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ABSTRACT

Asphaltenes are the heaviest component in crude oil and bitumen. The
molecular interactions and interfacial behaviours of asphaltenes are closely related to
many challenging issues in oil production, which are believed to play an important
role in stabilizing water-in-oil (W/O) and oil-in-water (O/W) emulsions, surface
wettability change of clays, stabilizing solid particles, and fouling problems. In this
work, the intermolecular and surface interactions of asphaltenes, extracted from
different oil resources, in both organic and aqueous media have been experimentally
investigated using several complementary techniques including surface forces
apparatus (SFA), atomic force microscope (AFM), quartz crystal microbalance with
dissipation monitoring (QCM-D), contact angle goniometer and in-house built

computer-controlled 4-roll mill fluidic device.

The interactions between asphaltenes were measured using SFA in heptol
solvent with different ratio of n-heptane. The results showed that the interactions
gradually changed from pure repulsion to weak adhesion as the ratio of toluene
increased and theoretical fitting of the force curves also determined the force origin.
Micropipette tests results showed asphaltenes at water/oil interfaces inhibited the
coalescence of the emulsion drops and 4-roll mill tests revealed that the interfacial
sliding between emulsion drops was required to destabilize the asphaltene layer at
interface which could increase the probability of emulsion coalescence. The
adsorption mechanisms of asphaltenes on silica surface were studied in toluene using

QCM-D and SFA. It was found the adsorption of asphaltenes was dependent on the
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sources of the asphaltenes and showed various behaviours under different flow and
static conditions. The asphaltenes precipitated from a crude oil was found to be able
to continuously adsorb on silica surface under flow condition whereas the adsorption
reached the equilibrium state under static condition. Combined with the elemental
and X-ray photoelectron spectroscopy (XPS) analysis, Ca and O might play an
important role in the aggregation of asphaltenes even at a low concentration in

toluene resulting in continuous adsorption behaviour.

The interaction mechanisms between asphaltene surfaces in aqueous solutions
were investigated using SFA and AFM. The SFA results showed repulsion was
measured during approach while adhesion was detected during separation. The
measured long-range repulsion could be affected by the solution pH, salinity and
Ca”" addition whereas could not be described by the Derjaguin-Landau—Verwey—
Overbeek (DLVO) theory. However, theoretical calculations based on the DLVO
theory reasonably agreed with the measured force curves between AFM tip and
asphaltene surfaces, indicating the DLVO interaction origin of asphaltenes in
aqueous solutions at nanoscale. Pancake-like domains were observed on asphaltene
films in aqueous solutions and were significantly affected by the solution conditions,
which might be due to the interactions of asphaltene molecules (particularly the polar
groups), water, and the supporting solid substrate. van der Waals interaction was
calculated between water and mica surface across the asphaltene film and a water

diffusing process was proposed for the paterning phenomena observed.

The results in this work provide insights into the fundamental understanding of

molecular and surface interaction mechanisms of asphaltenes in both organic
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solvents and aqueous solutions, with important implications to the
stabilization/destabilization mechanisms of emulsion drops and fine solids in the

presence of asphaltenes in oil production.
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CHAPTER 1 INTRODUCTION

1.1 Overview

The crude oil industry has been shifting the oil production from conventional
oil (light oil) to heavy oil and bitumen due to depletion of conventional oil reservoir
and increase of the world demand. Canada, especially Alberta, relies much on the
extraction of heavy oil and bitumen for the crude oil industry. Asphaltenes, the
heaviest fraction in the crude oil, have raised many challenging issues for the oil
industry and attracted lots of attention in the research field due to the increase in
production of the high asphaltenic heavy oils and bitumen as well as its difficulties

and high cost in remediation processes.

Asphaltenes precipitation and deposition problem can start from the reservoir
to the downstream operations. The destabilization of asphaltenes due to pressure
changes and temperature variations can lead to the asphaltenes precipitation and
deposition causing wellbores and pipelines plugging.'> The build-up of the
precipitates can also damage the reservoir rocks and alter the wettability of the
reservoir solids, finally sacrificing the oil recovery.’ Additionally, during the heavy
oil processing, the dilution of heavy oil using a paraffinic solvent for transportation
can cause the asphaltenes precipitation in pipelines, tubular, and surface facilities. In
the oil sands industry, the precipitation of asphaltenes happens during the paraffin-
based bitumen froth treatment. Moreover, the deposition of asphaltenes in the crude
oil upgrading and refinery process can lead to the fouling issues to the downstream

operations.



The adsorption of asphaltenes at water/oil and solid/oil interfaces can cause
many problems as well. Asphaltenes are known to play a key role in enhancing the
stability of emulsions resulting in fouling and corrosion issues to the operating
facilities.*® The adsorption of asphaltenes on fine solids can assist their dispersion in
the organic medium (i.e. a good solvent for asphaltenes) which can have detrimental
impacts on the oil quality.” Significant efforts have been made to deal with the
asphaltenes related problems, such as removing/cleaning the asphaltenes
precipitation and deposition, and destabilizing the emulsion droplets either using
chemical or physical treatment.*’ Therefore, it is of great importance for us to
understand the mechanisms of asphaltenes aggregation, precipitation and adsorption
at water/oil/solids interfaces, which drives us to investigate the molecular and
surface interactions of asphaltenes in complex liquid media and which is also

essential to ultimately solve these challenging issues caused by the asphaltenes.
1.2 Literature review
1.2.1 Asphaltenes

Asphaltenes are not a pure component and consist of different molecules with
similar solubility behaviour but with different chemical structures, shapes and sizes.
So asphaltenes are operationally defined as a solubility class which are soluble in
aromatic solvents, such as toluene and benzene, but not soluble in n-alkanes, such as
n-pentane and n-heptane.'® Therefore, asphaltenes are generally precipitated from n-
pentane or n-heptane and named after its n-alkane precipitant, such as pentane-

asphaltenes and heptane-asphaltenes, in short of C5-asphaltenes and C7-asphaltenes,



respectively. Variation of the standard procedure used to extract asphaltenes will
lead to the different fractions of asphaltenes obtained with different properties. Lots
of techniques have been used to characterize the asphaltenes and quantities of
information of asphaltenes have been achieved. Due to its complex nature,
asphaltenes are usually dealt with using its average properties. A brief introduction
of asphaltenes in term of its chemical composition and molecular structure is given

in the following two sections.

Chemical composition

Asphaltenes is a hydrocarbon mixture containing heteroatoms, sulphur (S),
oxygen (O) and nitrogen (N), as well as trace metals of iron, nickel, and vanadium.''
The heteroatoms account for a variety of functional groups. Sulphur can be in the
form of thiophenes, thiols, sulphides, disulphides and oxidized forms. Oxygen
comprises the groups of carbonyls, carboxylic and ketonic. Nitrogen can exist as
pyrroles and pyridines structures. Metal elements are found mainly in the form of
porphyrin.12 The carbon content and H/C molar ratio of asphaltenes can vary much
depending on the sources as well as the precipitants. The carbon percent can range
from around 40-80% and the molar ratio of H/C can be in the range of 1-1.2."
Therefore, different types of asphaltenes can have entirely different behaviours

regarding their adsorption at water/oil and solid/oil interfaces and self-aggregation

ability in solvents.



Molecular structure and molecular weight

Since asphaltenes is a mixture, there is no single well-defined molecular
structure for asphaltenes molecules. Therefore, the debate always exists regarding
the chemical structure of the asphaltenes. Asphaltenes consist of polycondensed
aromatic rings interconnected or decorated with cyclic or linear alkanes and
heteroatoms whereas two fundamental models have been proposed throughout the
literature: the island model and the archipelago model.">"> The island structure is
also called condensed structure which has a large condensed polyaromatic core with
aliphatic chains on the periphery.'®'® The archipelago structure is also known as
dispersed structure which has a collection of small polyaromatic structures bridged

1921 Both models have supportive

by aliphatic chains or connected by heteroatoms.
evidence from different research groups and have been successfully applied in
explaining some of the asphaltenes properties. It has been reported that the
archipelago model can well explain the polymer-like properties of asphaltenes while
the island model corresponds well with the molecular weight of about 750 Daltons

for asphaltenes proposed by Mullin.***

The molecular weight of the asphaltenes has also been under debate for many
years due to the polydispersity of the asphaltenes as well as the aggregation
behaviours of the asphaltenes. The molecular weight of asphaltene aggregates was
measured sometimes rather than the individual asphaltene molecule. Therefore, a
wide range of molecular weight of asphaltenes is expected from several hundred of
Daltons to more than ten thousand Daltons depending on lots of variables such as

solvent, asphaltenes concentration, temperature and even analytical techniques
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d.*** Not just for the molecular weight determination, it is always very crucial

applie
to consider the self-association behaviour of asphaltenes to analyze the asphaltenes

properties.
1.2.2 Asphaltenes aggregation and precipitation

There are lots of problems during oil production associated with asphaltenes
aggregation behaviour and precipitation. 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. Different models are used to describe the aggregation
behaviors of asphaltenes. Colloids and micelles are two commonly used terms to
describe the self-association behaviors of asphaltenes. The modified Yen model (also
known as Yen-Mullins model) well described the colloidal-like properties of
asphaltenes in the solvents.”®?” Due to the amphiphilic nature of the asphaltenes,
asphaltenes can form micelle-like aggregates similar with surfactants. Therefore,
analogous to the critical micelle concentration (CMC), a critical nano-aggregation
concentration (CNAC) existed for asphaltenes solutions and was determined using
different techniques, such as high-Q ultrasonic, AC and DC conductivity and
NMR.**#*3! 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. In some literature, CMC was also used to describe the
aggregation of asphaltenes.’”>> Both experimental and theoretical methods were
utilized to investigate the adsorption behaviour of asphaltenes. For example, Rogel

reported a CMC of asphaltenes in various solvents using surface tension
5



measurement and also used a molecular thermodynamic model for predicting the
CMC of asphaltenes in different solvents.*>*>*® The CMC is slightly different from
CNAC which normally shows a higher asphaltenes concentration in solution. The
sudden change observed in surface tension or heat of dissociation should be due to
the change of the asphaltenes aggregation behaviour which might be the formation of

asphaltene clusters.***

In modified Yen model, asphaltene clusters with a size of ~5
nm can form due to the further aggregation of asphaltene nano-aggregates. All these

observations of CNAC and CMC of asphaltenes in solutions correspond to the

colloidal-like properties of asphaltenes.

The self-association of the asphaltenes is sometimes believed to behave as
polymers by some researchers.””"* Merino-Garcia found that the self-association
of asphaltenes was a step-wise process and proposed a model which based on the
model of polymerization. Isothermal titration calorimetry was also used by the same
researcher (Merino-Garcia) and proved that CMC did not exist and association of
asphaltenes was further believed to be step-wise.””** “Linear Polymerization” model
was also proposed by Agrawala et al. to describe the self-association of asphaltenes
and they think resin could act as the terminator to asphaltenes association which was

also the evidence that resin was capable of stabilizing the asphaltenes.™®

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

29,41,42

asphaltenes forming nano-aggregates. The amount of the aggregation was

found to increase as the solubility parameter of the solvent decreased.” The size of
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asphaltene aggregates or numbers of asphaltenes in one aggregates decreased as the
temperature was increased.***® As reported by Espinat et al., the pressure impact on
the asphaltene aggregates was not as significant as temperature.*® However, people
did find that the pressure depletion can cause the asphaltenes to precipitate.”*’ With
the addition of resin into the asphaltene solution, the size of asphaltene aggregates
can also be reduced either by disrupting the interaction between asphaltene
monomers or solvating the asphaltenes in solution.”** Speight and Long also
reported that the asphaltenes would be destabilized once the resin was removed from
the oil phase.5 % The subfraction of crude oil resins, naphthenic acid, can also increase

the solubility of asphaltenes in toluene in a similar way as the resins.”'*

As stated above, asphaltene nano-aggregates can further aggregate to clusters
which are believed to be the precursors of the asphaltene flocculates leading to the
asphaltenes precipitation. The precipitation of asphaltenes can result in the wellbores
and pipelines plugging and equipment fouling which attracted lots of attention on
studying the mechanisms of asphaltenes precipitation. Similar with the aggregation
of asphaltenes, precipitation of asphaltenes occurs upon changes in solvents/oil
compositions, temperature, pressure and addition of resins.”>>® The most common
methods to determine the precipitation onset of asphaltenes at atmospheric pressure
are titration and microscopic examination.””® At high pressure or elevated
temperature, people normally used near-infrared (NIR) spectroscopy, small-angle X-
ray scattering (SAXS), small-angle neutron scattering (SANS), and dynamic light
scattering (DLS) to determine precipitation onset.**>’ However, the optical methods

are usually limited to light oils with low asphaltenes content due to the lower light

7



transmittance through the oil. The precipitated amount of asphaltenes is generally

determined by filtration.”*¢"¢*

Many researchers proposed that van der Waals force
be responsible for the flocculation of asphaltenes aggregates.”* Based on the
assumption of van der Waals force, the onset of the asphaltene precipitation was also
predicted by measuring the refractive index (RI) of the oil mixture. Buckley used RI
measurement to predict the onset of precipitations in asphaltenes solutions and
studied the effects of solvents, the addition of resin and with different asphaltene
fractions.”®® Flory-Huggins model was also used to predict the phase separation
behaviour of asphaltenes in crude oil when adding different solvents.®”””® Wang and
Buckley developed a two-component asphaltene solubility model (ASM) to predict
the asphaltene precipitation and defined the phase equilibrium in asphaltene
solutions using Flory-Huggins model. They found that the precipitated asphaltenes
increased with increasing the amount of n-alkane added, reached a maximum value,

then decreased with keeping adding n-alkane in the oil.®®

A modified Flory-Huggins
model was developed by Pazuki et al. and was found to calculate the precipitated

amount of asphaltenes successfully by adding n-alkanes which was in a good

agreement with the Flory-Huggins model and experimental data.®

Although the asphaltene aggregation and precipitation in solutions have been
extensively studied experimentally and theoretically, the force to drive the
asphaltenes to associate is still under debate and the direct force measurements

between asphaltenes in solvents remain limited.



1.2.3 Asphaltenes adsorption at water/oil/solids interfaces

Asphaltenes are believed to be able to adsorb to lots of types of surfaces as
well as the water/oil interfaces. As mentioned above, the fouling of the facilities
surfaces and mineral surfaces as well as the stabilization of the W/O or O/W

emulsions bring severe problems to the oil industry.

The adsorption of asphaltenes onto solid surfaces has been extensively studied
in the model oil solutions by using different experimental techniques such as UV-vis
spectrometry and quartz crystal microbalance with dissipation (QCM-D).”"” The
adsorption process is extremely complex which can be impacted by lots of variables,
such as absorbent types, asphaltenes sources, oil types, the addition of other
surfactants, water contents and temperature. The solid surfaces or particles
frequently used for the asphaltenes adsorption can be mainly classified into minerals,
silica and alumina, metal and metal oxides. Depending on the sources of the
asphaltenes, different solvents used and asphaltene concentrations, the adsorption

2
76 to more than

capacity of asphaltene on various surfaces could vary from 0.2 mg/m
100 mg/m®.”” Decreasing the solvent strength would normally increase the adsorbed
amount of asphaltenes. Most of the studies showed that the adsorption capacity was
larger in heptol solvent than that in toluene.”” However, the reverse trend was also
found that the adsorption of asphaltene on silica, alumina and TiO, was sometimes
less in heptol compared to toluene solvent.”* Besides the quantification of adsorbed
amount, the adsorption kinetics was usually obtained and adsorption isotherm was

analyzed. Non-equilibrium and equilibrium state were both reported from literature.

Xie et al., reported the asphaltenes adsorption on metal surface did not reach the
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equilibrium even after 700 min under flow conditions.”® Goual used asphaltenes
from five different sources and found equilibrium adsorption for four of them
whereas one of them could not reach the steady state within the experiment time in
0.1 wt% asphaltenes toluene solution.”” Ekholm et al. also reported that no
equilibrium was reached for the asphaltenes adsorption on the gold surface both from
toluene and heptol solvents.”” Both monolayer and multilayer adsorption were
reported throughout the related literature. Many researchers reported the Langmuir-
type adsorption isotherm which represents the homogeneous monolayer

43,71,74 82 . . . .
3TLT4TO8082 Myltilayers were also found in lots of cases, especially in

adsorption.
high concentration of asphaltene solutions, or with longer adsorption time or in n-
alkane solutions.*® A QCM-D study showed asphaltene multilayer formation on
the metal surface in toluene-pentane and toluene-heptane solutions.”® Another QCM
study was reported that monolayer adsorption was found at early times on gold
surface in heptol solutions whereas multilayer formation was observed at much

longer adsorption time.*® However, there is also study showing that the possible

multilayer formation of asphaltenes in pure toluene solvent using QCM-D.*’

The adsorption of asphaltenes showed differences and inconsistencies
throughout the literature. Therefore a thorough understanding the adsorption
mechanism between asphaltenes and the solid surface is very vital for the ultimate
prevention of the asphaltenes from adsorbing onto the surfaces or removal of the
adsorbed asphaltenes. There are always arguments on the dominant driving force
between asphaltenes and solid surface. Some researchers think it is primarily

dependent on the adsorbent surfaces which include the roughness, pore size, surface
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area and it is less sensitive to the asphaltenes sources (the asphaltenes composition).
The adsorption of the asphaltenes on the metal surface is believed to be more likely a
physical adsorption process; hence the surface characteristics mainly determine the
adsorption amount of asphaltenes under the same conditions.”"** Other studies show
that functional groups and heteroatoms contained in asphaltenes can contribute to the
interaction between asphaltenes and surface.””>*°! An XPS and TOF-SIMS study
showed that as the adsorbed asphaltene layer was sputtered, the concentration of S
and N increased as approaching to the surface which indicates that the functional
groups with these heteroatoms contributed to the initial adsorption.” By
investigating the adsorption of asphaltenes on hydrophilic silica and hydrophobic
silica surfaces, Jouault, N. et al. found that the adsorption mechanism of asphaltenes
was dominated by the polar entities.”’ Moreover, the n-n interactions and H-bonding
have also been reported to be responsible for the asphaltenes adsorption on solid
surfaces. An early asphaltenes adsorption study on Fe,Os showed that the H-bonding
dominated the interactions between asphaltenes and Fe,Os surface evident from the
FTIR measurements and water desorption tests.”” It is much easier to think of the -n
interactions involved in the asphaltenes adsorption because of the aromaticity of the
asphaltenes. Asphaltenes with higher aromaticity showed higher tendency to form
multilayers on the surface leading to the precipitations.** Another simulation studied
also revealed that the increased aromaticity would make asphaltenes more attractive

to the Fe; O3 surface.”

Asphaltenes are also known to adsorb to the water/oil interface due to the

amphiphilic nature hence play a major role in stabilizing the W/O and O/W
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emulsions. It is believed that a rigid asphaltene film formed at the interface which
results in the steric hindrance between emulsions leading to the stabilization of the
emulsions. To destabilize the W/O or O/W emulsions, it is vital to understand the
stabilization mechanism of emulsion drops. Therefore, the properties of the adsorbed
asphaltenes at interfaces have been extensively studied by various techniques,
including micropipette, Langmuir trough, surface/interfacial tension measurement

and pendant drop oscillation.***'%

The micropipette technique is able to
manipulate a pair of micrometer-size emulsion droplets and accurately obtain the
surface tension at the surfaces of the emulsion drops by fitting the measured force-
deformation relation.”” Langmuir trough study showed that the asphaltene monolayer
formed at the water and toluene interface was rigid and hard to be washed away by
the addition of fresh toluene as well as difficulty to be displaced by other molecules
which were the reasons for the extremely stable emulsion drops.”® The rheology
study of the adsorbed asphaltene film showed that a cross-linked and viscoelastic
network was formed through polar interactions between asphaltenes at the
interface.”®*'® The above techniques have provided valuable information relating
to the stabilization mechanism of the W/O or O/W emulsions mainly in terms of the
surface/interfacial tension or the film rheological properties. However, due to the

limited work on the direct force measurement between asphaltenes or emulsion

drops, the stabilization and destabilization mechanism remains unclear.
1.2.4 Interaction forces measurement of asphaltenes

The colloidal technique of AFM has been successfully applied to measure the

interactions for asphaltenes/bitumen-asphaltenes/bitumen, asphaltenes/bitumen-silica
12



surfaces both in aqueous solutions and organic solvent.”*'*""'"7 Liu et al. found that
the forces between asphaltenes or between bitumen surfaces were well fitted by the
extended DLVO theory by incorporate with hydrophobic force and short-range steric

102,104 . . : .
02104 The steric force was found to dominate the interactions between

force.
asphaltenes in the organic solvent.'”'° However, the studies on the direct force
measurement of asphaltenes are still limited and only a few studies are available for
measuring the interactions of asphaltenes using SFA which only focuses on the
organic solvent system.'”™ No SFA work has been done on the interactions of
asphaltenes systematically in aqueous solutions. Therefore, it is necessary for us to
further investigate the interactions of asphaltenes in various liquid surroundings

which will help us improve the understanding of the interaction mechanisms of

asphaltenes.
1.3 Objectives

As discussed above, asphaltenes bring many problems to the oil industry, both
economically and environmentally. The main objective of this thesis is to improve
our understanding of the molecular and surface interaction mechanisms of
asphaltenes in various liquid media, with implications for the stabilization
mechanisms of W/O and O/W emulsions in the presence of asphaltenes, aggregation
and deposition behaviours of asphaltenes as well as the wettability change
mechanisms of the clay surface due to asphaltenes. The key parameters which
govern the interactions of asphaltenes were explored including solvent types, water
chemistry and the properties of the asphaltenes. The detailed objectives are listed

below.
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(1) Measure the molecular interactions between asphaltenes in heptol solvents
to provide a fundamental understanding of the aggregation behaviour of asphaltenes
and micropipette and 4-roll mill fluidic device were also applied to give implications
on the stabilization and destabilization of W/O emulsions in the presence of

asphaltenes.

(2) Investigate the adsorption kinetics of asphaltenes on model clay surface
using quartz crystal microbalance with dissipation (QCM-D). The adsorption
behaviour of two different types of asphaltenes was compared. Surface forces were
measured between model clay surfaces in asphaltene solutions to further elucidate

the adsorption mechanisms of asphaltenes on solid surfaces in toluene.

(3) Measure the interactions between asphaltene surfaces in aqueous solutions
to provide some insights into the stability mechanisms of O/W emulsions due to
asphaltenes. SFA was applied to directly measure the surface forces between two
asphaltene films and the effects of solution pH, salinity and Ca®" addition were
investigated. Atomic force microscope (AFM) imaging was applied to monitor the
morphology of asphaltene films under various aqueous solution conditions which
were further correlated to the SFA force measurements. The interactions between
AFM tip and asphaltene film were also measured to provide more information on the

interaction behaviours of asphaltenes at nanoscale.

(4) Investigate the stability of the asphaltene films on substrates with varying

wettability in aqueous solutions to provide implications on the wettability change of

14



the reservoir solids due to adsorption of asphaltenes as well as the bitumen liberation

process in oil sands industry.
1.4 Structure of the Thesis

Chapter 1 overviews the background of this project and introduces the

objectives of this work. The related literature on asphaltenes is reviewed.

Chapter 2 describes the materials and the techniques used in this study. The

working principle of the instruments and the experimental setup are provided.

In Chapter 3, the results of the molecular interactions between asphaltenes in
heptol solvent are presented. Alexander-de Gennes model was used to describe the
nature of the interaction force. Micropipettes and an in-house built 4-roll mill device
were also applied to provide a further understanding of the stability of water-in-

diluted bitumen emulsions.

The adsorption of asphaltenes on silica surface was investigated and presented
in Chapter 4. Dynamic and static conditions were compared and the adsorption

mechanism was proposed.

Chapter 5 elucidates the interactions between asphaltene surfaces in aqueous

solutions. Effects of solution pH, salinity, the addition of Ca®" were investigated.

Chapter 6 presents the study on the stability of asphaltene film on mica surface
which is based on the work in Chapter 5. The hydrophobicity of the mica surface

was varied and effects of solution pH and Ca®" addition were investigated.
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The overall conclusions of the study and suggestions for future work are

outlined in Chapter 7.
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CHAPTER 2 MATERIALS AND EXPERIMENTAL

TECHNIQUES

2.1 Materials

Asphaltenes used in this study are all n-heptane extracted from different
sources. Asphaltenes used in Chapter 3, Chapter 5 and Chapter 6 are from vacuum
distillation feed bitumen and asphaltenes used in Chapter 4 was from crude oil and
bitumen provided by the sponsor. The extraction processes for different types of

asphaltenes were different and the details are as follows.
Asphaltenes precipitated from vacuum distillation feed bitumen '

First, the vacuum distillation feed bitumen was dissolved in toluene at a
bitumen/toluene volume ratio of 1/5. Fine solids were removed using a centrifuge
and the toluene-free bitumen was obtained allowing the toluene solvent to evaporate
in a well-ventilated clean fume hood. The obtained toluene-free bitumen was mixed
with certified ACS grade n-heptane at a bitumen/heptane volume ratio of 1/40 and
the mixture was placed on a horizon shaker for 2 hours. The asphaltenes were
allowed to precipitate overnight and the precipitated asphaltenes were washed using
n-heptane until the supernatant of the solution was clear and colourless. During the
every single wash, the asphaltenes and n-heptane mixture was shaken for 2 hours and
left overnight for asphaltenes to precipitate. High-performance liquid
chromatography (HPLC) grade n-heptane was used for the final two washes. The
washed asphaltenes were left in the fume hood for 3 days to ensure that the n-

heptane evaporated completely. Normally it took one month to obtain pure
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asphaltene solid and the total mass of the dry asphaltene solids is ~12 wt% of that of

the original bitumen.
Asphaltenes precipitated from crude oil and bitumen (provided by sponsor)

High-performance liquid chromatography (HPLC) grade n-heptane was firstly
added into the crude oil or bitumen sample at a weight ratio of 30 to 1 using a flask 1
and the mixture was stirred and refluxed for 1 hour. Subsequently, the mixture was
cooled down and then stored in the refrigerator for two and half hours allowing the
asphaltenes to precipitate. Before the filtration, the mixture was required to return to
room temperature. Decant the liquid carefully through a suitable funnel lined with
Whatman No. 40 filter paper pre-wet with heptane, into a boiling flask 2. The flask 1
was rinsed three times with hot n-heptane and the remaining precipitated asphaltenes
were carefully transferred to the filter paper. The filter paper was placed in a Soxhlet
extractor and extracted by n-heptane until the solvent in the upper section of the
Soxhlet was clear. Methylene chloride was used to extract the asphaltenes on the
filter papers using another Soxhlet extractor. The asphaltenes in methylene chloride
solution were then concentrated and fully dried under nitrogen flow. The obtained
mass of the asphaltenes solid was about 10 wt% of the original crude oil or bitumen

sample.
2.2 Surface forces apparatus (SFA)

Surface force apparatus (SFA) has been used for several decades to directly
measure the intermolecular forces between surfaces. Since the pioneer work done by

Tabor, Winterton and Israclachvili>* SFA has been being developed and
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improved.”® After the development of early versions of SFA, such as SFA Mk I and
SFA Mk II, the most commonly used SFA are version Mk III and SFA 2000. The
Mk III, developed by Israelachvili and McGuiggan (1985-1989), was much more
compact than the previous versions and a new attachment called the bimorph slider

was developed as well for the friction force measurement.””

SFA 2000 used in this study was shown in Figure 2.1. SFA 2000 is designed to
have fewer parts and it is much more user-friendly and at the same time, it still
retains the good performance as the previous versions. Figure 2.2 shows a schematic
of the basic SFA 2000.® The main components are the micrometers, the main stage
containing the central single cantilever spring, the lower disk holder and the upper
disk holder. There are totally four different controls to determine the separation
distance between the upper surface and the lower surface. The lower surface can be
controlled by the differential micrometer and can be moved over a range of 2 mm
with a position accuracy of 2 A. The upper surface can be moved by a piezoelectric

crystal over a range of 1000 A with a precision of less than 1 A.

Figure 2.1 The picture of the SFA 2000 used in this study.
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Figure 2.2 Schematic drawing of SFA 2000.°

2.2.1Setup of the SFA measurement

Figure 2.3 shows a brief setup of a typical SFA experiment.'”"® Two back
silvered molecular smooth mica surfaces were glued onto two cylindrical silica discs
(of radius R). For the surface force measurement between asphaltene surfaces,
asphaltenes were coated on the mica surfaces that were already glued on the silica
discs. The two asphaltene surfaces were placed in a crossed cylinder configuration in
the SFA chamber which was locally equivalent to a sphere (of radius R) near a flat
surface or two spheres (of radius 2R) close together when the separation distance
D<R. Solvents or solutions were injected in between the two surfaces and allowed

to fill the gap between two surfaces. For the asphaltenes adsorption measurement,
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the asphaltenes solutions were injected in-situ between two mica surfaces after the

two mica surfaces were placed in the SFA chamber.
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Figure 2.3 A schematic of brief SFA setup.'*
2.2.2 Surface force measurement using SFA

Normal forces between two surfaces are determined based on the Hooke’s law.

The changed force AF = K Ax, where K is the spring constant supporting the lower

D

actual *

surface, and Ax = D,

 pplicd The applied separation D,pieq distance is measured

by the differential micrometer and motor-driven fine micrometer. The actual
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separation distance D, between two surfaces is determined using the multiple
beam interferometry (MBI) technique by employing fringes of equal chromatic order
(FECO).">'® The resolution of the force measured using SFA is 10 nN and the

accuracy of distance measurement is 1 A.

A typical force measurement is completed by approaching the two surfaces to
a “hard wall” (defined as the surface-surface separation where the confined film
thickness hardly changes with increasing normal load or pressure) for contacting for
some time followed by a separation. The measured interaction force F(D) is
commonly normalized by R (the curvature of the surface) and can be related to the
interaction energy per unit area between two flat surfaces by using the Derjaguin

approximation (Eq. 2.1):'°

W, (D)=L __ D)

= = 2.1
27 RR, 27R

when R;=R,=R.

The measured adhesion force F,; could be related to the adhesion energy per unit

area W,, using F,;=1.57RW,, for soft deformable surfaces.®

27



A =5460.7 A

Lateral distance, X (um)

5500 6000 6500
Wavelength, i [(A)

Figure 2.4 A colored FECO fringes in a typical force measurement (two surfaces in

adhesive contact).”
2.2.3Multiple beam interferometry (MBI)

MBI is an optical interference technique for determining the thickness and
refractive index profiles of thin films which has been described in details by S.
Tolansky in 1948 and J. Israelachvili in 1973."° The film thickness, surface
separation and surface deformations can be monitored in the SFA experiments using
the MBI technique. In a typical SFA measurement, when two surfaces come into
contact and white light normally passes through the two surfaces, the emerging
interference light is separated by a grating spectrometer into sharp fringes (FECO)
consisting of discrete wavelengths A’ (n =1, 2, 3, ...), as shown in Figure 2.4. If the
two mica sheets have the same thickness, the surface separation D and the fringe

wavelength A” can be correlated by
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2ﬁsin[7z(l—ﬂ: /A’f’)/(l—ﬁf/if,l )}

/A7) =
@b 4 (1+ 7)cos| 7 (1471 47)/(1=20 142) [+ (@ ~1)

(2.2)

where ‘+’ refers to odd order fringes (n odd), and ‘-’ refers to even order fringes (n
even). u is the refractive index of the medium between the two mica surfaces at 4"
, l,., is the refractive index of mica at A”, and zZ =y, /. The Eq. 2.2 can be

simplified to the following two approximate equations when separation is less than

30 nm.
F.(A)—A) L
D= % for n odd (positive sign in Eq.2.2) (2.2a)
lumica
F (A = AV,
p=" (4 5 o Vi for n even (negative sign in Eq.2.2) (2.2b)
y7,
where F,=21),/(A),—A.). By using the above equations, the distance D can be

determined by measuring the shifts in wavelengths of an odd and adjacent even

fringe. The accuracy is about 1 A for measurement of D in the range of 0-200 nm.
2.3 Atomic force microscope (AFM)

Atomic force microscope (AFM) has been widely used for a lot of applications,
such as in measuring the interaction forces, generating the topography of the surfaces

18-21 It

and determining the mechanical and electrochemical properties of the surfaces.
was invented by Binning et al. in 1986 after the success of scanning tunnelling
microscope (STM).*** As shown in Figure 2.5, the AFM mainly consists of a

cantilever with a sharp tip, a piezo scanner, a laser beam source and a quadrant

displacement sensor. In our study, tapping mode was used to obtain the topography
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of the surfaces where the cantilever is externally oscillated at or close to its
fundamental resonance frequency. Usually, the sample surface has bumps and
depressions. To keep the oscillation amplitude constant to maintain a constant tip-
sample separation, the adjustment of the sample surface can generate a 3-D mapping
of the sample surface. The interaction force measurement is conducted in a contact
mode and the force-distance profiles were obtained by approaching and retracting

the AFM tip on the measured surface.

Piezoelectric Tube Scanner

2425

Figure 2.5 Schematic of AFM working principle.

2.3.1Setup of AFM imaging

The topographic images of the sample surfaces in this study were obtained
using Asylum MFP-3D AFM (Asylum, Santa Barbara, CA, USA) under tapping

mode in air or tapping mode in liquid as required. For the imaging in air, the sample
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was fixed on a glass slide which could be immobilized on the sample stage. For the
imaging in liquid, the solution was injected into a fluid cell where the sample was
placed. For each surface, multiple positions were scanned to assure the

reproducibility.
2.3.2Setup of the AFM force measurement

The same AFM was carried out to conduct force measurement in aqueous
solutions in this study. Silicon nitride AFM tip was used to measure the interactions
between tip and surfaces. The surfaces were also fixed in a fluid cell as for the AFM
imaging in liquid. The interactions were measured at different locations of the

surfaces to ensure the reproducibility.
2.4 Quartz crystal microbalance with dissipation (QCM-D)

A QCM-D E1 system (Q-sense, Sweden) was used to quantify the adsorbed
amount of asphaltenes on quartz crystal sensor coated with silica from different
solvents. The quartz crystal used in this study is AT-cut crystals coated with silica
with the resonance frequency of 5 MHz. The quartz crystal sensor is a thin
piezoelectric plate with gold coated on each side as electrodes (Figure 2.6). So the
crystal sensor can oscillate at its resonance frequency when an AC voltage is applied.
The mass adsorbed on the sensor surface can induce the drop of sensor’s resonance
frequency Af. The equation that correlates frequency change (Af) and mass change

(Am) named Sauerbrey equation:

t A A
Am:_pqq f:_Pquzf:_CAf (2.3)
fon 2f,n n
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where p, and v, are the specific density and the shear wave velocity in quartz
respectively; 7, is the thickness of the quartz crystal, and f; is the fundamental
resonance frequency (when n = 1). C equals 17.7 ng Hz"' cm™ for the quartz crystal
used in this study. However, the Sauerbrey equation is only valid under the
following three conditions: 1) the mass adsorbed is evenly distributed; 2) the Am is
much smaller than that of quartz crystal itself and 3) the adsorbed layer is rigidly
attached to the crystal surface.”*”® The third condition can be satisfied only when
there is negligible energy dissipation (AD) observed. The dissipation change AD can
also be monitored simultaneously which is a result of energy loss due to the viscous
dissipation when the crystal oscillates with the adsorbed materials. In this study, the
liquid association with the adsorbed asphaltenes layer was very substantial which
gave a significant rise to the dissipation factor. Therefore, the Sauerbrey equation is
no longer valid for these cases and Voigt viscoelastic model embedded in Q-sense
Qtools was used to obtain the relationship between the mass of the adsorbed
asphaltenes layer and both changes of frequency and dissipation.”?" The Voigt
model can be expressed as follows by correlating the oscillation frequency Af,
dissipation factor AD, layer thickness 4, density p, viscosity 7, shear modulus ¢ and
circular frequency @ for a viscoelastic layer (index 1) on quartz crystal (index 0)
immersed in a bulk Newtonian fluid (index 2) as well as the penetration depth 6 of

this fluid.

~
~

2 2

4P n o
- =+ o-2h|—=| ——— 24
27phy | 6, l:hlpl h{é‘zJ H +771w2] -
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27 f pohy | 6, 8, ) wy +m@

5, = |2 (2.6)
PO

2.4.1QCM-D experiment setup

A detailed operational procedure of QCM-D experiment has been reported

29,31
elsewhere.??

First of all, the crystal sensor surface should be thoroughly cleaned
following the standard cleaning procedure for silica sensor surface which required a
10-min UV/Ozone clean, 30-min immersion in 2 wt% of sodium dodecyl sulfate
(SDS) solution and another 10-min UV/Ozone clean. After the sensor was cleaned
and carefully placed in the flow module, a baseline was then established by injecting
the background solvent using the pump where the frequency and dissipation changes
were defined as zero points. The main components of the QCM-D E1 system are
shown in Figure 2.6. After a steady baseline was reached, the asphaltenes solution
was injected into the flow module. When the asphaltenes adsorbed on the sensor
surface, there was a negative change in frequency and a positive change in

dissipation. The background solvent was injected again at the end of adsorption to

rinse off the unbounded or loosely bounded asphaltenes.
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Figure 2.6 (a) The quartz crystal sensors; (b) The main components of the QCM-D

E1 system. (http://www.biolinscientific.com/product/q-sense-explorer/)
2.5 Other techniques
2.5.1Contact angle measurement

The contact angles of water on different sample surfaces were characterized by

a sessile drop method using a standard goniometer (Model 250, Ramé-hart, USA). A
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droplet of Milli-Q water or aqueous solution was placed on the surface and the shape

of the drop was fitted by image processing software to determine the contact angle.
2.5.2 Micropipette tests

The micropipette technique was used to investigate the interactions between

2 In a typical

water-in-oil emulsion droplets in the presence of asphaltenes.
micropipette experiment, individual emulsion droplets can be manipulated using two
small suction pipettes. Using an inverted microscope, micropipette experiments can
be monitored in real time and recorded on video for further analysis. Figure 2.7,
Figure 2.8 and Figure 2.9 show the main stage of the instrument, a brief schematic of
the micropipette experimental setup, and a schematic of two water droplets
interacting in asphaltenes-toluene solution, respectively. Briefly, about 50 pl of
emulsified solution was placed in a sample cell that was assembled from microscope
cover slips. Micron-sized droplets in the emulsion could be observed with the
inverted microscope utilizing transmission bright-field illumination. Two small
suction pipettes were extended into the sample cell from opposite sides to manipulate
individual droplets. The pipettes were mounted on micromanipulators to enable their
continuous motions on a micrometer scale. To grasp individual droplets with
controlled forces, adjustable suction pressures were applied at the pipette tips, which
were accomplished by connecting the other ends of the pipettes to the syringes
through flexible tubings. The sequences were also recorded for subsequent analysis.

In this study, thirty pairs of droplets were collected for statistics analysis under each

fixed experimental condition.
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Figure 2.7 The left picture shows the main stage of the instrument. The part in the

red dash line is the in-house made cell for capturing the emulsion solution.

suction pipette

-

-
I —— W micro manipulate

TV

monitor
camera /
microscope ::I/\ VCR

Figure 2.8 A brief schematic of the micropipette experimental setup.
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asphaltene in toluene solution

Figure 2.9 Two water droplets interacting in asphaltenes-toluene solution.
2.5.3 Computer-controlled 4-roll mill technique

The computer-controlled 4-roll mill can be applied to study a broad range of
problems of (steady or time-dependent) flow-induced deformation, breakup, and
coalescence of droplets or particles suspensions. In this research, a computer-
controlled 4-roll mill was used to analyze the stability and coalescence of water-in-
oil droplets, mainly the interaction of water-in-toluene droplets stabilized by
asphaltene at the interface. Figure 2.10 (left) shows the schematic of experiment
setup for a computer-controlled 4-roll mill based on Prof Gary Leal’s design, which
normally consists of a container with four equal size cylinders (called rollers)
arranged at the vertices of a square.”>>° Rumschel F. ef al. have also used a similar
technique called four-roller apparatus to study the drop behaviour.”” The 4-roll mill
designed and applied in this study is much advanced. Each roller is connected or
geared to a stepping motor driven by a motor controller which is interfaced with the
computer for the control. By controlling the step motor, the rollers rotate and thus
generate a flow in the surrounding fluid. The fluid motion is lit by the light source
above and imaged with a CCD camera connected to a magnifying lens. Depending

on the rotation direction and speed of the cylinders, a variety of two-dimensional
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linear flows can be easily realized ranging from purely rotational to a pure straining

to mimic real industrial flow processes.

“5"'(:;i;ight Source

Motor Controller
= Step Motor '
£oTRLLEmE “ Frame Grabber ;l |
CCD Camera Computer

Figure 2.10 Schematic and picture of the assembled computer-controlled 4-roll mill

device for investigating droplet-droplet interactions under flow conditions.®
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CHAPTER 3 PROBING MOLECULAR INTERACTIONS OF
ASPHALTENES IN HEPTOL USING A SURFACE FORCES
APPARATUS: IMPLICATIONS ON STABILITY OF WATER-

IN-OIL EMULSIONS

3.1 Introduction

Asphaltenes are present in crude oil and bitumen products, which are
practically defined as a solubility class soluble in toluene but insoluble in n-alkanes
such as n-heptane. Generally, asphaltenes are considered to consist of polycyclic
rings and peripheral alkane side chains with heteroatoms (e.g. N, O, S) in the form of
functional groups including acid and base.! The combination of hydrophobic
hydrocarbon structures and the hydrophilic polar groups renders asphaltenes
interface active. Therefore, asphaltenes can readily adsorb onto both oil/water and
oil/solid interfaces and change the interfacial properties and behaviors, leading to
many challenging issues in oil production. For example, the adsorbed asphaltenes on
oil/water interface are reported to play a critical role in stabilizing the water-in-oil
emulsions by forming a protective interfacial coating.>” These emulsions are highly
undesirable,”” because the contained salt ions (e.g. CI)) can induce corrosion of the
downstream equipment and transportation devices. Moreover, phase separation and
precipitation of asphaltenes can occur during transportation due to changes of
environmental conditions (e.g. temperature and pressure change), resulting in serious
problems like equipment fouling and pipeline/wellbore plugging. Over the past

several decades, much effort has been made to study the properties and behaviors of
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asphaltenes under different conditions in terms of their aggregation, precipitation,

deposition and interfacial adsorption behaviors.'**'

Fundamentally, the properties and behaviors of asphaltenes in organic media
are largely determined by the molecular interactions of asphaltenes. Generally, the
attraction between asphaltene molecules will lead to asphaltenes aggregation and
further precipitation, while intermolecular repulsion corresponds to a stable
dispersion of asphaltenes. Aromaticity of the organic media, which determines the
solubility of asphaltenes, is a significant factor impacting the molecular interactions
of asphaltenes, thereby affecting their aggregation and precipitation behaviors. The
stability and aggregation behaviors of asphaltenes in various organic solvents have
been experimentally investigated and several aggregation models are also
proposed.'"'**? Some researchers reported that the asphaltenes could aggregate in
the same way as surfactants due to the amphiphilic nature.'*% Rogel et al.
reported critical micelle concentration (CMC) in organic solvents for asphaltenes
from surface tension measurement, which varied with solvent type. On the other
hand, some other researchers showed that the aggregation behavior of asphaltenes
was similar to polymer association process due to some polymer-like properties of

027 and the high molecular weight of certain asphaltene

asphaltene aggregates
compositions.”® Despite many aggregation models proposed, there are still some
debates regarding the molecular interaction mechanisms involved, and there is only
limited work directly correlating the macroscopic aggregation behaviors of

asphaltenes with their measured intermolecular interactions in different organic

media. Wang et al. applied an atomic force microscopy (AFM) with asphaltenes
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coated silica probe to measure the interaction forces between asphaltenes in organic

230 However, the swelling thickness of asphaltenes could not be directly

solvents.
measured using AFM. Surface forces apparatus (SFA) was applied to measure the
intermolecular interaction of asphaltenes in pure toluene and n-heptane as well as

312 No report is

probe the swelling behaviors of asphaltenes simultaneously.
available on simultaneously probing interaction forces and swelling behaviors of
asphaltenes in a mixture of good and poor solvents (i.e. heptol solvent with varying

toluene/n-heptane ratio, mimicking commercial naphtha-based solvent for froth

treatment in oil sands bitumen extraction) using nanomechanical tools such as SFA.

The molecular interaction of asphaltenes in organic media is also one of the
determining factors for the stability of water-in-oil emulsions. Due to the interfacial
activity, asphaltenes have been reported to adsorb onto oil/water interface in the
form of monomer, aggregates and clusters.'®*>® The interfacial asphaltenes can
form a protective coating around water droplets and induce repulsion against droplet
coalescence.’” The properties of the interfacial asphaltenes films were also
characterized using different techniques and correlated to their aggregation state at
interfaces, and the results showed that interfacial films of asphaltenes formed in a
relatively “poor” solvent would be denser, thereby enhancing the stability of the
water-in-oil emulsions.”®” Thus, understanding and correlating the behaviors of
water-in-oil emulsion droplets with the interaction forces between asphaltene
molecules in organic solvents is of both fundamental and practical importance to
understand the stabilization mechanism of water-in-oil emulsions in the presence of

asphaltenes.
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In this work, the molecular interactions between asphaltene surfaces in heptol
solvents of varying toluene/n-heptane weight ratio have been directly probed using
an SFA, and the measured interaction results are further correlated to the stability of
water-in-oil emulsions. A micropipette technique was applied to qualitatively
evaluate the interaction and stability of two water-in-oil emulsion droplets attached
to glass pipettes, and the impact of water chemistry (e.g. salts, salinity) was
investigated. A computer controlled 4-roll mill fluidic device was built, and the
interactions of free-suspending water-in-oil emulsions under dynamic flow condition
were also monitored. The results provide insightful information on the basic
molecular interaction  mechanism of asphaltenes as well as the

stabilization/destabilization of water-in-oil emulsions.
3.2 Materials and Experimental Methods
3.2.1 Materials and asphaltenes extraction

The detailed procedure of extracting asphaltenes from vacuum distillation feed
Athabasca bitumen has been reported elsewhere.*’ Briefly, vacuum distillation feed
bitumen was dissolved in toluene at a bitumen to toluene volume ratio of 1:5. Solids
were removed by centrifuge and the toluene was allowed to evaporate in a well-
ventilated fume hood to obtain the toluene-free bitumen. The toluene-free bitumen
was then added to certified ACS grade n-heptane at a volume ratio of 1:40 (bitumen
to n-heptane) for asphaltenes precipitation. The precipitated asphaltenes were
washed using n-heptane until the supernatant of the solution was clear and colorless.

High-performance liquid chromatography (HPLC) grade n-heptane was used for the
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final two washes. The total mass of the dry asphaltenes solids obtained was ~12 wt%
of the original bitumen. HPLC grade toluene, n-heptane and certified ACS grade n-
heptane (99%) were all purchased from Fisher Scientific Canada and used as
received. HCI, NaOH, NaCl and CaCl,-2H,0O used in different tests were all
purchased from Fisher Scientific Canada. Mica sheets were purchased from S & J
Trading Inc. (Glen Oaks, NY). Heptol was prepared by mixing the HPLC grade

toluene and n-heptane with different toluene weight fractions of @ = 0.8, 0.5, 0.2.
3.2.2 Surface forces measurement using the SFA

SFA was used to measure the intermolecular interaction forces of asphaltenes
in heptol. The detailed setup of the SFA experiments has been widely reported
elsewhere.”'** The asphaltene films on mica surfaces were prepared by drop coating
method. Several drops of 0.5 wt% asphaltenes toluene solution were placed on the
freshly cleaved, back-silvered mica sheets (thickness of 1-5 pm) which were already
glued on cylindrical silica disks (radius R = 2 cm). The surfaces were then
thoroughly flushed with HPLC-grade toluene after 15 minutes, and the surfaces were
kept under vacuum overnight to remove the residual solvent. The prepared
asphaltene surfaces were then mounted in the SFA chamber in a crossed-cylinder
configuration which was locally equivalent to a sphere of radius R against a flat
surface when the surface separation D<R. The normal forces F' between the curved
surfaces were measured as a function of absolute surface separation distance D with
force sensitivity and absolute separation distance accuracy down to <10 nN and 0.1
nm, respectively. The absolute surface separation can be monitored in real time and

in situ using an optical technique called multiple beam interferometry (MBI) by
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employing fringes of equal chromatic order (FECO). Each measurement was

repeated at least three times under a fixed experimental condition.

In this study, the interaction forces between asphaltene surfaces were measured
in heptol using the SFA in a configuration shown in Figure 3.1. The reference
distance (D = 0) was determined at the adhesive contact between two bare mica
surfaces in air. The thickness of two dry asphaltenes films was measured at their

adhesive contact in the air and determined to be ~5 nm per film.

Asphaltenes

Heptol solvent
Mica W Asphaltenes

(a)
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0.4 nm

-0.4 nm - -2.9 nm
(b) (c)

Figure 3.1 (a) The experimental configuration of surface forces measurement

between two asphaltene surfaces with solvent injected in between. AFM images of

(b) a bare mica surface and (c) the drop-coated asphaltene film on mica. The scan

size of the images was 1 umx1 pm.
3.2.3 The morphology characterization of asphaltene films using AFM

The morphology of the asphaltene films was characterized by AFM
(Dimension ICON, Bruker, Santa Barbara, CA, USA) using tapping mode in air. The
impacts of different solvents on the surface morphology of asphaltene films was
investigated by treating asphaltene films in the different solvents for 2.5 hours, and

then the treated surfaces were kept under vacuum overnight before imaging.
3.2.4 Micropipette tests

Micropipette technique was employed to test the stability of water-in-oil
emulsion droplets with asphaltenes adsorbed at interfaces in toluene. In the
micropipette experiment, two individual emulsion droplets were manipulated using

two small suction pipettes. The experiments could be monitored in real time through
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an inverted microscope and was recorded on videos for analysis. A detailed setup of
micropipette was reported by A. Yeung et al.’' Briefly, about 50 pl emulsions was
placed in a sample cell. Two micron-sized droplets were found and manipulated by
two small pipettes which were inserted into the sample cell from two opposite sides.
Adjustable suction pressures were applied at the pipette tips to grasp individual
droplets by connecting the other ends of the pipettes to the syringes through flexible
tubings. The applied compression was controlled by a micromanipulator connected
to the pipettes which allowed continuous motion. Maximum one-minute contact time

was applied unless coalescence occurred in less than a minute.

Here the water-in-oil emulsions with asphaltenes were prepared as follows. 10
wt% of Milli-Q water or salt solutions were added into asphaltenes in toluene
solutions with asphaltenes concentrations of 0.3 wt% and 1.0 wt%. The mixture was
shaken by hand for about 5 seconds to obtain the water-in-oil emulsion, which was
then used for micropipette test. Thirty pairs of emulsion droplets with approximately
equal size were studied for every single test condition. The pH of Milli-Q water was
adjusted by adding HCI and NaOH. NaCl and CaCl, solutions were prepared by
dissolving the desired amount of NaCl and CaCl,-2H,O in Milli-Q water

respectively.

3.2.5 Computer-controlled 4-roll mill fluidic device for the study of droplet

interactions under dynamic flow condition

A computer-controlled 4-roll mill fluidic device was in-house built (Figure S

3.1) and used to investigate the interaction and coalescence behavior of multiple
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free-suspending water-in-oil (toluene) emulsion droplets with asphaltenes under
flowing conditions. The modified computer-controlled 4-roll mill was built based on

3233 \which consists the main chamber

a design reported by L.G. Leal and co-workers,
with four equal size cylindrical rollers arranged at the vertices of a square. By
controlling the rotation speed and direction of the 4 rollers of the 4-roll mill, four

kinds of flow type can be obtained. The detailed setup of the computer-controlled 4-

roll mill can be found in the Supporting Information.

For the 4-roll mill experiment, water-in-oil emulsions were prepared by
dissolving desired amounts of asphaltenes into toluene, and then introducing a
desired amount of water into the asphaltenes solution and dispersing the mixture
using a homogenizer. Selected water-in-oil emulsion concentrate was collected,

injected and suspended into toluene in the 4-roll mill chamber.

3.3 Results and Discussion

3.3.1 The morphology of drop-coated asphaltene film on mica

AFM was applied to characterize the morphology and roughness of asphaltene
films drop-coated on the freshly cleaved mica. The bare mica surface was flat and
featureless as shown in Figure 3.1b, whereas the drop-coated asphaltene film showed
a uniform layer of asphaltene aggregates as shown in Figure 3.1c. The root-mean-

square (RMS) roughness of the asphaltene film was about 0.5 nm.

3.3.2 Interactions between asphaltene surfaces in pure toluene

Toluene is a well-known good solvent for asphaltenes. SFA force measurement

between two asphaltene films in toluene was performed to understand the interaction
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mechanisms between asphaltenes in a good solvent. During a typical force
measurement cycle (approach and separation), the two surfaces were moved to
approach each other and kept in contact for a selected time, and then the surfaces
were separated. The hard wall thickness was defined as the confined film thickness
which did not significantly change with increasing the normal load or pressure. A
typical force-distance profile is shown in Figure 3.2. The finite hard wall thickness D
~35 nm in toluene measured by the SFA (Figure 3.2) indicated that asphaltenes
strongly adhered to the mica surfaces, and toluene was not able to dissolve or wash
away the adsorbed asphaltene layers, which could be likely due to the strong van der

Waals attraction between the polar groups of the asphaltenes and the mica surface.”’

As shown in Figure 3.2, pure repulsion was detected during both approaching
(denoted as “in”’) and separation (“out”) between two asphaltene surfaces in toluene.
As compared with the confined (dry) thickness ~10 nm of two asphaltene films, as
indicated by the dashed line shown in Figure 3.2, the two asphaltene films swelled
~25 nm in toluene which corresponds to ~12.5 nm for each asphaltene film. The
relatively long range repulsion measured during approaching suggested that the
swollen asphaltene films were flexible and soft in the good solvent toluene. The
measured repulsion between the asphaltene films was mainly attributed to the steric

interaction between swollen asphaltenes chains in toluene.
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Figure 3.2 The force-distance profile between two asphaltene surfaces in pure
toluene, i.e., ® = 1. The black and red curves are for approaching (in) and separation

(out), respectively.
3.3.3 Interactions between asphaltene surfaces in heptol and pure n-heptane

The interaction of asphaltene surfaces in pure n-heptane and heptol solvents
with different weight fraction (o) of toluene were also investigated using SFA.
Figure 3.3a, b and c present the typical force-distance profiles measured in heptol
with toluene weight fraction of ® = 0.8, 0.5 and 0.2, respectively. For all the cases,
pure repulsion was measured during approach. However, adhesion of F,¢/R ~ -1.3
mN/m (Wq ~ 0.28 mJ/m?) was measured for ® = 0.8 during separation after the two
asphaltene surfaces were kept in contact for 1 min. It is noted that the force-distance
curves do not overlap during approach (in) and separation (out), which was mainly
due to the interaction differences between the asphaltene surfaces during approach
and separation, also known as adhesion hysteresis. **°° As the weight fraction of

toluene decreased to @ = 0.5 and o = 0.2, the adhesion measured during the
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separation increased to Fpg/R ~ -2.5 mN/m (Wy ~ 0.53 mJ/mz) and F,4y/R ~ -3.0
mN/m (W,s ~ 0.64 mJ/m?) respectively. The separation curves also showed
stretching behaviors in heptol (o = 0.8, 0.5 and 0.2), suggesting that the asphaltenes
were partially swollen in heptol. In pure n-heptane (® = 0), adhesion of F,¢/R ~ -4.5
mN/m (W, ~ 0.95 mJ/m?) was detected (Figure 3.3d) during separation, indicating
strong adhesion between asphaltenes in n-heptane. Figure 3.3e summarizes the
normalized adhesive force (F,4/R) and the adhesion energy (W,q) as a function of the
weight fraction of toluene in heptol, including pure n-heptane (o = 0) and toluene (®
= 1). It can be clearly seen that the normalized adhesive force and adhesion energy
between asphaltenes decreased as the weight fraction of toluene increased, and

finally diminished in pure toluene.

The increased adhesion measured above between asphaltene surfaces with the
addition of n-heptane plays a critical role in the increased tendency of asphaltene
molecules to aggregate in heptol with higher content of n-heptane, a poor solvent for
asphaltenes. Moreover, the range of repulsive forces during approach was observed
to decrease slightly with increasing the weight fraction of n-heptane, and the
thickness of the confined asphaltene films also appeared to be smaller as compared
to that in pure toluene (Figure 3.2). All of these results indicate that the asphaltene
molecules tend to adapt a more compressed conformation with the addition of n-
heptane. Figure 3.4 shows a schematic of the conformational change of the
asphaltene molecules in heptol with different weight fraction of toluene. In pure
toluene (Figure 3.4a), a good solvent, the asphaltene molecules could swell and show

fully extended conformation. In heptol, the asphaltene molecules became less
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swollen and partially aggregated due to the presence of poor solvent n-heptane

(Figure 3.4b). Eventually, in pure n-heptane, the asphaltene molecules strongly

aggregated with each other and formed a much more compressed layer (Figure 3.4c).
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Figure 3.3 The force-distance profiles between two asphaltene surfaces interacting
in heptol with different toluene weight fractions of (a) ® = 0.8, (b) ® = 0.5, (¢c) ® =
0.2, and (d) in pure n-heptane, i.e. ® = 0. The black and the red curves are for
approaching (in) and separation (out), respectively. (e) The normalized adhesion
forces (Fag/R) and adhesion energy (W,q) as a function of the weight fraction of
toluene () in heptol obtained from SFA measurements: ® = 0, pure n-heptane; @ =
1, pure toluene. The normalized adhesion forces, F,4/R is on the left ordinate and the

adhesion energy per unit area, W,q (Wag=Faq/1.57R) is on the right ordinate.
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Figure 3.4 Schematic of the conformational change of asphaltene surfaces in
different organic solvents: (a) toluene, (b) heptol, (c¢) n-heptane. Red and green
symbol represent the aromatic ring structures of the asphaltene molecules. Small dots

present the solvents.

3.3.4 The impact of solvent conditions on the surface morphology of asphaltene

films

N 2.9 nm 2.9 nm ¥,

-2.9 nm S— . -2.9 nm
(a) (b) (©)

Figure 3.5 AFM images of the drop-coated asphaltene films on mica after
incubation in (a) toluene (o = 1.0), heptol with toluene fraction of (b) ® = 0.5 and (c)
n-heptane (® = 0) for 2.5 hours. The images were taken after films were dried under

reduced pressure overnight. The scan size of the images was 1 umx1 pm.
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In order to further understand the impact of solvents on the conformational
changes of asphaltenes, the morphology of asphaltene films after treating with heptol
solvents was characterized. Figure 3.5a, b and ¢ show AFM images of asphaltene
films after incubation in different solvents, i.e. toluene, heptol, and n-heptane,
respectively. Comparing to the morphology of dry asphaltene film (after treated with
poor solvent, n-heptane) shown in Figure 3.1c, larger aggregates/domains formed
after incubation in toluene as shown in Figure 3.5a. Figure 3.5 also shows that the
RMS roughness of the dry asphaltene film gradually increased from ~0.5 nm to ~1
nm and the peak-peak value increased from ~6 nm to ~8 nm, as the solvent
conditions changed from good solvent toluene to heptol and then to poor solvent n-
heptane. The formation of relatively larger aggregates/domains after incubation in
toluene suggests that the asphaltene molecules can swell to have extended
conformation in the good solvent. According to previous studies, asphaltenes could
adsorb onto mica surface through most of the polar functional groups, leaving the
aromatic rings and peripheral aliphatic chains extending in toluene. The opposing
swollen asphaltene aggregates/chains could repel each other when brought together,
inconsistency with the repulsive forces detected by the SFA. The finite hard wall
distance (D ~ 15 nm) measured in pure n-heptane (Figure 3.3d) as compared with D
~ 25 nm in pure toluene (Figure 3.2) indicates that asphaltene films have the much
less swelling capability in poor solvent n-heptane than that in the good solvent

toluene.
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3.3.5 The nature of interaction forces between asphaltene surfaces in heptol

The repulsive forces detected during approaching in the SFA experiments
above were most likely attributed to the steric forces between the opposing
asphaltene molecules of the two surfaces. The aromatic rings structures (also some
flexible secondary chains) would swell in good solvent toluene whereas the aliphatic
chains would show affinity to n-heptane. Since the swollen aromatic ring structures
and/or the aliphatic chains of the asphaltene molecules may bear some similar
behaviors in steric interactions as swollen polymer brushes, Alexander—de Gennes
(AdG) scaling model was applied here to fit the approach force curves. The AdG
model describes the steric forces between surfaces covered with end-tethered,
monodisperse and neutral polymer brushes in good solvents.’*® When two polymer
brush layers approach and overlap with each other, the local density of the polymer
segments will increase, resulting in an increase of the osmotic pressure and repulsive
interaction energy. The repulsive pressure between two planar brush layers
according to the AdG model is described in Eq. 3.1

)9/4_(2)3/4} for D<2L, 3.1)

P(D)~—
(D) D 2L

3
S

kT[(z_L

where k£ denotes the Boltzmann constant and 7 is temperature, s is the mean distance
between two grafting points on the surface, L is the brush layer thickness on one
surface.”® The surface forces between two asphaltene surfaces in the configuration of
SFA measurement can be given by Eq. 3.2 according to the Derjaguin

approximation® which correlates F(D) between two curved surfaces to the
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interaction free energy between two planar surfaces. R is the radius of local curvature

for the surface forces measurement using SFA.

F(D) C16KTL[ 2L 54 o, D s
T_znjp(p)dz)_ oo [7(D) +5() 12} (3.2)

Figure 3.6 shows the fitting curves of measured repulsive forces between two
asphaltene surfaces in heptol using the AdG model. It was found that the AdG model
could well fit all the measured repulsive force curves at short separation distance
under high compression (shown as dash lines), while deviation was found at longer
separation distance under relatively low compression. The weak repulsive forces
measured at relatively long separation distance might originate from some protruding
polydispersed aliphatic chains on asphaltene aggregates and/or could be due to the
complexity and polydispersity of secondary chains of the asphaltene molecules.’!
The additional weak repulsive force originated from the polydispersed chains is not
considered in the AdG theory which is for monodisperse brushes. Therefore, AdG
model with another independent set of fitting parameters was applied to fit the force

curves in the lower compression regime, shown as solid lines in Figure 3.6.
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Figure 3.6 The experimentally measured force-distance profiles (dot curves) and
theoretically fitted curves using the Alexander-de Gennes (AdG) model for two
interacting asphaltene surfaces in pure toluene (o = 1), heptol with different toluene
weight fractions (o) and n-heptane (o = 0). The dash and solid lines are the fitting

curves under higher and lower compression regime, respectively.

Table 3.1 summarizes the fitting parameters L and s using the AdG model in
both high and relatively lower compression regimes. The L represents the thickness
of the asphaltene aggregates under higher compression and the length of the
polydispersed aliphatic side chains protruding from the asphaltene aggregates or
molecules under lower compression, respectively. In good solvent toluene, due to the
formation of large swollen aggregates and extension of flexible secondary chains, the

L value was the largest in both lower and higher compression regimes. In heptol with
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toluene fractions of 0.8 and 0.5, the L values were very close to each other but
smaller than that in pure toluene. With toluene fraction of 0.2, L was even smaller,
and in pure n-heptane, L value reached the smallest. For the toluene fraction of 0.8,
0.5, 0.2 and 0, the s values did not show significant differences. Whereas the s value
in toluene case was relatively larger as compared to other four cases, which might be

due to the most extended conformation of asphaltenes in the good solvent toluene.

Table 3.1 The fitting parameters (L and s) using the Alexander-de Gennes model for
the experimentally measured force-distance profiles under both high and low
compression regimes according to Figure 3.6. Low: low compression regime. High:

high compression regime.

Low High Low High Low High Low High Low High

L (nm) 31.7 275 236 203 234 208 19.0 135 153 11.7

s(nm) 42 26 3.4 2.0 3.5 1.8 3.6 1.5 3.4 1.7

3.3.6 The stability of water-in-oil emulsion droplets with asphaltenes

Asphaltenes have been believed to play a role in the stabilization of water-in-
oil emulsions during oil production. As discussed above, asphaltenes can swell and

sterically repel each other in a good solvent like toluene, while attracting each other
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in a poor solvent like n-heptane. Here, the interaction of water-in-oil (toluene)
droplets in the presence of asphaltenes was investigated by using the micropipette
technique to better understand their stabilization and interaction mechanisms in good
solvent toluene. The impacts of water chemistry (e.g. pH, salts type and salinity) and

asphaltenes concentrations were also investigated.

Figure 3.7 shows some typical sequential images captured during the
interaction of two emulsion droplets: non-coalescence case (series al-a3) and
coalescence case (series bl-b3). In Figure 3.7a and b, images (1), (2) and (3)
represent the three stages of interaction: approaching/in contact, in contact under
compression or coalescence (if occurred) and separation. For one case (al-a3), the
two droplets were brought into contact for 1 min under compression, and no
coalescence was observed. For another separate case (b1-b3), larger deformation was
caused by slightly higher compression, and the two droplets were observed to
coalesce into one single droplet after several trials of collision. The real-time
interaction processes can be found in the Supporting Information (Movie S 3.1 and
Movie S 3.2). It is noted that in the micropipette tests, the two emulsion drops were
carefully aligned for “head-on” collision so the effects of interfacial sliding could be
minimized. However, interfacial shearing could still play a role in the interaction if
the two drops were compressed under high load that led to interfacial
displacement/shift of the drops, which could contribute to the coalescence observed

in Figure 3.7b and Movie S 3.2.

61



(b1) (b2) (b3)

Figure 3.7 (a) and (b) show the sequential images (image size: 400 pmx300 um) of
the interaction of two water (with 0.01 M CacCl,)-in-oil emulsion droplets with 0.3
wt% asphaltenes in toluene visualized by the micropipette technique: series (a) and
(b) 1s the non-coalescence case and coalescence case, respectively; (1), (2) and (3)
represent the three stages respectively: approaching/in contact, in contact under

compression or coalescence (if occurred) and separation.
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Figure 3.8 The percentage of non-coalescence pairs of emulsion droplets in thirty
pairs as a function of water pH (4, 8.5, 10), concentration of CaCl, (10, 100, 1000
mM), concentration of NaCl (1, 10, 100 mM), concentration of asphaltenes in
toluene (0.3 wt%, 1.0 wt%). Red bar: Milli-Q water with different pH of 4, 8.5 and
10 in 0.3 wt% of asphaltenes in toluene solution. Orange bar: 10, 100, 1000 mM
CaCl, solutions in 0.3 wt% of asphaltenes in toluene solution. Green bar: 1, 10, 100
mM NaCl solutions in 0.3 wt% of asphaltenes in toluene solution. Blue bar: 1, 10,
100 mM NaCl solutions in 1.0 wt% of asphaltenes in toluene solution. Coalescence

tests for each set of condition were repeated independently for at least three times.

Figure 3.8 summarizes the percentage of non-coalescence case of water-in-oil
emulsion droplets under different solution conditions in toluene, which include
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various pH (4, 8.5, 10), Ca?" concentration (10, 100, 1000 mM) and Na*
concentration in water (1, 10, 100 mM), and asphaltenes concentration in toluene
(0.3 wt%, 1.0 wt%). With asphaltenes concentration of 0.3 wt%, 83% of emulsion
droplets did not coalesce at pH=4, and increasing water pH only slightly facilitated
coalescence of the emulsion droplets. The addition of Ca®" slightly enhanced the
coalescence which was most likely because Ca®" could “bridge” two interfacial
asphaltene layers through the interactions with carboxyl groups (-COOH) on the
asphaltene molecules. Coalescence of the emulsion droplets was significantly
inhibited when the asphaltenes concentration increased to 1.0 wt%, indicating more
asphaltenes adsorbed to the water/oil interfaces could provide a stronger steric
barrier for preventing the coalescence of the emulsion drops. The results in Figure
3.8 suggest that (1) solution pH and presence of monovalent ions (e.g. Na') do not
significantly affect the coalescence of water drops in asphaltene-toluene solution, (2)
the presence of Ca”" can slightly enhance the coalescence through bridging
interaction with carboxyl groups on the asphaltene molecules, and (3) the
asphaltenes adsorbed at water/oil interface provide strong steric hindrance to prevent
the coalescence of the emulsion drops and the amount of asphaltenes at the water/oil
interface plays a significant role. It should be also noted that even for the
coalescence cases, certain compression and contact time were needed, and no
coalescence occurred immediately when the two droplets were brought into contact.
Therefore, generally, the emulsion droplets could not easily coalesce for all the
conditions which is consistent with the repulsive forces measured between

asphaltene surfaces in toluene by SFA.

64



Asphaltene molecules are believed to adsorb onto the water/oil (toluene)
interfaces which could help stabilize the emulsion droplets by forming a protecting
coating and inducing repulsive forces between emulsion droplets. Figure 3.9a shows
that a crinkled “skin” could form around the water droplet when the water droplet
was contracted in asphaltenes-in-toluene solution, which indicates the presence of an
interfacial asphaltene layer. The asphaltene molecules in this interfacial layer can
swell and stretch into the toluene phase resulting in steric repulsion between two
emulsion droplets which acts as a protective layer to inhibit drop coalescence, as
shown in the schematic in Figure 3.9b. Therefore, droplet coalescence could hardly
occur, while sufficient contact time and relatively high compression would be
generally required to overcome the repulsion due to the protective asphaltenes
coatings of the two emulsion droplets. Long contact time would increase the
possibility of the interpenetration of the interfacial asphaltene molecules which
might allow direct contact of water molecules of the two drops to facilitate
coalescence. High compression could lead to larger deformation of the droplets and
induce rearrangement or displacement of the interfacial asphaltene molecules, also
facilitating droplet coalescence. Nevertheless, the micropipette tests show that even
increasing contact time and compression load would not efficiently induce droplet

coalesce of water-in-oil emulsion in the presence of asphaltenes.
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Figure 3.9 (a) Microscopic image showing a crinkled “skin” around the water
droplet in asphaltenes-in-toluene solution when the water droplet was contracted to a
smaller size indicating the adsorption of asphaltenes onto the water/toluene interface.
(b) Schematic of two water-in-oil emulsion droplets interacting in toluene with

asphaltenes at interfaces.

To better understand the interaction of water-in-oil emulsion drops with
asphaltenes under dynamic flow condition (in contrast to static droplets in
micropipette tests), a computer-controlled 4-roll mill was built and applied to explore
the impact of external flow conditions. Here, only the interaction of multiple drops
and effect of interfacial shearing on the drop coalescence are reported. A more
detailed study on head-on collision of one pair of emulsion drops under different

flow conditions will be reported separately.

Figure 3.10 shows the captured microscopic images of the interaction of one
droplet (indicated as A drop with diameter ~131 pm) with multiple neighboring
droplets, particularly against the B drop with diameter ~164 um, under extensional
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flow condition with a shear rate of 0.16 s™ (Figure S 3.2). The interaction process
can be found in Movie S 3.3 in the Supporting Information. Initially (t=0 s), the drop
A and drop B were not in contact (Figure 3.10a). At t= 0.58 s, drop A was brought
into contact with drop B and then started sliding along the drop B under the external
extensional flow. Coalescence occurred within ~0.7 s as shown in Figure 3.10b, c, d
and e. The above results indicate that interfacial sliding or shearing between the
contacting water-in-oil drops under external flow could induce drop coalescence,
which was most likely attributed to the conformation change and displacement of
interfacial asphaltene molecules and/or aggregates caused by the sliding thus

allowing direct contact of water of the two drops for coalescence.

Both micropipette tests on static emulsion drops and 4-roll mill tests on drops
under dynamic flow have demonstrated that (1) the interfacial asphaltenes play a
critical role in stabilizing the water-in-oil emulsions and inhibiting their coalescence,
and (2) proper collision angles and compression are required to cause interfacial
sliding or shearing between the contacted emulsion drops due to the crowding of the
multiple drops under external flow, which locally destabilizes the protective
interfacial asphaltene layers and thus enhances the coalescence probability of the
water-in-oil emulsion drops; otherwise, the emulsion droplets would tend to be

separated under the external flow and coalescence could not occur.
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(e) Just coalesced at t=1.28 s (f) After coalescence at t=2.47s

Figure 3.10 Microscopic images of a coalescence case for the interaction of multiple
water-in-oil (toluene) emulsion droplets in the presence of asphaltenes under

extensional flow field probed using a computer-controlled 4-roll mill fluidic device.
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3.4 Conclusions

The molecular interactions of asphaltenes in organic solvents are related to
challenging issues such as asphaltene aggregation, precipitation as well as
undesirable water-in-oil emulsions in many oil production processes. In this work,
using surface forces apparatus, micropipette and 4-roll mill fluidic device, the
molecular interaction mechanisms of asphaltenes were directly probed in heptol with
different toluene/n-heptane ratio. It was found that the solvent condition could
significant impact on the interactions between asphaltenes. As the weight ratio of
toluene (®) in heptol decreased from 1 to 0 (i.e., 1, 0.8, 0.5, 0.2, 0), the interaction
between asphaltene surfaces gradually changed from pure repulsion to weak
attraction. The repulsive forces measured were mainly due to the steric interaction
between the swelling asphaltene molecules and/or aggregates on the opposing
surfaces. In good solvent toluene, the measured repulsion also well agreed with the
results from micropipette tests and 4-roll mill tests, which demonstrate that
asphaltenes can adsorb to the water/oil interfaces and inhibit the coalescence of the
emulsions. The results from 4-roll mill tests suggest that proper collision angles and
compression are required to cause interfacial sliding or shearing which locally
destabilizes the protective interfacial asphaltene layers and thus enhances the
coalescence probability of the water-in-oil emulsion drops. The results provide
insights into the fundamental understanding of the stability mechanism of water-in-
oil emulsions and their destabilization behaviours under flow condition. The

methodologies used in this study can be extended to many other emulsion systems.
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Supporting information
Computer-controlled 4-roll mill setup

The modified computer-controlled 4-roll mill fluidic device was in-house built
and modified based on a design reported by Professor L.G. Leal and co-workers, >
which consists the main chamber with four equal size cylindrical rollers arranged at
the vertices of a square. Figure S 3.1a shows the schematic of the in-house built
computer-controlled 4-roll mill. Each roller is coupled or geared to a stepping motor
driven by the motor controller which is connected to a computer for automatic
control. By controlling the step motor, the rollers can rotate and thus generate a flow
in the surrounding fluid. The fluid motion is lit by the light source above and imaged
with a CCD camera connected to a magnifying lens from the bottom. Depending on
the rotation direction and speed of the cylinders, a variety of two-dimensional linear
flows can be easily visualized ranging from purely rotational to purely straining to
mimic real industrial flow processes. Figure S 3.1b shows the picture of the whole
assembled 4-roll mill system, which mainly consists of a 4-roll mill chamber, the
lighting source, an imaging system, step motors and motion control system. By
controlling the rotation speed and direction of the 4 rollers of the 4-roll mill, four
kinds of flow type can be created in the centre of the 4-roll mill, i.e., extensional
flow, mixed type flow, rotational flow, and simple shear flow as shown in Figure S
3.2. The parameter a is defined as the flow type and generated by fixing the ratio of
the sum of the speeds of diagonally opposed rollers (a0 = - (w+® 4)/( ®1+®3)). The
obtainable accurate shear rate in the current system ranges from 0.00075 to 143.64 s

' The typical roller speed used in this study was 0.47 — 10 rpm, corresponding to
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shear rate of 0.038 — 0.8 s™'. The imaged droplets can range from several millimeters

to several microns.

Light Source

Motor Controller B
Step Motor

i -

Zoom Lense

Frame Grabber

»
>

CcCD Cdmela Computer

(2) (b)

Figure S 3.1 The schematic (a) and picture (b) of the computer-controlled 4-roll mill
device in-house built for studying the interactions between suspended emulsion

droplets under flow conditions.

(a) Extensional flow (b) Mixed-type flpw
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Figure S 3.2 Four types of flow patterns that can be generated in the centre of the 4-
roll mill device, i.e., (a) extensional flow, (b) mixed type flow, (c) rotational flow,

and (d) simple shear flow.

Movie S 3.1 The non-coalescence case of two interacting water (with 0.01 M
CaCl,)-in-oil emulsion droplets with 0.3 wt% asphaltenes in toluene visualized by

the micropipette technique according to the sequential images shown in Figure 3.7a.

Movie S 3.2 The coalescence case of two interacting water (with 0.01 M CaCl,)-in-
oil emulsion droplets with 0.3 wt% asphaltenes in toluene visualized by the

micropipette technique according to the sequential images shown in Figure 3.7b.

Movie S 3.3 A coalescence case for the interaction of multiple water-in-oil (toluene)
emulsion droplets in the presence of asphaltenes under extensional flow field probed
using a computer-controlled 4-roll mill fluidic device according to the pictures

shown in Figure 3.10 (0.25%original speed).

Link for the videos: http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b01000
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CHAPTER 4 UNDERSTANDING THE ADSORPTION OF
ASPHALTENES ON SILICA SURFACES IN TOLUENE
USING QUARTZ CRYSTAL MICROBALANCE WITH

DISSIPATION AND SURFACE FORCES APPARATUS

4.1 Introduction

As the heaviest component in crude oil and bitumen products, asphaltenes tend
to deposit onto various surfaces during many oil production processes. The reservoir
solids wettability change resulted from deposition of asphaltenes brings recovery and
quality problems, and can also enhance the formation of emulsions leading to
difficulties in water treatment. Asphaltenes are defined as a solubility class, which is
soluble in aromatic solvents, such as toluene and benzene, and insoluble in alkanes
such as n-pentane and n-heptane. Therefore, asphaltenes tend to form asphaltene
aggregates in the presence of n-heptane while in toluene, asphaltenes are reported to
be stable below the concentration of 100 mg/L." The presence of the heteroatoms and
metals may confer to them the affinity to various solid surfaces.”” However, the
mechanism of asphaltenes adsorption on surfaces remains not well understood
because asphaltenes adsorption is an extremely complex process depending on lots
of variables such as sources of asphaltenes, types of solvents, types of solid surfaces

-1
and etc.®1°

Many studies have been done on the adsorption of asphaltenes on various solid

surfaces. Most of the adsorption experiments were carried out using asphaltenes in
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11-14

model oil solutions by using techniques, such as UV-visible spectrometry, quartz

1320 ellipsometry,?' photothermal surface deformation

crystal microbalance (QCM),
spectrometry”, etc. Depending on the sources of the asphaltenes, different solvents

used and asphaltene concentrations, the adsorption capacity of asphaltene on

223 224

different surfaces could vary in a wide range from 0.2 mg/m~ " to 100 mg/m~.”" It is
commonly believed that decreasing the aromaticity of the solvent would normally
increase the adsorbed amount of asphaltenes. Most of the studies showed that the

adsorption capacity was larger in heptol (toluene and n-heptane mixture) solvent

than that in toluene.!”

Besides the quantification of adsorbed amount, the adsorption kinetics also
varied from literature. Xie et al., reported the asphaltenes adsorption on metal
surface did not reach the equilibrium even after 700 min under flow conditions.”
Goual used asphaltenes from five different sources and found equilibrium adsorption
for four of them whereas one of them could not reach the steady state within the
experiment time in 0.1 wt% asphaltenes toluene solution.”® Moreover adsorption
isotherm was also analysed. Both monolayer and multilayer adsorption were
reported throughout the related literature. A lot of researchers reported the adsorption
might follow the behaviour described by the Langmuir isotherm.'®'®*-73°
Multilayers were also found in lots of cases, especially in high concentration of
asphaltenes solutions, or with longer adsorption time or in alkane solutions.*'™

Overall, the QCM data often showed multilayer formation compared to other

methods. Since most of the QCM studies were under flow conditions, the adsorption
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of asphaltene was continuous and the adsorption capacity was mostly much higher

than that using other techniques.'®***

Therefore, to date, a consensus on the asphaltenes adsorption mechanisms has
not been achieved and many more issues remain to be resolved. In this study, a
QCM-D was employed to quantify the adsorbed kinetics and adsorbed amount of
two types of asphaltenes on silica surfaces in both toluene and 1:1 heptol solvents.
The morphology of the adsorbed asphaltene surfaces was imaged using AFM.
Interactions measured between solid surfaces in asphaltenes solutions by surface
force measurement can provide more valuable information on mechanisms of
asphaltenes adsorption. Therefore, surface force apparatus (SFA) was applied to
measure the asphaltenes adsorption kinetics as well as the interaction force between
model surfaces (mica) in asphaltenes solutions to further understand the adsorption
mechanisms of asphaltenes on the silica surface. The results provide insightful
information on the interactions of different types of asphaltenes on surfaces and the

mechanisms of asphaltenes adsorption on silica surfaces were proposed.
4.2 Materials and Experimental Methods
4.2.1 Extraction of asphaltenes

Asphaltenes were extracted from two different sources, crude oil and bitumen,
using the same following procedure: n-heptane was firstly added into the crude oil or
bitumen at n-heptane/crude oil or n-heptane/bitumen ratio of 30/1 (vol/wt) and the
mixture was stirred and refluxed for 1 hour. The mixture was then stored in the

refrigerator for 2.5 hours before the filtration. The mixture was filtered using filter
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papers and the precipitated asphaltenes were obtained. The filter papers with
precipitated asphaltenes were then placed in a Soxhlet extractor and extracted by n-
heptane for 1 hour to remove the remaining n-heptane-soluble contents. Methylene
chloride was then used to extract the asphaltenes on the filter papers using another
Soxhlet extractor. The asphaltenes in methylene chloride solution were then
concentrated and fully dried under nitrogen flow. The asphaltenes extracted from
crude oil and bitumen is indicated as asphaltenes A and asphaltenes B, respectively,

in the later sections.

4.2.2 Materials and samples preparation

Asphaltenes stock solutions (2000 mg/L) were prepared for both asphaltenes A
and asphaltenes B by dissolving the desired amount of asphaltene solids in toluene
and sonicated for 30 min before diluted to other concentrations. Before every single
QCM-D test or surface force measurement, the asphaltene solution was also
sonicated for 30 min. Toluene, n-heptane and methylene chloride and were all
purchased from Fisher Scientific Canada and used as received. The mica used in the

surface force measurement was purchased from S & J Trading Inc. (Glen Oaks, NY).

4.2.3 Characterization of asphaltenes

Elemental analysis was applied to determine the content of C, H, N, S and O in
both asphaltenes A and asphaltenes B. X-ray photoelectron spectroscopy (XPS) was
also applied to detect the possible elements besides C, H, N, S and O for both
asphaltenes. Asphaltenes A was further characterized by inductively-coupled-plasma

mass spectrometry (ICP-MS) to determine the content of possible metal elements
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due to the missing of a significant amount of elements besides C, H, N, S and O. The

silica surface after adsorption of asphaltenes A was also characterized using XPS.
4.2.4 Adsorption tests using QCM-D

QCM-D E1 system (Q-sense, Sweden) was used to investigate the adsorption
kinetics of both asphaltenes A and asphaltenes B on silica sensor surface in toluene.
QCM-D is able to monitor the frequency change (Af) and dissipation change (AD) at
the same time when mass is adsorbed on the sensor surface. In most of the studies,
Sauerbrey equation was used to determine the mass adsorbed on the surface;
however, the Sauerbrey equation is only valid when the following three conditions
are satisfied: 1) the mass adsorbed is evenly distributed; 2) the Am is much smaller
than that of quartz crystal itself and 3) the adsorbed layer is rigidly attached to the
crystal surface. The third condition can be satisfied only when there is no energy
dissipation (dissipation factor D) observed.'”'™® In this study, the adsorption layer
was treated as a soft layer as long as the dissipation change was above zero. For most
cases in this study, the liquid association with the adsorbed asphaltene layers was
very substantial which gave a significant rise to the dissipation factor. Therefore, the
Sauerbrey equation is no longer valid under this condition and Voigt viscoelastic
model embedded in Q-sense Qtools was used to obtain the mass of the adsorbed
asphaltene layers related to the changes in both frequency and dissipation.>”*® The
Voigt model can be expressed as follows by correlating the oscillation frequency f,
dissipation factor D, thickness 4, density p, viscosity #, shear modulus ¢ and circular
frequency w for a viscoelastic layer (index 1) on quartz crystal (index 0) immersed in

a bulk Newtonian fluid (index 2) as well as the penetration depth ¢ of this fluid.
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A detailed operational procedure of QCM-D experiment has been reported
elsewhere.*®’ Firstly, sensor surface should be thoroughly cleaned following the
standard cleaning procedure for silica sensor surface which required a 10-min
UV/Ozone clean, 30-min soaking in 2 wt% of sodium dodecyl sulfate (SDS) solution
and another 10-min UV/Ozone clean. After the clean sensor was carefully placed in
the flow module, a baseline was then established first by injecting the background
solvents (toluene) where the frequency and dissipation changes were defined as zero.
After a steady baseline was reached, the asphaltene solution was injected into the
flow module at a flow rate of 100 pL/min. The background solvent (toluene) was
injected again after asphaltenes adsorption to rinse off the unbounded or loosely

bounded asphaltenes.
4.2.5Surface forces measurement

SFA was employed here to study the adsorption of asphaltenes as well as the
interactions between adsorbed asphaltene layers by injecting the asphaltenes-in-
toluene solution between two mica surfaces (mimicking silica surfaces). The

building up of the asphaltenes on mica surfaces due to the asphaltenes adsorption can
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be monitored in-situ and in real time by multiple interferometry beam (MIB)
employing the fringes of equal chromatic order (FECO).*’ The detailed principle and
setup of the SFA experiment have been reported elsewhere.*'™ After injecting the
asphaltene solution between two mica surfaces, a typical force measurement cycle
was completed by approaching the two surfaces to a “hard wall” (refers to the
confined gap distance which hardly changed with the increased normal load or
pressure) and then separating the two surfaces. In this study, the reference distance

D=0 was determined at the adhesive contact between two bare mica surfaces in air.
4.2.6 AFM imaging

An AFM (MFP-3D, Asylum, Santa Barbara, CA, USA) was used to image the
silica sensor surfaces in the air after QCM-D adsorption tests to obtain the
morphology of the adsorbed asphaltene layers. The tapping mode was applied to

avoid possible surface damage.
4.3 Results and Discussion
4.3.1 Asphaltenes characterization

Table 4.1 shows that the total amount of C, H, N, S and O is 87.33 wt% and
97.28 wt% in asphaltenes A and asphaltenes B, respectively. The elemental analysis
results showed that a significant amount of other elements (besides C, H, N, S and
O) should be present in asphaltenes A. Figure 4.1 shows the survey spectrum of
asphaltenes A and asphaltenes B obtained by XPS where chlorine (Cl) and calcium
(Ca) was found in asphaltenes A. Therefore, ICP-MS was then applied to obtain the

content of other elements in asphaltenes A and the results are shown in Table 4.2
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(only elements with amount above 100 ppm are shown here). Significant amounts of
calcium (Ca) and sodium (Na) as well as small amounts of potassium (K),
magnesium (Mg), metal iron (Fe), vanadium (V) and nickel (Ni) were detected.
Assuming the most possible form of Ca, Na, Mg and K was originally chlorides, so
the amount of the chlorides was calculated to be ~8.86 wt% based on the amount of
Ca, Na, Mg and K. Hence, ~8.99 wt% of chlorides and trace metals (i.e., Fe, V and
Ni) in total are in asphaltenes A which almost compensates the rest of the elements

besides C, H, N, S and O.

Table 4.1 Elemental analysis of asphaltenes A and asphaltenes B.

Aromaticity
wt% C wt% H wt% N wt%S wt% O .
(molar ratio C/H)

Asphaltenes A 67.80 7.08 0.95 5.64 5.86 0.798
Asphaltenes B 76.99 7.94 1.03 8.63 2.69 0.808
70000 - cls 70000
C1s
60000 - Asphaltenes A 60000 - Asphaltenes B
50000 50000
2 40000 4 & 40000 -
(8}
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Figure 4.1 The XPS survey spectrum of (a) asphaltenes A and (b) asphaltenes B.

Table 4.2 ICP-MS analysis of asphaltenes A (only elements with content above 100

ppm are shown here).

Element Ca Na K Mg Fe \Y Ni

Content (ppm) 28271 2930 235 232 549 523 174

Content (Wt%) 2.83 0.29 0.024 0.023 0.055 0.052 0.017

4.3.2QCM-D study on adsorption of asphaltenes in toluene

Adsorption of asphaltenes A on silica sensor surface

Figure 4.2 shows the adsorption of asphaltenes A on silica sensor surfaces in
toluene under different asphaltene concentrations. Overall, the frequency first
dropped very sharply after injection of asphaltene solution and then kept decreasing
slowly with time indicating that the asphaltenes A kept adsorbing on the silica
surface. The frequency change reached -41 Hz in 50 mg/L asphaltene-in-toluene
solution in 200 min as shown in Figure 4.2a. Figure 4.2b, ¢ and d show the frequency
decreased to -93 Hz, -126 Hz and -142 Hz under asphaltene concentrations of 200
mg/L, 500 mg/L and 1000 mg/L, respectively. The dissipation factor D increased
under all the concentrations and the dissipation change AD was more significant
under higher asphaltene concentrations. The change of the dissipation suggested that
the adsorbed asphaltenes were soft due to the association of toluene solvent. It has
been reported that the absolute value of AD/Af could indicate the structure of the

materials adsorbed on the sensor surface.”®*® A higher absolute value of AD/Af could
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suggest a relatively softer and looser layer adsorbed. As the asphaltene concentration
increased from 50 mg/L to 1000 mg/L, the absolute value of AD/Af increased from
0.17 Hz"' to almost 1 Hz™' indicating much softer and looser structure formed on the
silica surface with increasing the asphaltene concentration. The adsorption of
asphaltenes A on silica surface in toluene was irreversible based on the amount of
mass loss from the silica surface after rinsed with toluene. The mass loss was not
significant under asphaltene concentration of 50, 200, 500 mg/L, which were less
than 5%. The mass loss was ~20% at the concentration of 1000 mg/L also showing
that the most loosely adsorbed asphaltenes formed on the silica surface under the

highest asphaltene concentration tested.

Since dissipation changes were not negligible at all the concentrations tested,
the Voigt viscoelastic model was used to obtain the mass (mg/m?) adsorbed on the
silica surface as a function of time shown in Figure 4.4a. The calculated amount of
asphaltenes adsorbed on the silica surfaces in toluene was substantially higher than
the reported values which might be attributed to the following two reasons: (1) the
model used for mass calculation is different in this study. In literature, the solvent
association was usually not considered and the Sauerbrey equation was used leading
to a much less amount calculated.”™”'® (2) asphaltenes A showed continuous
adsorption behaviour on silica surface in toluene which is normally observed in a
poor solvent, such as heptol (toluene and n-heptane mixture).” The adsorbed amount
vs. time curves under all the concentrations did not level off within the experimental
time indicating that asphaltenes A could keep adsorbing on silica surface and further

suggesting a possible multilayer coverage of asphaltenes on the silica surface. It has
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been reported that for multilayer adsorption when asphaltenes adsorbed on silica in
toluene, it could create new adsorption site for other asphaltenes to adsorb. It is
similar to the process of forming asphaltene aggregates in the solutions due to the

asphaltenes-asphaltenes interaction.’’

Therefore the continuous adsorption of
asphaltenes A found in toluene was more likely the asphaltenes kept adsorbing on
the asphaltenes on the silica surface. At first, the sharp frequency drop should be
attributed to the adsorption of asphaltenes on the silica sensor surface. With
increasing the adsorption time, the adsorption of asphaltenes A might happen
between asphaltenes and asphaltenes which had a lower adsorption rate resulting in a
continuous adsorption of asphaltenes A on silica sensor surface in toluene. From the
AFM images of the silica sensor surface after asphaltenes A adsorption, it can be
clearly seen that asphaltene A could aggregate even at a very low concentration (50
mg/L) in toluene and the adsorbed of asphaltenes was very heterogeneous on the
silica surface as shown in Figure 4.5a. Even larger aggregated domains were found
under asphaltenes concentration of 1000 mg/L. Figure 4.5b shows a “network” of
asphaltenes formed on the silica surface under asphaltenes A concentration of 1000
mg/L and the aggregates connected to each other and formed like swollen islands

which could be due to the significant toluene association in asphaltenes aggregates

evident from the large dissipation observed in the QCM-D test.
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Figure 4.2 Change in frequency Af and dissipation AD associated with the
adsorption of asphaltenes A on silica sensor surface in toluene solvent under
asphaltene concentrations of (a) 50 mg/L, (b) 200 mg/L, (¢) 500 mg/L and (d) 1000

mg/L.

Adsorption of asphaltenes B on silica sensor surface

The asphaltenes B showed very different adsorption behaviour on silica
surface in toluene as shown in Figure 4.3. In 50 mg/L asphaltenes in toluene
solution, the frequency dropped to about -40 Hz and reached the equilibrium state
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shortly after injection as shown in Figure 4.3a. In 200, 500 and 1000 mg/L
asphaltenes in toluene solution, the initial sharp changes of the frequency were
almost the same and then the adsorbed asphaltenes seemed to be flushed away very
slowly with time shown as the black curves of the frequency change in Figure 4.3b, ¢
and d. The dissipation factor D was also above zero and the absolute value of AD/Af

' to 0.06 Hz') as the concentration of

increased very slightly (from 0.05 Hz
asphaltene solution increased from 50 mg/L to 1000 mg/L and much smaller value of
AD/Af indicated that the adsorbed asphaltenes B on silica surface in toluene was
relatively rigid compared to asphaltenes A. Similarly with asphaltenes A, desorption
of asphaltenes after rinsed with toluene could be neglected under all the asphaltene
concentrations tested. The mass of asphaltenes adsorbed on the silica surface was
also obtained using Voigt model and plotted as a function of time shown in Figure
4.4b. The adsorbed amount of asphaltenes B increased as the asphaltene
concentration increased to 500 mg/L and then had a slight decrease under 1000
mg/L. Compared to the typically adsorbed amount of asphaltenes on surfaces in
toluene, the amount obtained for asphaltenes B was still slightly higher which should
be due to the different calculation model used. Here, we still incorporate the effect of
toluene association although the dissipation change was very small. From the AFM
images of sensor surface after asphaltenes B adsorption, no obvious aggregates could
be observed both under asphaltene concentrations of 50 mg/L and 1000 mg/L as
shown in Figure 4.5¢ and d. The almost same topographic images could also reflect

the similarly adsorbed amount obtained for asphaltenes B under different

concentrations. The uniform layer of asphaltenes B adsorbed on silica surfaces under
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both low and high asphaltene concentrations indicating the asphaltenes adsorbed on

the silica surface might be in the form of asphaltene molecules or asphaltene nano-

aggregates.
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Figure 4.3 Change in frequency Af and dissipation AD associated with the
adsorption of asphaltenes B on silica sensor surface in toluene solvent under
asphaltene concentrations of (a) 50 mg/L, (b) 200 mg/L, (c) 500 mg/L and (d) 1000

mg/L.
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Figure 4.4 The mass of (a) asphaltenes A and (b) asphaltenes B adsorbed on the

silica sensors as a function of time in toluene obtained using Voigt viscoelastic

model.
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Figure 4.5 Morphology of the silica sensor surfaces after asphaltenes A adsorption
in toluene under concentration of (a) 50 mg/L and (b) 1000 mg/L and after
asphaltenes B adsorption in toluene under concentration of (¢) 50 mg/L and (d) 1000

mg/L.

4.3.3 Adsorption of asphaltenes in toluene on mica surfaces using SFA

Based on the QCM-D results, completely different adsorption behaviour was

observed for asphaltenes A and asphaltenes B in toluene. To better understand the
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adsorption mechanisms of asphaltenes in toluene, SFA was applied to further
investigate the adsorption and interactions of asphaltenes A and asphaltenes B in
toluene. Measuring the surface forces between two mica surfaces in asphaltene
solutions not only allows us to know the adsorption kinetics of asphaltenes on mica
but also the interactions of adsorbed asphaltene layers.*” The experimental
configuration of the SFA measurement in this study is shown in Figure 4.6a. The 500
mg/L asphaltenes-in-toluene solution was injected between the mica surfaces and the

interactions were measured as a function of time.

Asphaltenes A Figure 4.6b shows the measured interaction force-distance profiles
between two mica surfaces in 500 mg/L asphaltenes A in toluene solution. Approach
and separation force curves are separately presented with adsorption time. The
adsorption thickness of the asphaltenes on one mica surface was determined as the
half of the hard wall distance between two mica surfaces. As shown in the approach
curves, repulsion at ~20 nm was measured during approach at 25 min and the
confined layer thickness was compressed to about 11 nm as the normal force
increased which corresponded to the asphaltene thickness of ~5.5 nm (solvent
excluded) on each mica surface and which also indicated the adsorbed asphaltene
layer was soft. The thickness of the adsorbed asphaltenes on mica surface almost did
not change as the adsorption time increased up to about 4 hours. During separation,
adhesion was detected and hardly changed as the adsorption time increased. The
adhesion measured might be attributed to the bridging interaction between adsorbed
asphaltene layers because of the interpenetration of asphaltene chains/aggregates at

the interface when the two surfaces were brought into contact.* In addition, the
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adhesion measured here might also result from the attraction between asphaltenes A
which drove asphaltenes A forming aggregates and keeping building up as seen from

the QCM-D results.

The quick build-up of the asphaltenes A on mica surface manifests that the
asphaltenes A had a strong affinity to the mica surface in toluene. Therefore, during
the first stage in the QCM-D test, there was a sharp response to the frequency change
which corresponded to the strong interactions between asphaltenes A and silica
surface. Moreover, both QCM-D and SFA results showed that soft asphaltene layers
formed on the surfaces. However, inconsistencies were also found between the
adsorption behaviours of asphaltenes A obtained by the QCM-D and SFA. In
toluene, the adsorption thickness of asphaltenes on mica surface was much smaller
than that adsorbed on the silica sensor surface. Assuming the density of asphaltenes
A is 1200 kg/m’, the adsorbed thickness of the asphaltenes was ~70 nm on silica
surface under 500 mg/L whereas the thickness of asphaltenes on mica surface was
only ~10 nm even the solvent effect was considered (half of the distance where
repulsion started). Moreover, the adsorbed asphaltene thickness hardly changed with
time as shown in the forces curves, which was also different with the unsteady state

observed in the QCM-D tests.
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Figure 4.6 (a) The illustration of the experimental configuration of the SFA
measurement in this study. (b-c) The approach and separation force-distance profiles
between two mica surfaces in (b) asphaltenes A-in-toluene solution and in (c)

asphaltenes B-in-toluene solution with asphaltene concentration of 500 mg/L.

Asphaltenes B Figure 4.6c shows the interactions between mica surfaces in
asphaltenes B toluene solution with asphaltene concentration of 500 mg/L. The force
curves obtained was very similar with asphaltenes A. The build-up of the asphaltenes

B also reached the equilibrium very fast and the adsorbed thickness of the
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asphaltenes was ~5 nm on each mica surface and hardly changed after about 4 hours.
During separation, small adhesion was always measured with time which should also
be due to the bridging interaction between adsorbed asphaltene layers in toluene
upon contact. The asphaltene adsorbed thickness on silica sensor surface was
calculated to be ~14 nm under 500 mg/L (assume the density of asphaltenes B is also
1200 kg/m?) based on the QCM-D test result (Figure 4.4b). The repulsive range was
~20 nm before compression corresponding to the thickness of ~10 nm of asphaltenes
adsorbed associated with toluene which was slightly smaller than the thickness

measured in the QCM-D test.
4.3.4 Adsorption mechanism for asphaltenes in toluene

Asphaltenes A and asphaltenes B showed substantially different adsorption
behaviours in toluene as seen from the QCM-D results. From the morphology of the
silica sensor surfaces after asphaltenes adsorption in toluene, the differences can be
also clearly seen aforementioned. By comparing the adsorption kinetics and
adsorption thickness obtained from QCM-D and SFA measurement, only slight
differences were found for asphaltenes B adsorption in toluene. However, the
thickness determined in the QCM-D test was much larger than the thickness
measured in the SFA measurement for asphaltenes A. The difference of these two
techniques is that QCM-D adsorption test was conducted under flow condition, while
SFA adsorption measurement was more like under static condition. Therefore, in
order to further elucidate the effect of flow and static conditions on the adsorption
process of asphaltenes in toluene, a QCM-D adsorption test under static condition

was conducted for both asphaltenes A and asphaltenes B under 500 mg/L in toluene
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solvent, which was as follows: after the background solvent baseline was
established, asphaltenes-in-toluene solution was pumped into the flow module until

the module was fully filled with asphaltene solution, and then the pump was stopped.

Figure 4.7 shows that the frequency change reached equilibrium shortly after
the solution was pumped in for both asphaltenes A and asphaltenes B. Asphaltenes B
showed similar frequency change (Figure 4.7b) compared to that under flow
condition (Figure 4.3c) and the calculated thickness of asphaltenes B on silica
surface was ~8 nm using Voigt model. However, the frequency change for
asphaltenes A (Figure 4.7a) was much smaller compared to that under flow
conditions (Figure 4.2c¢) and the thickness of asphaltenes A on silica surface was
calculated to be ~10 nm which agreed well with the thickness obtained from the SFA
measurement. The significant difference of asphaltenes A adsorption under flow and
static conditions suggested that the continuous pumping in of the fresh asphaltenes A
solution might assist the asphaltenes A to keep adsorbing on the surface. Therefore it
is proposed that a fraction in asphaltenes A might have a strong affinity to each other
which resulted in the aggregation of asphaltenes A even at 50 mg/L in toluene as
evident from the AFM image shown in Figure 4.5a. Under the static condition, the
limited amount of this fraction in the asphaltene solution would limit the continuous
adsorption and hence the adsorption equilibrium could be reached. If the adsorbed
asphaltenes A on silica surfaces were mainly from this fraction, the fraction could be
more concentrated on the silica surface than that in the bulk asphaltenes A. Therefore,
XPS was further conducted on asphaltenes A adsorbed on the silica surface to

analyse the elements on the surface. The atomic ratio of Ca/C, O/C, S/C and N/C
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were compared for bulk asphaltenes A and asphaltenes A adsorbed on the surface.
Table 4.3 shows the atomic ratio of Ca/C and O/C increased substantially after the
asphaltenes adsorbed onto the silica surface suggesting that the fractions containing
Ca and O preferred adsorbing onto the surface. However, the ratio of S/C decreased
and the ratio of N/C was not even detected after the asphaltenes adsorbed onto the
silica surface indicating the heteroatoms S and N hardly influenced the asphaltenes A
adsorption. The XPS results revealed that the element Ca and O might have
significant contributions to the interactions between asphaltenes A leading to the

aggregation of asphaltenes in toluene.
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Figure 4.7 The static QCM-D test: change of frequency Af and dissipation 4D
associated with the adsorption of (a) asphaltenes A and (b) asphaltenes B on QCM-D
silica sensors in toluene under asphaltenes concentration of 500 mg/L. The adsorbed
thickness of asphaltenes A was ~10 nm and that of asphaltenes B was ~8 nm

calculated based on the Voigt viscoelastic model.
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Table 4.3 The atomic concentration comparison for bulk asphaltenes A and that

adsorbed on the silica surface obtained by XPS.

Element (atomic ratio) Ca/C o/C S/C N/C

Asphaltenes A 0.0088 0.0375 0.0299 0.0116

Asphaltenes A adsorbed on silica
0.0456 0.0979 0.0194 N/A
surface

4.4 Conclusions

In this study, the adsorption mechanisms of two types of asphaltenes were
investigated using QCM-D and SFA. The QCM-D results showed that asphaltenes A
could continuously adsorb on silica surface in toluene whereas asphaltenes B
saturated the silica surfaces shortly in toluene. The AFM imaging of the adsorbed
asphaltenes showed that asphaltenes A even formed large aggregates at the
concentration of 50 mg/L in toluene while no obvious aggregates were found for
asphaltenes B. The adsorption measurement using SFA showed that the adsorption
behaviour of asphaltenes B in toluene agreed well with the results obtained from the
QCM-D tests. However, a significant difference was observed for asphaltenes A
adsorbed on the surface in toluene. More asphaltenes A could absorb on the surface
under flow conditions (QCM-D) than that under static condition (SFA) which might
be due to the specific interactions between some fractions in asphaltenes A. The XPS

results also showed that the existence of Ca and O might contribute to the
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interactions between the fractions in asphaltenes A leading to the continuous

adsorption under flow condition in toluene.
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CHAPTER 5 INTERACTION MECHANISMS BETWEEN
ASPHALTENE SURFACES IN AQUEOUS SOLUTIONS
STUDIED BY SURFACE FORCES APPARATUS AND

ATOMIC FORCE MICROSCOPE

5.1 Introduction

Water plays an important role in heavy oil and oil sands production processes
such as bitumen extraction process of oil sands. The so-called Clark hot water
extraction process and Steam-Assisted Gravity Drainage (SAGD) process are both
complicated by the challenging issues of stable water-in-oil (W/O) and oil-in-water
(O/W) emulsions which can be detrimental to the bitumen production from the
reservoir to the downstream operations."™ For instance, the adsorption of W/O
emulsions can cause fouling and corrosion issues from wellbores to the surface
facilities due to the interfacial materials adsorbed at W/O interfaces as well as high
concentrations of salt contained in the water phase.”” The formation of stable O/W
emulsions (i.e. bitumen drops) during the bitumen extraction and flotation process

6,10-14

generally leads to lower bitumen recovery. In addition, stable oil droplets

suspended in process water and waste water can also result in operational problems

. 15,1
in water treatment.'>'®

Asphaltenes, the heaviest component in crude oil and bitumen products, have
been reported to be the vital factor in stabilizing W/O and O/W emulsions.”'">*

Asphaltenes are operationally defined as a solubility class which are soluble in
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aromatic solvents, such as toluene, but insoluble in paraffinic solvents, such as n-
pentane and n-heptane.''*?® The hydrophobic hydrocarbon skeleton with
hydrophilic polar groups (e.g. carboxyl groups and amino groups) renders
asphaltenes interfacially active; hence asphaltenes are able to adsorb onto water/oil
interfaces, forming an interfacial layer and in turn changing the interfacial properties

- 11,21,27-31
of the emulsion drops.'""*"?

The asphaltenes can also readily adsorb onto solid
particles and render them partially oil-wet, which can in turn adsorb onto the
water/oil interfaces and contribute to emulsion stabilization.’*> In previous studies,
the interactions of asphaltenes, bitumen or asphaltenes model compounds were
measured using nanomechanical techniques including atomic force microscope
(AFM) and surface forces apparatus (SFA) to understand the stabilization
mechanism of different emulsions. The interaction forces between asphaltene films
in toluene and heptol solvents has been measured using SFA and AFM, and steric
repulsion between asphaltenes in relatively good solvent was measured, resulting in
the stabilization of the W/O emulsions in the presence of asphaltenes.®>*>° Recently,
an AFM droplet probe technique was developed to measure the forces between two
oil droplets in aqueous solutions with asphaltenes adsorbed at oil-water interfaces.
Steric and electrical double layer repulsion that prevents O/W emulsions drops from
coalescing were reported.!” To date, most of previous studies on force measurements
of asphaltenes and bitumen focused on oil media, and the understanding of

interaction mechanisms of asphaltenes in aqueous solution of varying water

chemistry still remain limited.
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In this study, nanomechanical tools, i.e. SFA and AFM, have been employed to
measure the interactions between asphaltene films in aqueous solutions, and the
effects of solution pH, salinity and Ca®" addition were investigated. SEA was applied
to directly measure the surface forces between two asphaltene films. AFM imaging
was applied to monitor the morphology of asphaltene films under various aqueous
solution conditions which were further correlated to the SFA force measurements.
The interactions between AFM tip and asphaltene film were also measured to
provide more information on the interaction behaviours of asphaltenes at nanoscale.
The results obtained by combining SFA and AFM show useful information
regarding the interactions of asphaltenes in aqueous solutions from nanoscale to
surface level, and also provide insights into the stabilization mechanisms of O/W

emulsions and colloidal particles in the presence of asphaltenes.
5.2 Materials and Experimental Methods
5.2.1 Materials and sample preparation

The detailed procedure of extracting asphaltenes from vacuum distillation feed
Athabasca bitumen has been reported elsewhere.’’ Briefly, the bitumen was firstly
dissolved in toluene with toluene/bitumen ratio of 5/1 and the bitumen toluene
solution was centrifuged to remove the undissolved solids. Toluene was allowed to
evaporate to obtain the solvent-free bitumen. Then the asphaltenes were precipitated
by adding n-heptane into the toluene-free bitumen at n-heptane/bitumen ratio at 40/1,
and the precipitated asphaltenes were washed using n-heptane until the supernatant

of the solution was clear and colourless. The obtained asphaltenes were dried under
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nitrogen flow after the supernatant was carefully decanted. Toluene and n-heptane

were purchased from Fisher Scientific Canada and used as received.

Mica was purchased from S & J Trading Inc. (Glen Oaks, NY). NaCl,
CaCl,-H,0, HCI and NaOH were all purchased from Fisher Scientific Canada and
used as received. For the preparation of asphaltene films, mica surfaces were first
pre-treated under octadecyltrichlorosilane (OTS) vapour in an evaporation chamber

3839 in order to improve the

for one hour following a procedure reported previously
stability of spin-coated asphaltene film in water. Briefly, a few drops of OTS were
put in a small vial which was placed besides the mica surfaces in the evaporation
chamber. After the OTS treatment, asphaltene surface was prepared by spin-coating
2-3 drops of 0.5 wt% of asphaltenes toluene solution on the OTS-treated mica
surface. The spin-coated asphaltene surfaces were vacuum dried overnight to remove
the residual solvent. The thickness of the asphaltene film was measured to be ~20 nm
using SFA which was further confirmed using ellipsometry (on asphaltene films
spin-coated under the same condition on silicon wafer). NaCl solutions with different
concentrations were prepared by dissolving desired amount of NaCl in Milli-Q water.
CaCl,'H,0 was used as the Ca®" ions source by adding CaCl,-H,O in the 1 mM

NaCl solutions to the desired Ca>" ion concentration. The solution pH was adjusted

by addition of HCI or NaOH.
5.2.2 Surface forces measurement using SFA

The interaction forces between two asphaltene surfaces in aqueous solutions

were directly measured using SFA. The detailed working principle and setup of the
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SFA experiments have been reported elsewhere.’27404

Briefly, a pair of silica discs
glued with thin mica sheets (1-5 um) that were coated with asphaltenes were
mounted in the SFA chamber in a crossed-cylinder configuration. The interaction
force was measured as a function of absolute separation distance. The absolute
separation distance could be monitored in situ and in real time using multiple beam
interferometry by employing fringes of equal chromatic order (FECO).46 In the force
measurements, the measured adhesion force F,; could be related to the adhesion
energy per unit area W,; using F,;~1.5nR W,.*" The experimental configuration for
the surface force measurement in this study is shown in Figure 5.1. The reference

distance D=0 was determined at the adhesive contact between two asphaltene films

in air.

R
v Mica F(OTS
Asphaltenes
D Aqueous solutions
Mica
Figure 5.1 Experimental configuration for forces measurement between two
asphaltene surfaces in aqueous solution using an SFA.

5.2.3 AFM imaging and force measurement

An AFM (MFP-3D, Asylum, Santa Barbara, CA, USA) was applied to
characterize the morphology of the OTS-treated mica surface and asphaltene

surfaces spin-coated on OTS-treated mica in air as well as the morphology of the
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asphaltene surfaces in aqueous solutions. All the samples were imaged using tapping
mode to avoid possible surface damage. The AFM was also applied to measure the
interaction force between silicon nitride AFM tip and asphaltene surfaces in aqueous
solutions. The samples for AFM imaging and force measurement were prepared on
flat OTS-mica substrate following exactly the same procedure as that for SFA
measurements. The asphaltene-coated surfaces were placed in a fluid cell filled with

desired aqueous solutions for in situ imaging and force measurement.
5.2.4 Theoretical analysis of AFM force curves

To better understand the measured approach force-distance profiles between an
AFM tip and asphaltene surface, theoretical analysis was conducted based on the
classical Derjaguin—Landau—Verwey—Overbeek (DLVO) theory by reasonably
assuming the pyramidal geometry of AFM tip to be conical with a spherical cap at
the apex shown in Figure 5.2.* The total DLVO forces include van der Waals force

and electrical double layer force as shown by equation (5.1).

F,

DLVO —

Foaw + Fepy (5.1)

The van der Waals (VDW) force between an AFM tip and a flat substrate, F\,g» is

given by equation (5.2).*

A,| R+D-2L R-D A, 1 Rsinatana—D—R(1—cosa)
= I - D? -

vdw 6

Stan’a\ L 217
(5.2)

where Ay is the non-retarded Hamaker constant, D is the distance between the end of

the tip and the surface, L = D+ R(1—cos«) and R is the radius of the spherical cap at

the end of the tip as shown in Figure 5.2. a and f are the geometrical angles for the
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spherical cap at the tip apex and the conical tip, with a + f = 90°. The electrical
double layer (EDL) force between an AFM tip and a flat substrate, Fgp;, is given by

equation (5.3) under the boundary condition of constant charge.*’

472— xD K
_ - L
Fop = 70,05(ae™" —ae ")
£,EK
2z 2 2 —2xD 2k, 53

+ > (o7 +o5)ae —ase ) (5.3)

E,EK

47[ -kl (O-; + 0-52‘) 2K

+————| bo,o5e " + b, —— e

£, 6K tana 2

where subscripts 7 and S represents the AFM tip and the surface, respectively and
a,=kR-1, a,=xRcos(a—1), a,=a,+0.5 and a, =a,+0.5 . by and b, are

expressed as follows:

D+R(l—cosa)+ 1 [“ 1}

tan o tan o K

b =Rsina —

L+—

bZ:Rsina—D+R(1_cosa)+ 1 [ 1}
2K

tan o tan o

The surface potential (y) and the surface charge density (o) are correlated by the

Grahame equation shown in equation (5.4).

., e
o = [8¢c,€,k,T sinh( 2kWT) (54)
B

where e is the elementary charge, ' is the Debye length, ¢, is the bulk ion-number
concentration, kg is the Boltzmann constant, and 7 is temperature. ¢ and ¢, are the

permittivity of solution and vacuum, respectively.
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4 AFM Tip

Figure 5.2 The schematic of the pyramidal geometry of an AFM tip which is conical

with a spherical cap at the apex used for DLVO force calculations.
5.2.5Contact angle measurement

Contact angles of water on OTS-treated mica surfaces and spin-coated
asphaltene surface were characterized by the sessile drop method using a goniometer
(Ramé-hart, USA). A water drop of ~3 uL was placed on the substrate surface, and
the shape of the drop was fitted by image processing software to determine the

contact angle.
5.2.6 Zeta potential measurement

Zeta potentials of asphaltenes coated on silica particles were measured using
Zetasizer Nano (Malvern Instruments Ltd., UK). Silica particles (Dgo~5 um: 80 wt%
of the particles with size below 5 um) were first mixed with 2000 mg/L asphaltene-

in-toluene solution at a weight ratio of 1/10 and the mixture was placed on a shaker
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to allow asphaltene adsorption for 24 h. Concentrate of silica particles with adsorbed
asphaltenes was obtained by centrifugation, and then the concentrate was completely
dried in vacuum before dispersed into aqueous solutions with a concentration of 0.2
mg/ml. Ultrasonic treatment was applied to assist the dispersion of the silica particles
with asphaltene coatings in aqueous solutions right before zeta potential
measurements. The zeta potential was measured under the same solution conditions

as used in the force measurement.

1.0 3
2
0.5

8 g :
0.0 0
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Figure 5.3 AFM topographic images of (a) OTS-treated mica surface and (b) spin-

coated asphaltenes on OTS-treated mica in air.
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5.3 Results and Discussion

5.3.1 Characterization of the OTS-treated mica and spin-coated asphaltene

surface

It was found that asphaltene films spin-coated on freshly cleaved mica surface
were easy to rupture upon contact with a water drop or immersion in aqueous
solution. To improve the stability of the asphaltene film on mica surface, freshly
cleaved mica surface was gently treated under OTS vapour for 1 hour leading to a
water contact angle of about 40-50°. Figure 5.3 shows the AFM images of OTS-
treated mica and asphaltene-coated surface (coated on OTS-treated mica) in air. The
OTS-treated mica surface shows a smooth and featureless morphology (Figure 5.3a)
with root-mean-square (RMS) roughness of less than 0.5 nm. Figure 5.3b shows that
asphaltenes were uniformly coated on the OTS-treated mica with RMS roughness of
~1 nm. The contact angle measurement showed that water drop was very stable on

the asphaltene surface with a contact angle of ~90°.

5.3.2Surface interactions between asphaltene surfaces in aqueous solutions

measured by SFA

Effect of solution pH

SFA was applied to measure the interaction forces between asphaltene surfaces
during approach and separation in aqueous solutions. The “hard wall” distance here
refers to the confined gap distance that hardly changed with increasing normal force
or pressure. Figure 5.4 shows the measured interaction force-distance curves

between asphaltene surfaces in 1 mM NaCl solutions with different pH. As shown in
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Figure 5.4, repulsive forces were measured during approach and adhesion was
observed when the two asphaltene surfaces were separated for all the pH conditions
investigated. At pH 8.5 as shown in Figure 5.4a, a hard wall distance of ~19 nm was
measured based on the reference distance (D=0) of asphaltenes-asphaltenes contact
in air, which indicated that the thickness of each asphaltene film increased by about
9.5 nm (half of the “hard wall” thickness). Repulsion was detected starting at a
distance D~80 nm, suggesting the asphaltene films were compressible under this
solution condition. It has been reported that asphaltenes carry negative charges at
alkaline pH, and hence the repulsive force measured during approach might originate

from electrical repulsion at pH 8.5.°%"

The approach force curve is also shown in
semi-log plots in Figure S 5.1a (supporting information). If the DLVO model applies,
the long range electric double layer force should show a linear relation with distance

in the semi-log plots. However, such linear relation is absent in Figure S 5.1a, thus

the approach force profile could not be well described by the DLVO model.

As the solution pH was decreased to 4.0, the hard wall distance did not change
significantly, and repulsion was also measured during approach, whereas the starting
distance of repulsion decreased to ~65 nm. As the solution pH was further decreased
to 2.2, the hard wall distance decreased to ~5 nm, and the range of repulsion became
even smaller as ~40 nm. It is also evident from Figure S 5.1a that the approach force
profiles for both pH 4.0 and 2.2 could not be directly described by the DLVO model.
The reason for the disagreement between the measured forces and the DLVO model

was investigated and discussed in a later section.
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Figure 5.4 shows that under all the three solution pH conditions, adhesion was
measured during separation. At pH 8.5, an adhesion of F,;/R ~ -1.3 mN/m (W 4 ~
0.28 mJ/m?) was measured, and the separation curve also showed a stretching
behaviour before detachment, which might due to the stretching of bridged
asphaltene molecules/aggregates at the contact interface in 1 mM NaCl solution. As
the solution pH was decreased to 4.0 and 2.2, the measured adhesion changed to
F./R ~ 4.4 mN/m (W, ~ 0.93 mJ/m?) and F/R ~ -1.1 mN/m (W,q ~ 0.23 mJ/m?),
respectively. Stretching behaviours were also observed at both pH 4.0 and pH 2.2 in
1 mM NaCl solutions. Figure 5.6 shows that the normalized adhesion and adhesion
energy between asphaltene surfaces first increased as the solution pH decreased from
pH 8.5 to pH 4.0 and then decreased as the solution pH further decreased to pH 2.2.
The change of adhesion under different pH conditions might be due to several
factors: surface charges, surface hydrophobicity and roughness. The water contact
angle on asphaltene surface was ~90°, and attraction would be expected between the
contacting hydrophobic asphaltene surfaces, as confirmed by the adhesion measured.
It has been reported that the point of zero charge (PZC) of asphaltenes is around pH
3.0 to 4.0.>" Asphaltene surface was close to the PZC and almost neutral at pH 4.0,
so the electrical repulsion would be minimal among the three pH conditions and
strongest attraction was measured. For comparison, asphaltene surface would carry
negative charge and slightly positive charge at pH 8.5 and 2.2, respectively, which
could cause electrical repulsion between asphaltene surfaces and lead to a weakened
adhesion. Surface topography and roughness might also play a role, which has been

investigated and will be discussed in a later section.
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Figure 5.4 Force-distance profiles between two asphaltene surfaces interacting in 1

mM NaCl solution at (a) pH 8.5, (c) pH 4.0 and (d) pH 2.2.

Effect of solution salinity and Ca’* ions

Figure 5.5 shows the interactions between asphaltene surfaces in solutions with
different salt types and salt concentrations at pH 8.5 investigated using SFA. Figure
5.5a and b show the force-distance profiles in 10 mM NaCl and 100 mM NacCl
solutions at pH 8.5, respectively, which have very similar feature as that measured in
I mM NaCl shown in Figure 5.4a. Basically, repulsive forces of almost the same
range were measured during approach, while adhesion was detected during
separation, showing similar hard wall distance. DLVO model predicts that the
electrical Debye length decreases from 9.6 nm in 1 mM NaCl to ~1 nm in 100 mM
NaCl. Therefore, the interaction force profiles under different NaCl concentration
could not be directly described by the DLVO model, as more visible in semi-log

plots shown in Figure S 5.1b.

The adhesion F,//R measured in 1, 10 and 100 mM NaCl solutions does not

show significant difference, and was measured to be F, /R ~-1.35£0.15 mN/m
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(corresponding to W,y ~ 0.28 mJ/m?) as shown in Figure 5.6. The possible reason for

this phenomenon was further discussed in a later section.

The effect of the addition of Ca®" on the interactions between asphaltene
surfaces were also measured by SFA. Figure 5.5¢ and d show the force-distance
profiles between two asphaltene surfaces in 1 mM NaCl solutions at pH 8.5 with
addition of 1 mM and 100 mM of CaCl,, respectively. Similarly, repulsion was
measured during approach while adhesion was measured during retraction. However,
the repulsion measured during approach was much shorter ranged as compared to
that without Ca®" addition (Figure 5.4a). With addition of 1 mM Ca®", the repulsion
range decreased to ~40 nm which was also not likely due to the change of electrical
double layer force (with semi-log force profile shown in Figure S 5.1¢). The addition
of 100 mM Ca®" resulted in even shorter range of force starting at ~20 nm and
weaker repulsion was still measured between asphaltene surfaces. It is noted that
based on the DLVO theory, for interactions of two charged surfaces in aqueous
solution, the Debye length of EDL interaction in 100 mM Ca®" is less than 1 nm and

the EDL force would be significantly compressed.

The normalized adhesion and adhesion energy between asphaltene surfaces
with the additional of Ca®" are summarized in Figure 5.6c. A much higher adhesion
of Fg/R ~ -13.5 mN/m (W4 ~ 2.87 mJ/m*) was measured by introducing 1 mM Ca**
in 1 mM NaCl solution as compared to the case with only 1 mM NaCl (F,s/R ~-
1.35+£0.15 mN/m). The adhesion decreased to F,s/R ~ -4.8 mN/m (W 4, ~ 1.02 mJ/mz)
with further increasing Ca*" to 100 mM. Figure 5.5¢ and d also show that the

contacted asphaltene films were stretched before detachment. The enhanced
116



adhesion with the addition of 1 mM Ca*" should be mainly attributed to the
“bridging” effect of Ca®". Ca®" has been reported to be able to interact with carboxyl
groups in asphaltenes, thus bridging the opposing asphaltene surfaces.”” In 100 mM
Ca®", most of the carboxyl groups on asphaltene surfaces were occupied by the
excess amount of Ca®" before approach, which significantly weakened the bridging
effect and reduced the adhesion. The effects of pH, salinity and Ca®* ions on the
adhesion between two asphaltene surfaces discussed above are summarized in Figure

5.6a, b and c, respectively.
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Figure 5.5 Force-distance profiles between two asphaltene surfaces interacting in
NaCl solutions with concentrations of (a) 10 mM and (b) 100 mM at pH 8.5 and in 1

mM NaCl solution with addition of (¢) ImM Ca®" and (d) 100 mM Ca”" at pH 8.5.
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The morphology of asphaltene surfaces in aqueous solutions

Figure 5.4, Figure 5.5 and Figure S 5.1 show that relatively long-range
repulsion measured between asphaltene surfaces under various pH and salinity
conditions could not be described by the DLVO theory, which implies that the

surface morphology may play a role. The morphology of asphaltene surfaces was
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imaged using AFM under the same aqueous solution conditions as in the SFA
measurements. The typical topographic images are shown in Figure 5.7. Interestingly,
the morphology of the asphaltene surfaces underwent significant changes in aqueous
solutions. At pH 8.5 and pH 4.0, formation of pancake-like domains was observed
and the height of the “pancakes” was higher at pH 8.5 (Figure 5.7a) than that at pH
4.0 (Figure 5.7b). Therefore, it is evident that the long range repulsion measured at
pH 8.5 and pH 4.0 should be mainly attributed to formation of the pancake domains
and the increased surface roughness. At pH 2.2, no obvious pancake-like domain
was observed as shown in Figure 5.7c whereas a small increase of hard wall distance
(about 2.7 nm shown in Figure 5.4c) was still measured in the SFA measurement
suggesting there were still some slight (yet uniform) morphology changes over the
asphaltene surface at pH 2.2. Figure 5.7d shows the morphology of the asphaltene
surface in 100 mM NacCl at pH 8.5. No significant morphology change was observed
as compared to that in I mM NaCl which agrees with SFA measurements that the
interaction forces did not change significantly with varying the NaCl concentration.
Figure 5.7¢ shows that the addition of 1 mM Ca*" significantly decreased both the
number and size of the pancake-like domains on the asphaltene surface, which was
almost not visible in 100 mM Ca®>" (Figure 5.7f). The morphology changes of
asphaltene surfaces support the significantly reduced repulsion range and hard wall

distance in the presence of Ca”".

The long-range “stretching” behaviour observed during separation in the force-
distance profiles could be also attributed to the formation of the pancake domains in

NacCl solutions, interpenetration of the asphaltene chains at the contact interface, or
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Ca®" induced bridging when Ca’" ions were added. As discussed in force
measurements, the asphaltene surfaces were compressible during approach (Figure
5.4 and Figure 5.5) especially under the conditions where the asphaltene surfaces
showed significant morphology change (Figure 5.7), suggesting that the pancake-like
domains were soft and compressible. The formation of pancake-like domains of
asphaltene thin films coated on mica was mainly due to interactions of asphaltene
molecules (particularly the polar groups), water, and likely the supporting solid
substrate, and water could diffuse into the asphaltene thin film interacting with polar
groups, and further led to the morphology change, which will be reported in more
details in a separate work.
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Figure 5.7 The in-situ AFM images of asphaltene surfaces in 1 mM NacCl solutions
at (a) pH 8.5, (b) pH 4.0 and (c) pH 2.2. (d-f) The in-situ AFM images of asphaltene
surfaces in (d) 100 mM NacCl solutions at pH 8.5, and in 1mM NaCl solutions with

addition of (¢) 1 mM Ca”" and (f) 100 mM Ca”" at pH 8.5.
120



5.3.3Interaction force between silicon nitride tip and asphaltene surface using

AFM

To better understand the surface properties and interactions of asphaltene
surfaces at nanoscale, a silicon nitride AFM tip was used to measure its interaction
force with asphaltene surface under the same conditions as in the SFA
measurements. The theoretical calculation using zeta potentials of asphaltene

surfaces were used to analyze the measured force-distance curves.

Effect of solution pH

Figure 5.8 shows the approach force-distance profiles between silicon nitride
AFM tip and asphaltene surfaces interacting in 1 mM NaCl solution at different pH.
Under each pH condition, at least three representative force curves are shown as
different open symbols in the same figure. Figure 5.8a shows the measured force
during approach was almost zero at distance larger than 2 nm at pH 2.2, indicating
the existence of weak EDL repulsion that balanced the attractive VDW interaction.
With solution pH increasing to 4.0, a weak attractive force was detected at distance
of 5 nm shown in Figure 5.8b, which was consistent with the magnitude and range of
a typical VDW attraction, suggesting that EDL interaction was almost negligible in
this case. Further increase of pH to 8.5 (Figure 5.8c) resulted in a strong repulsion at
distance up to ~30 nm, indicating the EDL repulsion dominated the tip-asphaltene
interaction. Therefore, it is evident from the above results that both VDW and EDL

interactions play an important role in the tip-asphaltene interactions.
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Theoretical calculation based on the classical DLVO theory (red curve) was
conducted to interpret the tip-asphaltene interactions shown in Figure 5.8. The
Hamaker constant was calculated to be 1.52 x 102 J for Si3Ny4-water-
asphaltenes.**>*® The surface potential of the silicon nitride tip was calibrated by
measuring and fitting the force-distance profile between the same tip and silica wafer
under each solution conditions. Figure S 5.2 shows that the surface potential of
silicon nitride tip was pH dependent and the PZC was around pH 4.0, which agreed
well with the reported values shown in Table S 5.1.°* The zeta potential of
asphaltenes coated on silica particles was measured to be 14+1 mV at pH 2.2, -8+5
mV at pH 4.0 and -61£1 mV at pH 8.5, which was used to predict the tip-asphaltene
interactions in 1 mM NaCl. The red curves in Figure 5.8 show that the theoretical
calculations agreed well with the measured approach force-distance profiles (open
symbols) under all the pH conditions. The discrepancy at distance below 2 nm might
originate from the effect of surface roughness as well as exclusion of hydration
interaction from theoretical consideration.’’>>”® The PZC of asphaltene was
measured roughly between 2.2 and 4, which coincided with the literature values
shown in Table S 5.2.°%* The observed pH-dependent zeta potential of asphaltenes
was most likely arising from the protonation and deprotonation of the polar groups
such as carboxylic groups. Thus, the progressive deprotonation of carboxylic groups
with increasing solution pH resulted in a more negatively charged asphaltene

surface.
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Figure 5.8 The measured force-distance profiles (open symbols, approach) between
silicon nitride AFM tip and asphaltene surface in 1 mM NaCl at (a) pH 2.2 with
Gasph= 14=1 mV, (b) pH 4.0 with {upn = -8+5 mV and (c) pH 8.5 with {upn = -61%1

mV. Red curves show theoretical calculation based on the DLVO theory.

Effect of solution salinity and Ca’* ions

Figure 5.9 shows the measured force-distance profiles (open symbols) and
theoretical calculation (red curve) between silicon nitride AFM tip and asphaltene
surface in NaCl solution of different concentrations (10 mM and 100 mM in Figure
59a and b, respectively) as well as in 1 mM NaCl solution with different
concentrations of CaCl, (1 mM and 100 mM in Figure 5.9c and d, respectively) at
pH 8.5. As shown in Figure 5.9a and b, an increased NaCl concentration could
screen the electrical double layer, thereby reducing the range of repulsive force to
~13 nm in 10 mM NaCl solution and to <5 nm in 100 mM NaCl solution. The zeta
potential of asphaltenes was measured to be -49+4 mV in 10 mM NaCl and -32+3
mV in 100 mM NacCl, based on which the theoretical calculations agreed well with
the measured approach force-distance profiles in Figure 5.9a and b. The above

results further confirmed the electrostatic characteristics of the long-range repulsion.
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The presence of calcium ions (Ca®") has a more significant influence on
suppressing the electrical double layer as compared to sodium ions (Na") of the same
ionic concentration, as evident from the reduced range of repulsive force in Figure
5.9c. The zeta potential of the asphaltene surface was measured to be -26+1 mV, the
magnitude of which was much smaller than that in the 1 mM NaCl solution,
indicating that Ca®" could alter the electrostatic properties at asphaltene/water
interface by suppressing the electrical double layer as well as interacting with the
carboxyl groups of interface-active asphaltene molecules. With the addition of 100
mM CaCl,, the measured force curve showed an attractive force (Figure 5.9d), where
the EDL interaction was negligible whereas the VDW interaction dominated the
interaction. Figure 5.9¢ and d also show that the theoretical calculation agreed very
well with the experimental measurements. The zeta potentials of asphaltene surfaces
coated on silica particles measured in this work are summarized in Table S 5.2,
which coincided with the literature values. Based on all the AFM results above, the
DLVO theory was found to successfully describe the interactions between charged
silicon nitride tip and asphaltene surfaces, indicating the DLVO interaction origin of

asphaltene surfaces in aqueous solutions at nanoscale.
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Figure 5.9 The measured force-distance profiles (open symbols, approach) between
silicon nitride AFM tip and asphaltene surface in (a) 10 mM NaCl with (agpn = -49+4
mV, (b) 100 mM NaCl with {aepn=-32+3 mV and in 1 mM NaCl with addition of (c)
1 mM CaCl, with {upn=-26+1 mV and (d) 100 mM CaCl, at pH 8.5, and theoretical

calculations based on the DLVO theory (red curves).
5.4 Conclusions

The interactions between asphaltene surfaces in aqueous solutions play
important roles in many interfacial processes and phenomena in oil production such
as stability of oil-in-water emulsions and solid particles. In this work, SFA and AFM
were applied to investigate the interaction mechanisms of asphaltenes in aqueous
solutions of varying salinity and pH conditions. The SFA results showed that
repulsion was measured during approach and adhesion was detected during
separation between two asphaltene surfaces in solutions with 1 to 100 mM NacCl at
pH 2.2 to 8.5 in the absence or presence of Ca®". The measured surface repulsion
could be affected by the solution pH, salinity and addition of Ca®" whereas the

surface interactions measured could not be described by the DLVO theory, which
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was due to the morphology change (i.e. pancake-like domains formation) and
increased surface roughness of asphaltene surfaces in the aqueous solutions as
evident from the AFM imaging. The adhesion measured during separation could be
also influenced by the solution conditions, which was mainly attributed to the
interpenetration of the asphaltene chains/aggregates at the contact interface and also
due to the Ca’" induced bridging effect when Ca®" was added. For AFM force
measurements, the theoretical calculations based on the DLVO theory and measured
zeta potential of asphaltene surfaces agreed well with the interactions measured
between the AFM tip and asphaltene surfaces. The AFM results revealed the DLVO
characteristics for the interactions of asphaltenes at nanoscale in aqueous solutions.
Our results have demonstrated the interaction behaviours of asphaltenes in aqueous
media at nanoscale and submicron-scale can be described by colloidal interaction
theory, while surface roughness and asphaltene aggregation can significantly
influence their interactions at relatively large surface level. Our results provide
useful information for an improved understanding of the interaction mechanisms
between asphaltenes in aqueous solutions as well as the stabilization mechanism of

oil-in-water emulsions and solid particles in the presence of asphaltenes.
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Supporting information

The semi-log force-distance profiles between asphaltene surface in aqueous

solutions
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Figure S 5.1 Semi-log plots of force-distance profiles between asphaltene surfaces

interacting in aqueous solutions: (a) pH effect, (b) NaCl effect and (c) CaCl, effect.
Calibration of the surface potential of silicon nitride AFM tip

Figure S 5.2 shows the force-distance profiles between silicon nitride tip and
silica wafer in 1 mM NacCl solution at different pH. The surface potentials of the
silicon nitride tip in 1 mM NaCl solution under different pH conditions were
determined by fitting the measured force profiles (open symbols) with the theoretical
calculations based on the DLVO theory (red curves), and the surface potentials of the

silica wafer were adapted from the literature.””®

The values of the surface potentials
of AFM tip and silica wafer are shown in the legend of each figure. Similarly, Figure

S 5.3 shows the force-distance profiles (open symbols) and DLVO fittings (red curve)

in NaCl solutions of different concentrations and in 1 mM NaCl solution with
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addition of Ca®" ions, and the fitted surface potentials of silicon nitride tip and the

adapted surface potentials of silica wafer are also shown in the legend of each figure.
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Figure S 5.2 The measured force-distance profiles (open symbols, approach)
between silicon nitride tip and silica wafer in 1 mM NaCl solution at (a) pH 2.2, (b)

pH 4.0 and (c) pH 8.5. Red curves show the theoretical fittings based on the DLVO

theory.
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Figure S 5.3 The measured force-distance profiles (open symbols, approach)
between silicon nitride tip and silica wafer in (a) 10 mM NaCl solution, (b) 100 mM
NaCl solution and in 1 mM NaCl solution with addition of (¢) ImM CacCl, and (d)

100 mM CaCl, at pH 8.5. Red curves show the theoretical fittings based on the
DLVO theory.
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Table S 5.1 Comparison of theoretically fitted surface potential values of silicon

nitride and the literature values>*°

Solution condition Fitted value (mV) Literature value (mV)
NaCl (1 mM), pH 2.2 3244 35
NaCl (1 mM), pH 4.0 -5+2 0
NaCl (1 mM), pH 8.5 -T74+7 -78
NaCl (10 mM), pH 8.5 -50+5 -62
NaCl (100 mM), pH 8.5 -40+5 N/A
CaCl, (1 mM) in 1 mM NaCl, pH 8.5 -52+7 N/A

Table S 5.2 Comparison of measured zeta potential values of asphaltenes and

literature values®*>’

Solution condition Zeta potential (mV)  Literature value (mV)
NaCl (1 mM), pH 2.2 141 15
NaCl (1 mM), pH 4.0 -8+5 -5
NaCl (1 mM), pH 8.5 -61+1 -58
NaCl (10 mM), pH 8.5 -49+4 -45
NaCl (100 mM), pH 8.5 -3243 -38
CaCl; (1 mM) in 1 mM NacCl, pH 8.5 -26£1 -32
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CHAPTER 6 UNDERSTANDING THE STABILITY
MECHANISMS OF ADSORBED ASPHALTENE THIN FILM:
EFFECTS OF SUBSTRATE WETTABILITY AND WATER

CHEMISTRY

6.1 Introduction

In colloid and surface science, stability and properties of thin film adsorbed on
different solid substrates have been an interesting topic attracting wide research
interest. Understanding the stability and properties of thin film requires a solid
knowledge of the interactions between the thin film and substrate under different
ambient conditions. In the petroleum industry, adsorbed surface active components,
e.g. asphaltenes, onto solid surfaces is a challenging issue which could lead to
troublesome issues such as reservoir solids wettability alteration, instruments/devices
fouling, pipelines/wellbore plugging and catalyst deactivation. Asphaltenes are
operationally described as a solubility class, which are soluble in aromatic solvents
such as toluene and benzene, but not soluble in n-alkanes, such as n-pentane and n-
heptane. Asphaltenes are considered as complex mixtures which consist of
polycyclic aromatic hydrocarbon skeleton and peripheral alkane chains, as well as
the trace metal elements and polar groups (e.g. acid and base functional groups).'”
Hence, the hydrophobic carbon skeleton and the hydrophilic polar groups make the
asphaltenes interface active thus adsorb to the water/oil interfaces and improve the
stability of water-in-oil and oil-in-water emulsions.*’ The asphaltenes can also

adsorb and even precipitate onto solid surfaces due to the temperature and pressure
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change in the liquid media, which will lead to the problems such as fouling and
clogging of pipelines and wellbores. The wettability change of the reservoir rock
surface can also be due to the adsorption of asphaltenes on the solid surface which
has negative impacts on the oil recovery efficiency during water injection processes

as well as enhances the formation of “rag layers”.®"?

Asphaltenes adsorption and the stability of the adsorbed layer involve the
interactions between asphaltenes and solid surfaces in the surrounding liquid media
and are highly sensitive to many variables such as the solid type, solvent type, the
presence of water and water salinity and pH, etc. Therefore, the adsorption of
asphaltenes and the stability of the adsorbed asphaltene film is an extremely complex
problem which has defied many attempts of description or generalization. The
mechanisms of asphaltenes adsorption on the solid surfaces in crude oil (or
bitumen)/solids/water system has been studied by insightful work from different
research groups by using techniques such as adsorption isotherms,
interaction/surface force measurements and contact angle measurement.”'*** It has
been found the water or moisture would have a strong impact on the adsorption of
asphaltenes on solid surfaces because water could compete with asphaltenes for the
adsorption sites thus affecting the interactions between asphaltenes and the solid
surfaces.”?® Therefore, the stability of the adsorbed asphaltenes will also be
significantly impacted by the presence of water. Generally, strong attraction between
the asphaltenes and the substrate will lead to enhanced stability whereas weak
adhesion will lead to the rupture of the thin film. Atomic force microscope (AFM)

has been applied to measure the asphaltenes-asphaltenes interaction, asphaltenes-
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silica interaction and crude oil-solids interaction in aqueous solutions which showed
that the molecular interactions of asphaltenes highly depended on the solution pH
and salinity.”” Drummond et al. reported the surface force measurement between
asphaltene thin film and mica surface across brines using surface forces apparatus
(SFA) and found that water could penetrate the asphaltene layer and cause it to swell
and the surface forces were also strongly dependent on the brines composition and
pH.***! Therefore, the water chemistry is very important for understanding the
interactions between asphaltenes and solid surfaces which has implications for the
stability of the asphaltene film on the solid surface. In a real oil reservoir, there are
various types of solids with different hydrophobicity which will substantially
influence the competition adsorption of water and asphaltenes. It has been reported
when exposed to the moisture, the adsorption capacity of asphaltenes on clay
minerals with different hydrophobicity was significantly affected because water
would be more affinity to more hydrophilic surfaces.’” Hence it is also important to
incorporate the effect of substrate hydrophobicity for studying the asphaltene film
stability. In this work, we investigated the stability and morphology change of the
thin asphaltene film on the substrate with different hydrophobicity in different
aqueous solutions, which can not only contribute to the knowledge of reservoir
wettability alteration but also the bitumen/crude oil liberation process ultimately

improving the oil recovery for the oil industry.

In this study, mica was used as the substrate because it is atomically smooth
which can eliminate the effects of surface roughness. The hydrophobicity of the mica

was controlled by the chemical modification using octadecyltrichlorosilane (OTS).
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Contact angle measurement and AFM imaging were applied as major techniques to
obtain the morphology of the asphaltene film on the mica surface with variable
wettability in both air and aqueous solutions. To better understand the mechanism of
the asphaltene thin film properties on mica in aqueous solutions, the Hamaker
constant of the asphaltene film was also determined and the model of van der Waals

interaction was analysed. Finally, the water diffusion process was proposed.
6.2 Materials and experimental methods
6.2.1 Materials and sample preparation

The detailed procedure of extracting asphaltenes from the vacuum distillation
feed Athabasca bitumen has been reported elsewhere.”® Briefly, high-performance
liquid chromatography (HPLC) grade toluene was used to dissolve the vacuum
distillation feed bitumen at a bitumen/toluene volume ratio of 1:5. Solids were
removed using a centrifuge and the toluene-free bitumen was then added to certified
ACS grade n-heptane at a bitumen/heptane volume ratio of 1:40. The precipitated
asphaltenes were washed using HPLC-grade n-heptane until the supernatant of the
solution was clear and colourless. 1 mM NacCl solution was prepared by adding the
desired amount of NaCl into Milli-Q water (18.2 MQ-cm, Millipore system) and
CaCl,-H,O was used as a Ca*" source by adding CaCl,"H,O into 1 mM NaCl
solutions to the desired concentration. NaOH and HCI solutions were added to adjust
the pH of the salt solution to the desired level. HPLC grade toluene, n-heptane,
certified ACS grade n-heptane (99%), NaCl, CaCl,-H,O, NaOH and HCI were all

purchased from Fisher Scientific Canada and used as received.
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Asphaltene thin films were prepared by spin coating 2-3 drops of asphaltenes
toluene solution (0.5 wt%) on bare mica surfaces or hydrophobized mica surfaces
and the coated asphaltene surfaces were kept under vacuum overnight to remove any
residual solvent before use. Thicker asphaltene films were prepared by spin coating
using 1.0 wt% of asphaltenes in toluene solution. Mica surfaces with variable
wettability were obtained by treating mica surfaces under OTS vapour in an

435 .
3435 The mica sheets were

evaporation chamber for different periods of time.
purchased from S & J Trading Inc. (Glen Oaks, NY, USA). OTS was also purchased

from Fisher Scientific Canada and used as received.
6.2.2 Contact angle measurement

The water contact angles on hydrophobized mica surfaces and asphaltene films
were characterized by a sessile drop method using a standard goniometer (Model
250, Ramé-hart, USA). A ~3 uL droplet of Milli-Q water or salt solution was placed
on the surface and the contact angle was determined by fitting the shape of the drop
by image processing software. Videos of the water drop evolution on the asphaltene
films that were coated on the bare mica surface were recorded by the camera. To
determine the Hamaker constant of the asphaltene surface, the contact angles of three
different liquids were measured to obtain the surface energy component of the
asphaltene surface using Good & Van Oss model.”**’ Here, ethylene glyco, glycerol
and diiodomethane were used as the three probe liquids and they were also

purchased from Fisher Scientific Canada and used as received.
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6.2.3 Characterization of the asphaltene films using AFM

An AFM (MFP-3D, Asylum, Santa Barbara, CA, USA) was applied to
characterize the morphology of the coated asphaltene films both in the air and in-situ
in aqueous solutions using tapping mode. The sample was placed in the fluid cell for
imaging in the air and then imaging in-situ after injecting aqueous solutions. The
morphology and roughness of the bare mica surface and OTS-treated mica surface
were also imaged by the AFM in the air. Reproducibility was assured by imaging

multiple sample surfaces at different locations.

6.3 Results and discussion

6.3.1The stability of asphaltene films with thicknesses of 20 (+/- 5%) nm and 40

(+/- 5%) nm coated on bare mica surfaces in the presence of water

Asphaltene films with thickness of 20 (+/- 5%) nm and 40 (+/- 5%) nm
(indicated as 20 nm and 40 nm below for simplicity) were obtained using different
concentrations of asphaltene in toluene solutions, the thickness of which were
determined by ellipsometry (on asphaltene films spin-coated under the same
condition on silicon wafer). The evolution of water contact angle on the asphaltene
film, which was spin-coated on a freshly cleaved bare mica surface, was recorded
using the goniometer. Figure 6.1a shows the water contact angle as a function of
time on the asphaltene films with both thickness of 20 nm and 40 nm. It was found
that the water drop collapsed in about 13 s on the 20 nm-thick asphaltene film as
shown in the Movie S 6.1 in the supporting information, whereas the water drop was

quite stable on top of the asphaltene film with a thickness of 40 nm for within the
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experiment time scale. The water drop collapsed on the thinner asphaltene film due
to the rupture of the asphaltene film. Two different positions of the fractured
asphaltene film were imaged by the confocal microscope and showed that the
asphaltene film was crumpled and finally broke down into pieces of fractured sheets
(Figure 6.1b and c). This observed instability of the asphaltene film due to the water
indicated that water might have penetrated into the asphaltene thin film and led to the

asphaltenes rupture on the bare mica surface.
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Figure 6.1 (a) The water contact angle as a function of time on the asphaltene films
with a thickness of 20 nm and 40 nm. The confocal microscope images of fractured

asphaltene film at two different locations of (b) and (¢).
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6.3.2 The stability of asphaltene thin film with thickness of 20 nm coated on the

OTS-treated mica surface in the presence of water

20 nm-thick asphaltene films were prepared on hydrophobized mica surfaces
in order to gain more insight into the stability of the asphaltene films in water. The
mica surfaces were treated under OTS vapor with different periods of time to obtain
different wettability. It was found a 1-hour treatment led to a water contact angle of
40° and 3 days treatment resulted in one of 85°. Both OTS-treated mica surfaces
exhibited molecular smoothness (RMS roughness < 0.5 nm) as shown in Figure 6.2.
By using the contact angle measurement as well as the AFM in situ imaging
technique, the stability and behaviour of asphaltene films on mica surfaces with
different hydrophobicity were investigated and the results are discussed in the

following two sections.

5 5
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Figure 6.2 The morphology of the mica surfaces with OTS treatment for (a) 1 hour

and (b) 3 days imaged in the air by the AFM.
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Asphaltene thin film (20 nm) coated on the OTS-treated mica with contact angle

0=85°

The uniformity and smoothness of the asphaltene film coated on the mica
surface with contact angle of 85° were confirmed by the AFM topographic image as
well as the height profile as shown in Figure 6.3a. A drop of 1 mM NacCl solution of
pH 8.5 was used to probe the stability of the asphaltene film and it was found
asphaltene film was very stable with the water contact angle of 93°. Figure 6.3b
shows that the asphaltene film in 1 mM NaCl solution at pH 8.5 had similar
morphology as that imaged in the air (Figure 6.3a). The enhanced stability of the
asphaltene film against water could be possibly because of the inhibition of the water
penetration through the asphaltene film and prevention of water touching the mica

surface attributed to the increased hydrophobicity of the mica.
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Figure 6.3 The morphology of (a) the asphaltene film spin-coated on the 3-day OTS-
treated mica and (b) the same asphaltene film in-sifu imaged in 1 mM NacCl solution

at pH 8.5. The diagrams below the AFM images show the height profiles in red lines.

Asphaltene thin film (20 nm) coated on the OTS-treated mica with contact angle

0=40°

The contact angle measurement showed that the asphaltene thin film coated on
the hydrophobized mica surface (with contact of 40°) was also stable with the water
contact angle of 91°. Figure 6.4 shows the morphology of the asphaltene film imaged
in the air and in 1 mM NaCl solution at pH 8.5. Figure 6.4a shows a uniform
asphaltene film which was similar with that coated on the 3-day OTS-treated mica
shown in Figure 6.3a. However, in 1 mM NaCl solution at pH 8.5, “pancake”

domains with varying sizes were observed with the maximum height of ~100 nm,
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which was even larger than the thickness of the asphaltene film (20 nm), as shown in
Figure 6.4b. The possible explanation is that the asphaltenes attached to the partially
hydrophobized mica surface at multiple points where the adhesion between
asphaltenes and mica was relatively strong whereas there were still points where the
adhesion between asphaltenes and mica was relatively weak. Therefore, small
amounts of water could still penetrate through the asphaltene film to the mica surface,
forcing the asphaltene film up and resulting in the formation of the “pancake”
domains. However, the multiple-point attachment of the asphaltene film due to the
strong adhesion could prevent the asphaltene from completely detaching from the
mica surface. Similar pattern has been observed on the crude oil layer on the water
wet mica surface that water was able to lift the sections of the organic layer off the

substrate.*®
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Figure 6.4 The morphology of (a) the asphaltene film spin coated on the
hydrophobized mica surface with a contact angle of 40° and (b) the same asphaltene
film in-situ imaged in 1 mM NacCl solution at pH 8.5. The diagrams below the AFM

images show the height profiles in red lines.

6.3.3 The effect of water chemistry on the morphology of asphaltene thin film

(20 nm) coated on OTS-treated mica with contact angle 0=40°

Effect of solution pH

As discussed above, the 20 nm-thick asphaltene thin films either fractured on
the fresh bare mica surface or showed little change on the hydrophobized mica
surface with a contact angle of 85° in NaCl solution at pH 8.5. The obvious
“pancake” domains were observed in-situ only for the asphaltene film which was

coated on the hydrophobized mica surface with contact of 40°. Thus, in order to
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further explore the mechanisms of “pancake” domains formation, the impacts of
various solution conditions were investigated. Solution pH and salinity were
previously reported to have a significant impact on the interactions between
asphaltenes and solid surfaces.”” Based on the discussion above that the water
penetration might induce the “pancake” domains formation, water chemistry should
have a significant impact on the morphology of the asphaltene films. Therefore, in
this section, the effect of solution pH was firstly investigated. Figure 6.5a and b
show the in-situ AFM images of the asphaltene film in 1 mM NaCl solution at pH
2.2 and pH 4.0, respectively. At pH 2.2, the morphology of the asphaltene film
hardly changed compared to the morphology of asphaltene film imaged in the air,
showing no obvious “pancake” domains (Figure 6.4). However, with solution pH
increased to 4.0, “pancake” domains was observed again, but the width and height of
the “pancake” domains were much smaller compared to those observed at pH 8.5
(Figure 6.4b) as shown clearly in the height profiles in the diagrams below the AFM

images.
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Figure 6.5 The morphology of the asphaltene thin film (20 nm) coated on

hydrophobized mica with a contact angle of 40° and in-sifu imaged in 1 mM NaCl
solution at (a) pH 2.2 and (b) pH 4.0. The diagrams below the AFM images show the

height profiles in red lines.

Effect of Ca’* addition

The impact of the Ca** addition on the “pancake” pattern was explored as well.
It was found that the number of the “pancake” domains became less in the presence
of 1 mM Ca®" as shown in Figure 6.6a and the size of the “pancake” decreased from
about a hundred nanometers to tens of nanometers compared that without Ca”"
addition at pH 8.5 (Figure 6.4b). The 100 mM Ca®" addition almost led to the
disappearance of the “pancake” domains as shown in Figure 6.6b. It has been
reported that the electrostatic repulsive force between bitumen/asphaltenes and silica

2+ 27,40

could be reduced by adding Ca”". Therefore, in this study, the phenomenon
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observed in the presence of Ca’* could be possibly explained by the force between
asphaltenes and mica surface which was an electrostatic repulsive force and was

reduced by the addition of Ca>". More details are discussed in the later sections.
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Figure 6.6 The morphology of the asphaltene film (20 nm) coated on hydrophobized
mica with a contact angle of 40° and in-situ imaged in 1 mM NaCl solution at pH 8.5
with the addition of (a) 1 mM Ca*" and (b) 100 mM Ca®". The diagrams below the

AFM images show the height profiles in red lines.

6.3.4 The stability mechanisms of asphaltene film on mica surface in aqueous

solutions

van der Waals interaction between mica and water across the asphaltene film

As discussed above, the water penetration could cause the asphaltene film to

rupture on the freshly cleaved mica surface. The van der Waals interaction between
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water and mica surface across the asphaltene film might be the reason for water to
penetrate through. Therefore, we firstly calculated the van der Waals interactions
between water and mica across the asphaltene film by determining the asphaltenes

Hamaker constant. Using the reliable proportionality between Hamaker constant 4
and the non-polar surface energy component y“, the Hamaker constant of the

asphaltene film Aggppanene can be determined by Eq. 6.1.4142 [, is the minimum

d

equilibrium distance, the value of which is reported to be 1.65 A.* 7. 1is the

dispersive component of asphaltene film which can be obtained by measuring the
contact angle of three different probe liquids on the asphaltene film. In the Good &

Van Oss model,***" the surface energy can be written as Eq. 6.2, where y is the

surface energy, 7 the dispersive component (Lifshitz-van der Waals interactions),

and y* and y~ are the polar components (Lewis acid-base).

A

asphaltene

=24xly’ (6.1)

y=r"+2\r'y (6.2)

Eq. 6.3 describes the relationship between the surface energy of the solid

surface, the surface tension of the liquid and the liquid contact angle on the solid
surface, where / and s denote the liquid and solid respectively and 6, is the liquid
contact angle on the solid surface. In order to determine the surface energy
components of the asphaltene surface, 7/5 , v, and y,~, at least three different probe

liquids of known energy components should be used in contact angle measurements

and then three equations can be obtained. Thus, the energy components of the
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asphaltene surface can be determined by Eq. 6.4, where /1, /2 and /3 denote the three
different probe liquids, respectively. The measured contact angle and the surface

energy components of these three liquids are listed in Table 6.1. By using Eq. 6.4
and Eq. 6.1, respectively, the dispersive component of asphaltene film Q/j was

calculated to be 41.18 mJ/mZ, and the Hamaker constant of asphaltenes, Augphairene,
was 8.45x10%° J. Applying Eq. 6.5, the Hamaker constant between water and mica
across the asphaltene film 4,,.,.,, could be determined by using the Hamaker constant
between mica and mica and the Hamaker constant between water and water.*’ Hence,
Ayy-a.m was calculated to be -2.13x10' J and all the Hamaker constants obtained here
are summarized in Table 6.2. The negative Hamaker constant 4,,,., obtained would
result in a repulsive van der Waals interaction (Eq. 6.6) between water and bare mica
across the asphaltene film suggesting that another mechanism should be involved

here which induced the lifting of the asphaltene film.

y(1+cos6) =2y v +yiyr +\riv) (6.3)

-1
Va M \/Z \/E Vu[cos6, +1]
Ve |=9]2 \/E \/E \/E Vin[cos6, +1] (6.4)
Ya ‘ \jﬁ \/JZ Vi3[cos 6, +1]

=

Ay =G4, —J4) A4, —J4.) (6.5)

A
gy = —men 6.6
vdaw 127Z'D2 ( )
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Table 6.1 The surface energy and surface energy components of the three probe

liquids in mJ/m?® and their contact angles on the asphaltene surface.

Contact angle

Liquid Vi 7 7 7 0
Glycerol 34.4 3.92 57.4 64.4 80.2
Ethylene glycol 29.0 1.92 47.0 48.0 74.0
Diiodomethane 50.8 0 0 50.8 36.8

Table 6.2 The Hamaker constants.

Aasphaltene Amm A ww A w-a-m

Asphaltenes-Asphaltenes Mica-Mica  Water-Water ~Water-Asphaltenes-Mica

8.45x1072° J 9.72x10° ] 3.68x10%°] 2.13x107%' ]

Water diffusion model through the asphaltene film

Due to the repulsive van der Waals interaction between water and mica
surface across the asphaltene film, the possible mechanism for this phenomenon is
proposed as the water diffusion process from the top of the asphaltene surface to the
bare mica surface through the free volume inside the asphaltene thin film. It is
similar to the water diffusion process through polymeric thin films which has been
widely reported.***” From the solution diffusion model, there are three stages of the
permeation process of the solution molecules happening through the polymeric

film.** Firstly the molecules are adsorbed on the polymer surface, and then the
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molecules diffuse through the film followed by desorption from the other side of the
surface. Based on the XPS spectrum of the asphaltenes (Figure 6.8) and reported
literature, the asphaltenes should bear some polar groups such as cationic group
RNH;" and anionic groups of RCOO™ and ROSO3-.6’33’48°49 Therefore water
molecules might adsorb to these polar groups first, and then the water diffused
through the free volume of the asphaltene film. Finally, water spread on the bare
mica surface and lifted up the asphaltene film. It has also been reported the diffusion
process of water can be affected by the film thickness. Hence, for the thicker
asphaltene film, water penetration was not observed through the top face of the
asphaltene film probably because (1) observation time was not long enough to see
the water drop to diffuse through the asphaltene film; (2) the higher asphaltene
concentration would lead to a much denser asphaltene film which could also retard
or inhibit the water diffusion process due to the lack of free volume. A schematic of

penetration process of water into asphaltene film is illustrated in Figure 6.7.

Water diffusing Mica being wetted
and film being lifted

into the free volume
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Freshly Cleaved Mlca

(b)
Figure 6.7 The schematic of the water penetration process for the asphaltene films
with a thickness of 20 nm (a) and 40 nm (b) coated on the freshly cleaved mica

surfaces.

Fickian’s diffusion model, which is used to analyse the water diffusion through

polymer films, is applied here to analyse the water diffusion process through

asphaltene film shown in Eq. 6.7.*"
M, 8 <&
= _?Z (2n e exp| —-D(2n+1)’ 7t /AL | (6.7)
o0 n=0
AA;’ =1- % exp(—7°Dt / 417) (6.8)
T

o0

where M(f) and M(w) are the water sorption at time ¢ and water sorption at f=oo,
respectively. D is the diffusion coefficient with a unit of cm*/sec and L is the film
thickness. If M(t)/M()>0.52, the Eq. 6.7 can be simplified to Eq. 6.8.°° Assuming
99% of water was taken up by the asphaltene film of 20 nm in 13 s shown in Figure

6.1, the diffusion coefficient D of water diffusing through the asphaltene film can be

154



calculated to be 5.49x10™"° cm%/sec. Since the thicker asphaltene film (40 nm) was
denser, too little free volume might be available for water to diffuse through in short
time. Therefore, a longer time might be needed and much smaller diffusion

coefficient would be for the water diffusing through thicker asphaltene film.

For asphaltene film coated on hydrophobized mica surface with contact angle
of 85°, very small amount of water might still diffuse into the free volume of the
film, whereas water could not accumulate on and wet the mica surface attributed to

the increased hydrophobicity of the mica surface.
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Figure 6.8 The XPS survey spectrum of the asphaltene film coated on a bare mica

surface.

The impact of pH and addition of Ca** on the morphology of the asphaltene film

(20 nm thick) coated on hydrophobized mica with contact angle 0=40°

The interaction mechanisms between asphaltenes and mica surface across brine

solutions have been investigated and it was found the interactions between
155



asphaltene surface and mica surface was dominated by the electrostatic repulsive
forces and significantly affected by the solution pH and salinity.’® Therefore, based
on the water diffusion process into the interspace of mica and asphaltene film,
electrostatic interaction is proposed here to explain the mechanisms of “pancake”
domains formation on the mica surface in aqueous solutions with different water
chemistry. Although the presence of water could not cause the asphaltene film
rupture on the hydrophobized mica surface with a contact angle of 40°, water could
still diffuse through and enter in between the asphaltene film and the mica surface.
Mica surface was partially hydrophobic and water could still stay on the hydrophilic
part of the surface thereby lifted up part of the asphaltene film which appeared like
“pancake” in 1 mM NaCl solution at pH 8.5 as shown in Figure 6.4b. The
electrophoresis study on the asphaltene has been reported that asphaltenes carry
negative charges under alkaline condition and the isoelectric point (i.e.p) is around
pH=3~pH=4.>" Therefore, the “pancake” formation of asphaltene film could be
affected due to the electrostatic force between charged asphaltene film and
negatively charged mica surface in the presence of water.”' The decrease of the
negative charges of both asphaltene and mica at pH 4.0 resulted in a decrease of the
electrostatic repulsive force between each other, thus the entering of water was
partially prevented and smaller size of “pancake” domains formed (Figure 6.6b). At
pH 2.2, the asphaltene film was positively changed whereas mica remained
negatively changed. In consequence, the electrostatic attractive force between the
asphaltene film and mica surface prohibited the water entering in between leading to

the disappearance of the “pancake” domains.
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The effect of Ca®" has been investigated on the behaviours of bitumen on solid
surfaces in many different aspects. Kasongo et al. reported that the presence of
calcium ions would depress the bitumen recovery during the flotation process which
might be due to the enhanced adhesion between bitumen and solid surfaces.>® Later
on, Basu et al. investigated the effect of Ca®" on the displacement of bitumen from
glass surface and explained that the slow rate of recession of bitumen was due to the
weakened repulsive force and strengthen adhesion force between bitumen and glass
by the addition of Ca*".> Similar with the behaviour of bitumen, the Ca** could
reduce the negative charges of asphaltene film by the interactions between calcium
ions and carboxylic groups in the asphaltene film.>’ Therefore the reduced
electrostatic repulsive force between asphaltene film and mica surface might reduce
or prohibit the water entering resulting in the smaller “pancake” formation or no

“pancake” formation.
6.4 Conclusions

The stability of the asphaltene thin films under various solution conditions on
the surfaces with varying wettability was characterized. The results showed that the
hydrophobicity of the substrate substantially affected the stability and the
morphology of the asphaltene thin films and the water diffusion process was
proposed. For asphaltenes coated on bare mica surface, a water drop could diffuse
through the free volume of the thinner asphaltene film (20 nm) very quickly leading
to the fracture of the film. For the thicker asphaltene film (40 nm), the water drop

could not diffuse through the film on the top within the observation time because the
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film was much denser and there was too little free volume for water to diffuse

through.

Hydrophobized mica surface with a contact angle of 40° was obtained by 1-
hour OTS treatment. The coated 20 nm-thick asphaltene film did not rupture in the
presence of brine solutions. By the in-situ imaging using AFM, large “pancake”
domains were observed in 1 mM NacCl solution at pH 8.5. It was proposed that water
diffused through the free volume of the asphaltene film and stayed on the
hydrophilic part of the mica surface lifting up part of the asphaltene film. The
“pancake” pattern became less pronounced and even disappeared when the pH was
decreased to 4.0 and 2.2, respectively. The different charges asphaltene carried at
various pH values led to the different morphology change. The addition of Ca®" also
had an impact on the “pancake” pattern due to the reduced electrostatic repulsive
forces between asphaltene film and mica surface. Our results provide insights into
the fundamental understanding of the stability of asphaltenes on solid surfaces which
could be further related to the bitumen liberation process and reservoir solids

wettability change in the oil industry.
Supporting information

Movie S 6.1 The evolution of water contact angle on the asphaltene film with a

thickness of 20 nm, which was spin-coated on a freshly cleaved mica surface.

Link for the video:

https://drive.google.com/open?id=0B7KQbCrdhB71UnlDd3hvOTN{S3c
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CHAPTER 7 CONCLUSIONS AND SUGGESTIONS

The challenging issues of stable water-in-oil (W/O) and oil-in-water (O/W)
emulsions can be detrimental to the oil production from the reservoir to the
downstream operations. Asphaltenes are believed one of the major components
enhancing the stability of the emulsion drops and solid particles. Therefore, it drives
us to fundamentally investigate the interactions of asphaltenes in various liquid
media which may provide some insights into the mechanisms involved and
ultimately solve the problems of the stable emulsion drops and solid particles due to
the presence of asphaltenes. Moreover, the aggregation and adsorption/deposition
behaviours of asphaltenes are also determined by the interactions between
asphaltenes or between asphaltenes and solid surfaces and the involved mechanisms
remain unclear, which require a deeper investigation for better understanding and
may provide useful clues in solving the asphaltene destabilization and fouling issues

during oil production.

In this study, the interaction between asphaltene surfaces was measured in
heptol (toluene/n-heptane mixture) solvent by surface forces apparatus (SFA) and the
effect solvent condition was investigated. Micropipette and 4-roll mill techniques
were also applied to further provide implications to the stability mechanisms of W/O
emulsions. For investigating the asphaltenes adsorption mechanisms in the organic
solvent, the adsorption of asphaltenes on silica surfaces in toluene was studied using
quartz crystal microbalance with dissipation monitoring (QCM-D) and SFA. The

interaction mechanisms between asphaltene surfaces were also elucidated in aqueous
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solutions using SFA and AFM and the impacts of solution pH, salinity and calcium
addition were determined. Additionally, asphaltene film stability on solid surfaces in
various aqueous solutions was studied by AFM and contact angle goniometer. The

major conclusions from these studies are summarized below.
7.1 Major conclusions

(1) The SFA results revealed that the solvent condition could significantly
impact on the interactions between asphaltenes. As the weight fraction of n-heptane
in heptol increased, the interaction between asphaltene surfaces gradually changed
from pure repulsion to weak attraction. The repulsive forces measured were mainly
due to the steric interaction between the swelling asphaltene molecules and
aggregates. In good solvent toluene, the measured repulsion also well agreed with
the results from micropipette tests and 4-roll mill tests, which demonstrated that
asphaltenes could adsorb onto the water/oil interfaces and inhibit the coalescence of
the emulsions. The results from 4-roll mill tests also suggested that proper collision
angles and compression were required to cause interfacial sliding or shearing which
locally destabilized the protective interfacial asphaltene layers and thus enhanced the
coalescence probability of the W/O emulsion drops. The results provide insights into
the fundamental understanding of molecular interaction mechanisms of asphaltenes
in organic solvents and stabilization/destabilization behaviors of W/O emulsions

with asphaltenes.

(2) The QCM-D results showed that asphaltenes precipitated from crude oil (A)

could continuously adsorb on silica surface in toluene whereas asphaltenes

163



precipitated from bitumen (B) saturated the silica surfaces shortly in toluene.
Combined with the SFA adsorption measurement, it was found the adsorption
behaviour of asphaltenes A was different under flow condition and static condition.
A fraction in asphaltenes A tended to form aggregates even at very low
concentration (50 mg/L) in toluene which was evident from the AFM imaging. The
larger amounts of Ca and O found in the adsorbed layer compared to the bulk
asphaltenes revealed that the existence of Ca and O might play a key role in the
aggregate formation of asphaltenes A, resulting in the continuous adsorption under
flow condition in toluene. The results provide some insights into the fundamental
understanding of adsorption mechanisms of asphaltenes on solid surfaces, with
implications for the wettability change of the solid surface as well as the fouling

problems due to asphaltenes.

(3) The surface force measurement between asphaltenes showed that repulsion
was measured during approach and adhesion was detected during separation under
all the aqueous solution conditions tested. The repulsions could be influenced by the
solution pH, salinity and Ca*" addition whereas the repulsions measured could not be
described by the DLVO theory, which was mainly due to the pancake-like domains
formed on asphaltene surfaces in aqueous solutions as evident from the AFM
imaging. The AFM force measurement results revealed that there was a DLVO
origin between asphaltenes at nanoscale in aqueous solutions. By further studying
the morphology of asphaltene surfaces in aqueous solutions, it was found that water
drop could diffuse through the thin asphaltene film (~20 nm) very quickly on the

bare mica surface leading to the fracture of the film and the stability of the
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asphaltene thin film could be affected by the hydrophobicity of the substrate. The
pancake-like domains were observed on asphaltene film coated on a hydrophobized
mica surface in aqueous solutions and these pancake domains could be affected by
the solution pH and addition of Ca®*. Our results provide insights into an improved
understanding of the interaction mechanisms between asphaltene surfaces and
between asphaltenes and solid substrates in aqueous solutions, with implications for
the stabilization mechanism of O/W emulsions in the presence of asphaltenes and
solid particles. The results might be further correlated to the bitumen liberation

process and wettability change of reservoir solids.
7.2 Major contributions

(1) It was the first time the interactions between asphaltene surfaces has been
quantitatively measured as a function of absolute separation distance in heptol
solvent with varying n-heptane content. It was found that the interactions between
asphaltene surfaces gradually changed from pure repulsion to weak adhesion as the
weight ratio of toluene () in heptol decreased from w=1 to 0, which provide some
insights into the understanding the stabilization mechanisms between W/O

emulsions in the presence of asphaltenes.

(2) A device called computer-controlled 4-roll mill fluidic device was in-house
built and applied to investigate the stability of W/O emulsion drops in the presence
of asphaltenes under various flow conditions for the first time. The results from 4-
roll mill tests suggested that proper collision angles and compression were required

to cause interfacial sliding or shearing which locally destabilized the protective
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interfacial asphaltene layers and thus enhanced the coalescence probability of the
water-in-oil emulsion drops. This instrument can also be extended to other
suspension systems to study the interactions among particles or drops under various
flow conditions which will be more closely related to the real flow systems in

industries.

(3) The interactions between asphaltene surfaces have been measured
quantitatively as a function of absolute separation distance by SFA for an improved
understanding of the interaction mechanisms between asphaltene surfaces at much
larger scale in aqueous solutions. Solution conditions were found to significantly
affect the interactions between asphaltene surfaces and an interesting phenomenon
was also observed in the surface force measurement. The asphaltene surface showed
substantial morphology change in aqueous solutions which was dependent on the
hydrophobicity of the substrate as well as the solution conditions. To the best our
knowledge, it was the first time this phenomenon was observed on asphaltene films
and systematically investigated which provides some insights into an improved
understanding of the wettability change of solid surfaces due to asphaltenes as well

as the bitumen liberation process during the oil sands extraction process.

7.3 Suggestions for future work

(1) Investigate the stability among W/O emulsion drops in a more real
industrial environment by using the in-house built 4-roll mill device. Toluene was
used in this study as the organic phase which cannot fully represent the complex

liquid surroundings in oil production system. Real dilutes used in industry can be
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applied, such as naphtha. Moreover, the flow patterns can also be modified to mimic
the flow conditions applied in industrial or can be improved based on the industrial
condition to help destabilize the emulsion drops. Commonly used demulsifiers can
also be incorporated into the system to investigate the stability of emulsion drops in
the presence of demulsifiers and to further understand the demulsification

mechanisms under flow conditions.

(2) Measure the interactions of sub-fractions of asphaltenes in different liquid
media. Asphaltenes are known as a complex mixture which contains different sub-
fractions. Understanding the interaction mechanisms between sub-fractions will
provide us a more complete understanding on the “real component” in asphaltenes
that plays the key role in aggregation, precipitation and surface adsorption as well as

emulsion stabilization due to the presence of asphaltenes.
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