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Abstract

Crude oils contain a distribution of molecules with diverse chemical structures
and molecular weights. Asphaltenes are considered the most problematic of these
structures. We have investigated the adsorption and aggregation of asphaltenes on
surfaces using scanning probe microscopy. Modifying the chemical properties of
surfaces using self-assembled monolayers (SAM) can change the wettability and
adsorption characteristics of molecules. We have investigated adsorption of
asphaltenes on gold substrates modified using dodecanethiol SAM. The molecular
characteristics and thickness of the monolayers were determined using Fourier
Transform infrared (FT-IR) spectroscopy and ellipsometry, respectively. The
results showed that SAM inhibits the adsorption of asphaltenes on surface. To
investigate the morphology of asphatlene aggregates, we used atomic force
microscopy (AFM). In addition to qualitative observations of structural changes,
quantitative changes in adhesion and contact potential differences (Vcpp) of

asphaltene aggregates as a function of temperature were also carried out.
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Chapter 1

Introduction

1.1. Oil Sands

Oil sands, or bituminous sands, are the unconsolidated sand deposits found in
large amounts in many countries throughout the world. Huge deposits exist in
Venezuela and Canada (northern Alberta such as Athabasca, Cold Lake and Peace
River). The oil sands consist of a 6-14 wt% viscous oil known as bitumen, 80-85

wt% mineral solids and the remaining few percent is water.

Bitumen is a complex mixture of many different chemicals. It contains
hydrocarbons, solid particles and water. The hydrocarbons existing in bitumen,
known as SARA (Figure 1), are characterized as saturates, aromatics, resins and
asphaltenes. The remaining portion of bitumen is called maltene'. Overall 1.7
trillion barrels of bitumen has been discovered northern Alberta with 173 billion

barrels of recoverable oil from oil sands.

Asphaltenes

De-asphalted bitumen (maltene)
Figure 1. SARA fractionation.



In order to recover bitumen from the oil sands, a water-based extraction process is
used. Oil sands are mixed with hot water and agitated with air to separate the
bitumen. Bitumen recovered as froth from oil sands contains roughly 60 wt%
bitumen, 30 wt% water and 10 wt% fine solids. In order to produce bitumen
containing minimum water and fine solids, further treatment of froth is required.
The bitumen density is decreased when they attach to air bubbles, therefore
allowing them to be separated from water. After de-aeration, the froth is diluted
by adding a solvent (e.g., paraffinic or naphthenic solvents) in order to reduce

viscosity and increase the density difference between bitumen and water.

Paraffinic and naphtha diluents behave differently. In dilution of the bitumen with
paraffinic diluents (i.e. hexane) due to low solubility of asphaltenes in alkane
solvents, the solid particles and water droplets separate along with precipitated
asphaltenes which enhances bitumen purity. Despite the high quality of bitumen
produced by paraffinic solvent treatment, the attained bitumen yield is lower
compared to that of a naphtha-based froth treatment since about 7% of the
bitumen (i.e. asphaltenes) is precipitated. However, in naphtha-based froth
treatment asphaltenes do not precipitate and, therefore, require the use of
enhanced gravity separation method. When using naphtha as a diluent, the final

product does not have the high quality?.

Asphaltenes precipitate upon addition of paraffinic solvents. They are also
flocculated, which is the first step of precipitation, by pressure drop on certain live
crude oils®. Precipitation of asphaltenes can result in equipment fouling, pipeline
plugging, catalyst deactivation, etc. Therefore, aspheltenes are often considered as
the most problematic portion of crude oil and oil sands. In the recent years, much
research has been carried out in investigating aspheltenes in order to obtain a

better understanding of their complex nature.



1.2. An Overview on Asphaltenes

1.2.1. Definition

Crude oils contain a distribution of molecules with diverse chemical structures
and molecular weights*, of which asphaltenes are considered as the heaviest, most
viscous and polar component. Asphaltenes do not have a precise chemical
definition and are defined by their solubility characteristics. They are soluble in
aromatic hydrocarbons such as toluene or benzene, but insoluble in saturated
hydrocarbons such as pentane, hexane or heptane®®. N-heptane (nC-) is the most
widely used solvent for asphaltenes precipitation, but n-pentane (nCs) is also used

for industrial scale applications.

1.2.2. Self-Association Behaviour

A major property of asphaltenes is their self-association in order to form
aggregates. Asphaltenes have a tendency to form aggregates in crude oil and in
solvents such as toluene since they contain a number of functional groups,
forming macromolecules and precipitate®°. This tendency has been attributed to
the presence of acid-base interactions, hydrogen bonding, pi-pi stacking, steric

911 " gelf-association of

repulsions from alkyl chains and electrostatic forces
asphaltenes can be evaluated using different experimental techniques such as
molar mass measurements*?, vapor pressure osmometry (VPO)™, fluorescence*,
etc. However, as a result of the complex mixture of asphaltene, the size and
structure of asphaltene monomers and aggregates and the mechanism of self-

association are debatable.

Nano-aggregation is defined as aggregates of asphaltene with the sizes in the

range of nanometer. The size of asphaltene aggregation was measured using
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small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS)
in the range of 4-10 nm in a medium concentration of organic diluents™*®.
Mullins and his co-workers also showed that aggregation size of asphaltene
molecules at low concentration is in the range of 2-3 nm and they contain
approximately 5 asphaltene molecules®’. Membrane diffusion results by Dechaine
and Gray also support these values®®. Recent studies show that the aggregation of
asphaltene molecules in toluene is initiated at concentration as low as 50-100

ppm17,19,20

The temperature and concentration of asphaltene affects the size of self-
association in different solvents. Increasing the temperature and decreasing the
concentration of asphaltene result in smaller aggregates®’. Pressure also affects the
aggregation size of asphaltene, however, it is less significant than temperature on

asphaltene aggregates?.

1.2.3 Chemical Composition

Elemental composition is the most basic attribute of any chemical compound.
Compared to other petroleum fractions, aromaticity, carbon to hydrogen ratio,
oxygen, nitrogen, sulfur and metals content are higher in the asphaltene fraction.
Asphaltenes elemental composition is well-defined and there is no controversy
surrounding it. For asphaltene fractions separated from different sources, the
heteroatom contents are different because of the localized variations in the plant
and mineralogical composition of the geological formations®. However, ultimate

compositions are remarkably constant.

For many crude oil samples, elemental analysis of the asphaltene shows that they
are composed of carbon and hydrogen in an approximate 1 to 1.2 ratio, as well as
a small percent of heteroatoms such as sulfur (2-6%), nitrogen (1-1.2 %), oxygen
(0.8-2 %), vanadium (100-300 ppm) and nickel?*?. It has been revealed that the

4



main oxygen-containing groups of asphaltene are the hydroxylic, carboxylic and
carbonyl groups®. The condensed aromatic sheets are connected by ether, sulfide,
aliphatic chains, naphthenic ring linkages and heterocyclic atoms. Also, vanadium
and nickel exist in the form of porphyrin by chelate or coordinate bonds®*%.
Table 1 lists the elemental composition of Athabasca bitumen and the

corresponding asphaltenes precipitated from n-heptane®’.

Table 1. Elemental composition of bitumen and asphaltene precipitated from n-heptanes

(Taken from reference 27).

Element Carbon Hydrogen Nitrogen Sulfur Oxygen H/C
Asphaltenes, wt% 80.8 7.8 1.2 8.8 1.4 1.15
Bitumen, wt% 83.1 10.6 0.4 4.8 1.1 1.53

1.2.4. Structure

Many studies have been conducted in order to determine the chemical structure of
asphaltenes and the mechanism that causes asphaltenes to aggregate and
precipitate out of crude oil. There is a large and ongoing debate on the structure of
asphaltenes, however two main molecular structures have been suggested for

asphaltenes in the literature:

1) The island model (continental model): Figure 2a shows three of the many
possible asphaltene island structures. This model is composed of one fused

aromatic core surrounded by aliphatic chains like fingers around the palm.

2) The archipelago model: this model is illustrated in Figure 2b, there are

multiple aromatic cores are interconnected by aliphatic chains.

In order to discover the best structure for asphaltene molecules, researchers are

still studying these two suggested molecular model compounds. These two



asphaltene molecule structures lead to different points of view of the self-

2831 measure the critical

association mechanism. Values reported in the literature
micelle concentrations (CMC) for asphaltenes in different organic solvents and
most values are in the range of 0.1-10 g/L. However, Rogel et al.”® measured
CMC values up to asphaltenes concentrations of 30 g/L. For some time, it was
believed that the aggregation of asphaltene molecules is initiated above CMC. In
fact, over the years considering CMC characteristics for asphaltene molecules,
Merino-Garcia and Anderson®* showed that asphaltenes undergo a stepwise
aggregation/association as their concentration is increased in organic solvents.
They also showed that the concept of critical micelle concentration was inferred
from misinterpretation of the surface tension and does not fit the behavior of a

micelle-like system.

HN / Q

a

(]
: ' C

a 2
Figure 2. Two possible models for the asphaltenes structure: a) Island model, composed of

one fused aromatic core surrounded by aliphatic chains (left), b) archipelago model, multiple
33
).

aromatic cores interconnected by aliphatic chains. (right) (Taken from reference
Some of the molecular structures recommended for asphaltenes and resins based

on these two models are shown in Figure 3
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Figure 3. Several molecular structures that have been recommended for asphaltenes and

resins based on island and archipelago models (Taken from reference ).

1.2.5. Molecular Weight

The molecular weight (MW) of asphaltene, which provides significant
information about its characteristics, was controversial for many years since it

yielded different values depending on the technique used. Asphaltene molecules



often have a tendency to aggregate, making MW difficult to determine. Several
methods have been used, in order to determine the molecular mass of asphaltene.
For example, the molecular weight of asphaltene obtained using the vapor
pressure osmometry (VPO) technique is a reported 4000 daltons, however, field
ionization mass spectroscopy (FIMS) has indicated a lower molecular weight in
the range of 800 daltons®. Size exclusion chromatography (SEC) results have
given a molecular weight as high as 10000 daltons®. Now, seems to be
established that average molecular weight of about 750 daltons, with a full width

at half maximum of 500-1000 daltons®®%'.

1.2.6. Models

Since the knowledge of asphaltenes’ chemical and physical characteristics are
limited as a result of their unknown molecular structure, various studies have been
done to model asphaltenes using compounds having similar physicochemical
properties. Since the model compounds have well defined structures with known
properties, working with them is much easier than working with asphaltenes. For
instance Schneider et al.*®® used perylene and prophyrine as asphaltene model
compounds for studying the molecular weight of asphaltenes by fluorescence
technique. Nordgard and his coworkers® used polyaromatic compounds as
models for asphaltenes and studied the emulsion stability and solubility of the
models using titration with n-heptane. Despite the large number of studies done
on various models for asphaltenes, there are still lots of ambiguity in asphaltene

behavior.

Asphaltenes contain a large number of molecules which are very different in
structure; therefore modeling asphaltenes using one model compound is not very

1.0 there were 125 core structures found in

practical. In a study by Jaffe et a
petroleum fractions boiling up through five condensed aromatic ring structures.

These structures are shown in Figure 4. Based on these structures, one can make
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the vacuum residua molecules by using single core homologous series with longer

side chains or using multi-core molecules using the same series.
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Figure 4. 125 common core structures in petroleum fractions boiling up through five

condensed aromatic ring structures (Taken from reference 40).

The aggregation behaviour of asphaltene is another subject that attracts a large
amount of research. Kawanaka et al.** used a colloidal model to present the
aggregation behaviour of asphaltene. They suggested that resins are the reason for
asphaltenes stabilization and keeping them suspended in oil. In their study, they
concluded that resins are adsorbed on the asphaltenes surface and cause the
asphaltenes to be stabilized as a result of the repulsion between resins that adsorb
on asphaltenes surface and resins in the solution. Figure 5 represents this
behaviour. Therefore, asphaltenes stability is dependent on the amount of resins

adsorbed on the surface.



— -

Figure 5. © resin molecules, ® aromatic molecules, — oil molecules, . asphaltene
particles. Resins are adsorbed on the asphaltene surface and cause the asphaltenes to be

stabilized due to the repulsion between resins that adsorbed on asphaltene surface and resins
41
).

in the solution (Taken from reference
Agrawala and Yarranton®* used a different model to explain the aggregation
behaviour of asphaltene. They suggested that the behaviour can be represented in
the same way as linear polymerization. In this model, asphaltenes have single or
multiple active sites and resins have single active sites. Therefore, asphaltenes can
act as a propagator and resin can act as a terminator. This model is shown in
Figure 6.
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Figure 6. Polymer-like aggregates of asphaltenes. In this model, asphaltenes have single or
multiple active sites and act as propagators and resins have single active sites and act as

terminators (Taken from reference 42).

Recently, Gray and his coworkers* suggested a supramolecular assembly model,
(Figure 7) which is a new paradigm-combining cooperative binging by acid-base
interactions, hydrogen bonding, metal coordination complexes, cylcoalkyl and
alkyl groups to form the hydrophobic pockets and aromatic pi-pi stacking. This
model simulates the aggregation behavior of asphaltene in organic solvents.
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Figure 7. Schematic representation of a supramolecural assembly. Molecular interactions
are: acid-base interactions and hydrogen bonding (blue), metal coordination complexes
(red), hydrophobic pockets (orange) and aromatic pi-pi stacking (green) (Taken from

reference 43).

1.2.7. Electrical Charge of Asphaltenes

Electrodeposition was the first technique to demonstrate the possible electrical
charge of asphaltene aggregates. Katz and Beu* as well as Preckshot et al.*®
found positive electrode to be covered with a black material, and the negative
electrode to be clean, showing that asphaltene particles were negatively charged,
whereas Lichaa and Herrera* observed a positive charge on asphaltenes

precipitated with olive oil from Venezuelan crudes. Over the years using the
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electrodeposition method, it was confirmed that the charge is dependent on the

media in which asphaltene is dissolved.

Recently, in order to quantify the charge on asphaltenes, the electrical

I and electrokinetic properties* of asphaltene

conductivity*’, zeta potentia
sample were measured. The magnitude and sign of the zeta potential of
asphaltenes in aqueous solutions can be changed upon the addition of cationic and
anionic surfactants*, changing the pH of the aqueous medium® and composition
of the solvent®®. Asphaltenes from different sources, found to be charged in
aqueous mediums such as water or water-oil interface™. For example, in aqueous
solutions, the electrophoretic mobility (or zeta potential) of asphaltenes is
negative above pH 4, however it is positive in nitromethane*® and toluene®. In
addition to aqueous solutions, asphaltenes may be charged in organic solvents

such as toluene®.

1.2.8. Summary

As indicated previously, asphaltenes do not have a precise chemical definition.
Their definitions are based upon solubility characteristics. They are soluble in
aromatic hydrocarbons such as toluene or benzene, however, they are insoluble in
saturated hydrocarbons. Figure 8 shows a general summary of asphaltenes’

properties.
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Figure 8. Summarized asphaltenes’ properties.

1.2.9. Thesis Outline

This thesis is arranged in four chapters. The first chapter provides a general

introduction to asphaltenes. The challenges in oil sands industry as a result of the

presence of asphaltene in bitumen are also discussed.

The second chapter deals with the modification of asphaltenes’ surface properties

using self-assembled monolayers (SAM) in order to change the wettability and

affect the adsorption of asphaltene molecules onto surfaces. It is important to
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understand the adsorption of asphaltene on different substrates because of its
aggregation and subsequent flocculation characteristics. This chapter also contains
results from the adsorption of asphaltenes on self-assembled monolayers of

dodecanethiol investigated by FT-IR and ellipsometry.

The third chapter deals with the geometrical and morphological characterization
of asphaltene aggregation behavior. In order to understand the dynamics and
morphology of asphaltene aggregates, we investigated the variations of
topography, adhesion and contact potential differences of asphaltenes aggregates
as a function of temperature. The samples for AFM investigation were prepared

by evaporating an asphaltenes-toluene solution in ambient conditions.

Based on experimental results obtained, potential future research directions are
proposed in the fourth chapter. They include modification of surfaces using self-
assembled monolayers for preventing the adsorption of asphaltenes on surfaces as
well as investigating the physical and chemical properties of asphaltene

aggregates using improved scanning probe techniques.
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Chapter 2

Adsorption of Asphaltenes on Self-Assembled Monolayers
of Dodecanethiol Accessed by FT-IR and Ellipsometry

Asphaltenes can be adsorbed on solid surfaces as colloidal aggregates.
Alboudwarej and co-workers®® showed that asphaltenes have a high affinity to
interact with hydrophilic metallic surfaces. They concluded that the amount of
asphaltenes adsorbed on surfaces decreased in the following order: stainless steel
(304L) > iron > alumina. Since the asphaltene fraction consists of polar molecules
having amphiphilic characteristics®, they can adhere to surfaces through
functional groups containing sulfur, nitrogen and oxygen. As a result, adsorption
and deposition of these molecules on surfaces create numerous problems for

heavy oil recovery and upgrading.

Asphaltene adsorption on surfaces and reservoir rocks limits the extraction of
heavy oils from reservoirs by changing the wettability of the surface. This
increases maintenance costs and they are responsible for reservoir damage,
catalyst deactivation during crude oil processing, equipment fouling and pipelines
plugging in oil production and processing facilities****°, For example, Dickkian
and Seay*® have shown that asphaltene precipitation and subsequent carbonization
is @ major cause of refinery heat exchanger fouling. Figure 9 shows asphaltene
depositions in a pipeline. As a result of the difficulty that asphaltenes cause during
processing in industry, the elucidation of the asphaltene’s structure has become

increasingly important.

The adsorption of asphaltenes onto solid substrates has been characterized by
using different techniques such as atomic force microscopy (AFM)®, contact
angle measurements®*®2, UV-Vis spectroscopy™, ellipsometry®, fourier transform

infrared spectroscopy (FT-IR)®, etc. In addition to the dependence of asphaltene
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adsorption on the surfaces which were mentioned before, the mechanism of
adsorption on solid surfaces also depends on the existence of resins and the
characteristics of asphaltenic solutions, including the type of asphaltene and its

concentration as well as the quality of the solvent.

As a result of the surface active materials in resins, they can also adsorb on the
surface and fill the available spaces for adsorption of asphaltenes®®. Akhlagq et al.
monitored the adsorption of asphaltenes from different solvents with diverse
polarities, which are toluene, tetrahydrofuran, n-heptane-toluene mixture and
chloroform, using contact angle measurements. The contact angle increased when
the solvent polarity decreased®. Alboudwarej et al.>® also reported that
asphaltenes dissolved in mixtures of n-heptane and toluene adsorbed to a higher

extent relative to the adsorption in the toluene solution.

The source of asphaltene is another important factor which affects adsorption of
asphaltenes on surfaces since samples from different places do not have the same
chemical species. This cause different chemical bonds between the surface and the
asphaltenes. Ekholm and co-workers® investigated the effect of the solution
concentration on the adsorption of asphaltene onto a gold substrate. They
concluded that asphaltene adsorption from toluene solution increased as

concentration increased.
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Figure 9. Asphaltene deposition in a pipeline.

The degree of the hydrophobicity of the surfaces can affect the amount of
asphaltenes adsorption on the substrates as well. Asphaltenes interaction with the
surfaces can be induced by modifying the surface by Self-Assembled Monolayers
(SAMs)®. SAMs are hydrophobic closely packed monomolecular films formed
by the spontaneous adsorption of an active surfactant on a solid surface. More
details about SAMs are given in the next part.

Hannisdal et al.®’

studied the asphaltenes adsorption on pure silicon wafer and
chemically modified particles. All particles were exposed to asphaltenes/toluene
solutions for 24 h. They analysed the toluene solutions for remaining asphaltenes
and concluded that hydrophilic particles had adsorbed more asphaltenes than the
hydrophobic ones. Cohen and coworkers®®® has studied asphaltenes adsorption
on silicon substrates modified with monolayer of alkyltrichlorosilanes with
different number of carbon atoms and also with mixed monolayer of aliphatic and
aromatic trichlorosilanes by means of spectroscopic ellipsometry, contact angle
(CA) measurements, and near-edge x-ray absorption fine structure (NEXAFS)
spectroscopy. They concluded that asphaltenes adsorption does not correlate with
the SAM chemical composition and decreased with an increase in the number of

carbon atoms of monolayer.
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2.1. Self-Assembly Monolayer (SAM)

Self-assembled monolayers (SAMs) are hydrophobic ordered molecular
assemblies formed by the spontaneous adsorption of an active substrate on a solid
surface®. Organosilicon compounds (generally referred to as “silanes™ and
organosulfur compounds (generally referred to as “thiols”) are the two most
commonly used molecules for production of self-assembled monolayers. These
assemblies are formed with the interaction of an active group and the solid surface
and used as a means for friction reduction and corrosion prevention’. Thiols
coordinate very strongly to noble metals such as gold and Ag; however,
organosilicon compounds need the hydroxyl groups on the substrate to form a
bond”*. Alkanethiols on gold substrate are widely used since gold is chemically

inert and its surface is easy to clean.

Alkanethiols are a class of organic molecules that have a sulfur atom at one end
and alkyl chain as back bone that form well-ordered monolayers on the gold
substrate®®. Dodecanethiol used in this project is liquid at room temperature and a
simple alkane chain with an S-H as head group attached to a 12 carbon alkane.

The diagram of the chemical structure of dodecanethiol is illustrated in Figure 10.

CH, CH, CH, CH, CH, CH,

SN NN NN

: CH, CH, CH, CH, CH,

Figure 10. Chemical structure of dodecanethiol.

In this research, the growth of self-assembled monolayer from dodecanethiol onto
gold substrate has been studied using FT-IR spectroscopy and ellipsometry.

Figure 11 is the schematic of two idealized structures for organized self-assemble
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monolayer. a) closed-packed arrangement of alkyl chain and sulfur head groups

oriented normal to the solid surface, b) closed-packed arrangement of alkyl chain

and sulfur head groups oriented at an angle ¢ from the surface’.

Figure 11. Schematic of two structural models of self-assembly: a) closed-packed
arrangement of alkyl chain and sulfur head groups oriented normal to the solid surface, b)
closed-packed arrangement of alkyl chain and sulfur head groups oriented at an angle ¢ from
the surface. The yellow substrate, red circles and blue bars correspond to gold, sulfur head
groups and alkane chains, respectively.

In this study, we tried to create hydrophobic surface by creating a dodecanethiol
self-assembled monolayer (SAM) on gold coated borofloat glass substrate. In this
chapter, we investigate the adsorption of asphaltene on substrates coated with
hydrophobic monolayer and gold-coated samples. It is known from literature that
asphlatene does not adsorb on hydrophobic surfaces®®®, hence as a control we

formed self-assembled monolayer on the gold-coated borofloat substrates.
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2.2. Experimental Methods

2.2.1. Materials and Chemicals

Dodecanethiol >98%was bought from Sigmaaldrich (Canada), HPLC grade
heptane and toluene were obtained from FisherScientific (Canada). These
chemicals were used as received. Borofloat substrates were obtained from
Nanofab (Univ. of Alberta, Edmonton). Industrial asphaltene samples used in this
work were obtained from OrCrude. It was precipitated by pentane from Athabasca

bitumen, Nexen plant, and was about 50% heptane-insoluble materials.

2.2.2. Asphaltenes Preparation

Detail compositions of asphaltenes use in this study are showed in the table

below”®.

Table 2. Composition of the asphaltene sample (Taken from reference 73).

Heptane- Toluene-

insoluble insoluble Vcontent  Ni content
o piid (pom) (pom)
Asphaltene 50 <0.05 580 230

Pure asphaltene was obtained by mixing it with n-heptane in a 1:40 (g:ml)
followed by sonication for 30 min and then stirring for 24 hr. The mixture was
vacuum filtered using a 0.22 um filter paper at room temperature and atmospheric
pressure. The filter cake was rinsed with n-heptane until the effluent was
colorless. Finally rinsed asphaltenes samples were left in a fume hood for 2 days
to ensure a complete evaporation of n-heptane and stored at room temperature,

Figure 12.
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Figure 12. Asphaltenes sample.

2.2.3. Solution preparation

Asphaltenes solution (0.5% w/w) was prepared by dissolving appropriate amounts
of dried asphaltenes in HPLC-grade toluene. The mixture was stirred and then
sonicated for 10 minutes to ensure a complete dissolution. Figure 13 illustrates the

asphaltene/toluene solution.

Figure 13. Asphaltene/toluene solution.
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2.2.4. Sample preparation

Borofloat substrates were cleaned by rinsing with a piranha solution (1:3
H,0,/H,SO,) to remove organics, followed by water and nitrogen drying. Glass
substrates were sputter-coated under a vacuum (1.3x10°® torr) with titanium as an
adhesion layer for 84 s followed by gold for 1050 s. The sputtering system was
equipped with argon gas at a pressure of 7 mtorr. All films employed a 10 nm
thick Ti and 100 nm thick gold. Finally, all substrates were cut into small pieces
approximately (1x1 cm?). Prior to dodecanethiol exposure, gold substrates were
cleaned with piranha solution and drying with nitrogen gas to minimize the

presence of organic contamination before dodecanethiol deposition.

There are two different methods for growing monolayers of alkanethiols on the
substrate. First and widely used method is using solution. Another method of
preparation is using vapor deposition in ultra-high vacuum. In this study, we used
the first method and used ethanol solution for SAM growing. Gold-coated
substrates were immersed in a clean container containing 1 mM dodecanethiol in
absolute ethanol, wrapped with parafilm and stored for 24 hours at room

temperature in a dark area.

The schematic of the preparation of dodecanethiol on gold-coated substrate is
shown in Figure 14. The growing of SAMs on the surfaces progresses in three
steps. In the first step, a low density “striped” phase is formed. In this phase,
alkane chains lying flat, head-to-head or head-to-tail arrangement, on the gold
surface (Figure 14 a). This is followed by an “intermediate” stage and surface is
covered with more alkanethiol molecules (Figure 14 b). Finally, in the “standing
up” phase, a closed-pack oriented monolayer is formed on the surface (Figure 14

)™
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Figure 14. Schematic of SAM preparation. The yellow substrate, red circles and blue bars
correspond to gold, sulfur head groups and alkane chains, respectively. In the first stage (a),
a low density “striped” phase is formed. This is followed by an “intermediate” stage (b) and
finally, in the “standing up” phase (c), a closed-pack oriented monolayer is formed on the

surface.

In many SAM schemes found in literature, self-assembly monolayers on gold
substrate are considered as ideal monolayers, however there are several types of
defects at the molecular level on the surface that cause the idea of closed-packed

configuration far from real. Figure 15 shows different types of surface defects”.
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Figure 15. Different types of surface defects. The yellow substrate, red circles and blue bars

correspond to gold, sulfur head groups and alkane chains, respectively.

After 24 hours, the substrates were removed from depositing solution, quickly
rinsed with absolute ethanol to remove physisorbed over layers and dried with
nitrogen gas. Finally, FT-IR spectroscopy and ellipsometry were used to
confirm the growing of self-assembled monolayer on the gold substrate. Once the
SAM was formed on the gold substrates and confirmed by FT-IR spectroscopy
and ellipsometry, they were immersed in asphaltenes solution for 12 hours at
room temperature and placed in a dark area. The samples were then rinsed with

toluene, and then dried with nitrogen gas. The adsorption of asphaltene on the
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SAM-coated substrates is monitored by characterizing the functional groups, and
measuring the film thickness by using FT-IR spectroscopy and ellipsometry,

respectively.

2.2.5. FT-IR Measurements

Infrared radiation is the part of the electromagnetic spectrum between the visible
and microwave regions. Fourier Transform Infra-Red (FT-IR) spectroscopy is an
excellent tool for molecular recognition. FTIR technique has been routinely used
to detect the presence of molecules on the substrate by monitoring the absorbance
of infrared radiation at frequencies that correspond to the vibration of the specific
functional group bonds in the molecule™. It is a sensitive tool that can detect very
thin molecular layers on solid surfaces. In this study, FT-IR spectra were recorded
on a Nicolet Nexus 670 FT-IR spectrometer in the absorbance mode witha DTGS
detector and a nitrogen-purged sample chamber. Each spectrum resulted from the
accumulation of 1000 scans with a spectral resolution of 4 cm™, and incident
angle of 702 The FT-IR spectra of the background substrate were performed using

a clean gold surface reference spectrum.

2.2.5.1. Dodecanethiol on Gold Substrate

Infrared spectra of the samples were recorded in the range 1000 and 3500 cm™. A
considerable part of the infrared work in this research was in the range of between
2800-3000 cm™; this range has been used with characteristic adsorption bands
from C-H stretching in methyl and methylene groups. Figure 16 shows the IR
absorbance spectra of dodecanethiol on gold substrate in the range of 2800-3000
cm™. The spectra of SAM-coated sample clearly show symmetric and asymmetric
stretching vibrations of the CH, groups at about 2850 cm™ and 2921 cm™,
respectively, and CH3z symmetric aliphatic stretching mode at about 2877 cm™ and
2933 cm™. The wavenumber of 2964 cm™ is assigned to the CH3 asymmetric in-
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plane (ip) aliphatic stretching mode. Table 3 shows the peak positions of
dodecanethiol which was absorbed on gold substrate. The spectra were obtained
at a spectral resolution of 4 cm™ using 1000 scans per spectrum. Four samples
have been prepared and the FTIR measurements have been done on all of them.

For all of the samples the same peaks were observed.

CH3(CHp)44SH on Au
V, (CH3, FR) v, (CH,) 3( 2)11

I
Satb S v (cH,, FR)
I , Va(CH3r [p)

I
v | £

Absorbance (a.u)

T T

I 1 1 1
2700 2800 2900 3000 3100

Wavenumber (cm'1)

Figure 16. FTIR absorption spectrum peaks of dodecanethiol on gold substrate. Peaks
between 2800 cm™ and 3000 cm™ correspond to absorption by CH; and CH, bonds of alkane
chain.
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Table 3. Peak position for CH3(CH;)1;:SH

Peak positions for

Structural groups C-H stretching mode = CH3(CHy)1:SH adsorbed
on gold substrate
Va 2921
“CHy Vs 2850
va (ip) 2964
CHs- vs (FR) 2877
vs (FR) 2933

Similar spectra have been reported for several thiols groups on gold”’. The results

provide clear evidence for creation of dodecanethiol monolayer on the surface.

2.2.5.2. Asphaltenes on Gold Substrate

In order to examine asphaltene adsorption on the bare gold substrates, FT-IR

spectroscopy was used. The presence of asphaltene was successfully
demonstrated with FT-IR results and shown in Figure 17.
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Figure 17. FTIR spectra of the asphaltenes on gold substrate.
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The FTIR spectra of the asphaltenes on gold substrate are presented in Figure 17.
These peaks are related to corresponding symmetric and asymmetric stretching
frequencies of methyl and methylene groups. It was understood from FT-IR
analysis that asphaltenes deposited on the surface. Numerous FT-IR spectroscopy

78-81

studies have been conducted to study the composition of asphaltenes and

confirm the peaks in Figure 17.

2.2.5.3. Asphaltenes on SAM-Coated Gold Substrate

FT-IR spectra are also performed after immersing SAM-coated substrates in
asphaltenes solution for 12 h at room temperature. This result is presented in
Figure 18.
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Figure 18. FT-IR absorption spectrum peaks of asphaltene on SAM-coated substrate. Peaks
between 2800 cm™ and 3000 cm™ correspond to absorption by CH; and CH, bonds of alkane
chain.

A comparison between the FT-IR spectra of dodecanethiol on Au and asphaltenes

on SAM shows that the absorbance for SAM peaks have not changed when
asphaltenes was added to the sample. Therefore, it can be concluded that SAM

inhibits the adsorption of asphaltenes from its surface.

2.2.6. Ellipsometry Measurements

Measuring the thickness of self-assembled monolayer and asphaltenes on the gold
substrate is a part of our research. Ellipsometry was performed to measure the
thickness of films on samples that were prepared identically and in parallel with
those used in the FT-IR spectroscopy. Ellipsometry is an optical technique that

has been widely used for film thickness determination. It measures the change in
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the polarized light reflected from the sample surface®. Figure 19 shows the
schematic of ellipsometry. The measurements are performed by sending a known
polarization beam of light from a polarizer towards the sample and output
polarization is determined by a rotating analyzer.

Light source Detector

vAg
. .1

Polarizer Rotating Analyzer
\/ > 4

y

Figure 19. Schematic of ellipsometry experiment.

Porter et al.”?

employed null-point ellipsometer to measure the thickness of n-
alkyl thiols with different carbon atom numbers. They concluded that the structure
of the longer-chain assemblies (number of methylene groups in the chain > 9) is

1.5 used

more ordered than that of the short-chain assemblies. Henry et a
ellipsometry to measure the thickness of asphaltene film adsorbed from the
toluene solution in different concentration on a glass substrate after 24 and 48 h.
The thickness of the asphaltene film measured was found to be in the 20-298 nm

range for 24 h and after that it was found to be increased.

In the present research, film thickness of bare SAM and SAM-asphaltenes was
determined with Sopra GESP-5 ellipsometer. Four different areas in the film
surface in three samples were scanned to obtain film thickness uniformity at
A=450 nm, index of refraction n=1.5, and incident angle 752 WINELLI software
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was used in order to calculate the thickness of the layers. The ellipsometry results

are presented in Table 4.

Table 4. Film thickness (in A) on gold-coated substrate as determined by ellipsometry.

SAM thickness | (SAM+Asp.) Asp. thickness (A) on gold
(A) thickness (A) (without SAM)

Average 143+1.1 15.6+0.9 28+1.7

Porter et al.”?

used ellipsometry to measure the thickness of dodecanethiol on the
gold substrate and reported the average thickness approximately 18 A.
Figure 20 shows the schematic of asphaltene adsorption on the gold-coated and

SAM-coated substrate.

b)

Figure 20. Schematic of asphaltene adsorbed on a) dodecanethiol modified and b) gold coated
substrate. The yellow substrate, red circles and blue bars correspond to gold, sulfur head groups and
alkane chains, respectively. Asphaltene aggregates are shown in black.



The thicknesses in Table 4 are reported as the average of three different locations
of three samples with the error given as standard deviation. This thickness of
asphaltenes could be related to the multilayer adsorption of asphaltenes
aggregates or the asphaltenes molecule. As it was mentioned before, the
aggregation of asphaltene molecules in toluene initiates at concentration as low as
50-100 ppm*"**?° As a result, the adsorption of asphaltenes on the solid surface
will be the aggregates. It was concluded from the results in Table 4 that the
adsorbed amount of asphaltenes decreases significantly on dodecanethiol

modified gold substrate.
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Chapter 3

AFM Measurements

3.1. An Overview on Atomic Force Microscopy (AFM)

The atomic force microscopy (AFM) is a powerful tool that belongs to a series of
scanning probe microscopes invented in the 1980s by Binnig et al.®*%*. AFM is
capable of producing high resolution images yielding information about surface

topography and characteristics of surfaces at the nano-scale dimension.

The AFM machine consists of a sharp tip mounted at the end of a flexible
cantilever as a probe, a piezoelectric element to bring the sample towards and
away from the surface, laser diode, and position-sensitive photodiode detector
(PSD), as illustrated in Figure 21. In order to measure the cantilever deflection
and producing an image a laser diode and PSD are employed. The laser is
reflected off of the top of the tip and any deflection of the cantilever, changes the
position of the laser and the photodiode monitors these changes. These changes
are sending to the feedback controller where the data is processed and projected as
an image on the computer. In the AFM, the sample is scanned by the tip and by
measuring the tip and cantilever deflection versus its position on the sample, a
topographic image of the sample is obtained. Force between the tip and the
substrate can also be measured as well by monitoring the deflection of the
cantilever®. Atomic force microscopic can be operated in different environments

such as air, liquid or vacuum.
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Figure 21. Schematics of an atomic force microscopy. It consists of a sharp tip mounted at

the end of a flexible cantilever, a piezoelectric element, laser diode, and photodetector.

AFM can operate in two different modes: Tapping mode and contact mode. In
tapping mode, the probe oscillates at its resonance frequency in order to scan the
surface. In contact mode, the tip moves in continuous contact with the surface
either at constant force or constant height. Unlike the contact mode which is
associated with high shear forces, tapping mode is suitable for soft samples and
the damage to the sample surface is minimized because the tip contacts the

surface intermittently without damaging it.

In order to investigate surface characteristics, diverse imaging techniques such as
atomic force microscopy (AFM), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are used. SEM and TEM provide a 2-
dimensional surface profile, however AFM provides a 3-dimensional image of a
sample, so that it is possible to measure the height of the particles quantitatively.

SEM has a somewhat lower resolution to AFM. TEM and SEM usually operate in
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a vacuum and require a conductive sample so samples are coated with a metallic
layer that would change or damage the sample, however sample viewed by AFM
do not require any special treatments. Most AFM modes can work perfectly well
in room temperature air or even a liquid environment, however an electron

microscope needs a vacuum environment for proper operation.

Understanding the dynamics and morphology of asphaltenes aggregates have
attracted massive research attention for several decades. In this section, a brief
review is presented on the few prior studies about the asphaltenes microstructure
and the effect of temperature on the morphology of the asphaltenes nano-
aggregates. In a study by Sourty et al.*, dependence of thickness on concentration
and spin coating at different rotation speed was investigated by AFM. Different
concentrations of binders in toluene (binders are refinery residues from deep
thermal conversion processes) were deposited on cleaned glass substrate and
rotated at constant speed ranging from 500-5000 r.p.m for 120 s. They concluded
that thickness increases with concentration and decreasing rotation speed.

Asphaltenes domains formed from the two different binders showed differences in
their growth behavior. They® also investigated the effect of annealing on the
structure of binder thin films with two concentrations of 5% and 50% in toluene
with AFM. Thin films on glass substrates were heated up to 60 °C in stage | and
to 120 °C in stage 11, and after each stage, the samples were cooled down to 25 °C
(Figure 22).
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Figure 22. Topography images of sample 1, a) 5% (top), b) 50% (bottom). Thin films were
heated up to 60 °C in stage | and to 120 °C in stage 11, and after each stage, the samples were

cooled down to 25 °C (Taken from reference %).

In sample one, which originated from high-sulphur crude and contain about 25%
asphaltenes as shown in Figure 22a, after stage I, flower-like domains tend to
string together. After stage Il, these aggregates were broken. In Figure 22b, high
concentration (50%), after stage | (60 °C), the larger aggregates broke down into
small ones. After stage Il (120 °C), the aggregates decreased in area and strung
together. As it observed in Figure 22, after a heat treatment until 60 °C, the low-

concentration (5%) sample illustrated further aggregation of asphaltenes.
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~igure 23. Topography images of sample 2, a) 5% (top), b) 50% (bottom) (Taken from

reference 85).

As Figure 23 shows, on sample two with low concentration in toluene (5%), after
heat treatment until 60 °C, domains increased in size and after stage Il in 120 °C,
domains fused together and form flower-like shapes. On the concentration of 50%
the domains’ size increased by increasing temperature. The formation of bee-like

wavy fingers at the center of domains is also remarkable.

In another study by Toulhoat et al. 1994%° asphaltenes aggregation morphology
onto cleaved mica sheets as a function of immersion time, and on a comparison of
the structures formed by filtered and unfiltered asphaltenes were investigated by
AFM. Mica substrates were dipped into toluene solutions containing dissolved
asphaltenes and dried. They finally concluded that, an unfiltered asphaltenes
solution contains material which is poorly solvated in toluene. Moreover, the
adsorption from unfiltered solutions resulted in the flower-like diffusion limited

aggregation (DLA) of asphaltenes on mica surface.
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In this study, we used an advanced mode of AFM called as Peak Force-Kelvin
Probe Force Microscopy (PF-KPFM) which is a combination of frequency
modulation KPFM and PF-AFM. It allows quantitative work function

measurements at top spatial resolution with higher sensitivity and accuracy.

3.2. An Overview on Kelvin Probe Force Microscopy (KPFM)

Kelvin probe force microscopy (KPFM), is an AFM-based technique and has
been extensively used for characterizing the electrical properties of materials at
nanometer scale. It is a non-contact AFM (NC-AFM) operation mode that
measures the contact potential difference (CPD) between a conducting tip and the
sample surface. A simple schematic of KPFM is shown in Figure 24. The CPD

between the tip and sample is defined as®®:

Vepp = thip—Ci:vzample

Where, ®sample and Oyip are the work function of the sample and tip, respectively,
and e is the electronic charge. When an AFM tip is brought close to the sample,
due to the differences in Fermi energy levels of tip and sample surface, the

electrical force is created between them.

In order to measure the work functions of the sample and tip, the mechanical
excitation is switched off and both AC voltage (Vac) at the resonance frequency
of the cantilever between tip and sample, and DC voltage (Vpc) to the tip are
applied. Vac is applied between tip and sample resulting in an oscillation of
cantilever. The oscillation of cantilever is induced by the electrostatic forces.
Therefore, by applying DC voltage to the tip, the electrostatic force interaction
will be nullified *'.

In addition to characterizing the topography of the sample surface, single pass

KPFM technique is used to simultaneously measure the surface potential
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distribution of the surface. In order to measure the surface potential distribution,
the tip is scanned over the surface at a small distance between tip and sample

surface (~5-50nm) %,

Tip position < ’/

Sample surface

Figure 24. Schematic depiction of KPFM

Van der Waals force (Fuqw), electrostatic force (Fes) and the force which vibrates
the tip (Fvin) acts on the sample surface and tip. The electrostatic force between
the tip and the sample is given by ®: The surface potential information is derived

from the Fes, which is given by®®

d
Fes (Z) = % % Vz; (1)
V=Vpc-Vepp tVac cos(2 mwt) (2

Where z is the direction normal to the sample surface, w is the frequency and

ac (2)
z

Substituting equation 2 in 1 gives the expression of the electrostatic force applied

is the capacitance gradient between tip and sample surface.

to the tip:

1 ac (z)
2 0z

Fes(z, 1) = [Vbc -Vepp +Vac cos(2 mwt)]? (3)

This equation can be divided into three different parts as follows:
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1 9C (2) 1
FDC = E aZZ [(VDC 'VCPD)2 + E VZA(;] (4)
_ ac (2
Fo= a7 (Vbc-Verp) Vac cos(2 mwt) (5)
Fao= 3 25 V2 cos(2 x 2 mwt). ©)

Equation (4) is the static part of electrostatic force and it is difficult to detect.
However, equation (5) and (6), the dynamic part, can be detected with a lock-in

amplifier to measure the surface potential ™.

3.3. Materials and Methods

Solvents N-heptane and HPLC grade toluene were purchased from Fisher
Scientific. Silicon wafers, used as the substrates in our studies, were purchased
from NanoFab (University of Alberta, Canada). The two component glue was
used to glue the silicon wafers on metal discs for AFM imaging. All the
topographical, adhesion and contact potential differences between tip and sample
imaging were performed using Peak Force-Kelvin Probe Force Microscopy (PF-
KPFM) (Bruker lcon AFM, Santa Barbara, CA). The samples for AFM
investigations were prepared by depositing asphaltenes solution onto silicon
substrates. Both single-pass mode and lift-mode with a typical scan rate of about
0.7 Hz were used in collecting the AFM images. The PF-KPFM mode was
implemented due to its high lateral resolution of contact potential difference and

repeatability.

For imaging, PF-tapping mode is used and the instrument operated in air at room
temperature. SizN4 cantilevers coated with Pt/Ir (SCM-PIT, Bruker nanoscience,
Santa Barbara, CA) with a nominal resonance frequency of about 75 kHz and
spring constant of 2.8 N/m were used. The nominal radius of curvature of tips was

around 20 nm.
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3.3.1. Asphaltenes Preparation

In this study, we used industrial asphaltene that has 50% heptane-insoluble
materials and was precipitated by pentane from Athabasca bitumen. The

procedure of asphaltenes precipitation was described in chapter 2.

3.3.2. Solution Preparation

Asphaltenes solution (0.005% w/w) was prepared by dissolving appropriate
amounts of dried asphaltenes in HPLC-grade toluene. The mixture was sonicated

to ensure a complete dissolution.

3.3.3. Depositing of Asphaltenes on SiO, Wafer Surface

Silicon wafers were cut into the small 1cm x 1cm pieces and rinsed by Milli-Q
water and ethanol to remove debris from cleaving the sample. The silicon pieces
were then dryied with nitrogen gas. We used silicon wafer since it is a good
thermal gradient and can withstand the heat as compared to mica and gold coated
substrates. A drop of diluted asphaltene in toluene solution (0.005 %w/w) was

deposited on SiO, wafer substrate.

For AFM measurements, two kinds of samples were prepared. In the first one,
after dropping asphaltene solution on the silicon wafer, the sample was placed in
vacuum oven in 150 °C for about 2 hours. However, in the second one, the
asphaltene drop was allowed to evaporate from the surface at room temperature.
The two components of glue were mixed with the same ratio and the wafers
substrates were glued to the disc and left for 15 min to cure. The sample was then

mounted on a heating element installed under AFM probe.
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3.4. Results and Discussion

For AFM imaging, two methods were used to prepare silicon wafer substrates.
The control experiment of silicon substrate was done before dropping asphaltene

solution (Figure 25).

Figure 25. Control bare SiO,

In the first method, after dropping asphaltene/toluene solution on the SiO, wafer,
the sample was heated in a vacuum oven in 150 °C for about 2 hours in order to
evaporate toluene. The asphaltene aggregates in a peculiar pattern as seen in the
optical image in Figure 26. It should be noted that the streaks of asphaltenes are
caused by their self-assembly and no external medium was used to cause this
pattern. Figure 27, A, B, C and D represent the topography images of specified
sections A, B, C and D in Figure 26, respectively. It is obvious that depending on

the location, the asphaltenes morphology was different.
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Figure 26. The optical image of asphaltene aggregates in a peculiar pattern. The sample
was heated in vacuum oven in 150 °C for about 2 hours.
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Figure 27. Topography of asphaltene on different locations of silicon wafer substrate, heated up
to 150 °C for 2 hours.

In another experiment, we were interested not just in the topography of these
structures but also in the dynamics of asphaltene aggregates as a function of
temperature. We investigated changes in morphology and material properties like
adhesion and contact potential difference of the asphaltene nano-aggregates at
various temperatures. The fusing of asphaltene domains into large islands at
higher temperatures and the corresponding change in its physical properties may
help to understand the asphaltene aggregation in oil sands industry. In this
experiment, after rinsing silicon wafers with ethanol and drying with nitrogen gas

(Figure 28 a), a drop of asphaltene/toluene solution was cast deposited on the
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silicon wafer (with native oxide layer (~ 2nm) substrate) (Figure 28 b) and
allowed to evaporate at ambient room temperature for 30 minutes to ensure that
all the toluene has been evaporated (Figure 28 c). As part of our interest, the effect
of annealing on the morphology of the asphaltenes aggregates was investigated.
The samples were mounted on the heating element installed just below the AFM
tip and a potential bias of 0.5V was applied between tip and sample (Figure 28 d).
Thin films of asphaltene aggregates on SiO, substrate were heated up to different
temperatures. In order to avoid any domain displacement due to the AFM tip
raster scan, after setting the heating element to the next higher temperature, the
temperature was allowed to stabilize for about 15 min before the AFM scan. This
precautionary step assures us that the domain dynamics is purely due to the

thermal energy gained by the asphaltene aggregates.
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Figure 28. (a) Silicon wafers were rinsed with ethanol and dried with N, gas, (b) A drop of
asphaltenes/toluene solution was cast deposited on the silicon wafers, (c) Toluene was
allowed to evaporate at ambient temperature for 30 minutes, (d) The samples were mounted
on the heating element installed below the AFM tip.

The topography images of asphaltene at different temperatures of 25, 55, 65 and
80 °C are shown in Figure 29A, B, C and D, respectively. Images were obtained
for various samples at different locations and temperatures, but a representative
image was presented. In a typical self-assembly of asphaltenes aggregates, the
height of aggregates is in the range of nanometer and resembles a micron sized
fern-like structure as shown in Figure 29. Asphaltenes are known to form similar

structures as observed previously on the glass®® and mica® substrates.
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Figure 29. Topographic AFM images at different temperatures (A) 25°C, (B) 55°C, (C) 65°C and
(D) 80°C. A drop of asphaltene solution was cast deposited on the silicon wafer substrate and
allowed to evaporate at room temperature.

As seen from topographic images in Figure 29, the self-assembled aggregates are
adsorbed in their most thermodynamically stable state at room temperature (25
OC). The structure of asphaltene aggregates changes by varying the temperature
from 25°C to 80 °C. It is observed that as the temperature is increased, the hair-
like branched structures coming out from the larger fern-like structures and start
to disappear as they gain thermal energy.
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As seen in Figure 29A, at approximately 25 °C, the asphaltene aggregates have
fern-leaf like structures in which it seems that smaller branches have grown from
the larger branches. We find imperceptible variation in the fractal structure of the
asphaltene domains for a large range of temperature, from 25 °C to 65 °C.
However, morphology of the asphaltene colloidal aggregates changes
significantly in a much smaller temperature ranges of 65 °C to 80 °C. Asphaltene
aggregates are found to acquire liquid-like mobility and get fused with
neighboring aggregates. At this temperature, due to higher thermal energy of
smaller branches, they start to disappear. Figure 29C shows that one such domain

disappears in the topography image (shown with yellow circles).

Figure 30 represents the height distribution of asphaltenes aggregates as a
function of temperature. As seen in Figure 30 the height distribution of these fern-
like structures decreases from 6.4 nm at 25 °C to 4.4 nm at 60 °C and then

somehow become stable at 90 °C.
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Figure 30. Height distribution of asphaltenes aggregates at various temperatures.

Also, we investigate the adhesion and contact potential difference of these
aggregates as a function of temperature. As seen from Figures 31 and 32, not only
the structure changes in the topography of self-assembled asphaltenes aggregates
in Figure 29, but also the corresponding change in Vcpp and adhesion was
detected by increasing the temperature from 25 °C to 80 °C.
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Figure 31. The adhesion at temperatures (1) 25°C, (J) 55°C, (K) 65°C and (L) 80"C.
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Figure 32. The contact potential differences at temperatures (A) 25°C, (B) 55°C, (C) 65°C and
(D) 80 °C.
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Figure 31 I-L show the adhesion maps for temperature 25, 55, 65 and 80 °C,
respectively. The fusing of domains at higher temperature can be explained from
these adhesion maps in Figures 311, J, K and L for temperatures 25, 55, 65 and 80
C respectively. The graph in Figure 33 shows Adhesion as a function of
temperature. A gradual increase in the adhesion of the aggregates can be observed
until 55°C, however the adhesion reaches a maximum at 65°C. This indicates a
change in the phase from solid or glass to liquid state. The adhesion continues to
increase until the temperature of 100°C due to an increase in the viscosity of the
domains. At this temperature, the domains become so mobile that imaging in the
same location may not give significant information on the domains investigated at
room temperature. Also, it was observed that the tip starts to get contaminated at

higher temperatures due to the increased viscosity of the asphaltene aggregates.

160 4 Adhesion ;
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Figure 33. Asphaltenes adhesion as a function of temperature.
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In order to understand whether the change in phase of asphaltene aggregates have
any effect on the change in work function of the asphaltenes aggregates, a plot of
contact potential difference (Vcpp) between the AFM probe and asphaltene

aggregates as a function of temperature is shown in Figure 34.
It is elucidating to observe a dual distribution of Vcpp Whereby the distribution
with higher values (~500mv) is for the thicker branches while the one with lower

values (~300mv) is for the smaller branches. It is clearly shown in the adjacent

image with its cross sectional graph aligned in proper scale just below it.

8004 Dual Distribution of Vopp
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Temperature (OC)
Figure 34. Contact potential difference (Vcpp) between the AFM probe and asphaltene
aggregates as a function of temperature (A), Vcpp image of asphaltene aggregates (B) and
cross section of image shown in B to identify dual distribution of V¢pp for hair like and
broader structures. The red and black arrows indicate lower and higher V cpp distribution

respectively.

One of the interesting observations in the Vcpp is that at 45°C, the domains tend to
orient such that the Vcpp increases for both the distributions, however a
significant decrease is seen at temperature of 70°C at which similar changes in the
adhesion is observed at around 65°C as seen in Figure 33. It should be noted that

the dual behavior for Vcpp is purely from the asphaltene aggregates having the
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same height in both the large and smaller branches and has no effect due to

difference in asphaltenes volume.

Asphaltenes are known to be solid at room temperature, but show a transition
from solid or glass state to a liquid state at higher temperatures. Depending on the
nature of the asphaltenes, this transition temperature can vary from several
hundreds of degree Celsius™ to merely few tens of degree Celsius®™. In order to
confirm the phase change from solid to viscous state obtained from AFM
measurements, heat capacity for asphaltenes was measured as part of this work. A
differential scanning calorimeter TG-DSC 111 (Setaram, France) was used for
heat capacity determination in the temperature range from 20 °C to 200 °C. This
calorimeter is a heat flux DSC, operating on the Tian—Calvet principle and using a
cylinder type measuring system comprising two cylindrical tubes set parallel and

symmetrically in a heating furnace.

Temperature calibration was performed using indium, tin, lead, zinc, naphthalene
and gallium. The heat capacity, Cp, calibration was performed using synthetic
sapphire. The uncertainty of the Cp measurements was estimated to be less than
2% in the temperature from 20 to 200 °C. All heat capacity data were achieved
using a continuous three step method (empty, reference material (sapphire) and
asphaltenes sample) in a measuring cell. The measuring cell was empty in the first
run and filled with sapphire and the asphaltenes sample in the second and third
runs, respectively. The reference cell was empty during all runs. The
measurements were carried out with a heating rate of 5 K.min™ followed by
isothermal delays of 3600 s at the beginning and the end of each experiment. The
typical mass of samples was about 50 mg (with uncertainty of 0.05 mg). The
hermetically sealed stainless steel cells (the maximum pressure of 10 MPa at
573K) were utilized for all experiments. The tightness of the cells was checked
before and after each trial. No mass loss of the samples was detected in any of the
experiments. The collected signals from DSC includes heat capacity in J/(g.K)

and temperature in °C.
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The heat capacity of the asphaltene samples was calculated using the software
provided for the DSC instrument. Two successive measurement runs were
performed on each sample, one to obtain the initial heat capacity when
asphaltenes is heated. The sample is cooled back to the room temperature and
again the heat capacity is measured to check the reversibility of the heat capacity
values. Figure 35 shows the specific heat capacities for the first initial heating

cycle 1(red) and heating of the same sample after cooled back to room
temperature cycle 2 (blue).

—Cycle 1
<~ 1.6 ——Cycle 2
o
Y
<
= 1.4-
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S 1.2-
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S
= 41°C
@ 1.0-
T
I I | |
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Figure 35. The specific heat capacities of asphaltenes for the first initial heating cycle 1
(red) and heating of the same sample after cooling it down back to room temperature cycle
2 (blue). Two glass transition temperatures were identified for the first heating cycle
(Te1=41°C and Tg,=60°C) and there is endothermic to exothermic phase transition at
T=75°C. For the second heating cycle there may be several glass transition temperatures,
but no endothermic to exothermic phase transition temperature.



From the first heating cycle, one can clearly identify multiple glass transition
temperature (Tg). For example, for the temperature range corresponding to which
the changes in asphaltene morphology was investigated, we got T¢;=41 °C and
Te2=60 °C. The most interesting observation of DSC thermogram is the presence
of the exothermic phase transition starting at 75°C. This phase transition is the
signature of the presence of a small crystalline fraction that melts in the studied
temperature range and can successfully explain dynamics of asphaltene
aggregates caused by their liquid-like behavior at temperatures higher than 70 °C.
In order to make sure that our DSC study is representing a physically consistent
picture, we performed a second heating cycle. For the second heating cycle, the
apparent heat capacities are different from the first heating cycle. The specific
heat capacities are consistently higher during the second heating cycle and liquid
crystal domains are absent. This observation is perfectly consistent with results
corresponding to second heating cycle of chemically separated asphaltenes®. The
initial change in the phase transition at 60°C matches to the value at which we
observe the change in the adhesion as well as the Vcpp. This proves that the
orientation of asphaltene domains during phase transition are responsible for a

change in the adhesion, Vcpp and hence fusing of domains at higher temperatures.
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Chapter 4

Conclusion and Future Work

Asphaltenes are complex molecules that are loosely defined by their solubility
characteristics. They are soluble in aromatic hydrocarbons such as toluene or
benzene, whereas insoluble in saturated hydrocarbons such as pentane, hexane or
heptane. Asphaltenes are considered the most problematic component during

production and processing of heavy oils and bitumen.

Asphaltenes have very high affinity for surfaces. In this thesis we have
investigated the adsorption and aggregation behaviors of asphaltenes on surfaces.
Fundamental understanding the adsorption and aggregation behavior of

asphaltenes are important in preventing fouling of equipment and pipelines.

In chapter 2, we have investigated the ability of the dodecanethiol SAM to
prevent adsorption of asphaltenes on surfaces. Using different tethering scheme
for SAM, it may be possible to coat different surfaces with SAM for preventing
asphaltene adsorption. The FT-IR and ellipsometry show negligible asphaltenes
adsorption on the SAM coated surfaces. Findings of this research can be applied
for different metals used in petroleum pipeline in order to protect them against

asphaltenes adsorption.

In chapter 3, a new mode Kelvin Probe Force Microscopy (KPFM), which is Peak
Force-KPFM (PF-KPFM), was used to detect changes in the physical parameters
of asphaltenes aggregates as a function of temperature. The KPFM provides
topographical images along with surface potential map with high spatial
resolution and high sensitivity (potential). The morphology of asphaltenes, surface
potential difference and adhesion changes are investigated as a function of

temperature. The height distribution of these fern-like structures changes
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depending on the temperature and the effective mean height of the asphaltenes

domains decreases when the temperature is increased.

The adhesion reaches a maximum at 65°C. It shows that temperature increasing
leads to transition from self-assembled fractal structure to larger mobile liquid-
like domains. We denote such a temperature-dependent coalescence of the
asphaltenes aggregates as a new type of aspahltenes aggregation, which occurs on
account of phase transition of the existing asphaltenes aggregates. Change in
phase of asphaltenes aggregates, also, affects the contact potential differences
between tip and aggregates of asphaltene as a function of temperature. The
dynamics of asphaltene aggregates at higher temperatures can be explained by

transition from amorphous to liquid crystalline phase.

Future studies can be carried out to understand the dynamics of asphaltenes model
compounds as a function of temperature and concentration on different substrates
using AFM.

The real time study of asphaltenes dynamics can be studied using Fast scan mode,
which has capability to record data at video rates (~100Hz). This will allow in-situ
tracking of asphaltenes domains as a function of temperature. This method can
also be used for understanding the fusing mechanism of these domains at higher

temperatures.
It may be possible to functionalize AFM tips with specific functional group to
determine the local chemistry of asphaltenes at nanoscale. It may also be possible

to carry out the AFM investigations under solvents.

In order to sort asphaltene particles by size, dielectrophoresis cell can be used to

characterize size sorted asphaltene using AFM.
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