) of the initial mass, which may consist of typical
of polycyclic condensed aromatic hydrocarbon compounds with large aggregates as well
as elements like Ni, Fe, and VI that are stable at higher temperatures.

Comparing the thermal profile of asphaltene with the asphaltene with DBSA NEs, the
derivative curve clearly develops three consecutive weight loss processes at around
300 °C, 460 °C and at 585 °C, indicating that three types of asphaltenes are present. TGA
curves show that asphaltene with DBSA presented an oscillation peak from 50 to 200 °C
that can be attributed to the loss of light organic compounds and the residual water
(dehydration) obtained from the addition DBSA NEs to the asphaltene. The water
molecules are directly bonded to the asphaltene molecules via hydrogen bonding. Hence,
it is very remarkable that the water loss in asphaltene is accompanied by minor structural
changes, but the framework is maintained as the overall shape of the pattern changes little
between room temperature and 220 °C. This monohydrate phase is stable up to
approximately 200 °C. After 200 °C asphaltenes with DBSA NEs suffer continuous
decomposition up to around 600 °C. This can be attributed to releasing CO, CO> and some
hydrocarbons from asphaltene as well as to the loss of long alkyl chains of DBSA NEs
components which linked with asphaltene molecules. However, the 2nd peak of the
asphaltene sample appears at 550 °C and it is shifted to a higher temperature around
585 °C for the sample asphaltene with DBSA NEs. The residue at the highest temperature
for asphaltene with DBSA is very low about 4.71 %, suggesting that formation of multiple
intermolecular interactions such as hydrogen bonding, acid-base interaction, and m-w
stacking between the adjacent molecules of DBSA NEs with asphaltene molecules, which

give rise to the high temperature [316].
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The conversion of asphaltene to coke decreased when DBSA NEs were added to
asphaltene, meaning that the effect of DBSA NEs tends to stabilize a proportion of the
asphaltene. The DBSA NEs can promote the loss of labile points of long alkyl chains in
DBSA NEs components which linked with asphaltene molecules giving more volatile
compounds such as gases. Nevertheless, low coke formation was observed in asphaltene
with DBSA NEs, it is possible that due to many of lighter compounds present in
asphaltene with DBSA NEs have been volatilized in the initial stages only a few amounts
of formed asphaltenes remains during the reaction to finally decompose toward coke
which appears in less amount compared with original asphaltenes. This could explain
why asphaltene with DBSA NEs continuously change in a wide range of temperature

(200 - 585 °C) and why a broad range of reaction temperatures as such is not observed

even for original asphaltenes. This behaviour could indicate that the coke yield is sensitive
to the presence of DBSA NEs components, decreasing it around 62 %. Besides,
similarities in the shape of the weight loss curves indicate that DBSA NEs did not change
the main degradation pathways of asphaltene and no new material is formed due to the
reaction of DBSA NEs with asphaltene. However, the nature and the structure of hard
asphaltene become softer when this is treated with the DBSA NEs as well as the coke
yield is decreased. These findings of TGA are in the good agreement with the other results
of XRD, TEM, and IFIR for both asphaltenes with and without DBSA NEs presented in

this work.
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6.4. Chapter summary

This Chapter examined the detailed molecular structure of asphaltene in the presence of
NEs, and proposed a mechanism of modification structure and stabilizing asphaltene as

summarized in the following points:

e Controlled release of Al by NEs could affect both morphological and
structural of asphaltene.

e The results from XRD and TEM confirmed the validity of asphaltene
stability mechanism by the release of DBSA and other NE’s components,
which were able to increase both the stacking distance between aromatic rings
(about 22.2 %) and aliphatic chains and reduce the diameter of the aromatic
sheet and the cluster size.

e These alterations in the molecular structure of asphaltene led to decrease
in the aromaticity of asphaltene, which in turn increased the solubility of
aromatic compounds in oil and improved the liberation of asphaltene
aggregates. As a result, the disruption of the aromaticity implied a change of
the m system over the aromatic zone that in turn disturbed eventual m—n
interactions between asphaltene stacks, which was the main mechanism
responsible for the formation of clusters at the nanoscale.

e The FTIR spectroscopic study verified that DBSA NE involved multiple
interactions with asphaltene, building up a multicentric electron density in
this region, which led to deeper isosurfaces of van der Waals forces in the
interacting zone.

e In addition, the quantitative study indicated that asphaltenes with DBSA

NEs had a lower number of carbon atoms per alkyl side chain, lower
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aromaticity, shorter side chain of aliphatic substituents, and more amount of
aliphatic and aromatic groups compared with pure asphaltene.

e The TGA results further demonstrated the alteration of asphaltene
structure. It was found that during the chemical reaction between asphaltene
and DBSA NEs, the structure of asphaltene was improved considerably and
the coke yield was decreased around 62% due to the decrease of the cluster

sizes and the increase of the stacking distance between aromatic sheets.
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Chapter 7

Delivery and controlled release of inhibitor: A
prospective method for enhanced oilfield asphaltene

prevention

7.1. Introduction

As reviewed in Section 1.5, there is a large body of literature that deals with the adsorption
of asphaltenes on various rock minerals, including clays. Most of these works are
concerned with the measurement and modeling of adsorption isotherms on crushed
minerals under static conditions [318-326]. Very little work currently exists on the

adsorption kinetics of asphaltenes under flow conditions [327, 328].

In this chapter, we develop a novel concept of using NEs as carriers for Als and control
their release inside porous media to improve the cumulative asphaltene removal
efficiency. A series of dynamic experiments are conducted to study asphaltene adsorption
from monolayer to multilayer in order to understand rock-asphaltene interactions under
flow conditions. The level of asphaltene transport and adsorption in sandstone packed
column is evaluated and based on the evaluation a kinetic adsorption mechanism is
proposed. Asphaltene removal experiments are also examined by using a core-flooding
facility in three case studies, 1) with pure DBSA, ii) with blank NEs, and iii) with NE
loaded with DBSA (i.e. DBSA NE). Several possible mechanisms for asphaltene removal

are also proposed.
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7.2. Materials and experimental procedure

7.2.1. Porous medium preparation and characterization

Water-wet Berea sandstones with permeability ranging from 98.73 to 195.46 mD were
selected as the porous medium in this study. The sandstone rock was crushed into single
grains, sieved into narrow grain size fractions (ASTM Standard Testing Sieves, Retsch
Ltd) and washed with water for several times, which was followed by settling and
decanting to remove all dust particles. The residual wet sand particles were dried at 70 °C
for 7 days. The porosity, absolute permeability, and dry sandstone rock weight were
measured. The porosity was determined by both helium pycnometry and Archimedes

(buoyancy) methods.

An investigation of the morphology of grains and pores in the sandstone rock, as well as
an elemental analysis, was carried out using a scanning electron microscope (SEM, FEI
Quanta 650 FEG-ESEM) and integrated energy-dispersive X-ray spectroscopy (EDX,
Oxford Xmax 80 SDD) with INCA 350 software. Verification for the structure of
sandstone rock is done using an X-ray diffractometer (Bruker, D8 Advanced, Germany).
The sample was irradiated using a Cu target tube and exposed to all lines. The scanning
angle ranged from 10° to 80° of the diffraction angle (20) for 45 min. The chemical
composition of the sandstone rock sample is determined by X-ray fluorescence (XRF by
Bruker AXS S4 Pioneer) and presented in Table 7- 1. It can be seen from Figure 7-1 and
7-2 and Table 7-1 that most of the pore sizes were above several micrometers, while
confirming that the grains were composed of silica (SiOz) with a minor fraction of

alumina silicate mineral.
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Figure 7-1. (a) High magnification SEM image of feldspar and porosity between silica

grains and elemental mapping of rock using an energy dispersive X-ray spectroscopic.
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Figure 7-2. Results of XRD of the reservoir rock used in this study.
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Table 7-1. The chemical composition of Berea sandstone by X-ray fluorescence

Component Result in mass%

Si02 92.2518
AlLOs 3.3719
Na,O 0.2473
MgO 0.1963
P;,0s 0.0188
SO3 0.0454
K>O 1.2543
CaO 0.2245
TiO2 0.1285
Cr0; 0.0394
Fex03 0.7332
NiO 0.0109
Br 0.4685
Zr0, 0.0091

7.2.2. Zeta potential measurements

For these analyses, Berea sandstone rock was crushed and classified by sieving, the
particles size less than 45 um were selected. Brine solution prepared in 1 wt. % kaolinite
and crushed Berea sandstone and centrifuged for 6000 rpm for 20 min. The sample of
supernatant was transferred to polystyrene cuvette to measure the zeta potential of rock

by Zetasizer Nanoseries ZS, Malvern Instrument, Worcestershire, UK.

Zeta potential of NEs at different salinity was also evaluated. Furthermore, asphaltene-
in-water emulsions were prepared by emulsifying 100 mg L' of the asphaltene in the
aqueous phases using the ultrasonic probe (Unique) at 25 Hz for 10 min to measure the
zeta potential of asphaltene droplets. All zeta potential values are the average of three

independent runs carried out at room temperature.
7.2.3. Interfacial tension and contact angle measurements

The IFT and contact angle were measured by the pendant drop method using a goniometer

(CAM 200, KSV instruments Ltd. Finland). The interfacial tension (IFT) between
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asphaltene and different samples: deionized water, brine, DBSA, blank NEs, and DBSA

NEs were measured based on the Young-Laplace equation by the pendant drop.

Measurements of the static contact angle (CA) of asphaltene/brine/rock systems were
performed using the IFT/CA apparatus. The rocks were cut into small substrates that were
polished two sides, and then vacuumed at 10—7 psi for 2 h, and then immersed in
asphaltene solution. After aging in asphaltene for 0, 7, 14, and 21 days, they were gently
placed in the IFT/CA cell. Brine (with and without NEs) was then transferred to the cell
until the substrates were fully immersed. Figure 7-3 shows the schematic diagram of the

experimental setup for Interfacial tension and contact angle measurements.
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"
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Figure 7-3. Schematic diagram of experimental setup for Interfacial tension and contact

angle measurements.

7.2.4. Core-flooding experiments

Figure 7-4 shows the experimental core flooding set-up. First, the sieved, washed, and
dried porous media were packed inside the holder. A piston pump (Cole-Parmer
Instrument Co. Ltd.) was used for injecting brine during the core flooding experiments.
Two syringe pumps (KDS 410, KD Scientific Inc. USA) were used; one for injecting

asphaltene solution and another one for injection four different displacing fluids: brine,
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pure DBSA, blank NEs, and DBSA NEs to avoid cross-contamination by different
samples. The concentration of asphaltene was on-line measured by an UV
spectrophotometer (Shimadzu, UV 1800), when it flowing through a built-in flow cell. A
pressure transducer (PX409-150DWUV, Omega Engineering Ltd.), which was connected
to Lab View software, was used to measure the pressure drop during experiments. The
parameters of packed sandstone grains column are listed in Table 7-2, where the
permeability was calculated based on Darcy’s law by using the equilibrium pressure drop

at a specific flow rate during brine saturation.

Table 7-2. Parameters in average value for packed glass beads column from over 20

times of practice for packing.

Porous media properties Value
Bulk volume (mL) 337+ 14
Pore volume (mL) 129+£0.5
Porosity (%) 38.01 £ 1.57
Absolute permeability (mD) 90-112
Mass of wet sandstone beads (g) 72.60 £3.10
Mass of dry sandstone beads (g) 59.80 + 2.60
Liquid in the pore space (g) 12.8+£0.5
Length (mm) 72+2
Diameter (mm) 24
Specific surface area (m*/g) 0.877 £ 0.001
Electrophoretic mobility (um cmV-! s) -1.58 £0.09
Zeta potential (mV) -20.6
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Figure 7-4. Experimental core flooding set-up.

The core flooding experiments were divided into two parts. The first part was for dynamic

asphaltene adsorption measurement and the second one for asphaltene recovery evolution.

7.2.4.1. Dynamic adsorption experiments

In the first part of the experiments, below procedures were used:

e Injection of 100 ml brine (4% NacCl) flooding at a flow rate of 2 ml/min (0.156

PV/min) to fully saturate the column by brine.
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e Asphaltene solution injection until desired irreducible water saturation (Swi=
25%) was achieved, and the original oil in place (OOIP) is determined by the
volume of water collected.

e Injection of 20 ml brine post flooding (4% NaCl) at a flow rate of 0.5 ml/min

(0.078 PV/min).

At the same time, the effluent solution was flowed through a UV—visible spectroscopy
meter and was collected. The asphaltene effluent concentrations were measured based on
the absorption of asphaltene for UV light at a wavelength of 423 nm. The breakthrough
curves (BTCs) of asphaltene in the column outlet were generated by using the relative
concentration (i.e., the effluent concentration C. divided by the original sample

concentration Co), against the injection time expressed in pore volumes (PVs).

The amount of asphaltene adsorbed (I') on the solid surface (mg/g rock) for the core

flooding was estimated following the mass balance according to equation [319,320]:
Co—Ce
r===v.. (7-1)

where C, (mg/L) and C. (mg/L) are the initial and equilibrium concentrations,

respectively, V (L) is the solution volume and W (g) is the mass of solid dry sandstone.
7.2.4.2. Asphaltene displacement Tests

The second part of the experiments concerns the removal of asphaltene inside a sand

packing in core flooding experiments, as below:

¢ Brine saturation by injecting 10 PV of brine at the optimum salinity (4 wt. % NaCl)

at 2 ml/min (0.156 PV/min).
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Place the sandstone in asphaltene solution (asphaltene in 60:40 Heptol) and
centrifuge them at 2000 rpm for 30 minutes. The preceding step was to displace
the water droplet on the rock surface to keep only the irreducible water (Swi). The
sand-pack system was then allowed to oil-wet for 21 days with asphaltene solution.
Brine injecting 3 PV of brine at the optimum salinity (4 wt. % NaCl) into the

packed bed column at 0.5 ml/min (0.038 PV/min).

Three different displacing fluids were injected including (4 vol. % of pure
inhibitor, 20 ml of blank NEs, and 20 ml DBSA NEs) at a flow rate of 0.5 ml/min
for 1.5 PV. Following the pure Al injection, the brine solution will be injected to
push the previously injected Al deeper into the sand column. This step is called
injection of “overflush fluid”’. The traditional inhibitor squeeze treatment uses Al
usually as a 5%-20% in the reservoir [331], thus the total pure AI amount equal
to 4 ml (20% from 1.5 PV).

Then the column was shut-in for 24 h to allow the displacing fluids to be able to
affix to the surfaces of formation (i.e. the slow release).

40 ml brine post flooding was conducted at a flow rate of 1 ml/min.

The effluent liquid was collected in a 50 ml graduated cylinder marked in 0.1 ml
divisions in order to determine the amount of oil recovered. Table 7-3 shows the
number of experiments pertaining to each pair of concentration, flow rate, heptane

and clay content tests.

To calculate the cumulative asphaltene recovery efficiency, three tertiary flooding

experiments were conducted with pure Al, blank NEs, and DBSA NEs. As described

in the core flooding experiment (asphaltene displacement procedure), all the effluent

materials, including asphaltene, brine and NE suspensions, were collected by using a
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long slim graduated tube marked in 0.1 mL divisions. Due to the density difference,
the asphaltene solution/water phase can be separated instantly and automatically. The
cumulative asphaltene recovery efficiency (ECAR) is calculated by using the amount
of cumulative asphaltene production divided by the OOIP (Original Oil in Place) at
the residual water saturation (Swi) of 25%. The advanced asphaltene displacement
efficiency (EAAD) is calculated by using the amount of asphaltene solution produced
in the process of displacing fluids/ brine post flooding divided by the asphaltene left

at end of brine/ displacing fluids.

The reduction of asphaltene inhibitor amount (% Rai) and the total chemicals usage
(% Rpc) in the NE were calculated following the material balance according to

equations 4-3, 4-4, and 4-5 in Section 4.3.3.

Table 7-3: Experimental analysis for the effect of asphaltene concentration, flow
rate, heptane, and clay content.

Experiment | Concentration | Flow rate Heptane Kaolinite
(mg/L) (ml/min) (vol. %) (wt.%)
1 10000 0.5 - -
2 10000 1 - -
3 10000 3 - -
4 5000 0.5 - -
5 10000 0.5 - -
6 10000 0.5 - 5%
7 10000 0.5 40% -
8 10000 0.5 40% 5%

7.3. Results and discussion

7.3.1. Formation of NE at the optimum salinity

As reported in Section 3.2.2, the formation of stable NEs against coalescence or Ostwald
ripening processes, a mixture of surfactants can form a strong interfacial layer around oil

droplet. However, in this Chapter, another way to reduce the number of surfactants
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needed for NE stabilization is the addition of salt, resulting in low treatment cost. It has
been found that, in the case of using synergistic surfactants systems (i.e. ionic-surfactant
plus non-ionic surfactant), salt content effectively reduces the thickness of the interfacial
electrical double layer, allowing to be obtained a NE with less surfactant [332]. Maeda
[333] and Ruiz et al. [334] stated that the stability between the ionic and non-ionic mixed
micelles systems is controlled mainly by two factors. One is the interaction between the
head groups, and the second one is the interaction between the hydrocarbon chains. The
effect of adding monovalent electrolyte sodium chloride such as (NaCl) at different
concentration (0 — 6 wt. % NaCl) have been studied in this section. Light scattering
measurements show that at lower salinities (e.g. < 3 wt.%), more surfactant molecules
were dispersed in the water phase. Therefore, the steric and electrostatic repulsion
between oil droplets is too weak to overcome the hydrogen bonds of water molecules. As
salinity increased, at 4 wt. %, the solubility of the surfactant in the water phase is
increasingly reduced and most surfactants tend to distribute at the oil/water interface,
which leads to the decrease of interfacial tension and decrease the droplet size. In addition,
the electrostatic repulsion overcomes the van der Waals and hydrophobic attraction
because it is still adequately strong. However, NaCl could destabilize NEs by weakening
the electrostatic repulsion, whereby as the salt concentration increased (above 4 wt. %),
the electrostatic repulsion among droplets became weaker and weaker due to the

electrostatic screening of the charge, ultimately resulting in larger particle sizes [335].

The zeta potential of NE was also evaluated at different ionic composition (Figure 7-5 A).
The results show that the zeta potential of the NE decreased slightly with increasing NaCl
(e.g2.< 4 wt.%), but this changed sharply (in the negative side) and shift toward zero upon
the further addition of NaCl (e.g.> 4 wt.%). At optimum levels (4 wt.%), comparatively

strong electrostatic repulsion persisted, thereby preventing droplets from approaching
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each other. Similarly, the hydrodynamic size and refractive index in Figure 7- 5 B shows
the same trend with zeta potential measurements. Therefore, 4 wt.% of NaCl was selected

as the optimum salinity in the next experiments.
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Figure 7-5. (A) Zeta potential for NEs, (B) Hydrodynamic size and the refractive index
of NE samples with different NaCl concentrations
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7.3.2. Dynamic adsorption experiments

The adsorption of asphaltene on porous media depends on the composition and
petrophysical properties of porous media samples [336]. Therefore, different tests (as
shown in Table 3) were conducted to evaluate the dependency of asphaltene adsorption
on flow characteristics, concentration and composition of asphaltene, and the effect of

clay content.

Figure 7-6 (A—C) shows the plot of the concentration profiles (i.e., breakthrough curves)
vs. pore volumes injected for a 10000 mg/L asphaltene solution. The asphaltene injections
were performed at 0.5 ml/min, 1 ml/min and 3 ml/min. The breakthrough curves for both
the low and higher rates injection cycles are plotted. In the low flow rate (0.5 ml/min)
case (i.e., test 1), a further shift to higher pore volumes injected at breakthrough is
observed; indicating high adsorption in the accessible pore volume requiring about 1.6
PV to reach equilibrium concentrations in the effluent. It is probably due to entrapment
in smaller openings between pore sand adsorption in the entire core that resulted in higher
asphaltene loss in this case. Furthermore, mass separations between asphaltene molecules
(i.e., smaller molecules have penetrated the pore sand were retained) and adsorption
kinetics are perhaps, responsible for the spread out the aspect of the asphaltene in the low
flow rate regime. At 1 ml/min (i.e., test 2) showed a similar early breakthrough at 0.5 PV
but with a reduced concentration of asphaltene in the emerging fluid (C/Co = 79%),
implying that up to 29 % of the injected asphaltene remained within the core. On the other
hand, at a high flow rate (i.e., test 3), the breakthrough was achieved quickly with Ce/Co
approaching unity at 0.4 PV just as the first drop of asphaltene emerged from the core.
The different explanations have been reported for the effect of flow rate on asphaltene
adsorption mechanism as the shear effects, residence time, and zone isolation in the pore

space at higher flow rates [337].
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Figure (7-6 B) shows the variation of concentration and adsorption amounts of asphaltene
versus injected pore volumes of asphaltene solution at two different asphaltene
concentrations of 5000 mg/L and 10000 mg/L (i.e., test 4 and 5). The early breakthrough
in the concentration curves is the same for both concentrations; however, it takes longer
for asphaltenes to reach the equilibrium asphaltene concentration at 10000 mg/L
compared to 5000 mg/L. As expected, the adsorbed amount of asphaltene at 5000 mg/L
asphaltene concentration is 0.58 mg/g rock smaller than that at 10,000 mg/L, as shown in

Table 7-4.

More fluctuations for Cc/Co were also observed in Figure (7-5 C) compared to injection
asphaltene inside rock without kaolinite clay (i.e., test 6), both implemented at flow rate
0.5 ml/min and asphaltene concentration of 10,000 mg/L, is due to the presence of
kaolinite clay and the resulting heterogeneity that led to entrapment and re-entrainment

of asphaltene particles.

When precipitant (heptane) was added to the asphaltene solution, a substantial amount of
asphaltene was deposited on the rock surface due to the destabilization effect of heptane.
This can be observed in Fig. (7-6 C) (i.e., test 7) with C/Co varying in the middle section
of the graph and the breakthrough is shifted to higher pore volume injection. One can
argue that the observed breakthrough level Co/Cy reduction is a result of the increase in
asphaltene particle size and reduction in particle stability. As seen in this figure, the
adsorption did not reach the saturation level and continued with the injection of asphaltene
solution in the sand pack. Therefore, it can be said that adsorption in the presence
precipitant and kaolinite is multi-layer adsorption with no saturation limit in contrary to
tests conducted at higher flow rates and low concentrations that obeyed Langmuir type

adsorption which reached the saturation level.
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Each flooding experiment was followed by an injection of a further 3 PV of brine in order
to check if the asphaltene particles were strongly adsorbed inside the rock. This brine post
flooding process was conducted after the end of the asphaltene flooding at 3 PV for all
experiments. The results (i.e., rightmost part of Figure 7-6 a, b and ¢) show that different
amounts of asphaltene can be removed out from the sand following the brine flooding.
However, after another about 3 PV of brine, no more asphaltenes can be driven out,

suggesting that some asphaltenes remain trapped in the cores.

Further calculation shows that, for test 8 (highest concentration (10,000 mg/L) asphaltene
flooding with the presence heptane and clay content at low flow rate), 193.5mg of
asphaltene in total (48.1% of the total injected amount) were deposited in the rock during
asphaltene flooding and remained trapped there, which corresponds to about 3.235 mg of
asphaltene per gm of grain surface. The desorption of asphaltene via brine flooding shows
that a significant amount of asphaltene (58.6 mg) is strongly adsorbed inside the packed
bed column even after further 3 PV brine injection. We have focused more on test 8 in

the rest of the chapter.

Table 7-4. Asphaltene adsorption/desorption in the core sample during asphaltene/ brine

flooding.
Asphaltene adsorption Asphaltene desorption
Te Total Ce/Cy | I'(mg/g | adsorbed | Ce/C Total I'(mg/g | desorbed
st Asph. %) rock ) | asphaltene | 0 (%) Asph. rock ) | asphaltene
Mass fraction % adsorbed fraction, %
adsorbed mass
(mg) (mg)
1 81.268 | 79 1.359 21.49 | 36 40.7238 | 0.681 50.11
2 58.00 | 85 0.97 15.34 | 26 41.561 | 0.695 71.65
3 30916 | 92 0.517 8.17 | 225 | 22.0662 | 0.369 71.37
4 34.684 | 82 0.58 17.92 | 21.5 | 22.3652 | 0.374 64.48
5 116.071| 70 1.941 30.70 | 355 | s52.5642 | 0.879 45.28
6 162.536 | 59 2.718 4299 | 40 56.511 | 0.945 34.76
7 166.54 | 57 | 2.785 4405 | 43 57.408 | 0.96 34.47
8 193.5| 50 3.235 50.00 | 41 58.663 | 0.981 30.31
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on sandstone.
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As was described based on the behaviour of breakthrough curves versus the number of
injected pore volumes of the asphaltene through the porous media, the mobility of
asphaltene particles on porous media is affected by two asphaltene deposition
mechanisms: adsorption and mechanical plugging (e.g., hydrodynamic bridging)
[338,339]. The adsorption effect is related to the interactions between the asphaltenes
functional groups and the porous media surface, involves surface polarity, affinity or
other attractive forces. The adsorption of asphaltenes on porous media is the result of
favourable interactions of the asphaltene species or its aggregates with chemical species
on the porous media surface. Several interaction forces, individually or in combination
with each other, can be responsible for it such as electrostatic (Coulombic) interactions,
charge transfer interactions, Van der Waals interactions, repulsion or steric interactions
and hydrogen bonding. The pore-throat blockage effect is highly dependent on the
asphaltene concentration. This is supported by SEM analysis of the Berea sandstone
(Figure 7-1), the latter of which shows that around 6% of pore throats are under 220 nm
when subjected to quantitative image analysis [340], i.e., less than the hydrodynamic
diameter of the asphaltene particles. These relative dimensions suggest strongly that the
blockage could take place, especially when the fluid contains high concentrations of
asphaltene. Additional mechanisms were hypothesized namely as ‘‘multilayer kinetic
surface adsorption’ based on manipulating the asphaltene composition (i.e., when
heptane is added) and mineralogy (i.e., when kaolinite is added), and ‘‘pore throat
plugging’’ based on high injection flow rate. These newly hypothesized mechanisms offer
an understanding of the dynamic asphaltene adsorption kinetics in porous media. All

these four mechanisms are schematically presented in Figure 7-7.

-171 -



Langmuir isosteric adsorption

(adsorbed asphaltenes are arranged equally

pp——————

in all directions in a homogenous monolayer

Multilayer Kinetic adsorption.
This can occur at high asphaltene

concentration, low flow rate, presence of

v

heptane and kaolinite

Pore throat plugging. This can

occur at high asphaltene concentration,
low flow rate, presence of heptane and

kaolinite.

Pore throat opening. This can

occur at high flow rate.

Figure 7-7. Schematic of different asphaltene deposition mechanisms in porous media

originated from a continuous flow of asphaltene.

7.3.3. Removal of asphaltene from Berea sandstones using NEs.

It can be seen that the cumulative asphaltene recovery efficiencies of brine flooding for
different three cases are quite close to each other (around 41%), which means that the
tertiary flooding started from the similar residual saturation of asphaltene solution (Sas,).
From the data in Figure 7-8, it is apparent that the cumulative asphaltene recovery
efficiency of 52.93 % OOIP by the end of tertiary DBSA with overflush brine flooding
and blank NEs, meaning both DBSA molecules and blank NEs can mobilize about 11 %
more adsorbed and trapped asphaltene after this step. However, injection 1.5 PV of DBSA

NEs further improved the advanced asphaltene displacement efficiency of 13.21%.
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After shutting-in for 24 h aging, the cumulative asphaltene recovery efficiency was
increased from 52.93 % to 80.95 % after post brine injection, and Eaap was
correspondingly increased from 11 % to 28 % in the case of aging with DBSA. This
suggests that the adsorbed and trapped asphaltene particles are sterically stabilized by the
presence of DBSA molecules on the rock surface and hence the asphaltene displacement
efficiency is increased. However, the aging with blank NEs shows an increase in the
cumulative asphaltene recovery from 52 % to 76 % and advanced asphaltene

displacement increases from 11 % to 23 %.

The most surprising aspect of the data is in the presence of DBSA NEs. Following the
aging and post brine flooding, a significant increase in the cumulative asphaltene recovery
and advanced asphaltene displacement efficiencies were recorded as 91.4 % and 36.3 %
respectively, as shown in Table 7-5. These interesting results could be attributed to the
slow release of DBSA and other NE’s components (surfactants and oil phase) from NE
during shutting-in for 24 h (i.e., aging time) and interact with asphaltene molecules, which
are saturated the H-bonding sites of asphaltenes and the fact that it interacted with both
the periphery and aromatic cores of asphaltenes. As a result, the adsorbed and trapped
asphaltenes are eluted from sandstone rock surfaces and prevented interacting laterally
between themselves and kept well-solubilized in the solution i.e., increasing the stability
of asphaltene. These interactions are almost certainly due to acid-base interaction,
hydrogen bond, polar-n interaction, cation-m interaction, and aromatic-aromatic
interaction. These interactions also can promote further electrostatic interactions with
other ion pairs. For example, the hydroxyl group in the chain length can form H- bonding
with water or surfactants, whereas the nitrogen in the aromatic core can provide acid-base
as well as H-bonding interactions with DBSA. In addition to higher asphaltene recovery

ability, the proposed concept can significantly reduce the amount of Al and the total
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chemicals by factors of 95% and 22% respectively, as shown clearly in the detailed

materials balance in Table 7-6.

Furthermore, several past experimental works have shown that using pure inhibitors in
the reservoir can induce the formation of viscous phases such as liquid crystals and
viscous macroemulsions in o/w interface which is a challenge for oil recovery. Therefore,
encapsulated DBSA inside NEs and then the slow release is effective to improve the
distribution of DBSA molecules, minimize interfacial tension at the o/w interface, and

prevent the formation of viscous phases.
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Figure 7-8. Enhanced asphaltene displacement efficiency by DBSA, blank NEs and

DBSA NEs.
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Table 7-5:

The amount of asphaltene recovered at different stages, for flooding

experiments with different displacing fluids.

Displacing Ecar after Ecur after Ultimate E44p by E44p by
fluids brine displacing asphaltene displacing brine post
flooding, % fluid displacement fluid, % flooding,
injection, % efficiency % %
DBSA 41.86 52.93 80.95 11.07 28.02
Blank NE 41.49 52.84 76.74 11.35 23.90
DBSA NE 41.70 5491 91.47 13.21 36.57
Table 7-6. Displacing fluids compositions and material balance.
Displaci Total DBSA Vol. Nacl Brine xylene Vol. Twee Vol. SBDS Vol. Water Vol. % Rar* %
ng vol. DBSA % (ml) vol.% xylene n 80 Twee vol.% SBDS vol.% Rrc**
fluids inject Vol.% (ml) (ml) vol.% n 80 (ml) Water
ed (ml) (ml)
(ml)
DBSA | 20 | 20% | 4 4% | 029 | e | oo | oo [ | | e 80 [T P —
Blank | 20 | - | - 4% 036 | 7 14 6 1.2 1 0.2 82 16.4 | - | -
NE
BDSA | 20 1.0 0.2 4% 036 | 7 1.4 6 1.2 1 0.2 81 16.2 | 95 30
NE %

7.3.4. Effect of asphaltene deposition on the morphology of the core sample.

The Berea sandstone sample was damaged in the adsorption process mentioned
previously, deposited asphaltene layers and clusters were formed on the surface after
asphaltene injection. The morphology and particle size of deposited carbon formed on
sandstone samples by SEM are given in Figure 7-9 before and after injection of asphaltene,
brine, DBSA NEs, and post brine injection. The SEM image gives a three-dimensional
view of the core sample at a microscopic level. As mentioned earlier in the kinetic
adsorption test, the variation in breakthrough level is caused due to two asphaltene

deposition mechanisms: adsorption and mechanical plugging and these further supported

-175 -



by SEM images. The amount of asphaltene deposition can represent that the surfaces
seem rougher due to the deposited asphaltene in comparison to sandstone before
asphaltene injection. SEM images show that the deposited asphaltene structures can
aggregate together and form layers, which cover the surface of the rock sample. In
addition, SEM analyses show the formation of large clusters on the layers of adsorbed
asphaltene already adsorbed on the surface of sandstone rock with characteristic sizes that
greatly exceed the monolayer characteristic size. Therefore, these experimental results
suggest multilayer adsorption of asphaltene on sandstone core samples. The evidence of
multilayer adsorption from SEM observation supports the mechanistic understanding of

the asphaltene adsorption kinetics (Figure 7-7).

After brine injection, SEM image shows that large clusters of asphaltene are still absorbed.
This can be attributed to the low efficiency of displacement of adsorbed and trapped

asphaltene by brine flooding.

However, after DBSA injection and aging for 24 h (i.e., slowly release effect),
solubilisation of adsorbed asphaltene on the sock surface was observed. It may be
assumed that the DBSA was progressively released from NE and interact with asphaltene
molecules, leading to asphaltene dissolution on the rock surface. After post brine flooding,

no asphaltene clusters and layers were observed.

The EDX analyses (see Figure B-1 in Appendix B) show a significant increase in the
amount of carbon (represents asphaltene) was counted after asphaltene injection, which
again confirms the deposition of asphaltene in the pores of the core samples. However,
the results for the sample extracted from the column after the post-flooding process, show

that only a small amount of carbon was detected on the rock surface. Therefore, the results
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of SEM and EDX also provide strong visualisation evidence for the efficacy of DBSA

NEs in advanced asphaltene displacement.
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Figure 7-9. SEM images of studied Berea sandstone samples (A-E) and corresponding
images (a-¢): A) prior injection, B) after asphaltene injection, C) after DBSA NE

injection, D) after release effect, and E) after post brine flooding.
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7.3.5. Wettability alteration

Wettability is defined as the tendency of one fluid to spread on or adhere to a solid surface
in the presence of other immiscible fluid. The fluid with the higher affinity toward the
solid surface is called the wetting phase; the other fluid is the nonwetting phase.
Wettability is very important in oil recovery processes and has a strong effect on
distribution, location, and flow of oil and water in reservoir during production [341]. The
wettability alteration of Berea sandstone over different aging times with asphaltene was
evaluated through the measurement of the contact angle with brine alone, DBSA alone,
blank NEs, and DBSA NEs. The substrates were immersed in asphaltene solution inside
a sealed container for 21 days at 25 °C. During the aging process, asphaltene molecules
adsorbed on the rock surfaces, altering their wettability [339]. Since adsorption is a kinetic
process, wettability alteration is a function of aging time. After 7 days of aging, the
contact angles became almost constant, indicating that a minimum of one week was
needed to alter the wettability of the substrate, as shown in Figure 7-10. Aging the Berea
sandstone for 21 days exhibited the highest wettability alteration with an increase in CA
from 60° to 122° for asphaltene droplet with brine. This could be explained by the strong
adsorption of asphaltene polars onto Berea sandstone [342]. Therefore, wettability was
altered from water-wet to oil-wet after 21 days of aging. Generally, when the contact

angle is between 0 to 75° and 115° - 180°, the system is defined as water wet and oil-wet

state, respectively, and when the contact angle falls within the range of 75°-115°, the

system is neutrally wet [343].

The effect of additives on the wettability alteration of Berea substrates was also
investigated. Figure 7-10 shows that DBSA restored the wettability of aged Berea

substrates from weakly oil-wet to water-wet, with a contact angle of 60°. It is possible
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that DBSA molecules adsorbed with their hydrophobic tails on the mineral surface and
created a hydrophilic layer with their polar heads [344]. Blank NEs also show a strong
tendency to migrate and adsorb on the mineral surface due to the large surface area of the
droplets and the presence of ionic/non-ionic surfactants, which restored the wettability

with a contact angle of 57°.

The high performance of DBSA NE for wettability alteration explains its effectiveness in
controlling asphaltene droplet. This suggests that DBSA NEs are slowly released Al and
other NEs components and therefore the ability of these chemicals to penetrate and swell
the adsorbed asphaltene layers, further altering rock wettability from 122° to 50° after 21
days of aging. Comparing with the effect of brine on CA, about 50 % and 53 % reduction
in CA are achieved in the presence of DBSA and blank NE, respectively. While a
significant reduction in CA (about 60 %) in CA is achieved with the addition of DBSA

NEs.

The contact angle images are shown in Figure 7-11. The minor differences between the
right and left angles in all the tests confirmed the smoothness and homogeneity of the
Berea sandstone surface used. The results demonstrate that the addition of DBSA, blank
NE, and DBSA NEs improve the rock wettability towards water wet. The brine produces
an asphaltene CA of 64°, which indicates the oil-wet system. Conversely, DBSA, blank

NE, and DBSA NEs turn the system more water-wet.
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Figure 7-10. Average static contact angles of oil droplets released from aged Berea rock

during imbibition in brine, DBSA, blank NE, and DBSA NE.
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DBSA NE after 1-day of aging.
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7.3.6. Interfacial tension (IFT)

Figure 7-12 shows the dynamic of the interfacial tension between asphaltene solution and
brine, DBSA, blank NEs, and DBSA NEs. It is apparent that IFT decreases with the
presence of salinity (i.e., 4 wt. % NaCl), which can be related to a reduction in
electrostatic repulsion at the interfacial region. The IFT of brine starts at about 21.6 mN/m
and approaches to the equilibrium value of 15.9, which is lower than that for
asphaltene/deionized water (26.1 mN/m to reaches the equilibrium value of 22 mN/m).
Apparently, monovalent cations (Na") have a more pronounced effect on IFT reduction
than deionized water [345]. It has been reported that the Na" may interact with a polar
organic component of asphaltenes, producing ionic complexes [333] and changing the

surface charges on oil phase [347,348].

One may also observe in this figure, when DBSA molecules exist in the system, that [FT
of asphaltene solution is decreased quickly, which means the DBSA molecules reach to
the asphaltene drop surface in a short time. The diffusion of DBSA molecules starts from
the onset of drop formation in the cuvette and before the onset of measurements. However,
the IFT starts at about 14.1 mN/m and approaches the equilibrium value of 7.1 mN/m

within about 30 min.

For the system containing blank NEs, the IFT start from values about 5.8 mN/m which is
close to DBSA NEs /asphaltene IFT. Using 1 vol. % DBSA inside NE did not cause a
significant change in the IFT. Thus, DBSA is likely located inside nanodroplets (i.e., in
xylene) and stabilised by mixed surfactants, which acts as a very good carrier for
controlled and delivery DBSA inside porous media and is an advantage for enhanced
oil/asphaltene recovery process. In addition, in the presence of DBSA NEs system, the

hydrophobicity of the systems becomes stronger because the electrostatic repulsion and
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hydration are weakened. As a result, the molecules of this system absorb quickly and
arrange close together at asphaltene/brine interface, acting to reduce the IFT. This can be
attributed to the “release effect” of DBSA and other components from NEs towards

asphaltene/water interface, which leads to reducing IFT.
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Figure 7-12. Dynamic IFT between asphaltene and different solutions deionized water,

brine, DBSA, blank NEs, and DBSA NEs.
7.3.7. Potential asphaltene displacement mechanism in the presence of NE
7.3.7.1. Expansion of the electrical double layer (EDL)

The presence of brine may form an electrical double layer (EDL) (electrokinetics
repulsive), which was likely to be the primary mechanism for displacement asphaltene
during brine injection. The repulsive interaction hinders the adsorption of asphaltene on
the rock surface, because the Na" may interact with a polar organic component of
asphaltene producing ionic complexes [346], changing the surface charges of asphaltene

droplets [347,348]. However, when extra clay mineral and precipitant are existence,
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asphaltene exerts attractive forces towards mineral surfaces, destabilizing the thin film
[349]. This could eventually lead to direct contact between asphaltene particles and sand
surface facilitates the adsorption and as a result, the higher chance of wettability
alternation toward less water-wet or more oil-wet changed the displacement performance

toward lower cumulative production.

In the case of the addition of DBSA, DBSA molecules interact with asphaltene and adsorb
at the interface, resulting reduction in IFT as well as increasing the negative charge at
asphaltene/water interface. Blank NEs can also adsorb at the asphaltene/water interface
due to its affinity towards the oil phase, and therefore more negative charges on rock sites

would be expected.

The addition of DBSA NEs can induce significantly further expansion the EDL,
augmenting hydration forces and creating a repulsive potential. The latter, in turn,
overwhelms attractive hydrophobic forces and eventually results in more stable water
films on mineral surfaces. This can be attributed to the adsorption of DBSA NEs at the
asphaltene/brine interface, which is negative charge (-28 mv), and ultimately the DBSA
and other components would slowly release to adsorb at asphaltene/brine and brine/rock
interface, resulting in a further reduction in ITF and significant expansion EDL. Figure

7-13 illustrates the water film stability in the function of these competing phenomena.
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Figure 7-13. Illustrative representation of water film stability between asphaltene and

rock surface in the absence and presence of DBSA NES.

7.3.7.2. Molecular mechanism of asphaltene removal by NE

It is postulated that the effectiveness of the NE relies on the reduction in the percentage
of polar adsorptive molecules onto porous media. DBSA NEs shows a strong tendency to
migrate and adsorb at the asphaltene/rock interface due to the large surface area of the
droplets and the presence of ionic/non-ionic surfactants. This interfacial activity of DBSA
NEs allows the displacement of asphaltenes from the interface because the very low
asphaltene/brine interfacial tension (~3.7 mN/m) causes the asphaltene film to continually

recede and eventually detach from the solid surface, as shown in Figure 7-14.

The slow release mechanism provides further intermolecular interaction between DBSA
NE’s components and asphaltene, resulting reduction the average size of asphaltene, IFT
at the interface, and contact angle (i.e., wettability alteration). The released DBSA and
other components act as linkers that swell the adsorbed asphaltene layers and minimize
the adsorption at the asphaltene/rock interface, allowing the more-effective momentum
across the interface. Consequently, less energy is needed at the same flow rate for the

brine to mobilize the asphaltene as we observed in reducing the pressure drop. Therefore,
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the asphaltene adsorbed on rock surface can be mobilized by the viscous forces caused
by the flow of the injected brine in post-flooding case, reducing the available adsorptive

molecules per unit mass.

In addition, the DBSA NEs can effectively reduce the Van der Waal’s interactions
between asphaltene molecules, allowing the asphaltene droplet to move more freely.
Once mobilized, the asphaltene droplet would be surrounded by the DBSA and other
components, which accumulates around the droplet periphery in micellar fashion
(stabilisation mechanism). In this way, the droplet could be effectively dispersed into the
oil phase once dislodged from the mineral surface. The total mechanism is summarized
in Figure 7-15, as the slow release, IFT and CA reduction, electrokinetics repulsive
expansion, and solubilisation may become the dominant mechanisms for the asphaltene

displacement.
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7.4. Chapter summary

This Chapter studied the controlled delivery and release concept under flow conditions

by using a core-flooding facility. The following conclusions can be drawn:

Dynamic adsorption of asphaltene was dependent on injection flow rate, the
concentration of asphaltene, the composition of asphaltene solution and mineralogy
of porous media.

Three possible mechanisms, i.e., multilayer kinetic, surface adsorption, and pore
throat opening, should be considered for dynamic asphaltene adsorption kinetics in
porous media.

Comparing to DBSA flooding alone, DBSA NEs allowed significant asphaltene
removal up to 15.81% and minimized the Al amount and the total chemicals usage by
95% and 22% respectively.

A number of factors, including the slow release, IFT reduction and wettability
alteration, electrokinetics repulsive expansion, solubilisation and molecular
mobilization, could contribute to the efficiency of asphaltene displacement.

DBSA NEs effectively displaced asphaltene particles by reducing the interfacial
tension and fragment asphaltene particles into smaller droplets, allowing efficient

recovery of fluids pumped and the onset of rapid production.
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Chapter 8

Conclusions and future work

8.1. Conclusions

The aim of this thesis was to explore how emerging nanotechnology can be used to
address the challenges that conventional asphaltene controlling are facing. Through a
series of experiments, we developed a novel concept for controlled delivery and release
of Al by using NEs to control asphaltene aggregation, precipitation and deposition under
static and dynamic conditions. It showed that the new concept could provide tremendous
value by 1) improving the stability of the asphaltene; i1) reducing the usage of Al, and iii)
extending the treatment time. In addition, NEs can be used as carriers for delivery and
controlled release of Al inside porous media, leading to more stable asphaltene and higher

oil recovery efficiency.

The main conclusions drawn via the experimental investigations are summarized as

below:

1) Nanoemulsion stability
e The results showed that the type of mixed surfactants, type of oil phase
and the content of Als are important parameters to fabricate stable NEs.
¢ Both static and dynamic studies revealed that Al -reinforced NEs were
more stable than blank NE.
e Stable viscosity values with shear thinning nature indicated better mobility
control of nanoemulsions.
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e DBSA NEs with unique properties of long-term kinetic stability, low IFT
values, stable surface charge, and improved viscosity values implied its
potential for improved oil recovery.
Controlled Releases of Asphaltene Inhibitors in bulk fluid
NEs allowed a significant reduction of Al and chemical amounts in
stabilizing the asphaltene. The inhibitor amount and total chemical usage
could be reduced by 95 and 10 % respectively compared with the case of
using pure DBSA.
DBSA NE:s allowed a significant delay of asphaltene precipitation, i.e. a
delay from pure asphaltene solution of 450 sec to 1400 sec in the presence
of NEs.
The presence of DBSA NE also reduced the precipitation thickness of
asphaltene up to 75 %.
The release of DBSA from NE depended on the interactions of surfactants
used for the fabrication of NEs, and the subsequent change of the overall
polarity and hydrophobic characteristics.
Both the surface effect and bulk effect were contributing to effectiveness
the NE in releasing Als, including the migration of NEs to the water/oil
interface and slowly release of chemicals at the interface, and the
formation of hydration layers around asphaltene particles in the bulk.

Kinetic Study of Controlled Al release

DBSA and other NE’s components were progressively released from NE
and interact with asphaltene molecules, increasing the stability of

asphaltene.
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4)

DBSA NEs could significantly increase the efficiency of asphaltene
inhibition by 84.12 % after 24 h, showing its effectiveness with increasing
release time.

DBSA NEs could reduce asphaltenes from precipitate to spherical
nanometric particles (5 to 30 nm), delaying the onset of asphaltene
precipitation.

The released amount of DBSA (99 %) was much higher from NE than
form the xylene (13 %). The release profile of DASA NEs follows that
Korsmeyer-Peppas mode kinetic model.

There was a significant advantage in using NEs loaded with DBSA to
achieve prolonged asphaltene treatment with a reduced amount of inhibitor,
rather than directly mixing DBSA in xylene.

Molecular structure of asphaltene

The results from XRD and TEM confirmed the validity of asphaltene
stability mechanism by the release of DBSA and other components from
NE, which were able to increase both the stacking distance between
aromatic rings and aliphatic chains and reduce the diameter of the aromatic
sheet and the cluster size.

These alterations in molecular structure led to a decrease in the aromaticity
of asphaltene, which in turn increase the solubility of aromatic compounds
in oil and improve the liberation of asphaltene aggregates. As a result, the
disruption of the aromaticity implied a change of the m system over the
aromatic zone that in turn disturbed eventual m—m interactions between
asphaltene stacks, which was the main mechanism responsible for the

formation of clusters at the nanoscale.
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5)

The FTIR spectroscopic study verified that DBSA NE involved multiple
interactions with asphaltene, building up a multicentric electron density in
this region, which led to deeper isosurfaces of van der Waals forces in the
interacting zone. In addition, the quantitative study indicated that
asphaltenes with DBSA NEs have a lower number of carbon atoms per
alkyl side chain, lower aromaticity, shorter side chain of aliphatic
substituents, and more amount of aliphatic and aromatic groups compared
with pure asphaltene.

The TGA results further demonstrated the alteration of asphaltene
structure. It was found that during the chemical reaction between
asphaltene and DBSA NEs, the structure of asphaltene was improved
considerably and the coke yield was decreased around 62% due to the
decrease of the cluster sizes and the increase of the stacking distance
between aromatic sheets.

Delivery and controlled release of inhibitor under flow condition

Dynamic adsorption of asphaltene was dependent on injection flow rate,
the concentration of asphaltene, the composition of asphaltene solution
and mineralogy of porous media.

Different to conventional thought that the mobility of asphaltene particles
through porous media is controlled by two deposition mechanisms:
adsorption and mechanical plugging, this work suggests that additional
mechanisms, i.e., multilayer kinetic surface adsorption and pore throat
opening, should be considered for dynamic asphaltene adsorption kinetics

in porous media.
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Comparing to DBSA flooding alone, DBSA NEs allowed significant
asphaltene removal up to 15.81% and minimize the inhibitor amount and
the total chemicals used by 95% and 22% respectively.

Several possible mechanisms, including slow release, IFT reduction and
wettability alteration, electrokinetics repulsive expansion, solubilisation
and molecular mobilization might become the dominant mechanisms for

asphaltene displacement.

8.2 Future work

There is great potential to extend the current study and build upon the knowledge within

this area. Such points are discussed below.

This research has explored a novel method by using Als inside NEs, which
could not only significantly reduce the usage of Als but also produce small
oil droplets stabilized for a long time. An alternative method for future
work will be suggested by using surfactant-free Pickering NEs stabilized
with nanoparticles and encapsulating a model of hydrophobic Al, which
will be able to reduce the total chemical amounts. Since nanoparticles can
be used for remediation of asphaltenes, Pickering NEs will be able to
deliver and controlled release both AI and nanoparticles to control
asphaltene problems in the bulk and surfaces.

The onset of asphaltene precipitation was investigated near onset kinetics
in toluene- n-heptane mixture. At higher n-heptane dilution when toluene
is present, allowing particle size distributions to be difficult measured.

Therefore, for future work, it is recommended to investigate asphaltene
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behaviour at high precipitant content and verify the onset with different
techniques such as optical microscopy, UV-vis spectrophotometry, and
interfacial tension.

The kinetic processes of inhibitor release from NEs were found to be
dependent upon a strong interaction among DBSA molecules and the NE’s
components, and inhibitor concentration in the NE. Further effort can be
directed towards the study of surfactant types and concentrations, oil type,
and NEs sizes effects. Studying these effects in both in situ and kinetic
release approaches would optimize the process parameters for NEs
preparation as a better inhibitor carrier with a prolonged release profile.
Morphological features and structural characteristics of asphaltene with
NEs loaded with Al were investigated in this thesis and led to propose
novel insights into the stability and molecular modification structure of
asphaltene. Therefore, it is proposed to carry out further studies to
investigate the morphology and molecular structure for asphaltenes
extracted from different crude oils based on the number of heteroatoms in
the functional groups and acid number in asphaltenes.

This thesis already gives a detailed understanding of asphaltene adsorption
based on adsorption isotherm, flow rate, the concentration of asphaltene,
and the presence of clay. As we mentioned previously in Chapter 2, the
key of effectiveness for an inhibitor is getting it to have good adsorption
on the formation surface and not be produced back too quickly, otherwise,
treatment lifetimes become uneconomically short. Therefore, it will be
interesting to understand the transport and retention mechanisms of NEs

loaded with Al on porous media. The assumption is that the retention of
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Al may be driven by physiochemical properties of NEs and mineralogy of
porous media, although there did not exist in the literature a systematic
study of the exact mechanisms of inhibitor adsorption/desorption onto
rock minerals in the formation. Based on our understanding from this work,
this can be achieved by; (a) measuring a breakthrough curve of the NEs as
the change in the effluent NEs concentration as a function of the number
of PV; (b) carefully characterizing the minerals to understand their
detailed surface chemistry and their particle size distributions their
influence of NEs retention.

It may be interesting to use Quartz Crystal Microbalance with Dissipation
(QCM-D) technique to study the effect of NEs loaded with Al on the
adsorption/desorption of asphaltenes on different substrates. Comparison
with the breakthrough and SEM data reported in Chapter 7, this approach
will help to better understand the mechanism of asphaltene removal before

and after injection of NEs.

-194 -



APPENDIX A

Kinetic Study of Controlled Asphaltene Inhibitor

Release from Nanoemulsions
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Huguchi model
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Hixon-Crowell model
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Figure A-1. The release profiles of DBSA (a) from NEs and fitted to the Korsmeyer-

Peppas mode (n = 0.68), and (b) from oil phase and fitted to the first order mode.
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APPENDIX B

Delivery and controlled release of inhibitor: A
prospective method for enhanced oilfield asphaltene

prevention
Pure sandstone
@ 1 pecund -
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Sand stone after asphaltene injection
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Sand stone after DBSA NEs injection and aging for 24 h.
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Sand stone after post flooding
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Figure B-1. EDX elemental analysis for (A) Fresh Sandston, (B) particles after brine
injection, (C) particles after asphaltene injection, (D) particles after DBSA NE injection,
and (E) particles after DBSA NEs injection and release effect, and (F) particles after

post brine flooding.
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