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ABSTRACT

Water-in-crude oil emulsions are a problem in crude oil production,pivaiasion, and
processing. Many of these emulsions are stabilized by asphaltetdasatve oilfield
solids adsorbed at the oil-water interface. Design of effe@melsion treatments is
hampered because there is a lack of understanding of the role asghalte solids play
in stabilizing these emulsions. In this work, the structural, compaoaitiand rheological
properties of water/hydrocarbon interfaces were determined for memaeilsions
consisting of water, toluene, heptane, asphaltenes and native oilfietts. sbhe
characteristics of the interface were related to the prepedi asphaltenes and native

solids. Emulsion stability was correlated to interfacial rheology.

A combination of vapour pressure osmometry, interfacial tension and iemuls
gravimetric studies indicated that asphaltem@tally adsorb at the interface as a
monolayer of self-associated molecular aggregates. It wardgrated why it is
necessary to account for asphaltene self-association when inteypreterfacial
measurements. The interfacial area of Athabasca asphalteresfowmad to be
approximately 1.5 nm? and did not vary with concentration or asphalterassetfiation.
Hence, more self-associated asphaltenes simply formed a thic&eolayer. The

interfacial monolayer observed in this work varied from 2 to 9 nm in thickness.

The asphaltene monolayer was shown to adsorb reversibly only atrgkdidde aging
times. The film gradually reorganizes at the interface tonfar rigid, irreversibly
adsorbed network. The elastic and viscous moduli can be modeled using disednic
van den Tempel (LVDT) model when the aging time is less than AGtes. An increase
in film rigidity can be detected with an increase in the total elastic modulus.

Increased film rigidity was shown to reduce the rate of coahescin an emulsion and

increase overall emulsion stability (reduce free water resalutThe rate of coalescence



and the free water resolution of emulsions decreased when theadetexfling time
increased, the heptane fraction in heptol increased, and the asphalteeatm@tion
decreased. For systems in which asphaltenes do not leave thecenteltang
coalescence, the rate of coalescence correlated to the metsatechodulus over a
range of asphaltene concentrations, solvent qualities, and interfange tages. For
systems in which asphaltenes leave the interface during coalesdbe correlation
under-predicted the coalescence rate because the total modulusascasamaterial
leaves the interface. The total modulus is believed to increasgdualescence because
the most weakly bound asphaltenes are expelled from the interfaite the asphaltenes
that remain on the interface are those that cross-link mordyreadi form the most rigid
interfacial film. For any given solvent, emulsion stability cated to the total modulus;
however, the correlation was different for each solvent systemdesadi It is likely that
other factors such as rigid film formation during coalescenae iaffuence emulsion

stability.

Native solids were clay platelets and fell into two sizegaties: 1) fine solids 50 to 500
nanometers in diameter; 2) coarse solids 1 to 10 microns in diankaterisions
stabilized by fine solids and asphaltenes were most stabl2: atfieactional area ratio of
asphaltenes to solids. It appears that when the asphaltene sw¥acege is high,
insufficient solids remain to make an effective barrier. Whersdtlids coverage is high,
insufficient asphaltenes remain on the interface to immobilizedhés. Treatments that
weaken the interface, such as toluene dilution, are recommended feica®itabilized
by fine solids. Emulsions stabilized by coarse solids were unstiblew solids
concentrations but became very stable at solids concentrationsr gheat 10 kg/ms3. At
low concentrations, these solids may act as bridges betweendnapéts and promote
coalescence. At high concentrations, layers of coarse solids maynédrapped between
water droplets and prevent coalescence. Treatments that flocth#asolids, such as
heptane dilution, are recommended for emulsions stabilized by high caticersgtrof

coarse solids.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL DESCRIPTION

Water-in-crude oil emulsions are a recurring problem faced bgroducers during the
recovery, treatment, and transportation of crude oil. Oil field eondscan be formed
during waterfloods or steamfloods when oil and water mix in thervase at the

wellbore, and in various uphole surface facilities. They are alseefbwhen recovering
bitumen from oil sands in a hot water extraction process. Emulsiendediberately
created in refineries in an effort to prevent corrosion of equipnmehpiping by washing
chlorides and other contaminants out of the crude oil (Grace, 1992). Whethiegire

created unintentionally or deliberately, emulsions must be eventou@ken so as to

obtain separate oil and water phases.

Heavy crude oils and bitumen usually contain large proportions of emuisibitizing
components, and gravity settling alone will not result in timelyassion of oil and
water. Hence, oil producers are forced to employ a variety ofnigeatid chemical
demulsifying techniques in order to increase the speed and effic@neyater/oil
separation. Emulsion treatment can be costly, and it is desicatvélop new and less
expensive techniques for emulsion destabilization. To do so, it is usehive an

understanding of the factors that contribute to emulsion stability.

The asphaltene and non-asphaltenic solids (such as clays) componentsdef c
oil/bitumen have been identified as the primary stabilizers ofemmatcrude oil
emulsions (Yarrantoret al, 2000a; McLean and Kilpatrick, 1997b). It is generally
believed that these components adsorb as surfactants or as paittithes oil/water

interface, resulting in rigid films that encapsulate water @tspbhnd prevent their



coalescence (Yarrantaat al, 2000a, McLean and Kilpatrick, 1997a and 1997b, Setgh
al., 1999). Aggregated droplets form a viscous, voluminous "rag" layeofteat must be
removed mechanically during periodic shut downs of desalters and desnsidieat
and chemical treatment techniques may fail to break these emulsions.

Asphaltenes are a solubility class of crude oil, meaning that phegipitate in the
presence of aliphatic solvents such as pentane or heptane, but rerabihzedl in
aromatic solvents such as toluene. Since they are a solubisis; elsphaltenes cannot be
considered a pure component; however, it is known that asphaltenesgareplalar,
polynuclear molecules consisting of condensed aromatic rings, aligidgichains, and
various heteroatom groups (Strawtzal, 1992). Asphaltenes are amphiphilic, meaning
they have both lyophilic and hydrophilic parts and therefore exhibit sudettvity
(McLean and Kilpatrick, 1997a and 1997b, Sketual, 1995). They tend to adsorb at
water/oil interfaces where they hinder coalescence and atalditize an emulsion. As
well, asphaltene molecules can self-associate and form inwyBasilarge
macromolecules as their concentration in the bulk solution increasksasSociation

must be accounted for when interpreting asphaltene interfacial behaviour.

Non-asphaltenic solids can also adsorb at the water/oil intedisezing a steric barrier
to coalescence. This type of adsorption leads to a stabilized drajget only if the

adsorbed particle is small relative to the water droplet. Heheesolids that potentially
lead to stable films are in the 100 nm tpri size range (Yast al, 1999). It is believed
that the finest solids lead to the most stable and difficult-takbeenulsions. Solids may
also become trapped between water droplets preventing both aggregatibn

coalescence.

The non-asphaltenic solids are typically fine clays, silicateash present in the crude

oil/bitumen (native solids), or corrosion products and/or precipitatedriaiatieat has



become insoluble (non-native solids) (Kothetr al, 1993 and 1998, Bensebat al,
2000). The effectiveness of solids in stabilizing emulsions depends oralsiaators,
including their concentration, density, size distribution, and surface piexpemhe
interaction of asphaltenes with solids (i.e., the possible adsorptionsorpten of
asphaltenes on solid surfaces) also contributes to their effed$sanestabilizing

emulsions.

This thesis attempts to relate water-in-oil emulsion stglitinterfacial properties and
the characteristics of asphaltenes and solids. In this work, emastsiaitity is defined in
terms of the free water resolution from the emulsion over tilmenwt is subjected to a
given destabilization treatment. High free water indicatesdiowlsion stability; low free
water indicates high emulsion stability. Despite numerous studibssiarea of research,
a clear understanding of the relationship between crude oil propeheesyater/oil
interface and emulsion stability is still lacking. In fact, expental results from one
study to the next are sometimes contradictory despite seensigiiar emulsion
systems. The variability and complexity of crude oil can contrihatéhe apparent
inconsistencies in the literature. Nonetheless, there is agneethat the key to
understanding emulsion stability, and subsequently designing more &ffectiulsion

treatments, lies in identifying the interfacial components and determinmmgrfdperties.

As noted, asphaltenes have been identified as one of the primarizstabif oilfield
emulsions. However, their role in the formation of interfacial $ilis not clearly
understood. For example, the state in which asphaltenes adsorb (moleoiiteds,
micelles) and their structure at the interface is not fully tstded. Their effect on the
strength of the interface with time is also not fully known. Sévgraups have
hypothesized that once asphaltenes adsorb at the interface, thapgeaand form a
rigid, three-dimensional network. A viscous film is believed to hindamdge from
between drops and reduce coalescence. Despite these speculatiombed®gical

assessments of the interface have been made quantifying fitlityri@y studying model



asphaltene/heptane/toluene and water interfaces and emulsionsudyisatémpts to
better understand the nature of asphaltene interfacial adsorption,offestigs of the

interface as the film ages, and their relation to emulsion stability.

Generally, it has been observed that solids less than one micraaetgreatly enhance
the stability of oilfield emulsions. However, the stabilization hagtisms involved (for
example, steric stabilization or trapping) have not been examinadaomsistent study.
Further, many experiments have been performed with model solidx&woipée, silica or
latex particles) rather than actual solids found in the realstomgl. The difficulty in
using actual solids is that their surface properties may chamge extraction from the
crude oil or bitumen. When the solids are re-dispersed in a modeli@msystem, they
may behave differently and original emulsion stability may noepeoduced. This thesis
addresses this issue and then attempts to elucidate the diabilin@chanisms relevant

for solids and asphaltene-stabilized emulsions.

1.2 OBJECTIVES

The primary objective of this study is to relate the compositios@iyctural and
rheological properties of the water/oil interface to emulsiobpilgta Ultimately, this may
lead to a greater understanding of water-in-oil emulsions and théopesent of more
effective emulsion treatment techniques. As already mentioned, thealirstgbility of
the emulsions encountered in the production, processing and transportatiateoditis
often related to the asphaltene and native solid materials. This themines the nature
of the interface when asphaltenes and solids are the stabilizitngjgsa Model systems
are employed in the majority of experiments in order to elimitetecomplexity of a real
emulsion and also to isolate the effects of asphaltenes and nalide Fhe thesis is

divided into two main sections with the following objectives:



Effect of Asphaltenes

1. Determine the structure of model water/oil interfaces.

2. Determine the rheology of the water/oil interfaces by meaaguhe elastic and

viscous moduli at various interface aging times.

3. Attempt to apply a Surface Equation of State (SEOS) and diffisiglaaation
model describing the rheology of model water/oil interfaces.

4. Relate the structure, composition and rheology of the water/oifacés to
emulsion stability.

Effect of Native Solids

5. Determine the effect of “fine” and “coarse” native solids on dtracture and

composition of the water/oil interface.
6. Measure the bulk and surface properties of the native solids.

7. Relate solids properties, and the composition and structure of tlee/oat

interface, to emulsion stability.

1.3 THESIS STRUCTURE

This thesis is separated into eight chapters. Chapter 2 senasiasoduction to the
subject of water-in-crude oil emulsions. First, basic emulsion plesi emulsifiers,
emulsions stabilization mechanisms, and the methods used to comméezdloilfield
emulsions are introduced. Second, crude oil composition, with focus on asphalteine
native oilfield solids, is discussed. Finally, the work on the rolesphaltenes and solids

in emulsion stability is reviewed. The role of interfacial film formatiompkasized.

Chapter 3 describes the experimental techniques used in thisiticesging: asphaltene
molar mass, interfacial tension and elasticity measuremémstechniques used to

characterize the size, shape, and mineralogy of native oilfieldssohe experimental



techniques used for the preparation and analysis of model water-gmilsions
(gravimetric and drop size measurements) and the assessmegiatoferemulsion

stability.

Chapter 4 summarizes the compositional and structural propertisghafi@ne stabilized
films and model emulsions. Specifically, a methodology is developedtiéomdre how
asphaltenes adsorb at the water/oil interface using a combinationolafr mass,
interfacial tension, gravimetric and drop size experiments. Theltseare used to

determine if asphaltenes adsorb as a monolayer or in multilayers.

Chapter 5 presents the rheological assessments of the intéifaces, the elastic and
viscous moduli of model asphaltene/heptane-toluene/water films aren sitowarious
interface aging times. The early time, asphaltene/toluene/elatsic and viscous moduli
are modeled with the Butler Equation of State and the Lucassen-vareagrel model.

The results are used in part to assess the structure of aged interfaces.

Chapter 6 relates the rheology of the interface to the coalescatecof droplets and the
stability of the model water-in-oil emulsions. The effect of akpha concentration,

solvent quality and interface aging time are examined.

Chapter 7 shows how native solid particles affect the compositiontaraiuse of the
water/oil interface and their role in emulsion stability. Speilfy, the roles of “fine” and
“coarse” solids are examined and their stabilization mecharetumglated. Treatments
geared towards each type of emulsion are proposed and tested omgexethead and

refinery emulsions.

Chapter 8 summarizes the conclusions of this study and suggestsneudations for
further research.



CHAPTER 2
LITERATURE REVIEW

The objective of the current study is to relate the structural,positional and
rheological properties of the water/oil interface to emulsiohilgta In order to reduce
the complexity of the system, only asphaltenes and native solidsbleaweutilized as
emulsion stabilizers. This chapter describes asphaltenes, sokuifadial properties, and
their relation to emulsion stability. Section 2.1 describes basiglsen principles,
emulsifying agents, mechanisms of emulsion stabilization and desttdbn, and
industry methods used to treat oilfield emulsions. Section 2.2 destmdesmposition
of crude oil with particular focus on asphaltenes and native solids.cdmeepts of
asphaltenes as surface-active and self-associating matmeakliso discussed. Section
2.3 describes the role of asphaltenes and solids in the formation rédidiatefiims and
their effects on emulsion stability. Section 2.4 summarizes thespaiost relevant for
this thesis.

2.1 EMULSION CHARACTERISTICS

2.1.1 Basic Principles
Two conditions must be satisfied for an emulsion to form:
1) The presence of two immiscible liquids

2) The presence of agitation

An additional condition is required for an emulsion to be stable:
3) The presence of emulsifying agents

An emulsion is defined as a mixture of two immiscible liquids miclw one liquid is
dispersed in the other in the form of droplets. The droplet phase, orséidgarase, is
often referred to as the internal phase, whereas the continuousbabed the external



phase. When water is dispersed in oil, a water-in-oil (W/O), gulae, emulsion is
formed. When oil is the dispersed phase, an oil-in-water (O/W),verse, emulsion is
formed. The nature of the emulsion (i.e., W/O or O/W) can usuallydéetified by
analyzing the following (Schramm, 1992):

» texture: an emulsion has the same “feel” as the continuous phasagery” for
O/W, “oily” for W/O)

* mixing ability and inversion: an emulsion mixes easily withqaill of the same
miscibility as the continuous phase; if the emulsion is very coratedtit will
invert when diluted with the dispersed phase

» dyeing capacity: an emulsion is colored by dyes soluble in the continuous phase

* conductance: an emulsion has the same conductance as the continuous phase
(high for O/W, low for W/O)

o fluorescence: if an emulsion fluoresces and the droplets are krge the

resolution of the microscope the emulsion type can be identified.
For oilfield applications, the two immiscible liquids are usualbtev (or brine) and oll
(or light hydrocarbons). In the petroleum industry, both regular (W/Oyaratse (O/W)

emulsions can occur, as indicated in Table 2.1.

Table 2.1:  Examples of emulsions in the petroleum industry (Schramm, 1992)

Occurrence Usual Type
Undesirable Emulsions
Well-head emulsions W/O
Oil sand flotation process, froth W/O or O/W
Oil spill emulsions W/O
Desirable Emulsions
Heavy oil pipeline emulsions Oo/wW
Oil sand flotation process, slurry Oo/wW
Emulsion drilling fluid
Oil-emulsion mud o/w
Oil-base mud W/O
Asphalt emulsion Oo/wW

Enhanced oil recovery in situ emulsions O/W




To form an emulsion that has at least short term stabilityjghigls must be thoroughly
mixed such that sufficiently small drops are created. Howeverfotheation of small
drops results in an increase in the surface area between thguige and in turn results
in an increase in excess free energy. The excess eneulip tescause oil and water
molecules are in contact with unlike molecules at the interf&®en the interfacial area
decreases, the free energy also decreases. In emulsion sybteinserfacial area tends
to be minimized because the drops assume a spherical shape and treaosalesce
into larger drops as time progresses. Consequently, immiscibléeuresx have a

propensity to separate into the respective liquids.

The current work is devoted solely to model and oilfield water-ieililsions. Some of
these emulsions exhibit remarkable long term stability, thaivager droplets remain
dispersed in the continuous oil phase for long periods of time and theti@sabf
separate, clean oil and water phases may occur only upon addition oy haadl
centrifugation. Although mixtures of oil and water naturally sepaiatio two phases,
these oilfield emulsions often resolve only marginally. Other @ongds such as those
encountered in the food and cosmetic industries, never resolve unlessesuljec
improper use (e.g., addition of heat). The reason these types of @ilimiatures remain
emulsified for long periods of time is because emulsifying aggagsrb at the interface
and therefore prevent or retard drop aggregation and/or coalescence.

2.1.2 Emulsifying Agents

Emulsion stability is possible due to adsorption of molecules at #terinil interface
and the formation of strong interfacial films. These moleculeskaown as emulsifying
agents and include surfactants, which lower the interfacial teasitme interface, and

solid particles, which create a mechanical barrier at the interface.
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2.1.2.1 Surfactants

Surfactants are the most common emulsion stabilizers. Genéhalyare composed of
polar hydrophilic “heads” and non-polar hydrophobic “tails” that consist @éraé
carbon atoms. Surfactants are classified according to the nattive pblar head group.
The most common species are nonionic surfactants of polyoxyethyleretiesoi-
(OCH,CHy)-m, such as polyoxyethylene alcohol or alkylphenol ethoxylate. Other
nonionic surfactants include sorbitan esters of oleic or lauric,agfldscylated sorbitan
esters of oleic or lauric acids, as well as polyethyleneoblgsters of oleic acids. The
ionic surfactants include anionic structures such as sodium stéaC&€©), sodium
dodecyl sulfate (-S©) and sodium dodecyl benzene sulfonate gHGnd cationic
structures such as laurylamine hydrochloride (NHand cetyl trimethylammonium
bromide (-N). When both negatively and positively charged groups are present in the
head, the surfactant is classified as zwitterionic. For exangleamidopropyl betaine

contains a positive group, *Nand a negative group, -CO@chramm, 1992).

The behaviour of surfactants is determined by the Hydrophilic-LipopBgi@ance, or
HLB value. The HLB scale, defined by Griffin in the mid 1950s, rangeslue from 1
to 20 (NRC, 1989) and is related to the solubility of the surfactaoleio and aqueous
phases. A value of 1 represents a strongly hydrophobic surfactant, i.&hicheis oil
soluble. Conversely, a value of 20 indicates a strongly hydrophilic tamfac.e., one
which is water soluble. Because they have an affinity for oil aatenw surfactant
molecules orient in such a way that the head is located in tlee plase, while the tail is
located in the oil phase. A surfactant with an HLB of 3-6 will gelhestabilize a water-
in-oil emulsion, while an oil-in-water emulsion will be stabilizgga surfactant of HLB
8-18 (NRC, 1989). Other researchers report these values at 1 to 8 and202
respectively (Fingast al, 1995).

The HLB value of the surfactant influences not only solubility and siomlformation,

but also the likelihood of micelle formation. When present in low coretsmis,
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surfactants behave as normal electrolytes. However, at highernt@tioms, they are
able to organize into structures known as micelles or reversdlesicFor surfactants
with high HLB, i.e., those easily dissolved in aqueous media, the hydropbdads face
outwards whereas the hydrophobic tails face inwards. The opposite i®trlow HLB
surfactants in an organic media: the heads face inwards whbectsls face outwards
and reverse micelles are formed. In each case, the contacebeaiwkke molecules is
minimized. The concentration at which micellization begins iedathe Critical Micelle
Concentration (CMC). For pure surfactants, the CMC is most comnotisigrved by a
sharp break in the interfacial tension (or surface pressure) waBasntration curve, as
shown in Figure 2.1. At concentrations below the CMC, surfactantsiexgsiution as
individual molecules. At concentrations exceeding the CMC, excedsctsunts
remaining in solution can aggregate into micellar structuresbiiésak in the plot reflects
the change in apparent molar mass of the solute (i.e., surfactanged as micelles) in
solution (Lyklema, 1994). Note that for mixtures of surfactants, thakbirethe curve
may not be sharp; rather, a more gradual decline in the intérfacgon (IFT) may be
observed. Also note that, although interfacial tension is the most coipraperty for
determining the CMC, other solution properties such as turbidity and costyuctay

also be used to assess micellization and the CMC.

The adsorption of surfactants at the interface provides an expandosgagainst the
normal tension between the oil and water, thus resulting in a reductiba interfacial
tension. A reduction in the interfacial tension reduces the fregyeassociated with the
interface and increases the likelihood that oil and water wilbne emulsified. However,
besides lowering IFT at the interface, surfactants can alsease the interfacial
viscosity, resulting in a mechanical resistance to coalescEadéer, they can create an
electrostatic repulsion amongst drops and reduce the chances of dlimrculThe
combination of reduced IFT, increased film viscosity, and/or eleatrosepulsion can

result in stable emulsions.
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Figure 2.1:  Micellization of pure surfactant molecules

2.1.2.2 Solid Particles

Solids can potentially stabilize an emulsion by adsorbing at theripihtinterface
directly or by adsorbing on an existing surfactant film. The sdidsorbed on the
interface or existing emulsion film can create a stericidrabetween adjacent water
drops, hindering droplet collisions, film drainage, and coalescence (Tamsb8harma,
1993; Tadros and Vincent, 1983). They can also contribute to the mechagidibf and
viscosity of the film if a tightly packed network structure ieated and there are strong
particle-particle interactions (Tambe and Sharma, 1993; Menon anch\W&84; Tambe
and Sharma, 1994; Aberd al, 1998; Binks and Kirkland, 2002; Aveyaed al., 2003).
There is also evidence that partial surface coverage by sahdsecsufficient to stabilize
emulsions (Binks and Kirkland, 2002; Vignatial, 2003). If solids are trapped between
drops, they may reduce aggregation and creaming/sedimentation ofutsioa phase
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and further decrease the chances of coalescence divah, 2001). They may also
increase the overall emulsion viscosity (Aveyatdal, 2003; Yan and Masliyah, 1993;
Yaghi et al, 2001; Houache and Yaghi, 2003) and reduce the chances of segregation of

water and oil.

The mechanisms associated with solids-stabilized emulsions ardegnee to which
solids increase emulsion stability depends on several factors syrtecle size, shape
and morphology, density, concentration and surface coverage, and wettdlbge
issues will be addressed specifically for particles encounteremlfield water-in-oil
emulsions in Section 2.2.7, but generally, it can be said that emulalmlitytincreases
with decreasing particle size and density and increasing pacbcicentration. In fact, to
be effective emulsion stabilizers, solid particles must be dtterasimes smaller than the
droplet (Aveyardet al, 2002; Binks and Kirkland, 2002). They should also be locally
biwettable; that is, they should contain some surfaces preferatgdvby water and
some by oil. As the names imply, a “water-wet” solid refersrie preferentially wetted
by water whereas an “oil-wet” solid is more easily wettedibyA water-wet solid is one

in which the apparent contact angte,as measured through the water phase, is smaller
than 90° and an oil-wet solid is one in which the apparent contact ahatgar than 90°.

This is illustrated in Figure 2.2 (a).

For solids to form a sufficiently thick and strong mechanical &alretween drops, the
majority of the solid should protrude into the continuous phase. Note thategdmsured

contact angle does not take into account the molecular orientationtexfwet and oil-

wet regions on the solid; rather, an apparent contact angle isine@a$herefore, the
potential arrangement of solids at the interface is such that-e#ter emulsions are
stabilized by water-wet solids, whereas water-in-oil emulsayesstabilized by oil-wet
solids, as illustrated in Figure 2.2 (b). As will be shown in Se@i8B.3, some of the
most stable emulsions are those stabilized with biwettable soligdehich the apparent

contact angle between the oil, water and solid does not deviate far from 90°.
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Adsorbed solids do not generally cause a decrease in interfacsabri, although the
contrary has been observed by Nushtaeva and Kruglyakov (2004). Usually psskda
mechanical barrier at the interface.

(a) wettability of surfaces

0 > 90°
0 < 90°

oil oil
water solid water

Water-wet oil-wet

(b) steric stabilization by solids
oil-in-water emulsion water-in-oil emulsion
(water-wet solids) (oil-wet solids)

Figure 2.2:  Steric stabilization by solid particles
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2.1.3 Emulsion Stabilization and Destabilization

Emulsion stability depends on several factors including the chassicterof the
continuous and dispersed phases, the drop size distribution, the properties of t
emulsifier and its concentration, the agitation energy presém éitne of emulsification,
the temperature and pH, as well as the elapsed time sincdfiatits (i.e., the age of
the emulsion). Most emulsions are not thermodynamically stable matdaébreak” into
separate liquid phases. Emulsion destabilization processes includamirg/
sedimentation, flocculation/aggregation, coalescence and Ostwatihgp@&he first two
processes result in a change in the spatial location of the drops bhainge in the drop
size distribution, whereas the last two processes result in rgehia the drop size
distribution and may or may not result in spatial rearrangement. pibeesses are

summarized in Figure 2.3.

Creaming/Sedimentation

Creaming and sedimentation are processes in which droplets ridellamespectively,
because of the density difference between the continuous and dispersesl pleaxe,
oil-in-water emulsions undergo creaming whereas water-in-oil samd undergo
sedimentation. Most emulsions undergo creaming/sedimentation unlesdeniséy
difference between the phases is very small or the viscosttyeofontinuous phase is
very high. High viscosity can be a problem for water-in-oil emulsispscifically those

encountered in the petroleum industry.

Aggregation
Aggregation occurs when droplets are brought together without rupttine afterface.

The formation of flocs results in increased creaming (or sg}tkince the effective size

of the drop increases. Larger drops rise/fall more rapidly than smaller drops.
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Figure 2.3: Natural emulsion destabilization processes
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Water-in-oil emulsions are usually sterically stabilized;t tisa a structural barrier is
present at the interface. A steric barrier can be the m@sattsorbed solid particles or the
mechanical barrier formed as a result of tail groups of an adksthtactant protruding
out of the water droplet. Steric stabilization also occurs foineiater emulsions.
However, for oil-in-water emulsions, the presence of electriaaielns offers additional
resistance to aggregation and subsequent coalescence of drops. @iisdnapgk a net
charge because the head groups of ionic surfactants surround the drop itk pntd
the water phase. The net charge on the drop is equivalent to the chdrgdiead group
of the surfactant. The effect is to influence the position of naaris/in the continuous
water phase, giving rise to an “ionic atmosphere” that surroundshtvgedl droplets.
The charged atmosphere, known as the double layer, can prevent closé amatiag

drops and therefore reduce the chances of aggregation.

The extent of creaming and flocculation/aggregation depends on theddhthpeenergy
potential curve shown in Figure 2.4. For oil-in-water emulsions, thetreséatic

repulsive forces arising from the double layer are countered by vaWvakds attractive
forces resulting from intermolecular attractions in the fornp&imanent dipole-dipole
interactions, dipole-induced dipole interactions and dispersion forces L@edon

dispersion forces). The sum of attractive and repulsive forcesicmt distances is
described by DLVO theory which relates the total energy potetdiaghe distance
between the surfaces of charged particles. The curve is chemeattdy a primary
minimum which is related to the flocculation capacity of the pladi Depending on the
magnitude of the attractive and repulsive forces, the curve magatgain a maximum
and a secondary minimum which represent the capacity for coalesmetdlocculation,

respectively.
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The presence of the maximum and the secondary minimum depends on tlstrémgth
of the aqueous phase. Curve (1) in Figure 2.4 represents a systerh wiiggstrength,
meaning that repulsive forces are small and attractive van dals\Vibrces dominate at
all separation distances. Particle aggregation would occur otiheiprimary minimum
and a very large energy would be required to separate particdaserSely, curve (2)
represents a system of low ionic strength. Here, electric déayse repulsion is strong,
and an energy barrier appears at intermediate separation dist@wdg if the energy
barrier is overcome can drops coalesce. Coalescence occurs whenathestrong
droplet-droplet attractions and when radial hydrodynamic forces ditateends of the
droplets are large enough to overcome this energy barrier. Curkep(8sents a system
of intermediate ionic strength. In this case, repulsive and atgdotrces are comparable.
At low droplet velocity (i.e., poor sedimentation or creaming), drogktsot climb over
the energy barrier presented by the primary maximum, so weadctath amongst
droplets at intermediate distances will occur in the secondaniynonin. If hydrodynamic
forces increase, droplets may be able to exceed the energyedetiisurmount the
maximum, either coalescing, or aggregating with very strongcéite forces in the

primary minimum (Masliyah, 1994).

Coalescence

Aggregation may lead to droplet coalescence depending on the chstiast®f the

continuous phase and the stabilizing film. Coalescence is summaniZéidure 2.5.

During coalescence, two droplets approach each other to within molseylaration

distances (2.5 a). As they are drawn or forced together, theicasirbeegin to dimple
creating a planar interface between the droplets. Simultaneoduslgontinuous phase
drains from between the droplets (2.5 b). As the surface dimples m@atches, any
surface-active materials adsorbed on the interface are sppeddaad surfactant-free
pockets may develop on the interface. As the fluid trapped betweentsropiéinues to
drain, the droplets approach each other to within nanometers and the edispease

fluid can bridge the gap between the interfaces and triggerscealee (2.5 ¢ and d). The
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probability of coalescence decreases if the droplets do not comelas® contact,
drainage is hindered, there is a strong resistance to dimplingharsdiffactant diffuses
rapidly into the dimpled area (relaxation). High continuous phase wigcasd the
presence of large particles dispersed throughout the continuous phasepedg film
drainage and prevent close contact among droplets. High concentratisngaatant

may impede dimpling and the formation of surfactant-free pockets.

SO CO

(d)

- ¢
A drainage ‘J‘ ,::

oW\ ~Ne
brldglng
dimpling J
surfactant

displacement

(b) (©)

Figure 2.5:  Steps in coalescence
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Ostwald Ripening

Ostwald ripening involves mass transfer through the continuous phasesbetvoplets
of disparate size. The concentration of the dispersed phase at féee safra drop is
inversely proportional to its radius of curvature (Kabalnov and Shchukin, 1992)eHe
there is a higher dispersed phase concentration near small drops #owlera
concentration near large drops. Mass transfer occurs from sroph tlv large drops,
resulting in shrinkage of the small drops and growth in the large .dewesitually, the
smaller drops disappear. Although these changes are relativelytBwdo result in a

change in the drop size distribution.

2.1.4 Treatment of Emulsions

Oilfield emulsions are usually treated with a combination of physamd chemical
methods and are designed to improve creaming/sedimentation, aggregatd
coalescence. The oldest and simplest treatment is graviipgeHowever, additional
treatments are usually employed because gravity settling caeripeslow, especially
when the continuous phase viscosity is high, the density differencedmetive oil and
water is small, and the dispersed droplets are very smallctinafa stated by Smith and
Arnold (1987), gravity settling is only used to treat relatively épamstable emulsions.
In the oilfield, gravity settling is usually supplemented with imgat electrostatic

coalescers, and/or chemical treatments.

Heating reduces the bulk emulsion viscosity, which facilitatemagai of the continuous
phase from between drops and may also reduce the rigidity of thiageteFor example,
asphaltenes adsorbed at the interface may form a looser, lessisvisetwork and
therefore may be more easily removed from the interface wheretbaglllide. For waxy
oils, adsorbed solid wax particles may become dissolved upon heatinigeagohalsion
film broken. Heating also promotes movement of drops and hence incriéeses
likelihood of collision amongst drops. However, heating may lead to lofghtfend

hydrocarbons, leaving oil that is more dense and viscous upon cooling. Theototaé
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of oil is also reduced. Further, the cost of fuel necessary tahee&mulsion may also

reduce the cost-efficiency of the heating process (Smith and Arnold, 1987).

In addition to heat, electrostatic coalescers may also be ugsstté¢ase the resolution of
water and oil. In an electrostatic coalescer, a high-voltagsrieldield is applied to
water-in-crude oil emulsions. Water droplets dispersed throughout théeodme
polarized and align with the lines of the electric force (Sraitd Arnold, 1987). As a
result, the positive and negative poles of the droplets align and wisécontact, the
droplets coalesce. The electric field also causes distortiomeo$tabilizing film which
may promote rupture and subsequent coalescence. Electrostatic metbodslya
applicable for water-in-oil emulsions because the dispersed phager)(wnust be
conductive in order to induce a dipole in the droplets. Additionally, the contimpase

should not be conductive in order to prevent large power losses.

Chemical demulsifiers are usually used in addition to heating. Mostmercial
demulsifiers are flocculants aimed at promoting rapid settlingwever, chemical
demulsifiers may also replace emulsion stabilizers at therfacte. In order to be
effective, they must first mix closely with the emulsion, healt water/oil interfaces, and
finally replace existing stabilizers on the interface. Foodm=l solids, demulsifiers may
alter the wettability and promote desorption of the particles. In ¢aghs, a weaker film
is created and the chances of coalescence increased. Most thedemicasifiers are
surface-active species with complex organic compounds. Smith and Alr83ad) list
several types of demulsifiers: polyglycol esters, low-moleculeight resin derivates,
sulfonates, polymerized oils and esters, alkanolamine condensate&ylatgdl phenols
and polyamine derivatives. They may be used alone or in combination dependirey
desired HLB and on the stability problems of the particular emutsibe treated. Often,
the optimal composition and combination of demulsifiers is determingeetigrming
extensive bottle tests on small emulsion samples. The effectsoéntration, operating
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temperature, settling time, and cost must be taken into account. Augdedstanding of

the factors contributing to emulsion stability is beneficial for proper denearlsiilection.

2.2 CRUDE OIL COMPOSITION

Crude olil, or equivalently petroleum, is a complex mixture of thousandsgainic
chemical species. It is primarily composed of hydrocarbon compoundssbuheludes
heteroatom groups that contain nitrogen, oxygen and sulfur and species whic
incorporate metals such as vanadium, nickel and iron. The origin of utle oifl can
have a significant effect on its compaosition, resulting in oilsiagryidely in volatility,

density, viscosity, and colour.

“Conventional crude oil” refers to oil that can be produced at Ieudtsally through
primary recovery without the addition of heat, chemicals or solveetsaue these oils
have relatively low viscosity and density, they can be produced through mumpi
operations as free-flowing oil. Oil that is significantly merscous and has a lower API
gravity (higher density) is called “heavy crude oil”. These aills more difficult to
produce by primary recovery and require some thermal stimulatioheoaddition of
solvents to reduce viscosity. Although the distinction between lighanoil heavy oil is
somewhat arbitrary, it is generally accepted that heavy oibha&PI gravity less than
20° (density greater than 934 kg/m?) and contains more than 2 wt% ssiieiglit,
1981).

“Bitumens” or “extra heavy crude oils” are solid or near-solidamals that do not flow
freely under ambient conditions. They are extremely viscous andsaedly produced
through mining of oil sand deposits or through secondary and enhanced recovery
techniques. Bitumen is denser than heavy oil and usually contains cgigtiifi higher

quantities of heteroatoms and metallic groups.
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Petroleum is primarily composed of hydrocarbons including paraffinkpamffins and
aromatics. Paraffins are saturated hydrocarbons with straightaoched chains. The
cycloparaffins, also called naphthenes, contain saturated hydrocarbon of omare

rings with paraffinic side-chains. The aromatics contain ringcsires of benzene,
naphthalene and phenanthrene and may be linked with substituted naphthalegne rings

paraffinic side chains, or a combination of both (Speight, 1999).

Nitrogen, oxygen and sulfur may be incorporated in various hydrocarbon ogyaufss.

In petroleum, nitrogen occurs either in basic or non-basic form. The d@spounds are
primarily pyridine homologues, including quinoline, indoline and benzoquinoline and
various porphyrins. Potentially, they can be problematic in acid-zathlprocesses
(catalyst fouling, increased amounts of acids required) and in petralefining. The
non-basic compounds include pyrroles, indoles and carbazoles (Speight, 199®n Oxyg
occurs in numerous forms such as alcohols, ethers (chain and cyalmxylic acids,

acid anhydrides and esters, ketones and furans (Speight, 1999). In petroéeomajarity

of oxygen compounds occur as phenols, naphthenic acids, and esters. Sulfuasccurs
mercaptans (thiols), sulfides (chain and cyclic) and disulfidesig8pe999) and other

sulfur compounds such as thiophene which is aromatic.

2.2.1 Classification of Petroleum

Petroleum can be classified in a number of ways including by cheraenposition,
density, viscosity, boiling cut, H/C ratio, carbon distribution, heteroatontent, and
solubility class. In the current work, the most relevant and eagllemented method is
solubility class. The four solubility classes are saturatesnatics, resins (collectively
called maltenes) and asphaltenes. Their method of separation, shovgurie 6, is
called SARA fractionation (the abbreviation is made up of the feger of each
solubility class). There are several variations of SARA, butntlest commonly used
methods are any of the ASTM methods.
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The first step of SARA fractionation is the separation of asphedt from bitumen.
Asphaltenes are precipitated by adding 40 volumes of pentane to one volbituenein.
The mixture is usually stirred, allowed to settle, and filtefBae dark brown/black
powder remaining in the filter paper comprises the asphaltenesmalenes passing
through the filter paper are concentrated by evaporating the asgop&itane and then
separated into saturates, aromatics and resins through clay-dsdrptaon
chromatography. Resins adsorb on Attapulgus clay, aromatics adsoricargsi| and
saturates elute directly. The resins are separated fromanevith a 50/50 mixture of
toluene and pentane. The aromatics are separated with a mixtbh@g56ftoluene and

acetone. The solvents are evaporated to concentrate each.

A typical SARA analysis of Alberta and international bitumenslaay oils is given in
Table 2.2 (Peramanet al, 1999; Akbarzadebt al, 2004). Note that other solvents may
be used for deasphalting oil. Pentane is used if one requires adlolobility classes for
use; however, asphaltenes are often precipitated with hexane or héplanerecovery
alone is desired. In fact, asphaltene yields reported in theditenaore commonly refer
to the yield with heptane rather than pentane. The asphaltene yielhstes with
increasing carbon number up to approximately (Speight, 1999). It also decreases as
the temperature and pressure increase and as the contact tiveerb#te solvent and

bitumen decreases.

Table 2.2: SARA fractionation of Alberta and international bitumen and heavy oil
(Peramani@ et al, 1999; AkbarzadeM et al, 2004)

Source Saturates ~ Aromatics Resins Asphaltenes
(Wt%) (Wt%) (Wt%) (Wt%)

Western Canadian

Athabasca 179 16.3” 39.7% 39.8” 2589 2858Y 17.3% 147

Cold Lake 20.%19.4” 39.3¥38.1” 24.8926.7) 15.3% 154"

Lloydminstef” 23.1 41.7 19.5 15.3

International

Venezuel® 15.4 44.4 25.0 15.2

Russi& 25.0 31.1 37.1 6.8

Indonesi& 23.2 33.9 38.2 4.7
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Figure 2.6: SARA fractionation of bitumen
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As suggested by Figure 2.6, the material commonly called “aspbsiltés actually a
mixture of asphaltenes and Non-Asphaltenic-Solids (NAS). Most haade oils and
bitumens contain at least some fraction of solids, usually less li¥ta weight of the
bitumen. The solids are a mixture of clays, sand, ash and otheratsat€hey can be
separated from the asphaltenes by redissolving the asphaltenersbléggol (a mixture

of heptane and toluene) or toluene and then centrifuging the solution. During
centrifugation, the asphaltenes remain solubilized in the toluene dtwl Ifethe heptane
content is less than the onset of precipitation) whereas the aadid®ncentrated at the
bottom of centrifuge tubes. The methodologies used for their recowegivan in detail

in Chapter 3.

Since SARA fractions are separated according to solubilityrétia® chemical nature,
each class contains thousands of individual molecular species. larfaoitics, resins
and asphaltenes form a continuum of molecules of increasing moleaitdrt, density,

polarity and heteroatom content. While there is no single reprasentablecule for

each class, the molecules within each class do have common characteristics.

2.2.2 Saturates and Aromatics

The saturate and aromatic classes are more precisely défaredesins and asphaltenes
because they contain significantly fewer and simpler types oécul@s. The saturate
fraction is composed of paraffins and naphthenes (cycloparaffins). ©be prevalent
single ring naphthenes are methyl, ethyl or propyl-substituted cyclpentand
cyclohexanes. Saturates are sometimes referred to as ‘eilsitedue to their pearly
colour. The molar mass and density of saturates extracted froemakélberta and
international bitumens and heavy oils was found to vary from approxynggélto 545
g/mol and 853 to 900 kg/m3, respectively (Akbarzaelehl., 2004).

As the name suggests, aromatics are composed of structuresiogngomatic rings.

They include monoaromatics, substituted naphthalenes and phenanthrenes (amnel, two
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three ring aromatic structures, respectively). The molar mradglensity of aromatics is
slightly more than saturates: values varying from 450 to 550 g/moR&f@do 1003
kg/ms3, respectively, have been reported in the literature (Akbarza@eh2004).

2.2.3 Asphaltenes

Asphaltenes are large, polar, polynuclear molecules consisting of nsstd@romatic

rings, aliphatic side chains, and various heteroatom groups (Setakz1992; Watson

and Barteau, 1994). They are the highest molecular weight, most polasramatic
fraction, and are responsible for the high density and viscosity of Beawy crudes and
bitumens. The density of asphaltenes has been reported as 1132 to 1193 kg/m3
(Akbarzadehet al, 2004). The chemical characteristics of asphaltenes cause them to
amphiphilic and therefore exhibit surface activity (Taylor, 1992; &l and Kilpatrick,

1997a and 1997b; Sifferet al, 1984; Sheuet al, 1995; Schildberget al, 1995;
Rogachevaet al, 1980). The chemical nature, structure and surface activity of

asphaltenes are discussed in detail in the following sections.

2.2.3.1 Asphaltene Elemental Composition

Although the literature alludes to the complexity of the asphakehility class, the
elemental composition is well known with relatively few differendetween asphaltene
samples. Table 2.3, summarized from the extensive data given byniS{i€ig9), shows
the elemental composition and atomic ratios of pentane extragibdlt@mes from oils
originating in Canada, Iran, Kuwait, and Venezuela. The data indisatédarity in the
carbon and hydrogen content between sources. In fact, as stated by Moscébpédi
(1976), the H/C ratio is usually 1.15 +0.5%, suggesting that asphalteres lspecific
composition and molecular structure and can therefore be describeateashian just a
solubility class. The nitrogen content is also fairly constant ®.2.3%), whereas the
oxygen and sulfur contents are more variable (0.3 to 4.9% and 0.3 to 10.3%,
respectively). Note these limits include oils not listed in T@&8 Heptane precipitated

asphaltenes have a slightly smaller H/C ratio and larger, R and S/C ratios.
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Although the differences are not marked, they do reveal that heptacpitpted

asphaltenes have a higher degree of aromaticity and larger proportion of hetemtslem

Table 2.3: Elemental composition of asphaltenes from world sources (Speight, 1999)

Canada Iran Kuwait Venezuela
Carbon (wt%) 79.0 — 88.7 83.7 81.6-82.4 81.1-84.7
Hydrogen (wt%) 6.9-11.1 7.8 7.8-8.1 7.8-8.3
Nitrogen (wt%) 0.7-28 1.7 06-1.7 0.2-20
Oxygen (Wt%) 0.4-3.9 1.0 0.6-1.8 1.0-4.2
Sulfur (wt%) 0.3-8.1 5.8 7.4-8.0 2.7-6.9
H/C Ratio 0.98 — 1.56 1.19 1.14-1.19 1.13-1.19
N/C Ratio 0.007 — 0.029 0.017 0.008 —0.017 0.002-0.02
O/C Ratio 0.004 - 0.037 0.009 0.005-0.017 0.013-0.039
S/C Ratio 0.001 - 0.038 0.026 0.034-0.039 0.012-0.032

Asphaltenes also contain metal elements, most notably vanadium, ai#telron
(Nalwaya et al, 1999). The nickel and vanadium can occur in porphyrins (Speight,
1999); however, they are also believed to be chelated with ligands¢hadt porphyrins
(Crouchet al, 1983). Further, some of these elements may actually be assawitited
the native solids. Kotlyaet al. (1999) emphasize the importance of analyzing metal

content of asphaltenes on a solids-free basis.

2.2.3.2 Asphaltene Molecular Structure

Although the elemental composition of asphaltenes is well estathlihe structure is
still debated. No single asphaltene molecule has ever been idkridieever, various
studies of the fraction have led to agreement on some general characteristics.

Asphaltenes are believed to be large, polynuclear structures cogtatondensed
aromatic rings with aliphatic side chains and dispersed hetergatmmps. Infrared and
nuclear magnetic resonance spectroscopic techniques reveal thatothatic ring
systems are composed of six to 15-20 rings. It has been suggestegbdading units of

these condensed structures, linked by alkyl side chains and rings, adoouhts high
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molar mass of asphaltenes (Speight, 1999; Caleratal, 1998). The degree of
condensation may affect ultimate emulsion stability. Khadim anta4d999) have
suggested that increased aromaticity, decreased side chaih Emdjtreduced chain
branching may lead to the formation of more stable emulsions. Howeapireret al.

(1982) noted that asphaltenes of intermediate aromaticity resulted highest emulsion

forming ability.

The polarity of asphaltenes arises from the nitrogen, oxygen anar $idteroatom
groups located throughout the molecule. Watson and Barteau (1994) suggdbke tha
heteroatoms are most likely incorporated into the aromatic shéeisus heterocyclic

and four-ring aromatic nitrogen species have been identified in pialtene structure.
Mitra-Kirtley et al. (1993) suggest most of the nitrogen found in asphaltenes is aromatic
and occurs primarily in the pyrrolic rather than pyridinic form. Hesve Strauszt al.
(1992) identify n-alkyl pyridine as a possible group in their formuladioa hypothetical
asphaltene molecule. They also suggest the presence of porphyrinsteconsith the
work of Yen (1974) and Strausz (1989). Interestingly, the more conventionzrpyi
secondary and tertiary aromatic amines have not been identifiedeiragphaltene
structure. Carbazoles and amides were identified by Moschopedis aigthtSpe79).
Oxygen usually occurs in carboxylic, phenolic and ketonic groups (Riéthag 1979;
Nicksic and Jeffries-Harris, 1968; Moschopedis and Speight, 1976; Begtaugkf
Byramjee, 1994), but is not usually found in the aromatic ring struct@déur can
occur as benzothiophenes, di- and naphthene-benzothiophenes (Speight, 1999; Nicksic
and Jeffries-Harris, 1968; Ritchet al, 1979), as well as alkyl-alkyl, alkyl-aryl, and aryl-
aryl sulfides (Speight, 1999).

Several researchers have proposed hypothetical “average” asphadtieceles (Strausz
et al, 1992; Yen, 1974; Murgich and Strausz, 2001). One such example is the molecule
proposed by Straust al. (1992), here shown in Figure 2.7.



Figure 2.7:  Hypothetical asphaltene molecule (Straetsal, 1992)
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This molecule has an elemental formula @$08496NsS1404V, an H/C ratio of 1.18, N/C
0.014, O/C 0.010, S/C 0.033, and a molecular weight of 6191 g/mol. The composition is
81% C, 8% H, 7.3% S, 1.4% N, 1.0% O and 0.8% V. These values compare well with
those summarized previously in Table 2.3.

Although this structure appears to satisfy the chemical and compasitequirements, it
can be potentially misleading, especially where molar masmiserned. As will be seen
shortly, the molar mass of the hypothetical molecule given by Stsuggests it is one
that has self-associated, since the molar mass of asphaltene ensnsrelieved to be
significantly less. In fact, the structure of asphaltenes irolgetm is still debated: some
evidence supports the existence of small molecules (less than H08) \whereas other
studies support large, macromolecular structures with high moleadghts (up to
30,000 g/mol).

2.2.3.3 Asphaltene Molar Mass

The molar mass of asphaltenes is an extensively studied and delgatedrable 2.4
summarizes the molar mass of asphaltenes as determined wétial siEechniques on
various crude oils. Although source oil and experimental conditions do indutkec
apparent molecular weight, the extremely wide variation observédhble 2.4 strongly
suggests that asphaltenes self-associate; that is, theyafigmagates and in most cases
the measured molar mass is that of a macromolecule and not amluatligsphaltene
molecule. The concept of asphaltene self-association and its consegneheestructure
of asphaltenes in petroleum and at the interface will be discussewre detail in
Section 2.2.5.

The most common methods used today for measuring molar mass arermgektion
chromatography (GPC) and vapour pressure osmometry (VPO). For arstadnnique
such as VPO, the measured molar mass can depend significantly olveat,

temperature and concentration. Moschopedisl. (1976) found that asphaltene molar
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mass increases as the temperature and aromaticity of thentsde@ease and as the
concentration increases. Agrawala and Yarranton (2001) observed thérsadsewith
the molar mass from VPO usually varying between 1000 and 10,000 g/nibté (1:4).
The lower limit is usually taken as the monomer molar mass,eakehe upper limit
corresponds to an aggregate composed of several monomers. Yarrantawariars
(Agrawala and Yarranton, 2001; Akbarzadshal, 2004) deduced the monomer molar
mass from VPO and found that it varies between 1500 to 2000 g/mol. Ferresc
depolarization measurements made by Groenzin and Mullins (2001) placeldleeat
500 to 1000 g/mol.

Table 2.4: Asphaltene molar mass determined with various techniques

Technique Molar Mass (g/mol)
Ultracentrifugatiofi Up to 300,000
Osmotic Pressufe 80,000
Monomolecular Filrfi 80,000 — 140,000
Gel Permeation Chromatograghy 20,000 — 65,000
Dynamic Light Scatteriry 20,000 - 100,000
Ebullioscopié 2500 — 4000
Cryoscopié 600 — 6000
Viscosity? 900 — 7000
Vapour Pressure Osmométry 1000 — 5000
1000 — 27000

a Moschopedist al, 1976
b Yen, T.F., 1994
¢ Alboudwarejet al, 2002

Although generally accepted as an accurate method for the detéomiohasphaltene
molar mass, VPO has one major drawback: it cannot measure therdgppatar mass of
asphaltenes in the crude oil and bitumen. Rather, VPO measures Hrenmask of an
extracted sample in a pure solvent since the method relies orfférerdies in vapour
pressure between pure solvents and solvents containing solutes (herdtemapha
Therefore, VPO measurements cannot be used directly in modelingsstdi@isphaltenes
in crude oils and bitumens. It is expected that the molar masploéléenes at any given

concentration is smaller in bitumen than in a solvent such as tolueaaskebitumen
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contains resins which tend to reduce asphaltene association. For @xAkiyarzadelet
al. (2004) found that for successful modeling of asphaltene precipitatiortumen,
molar masses smaller than that measured with VPO had to iredutVPO is best used
for relative comparisons assessing the effects of asphalten=e sdegree of washing,

and concentration.

2.2.4 Resins

Aromatics, resins and asphaltenes form a continuum of moleculaespleat increase in
polarity, heteroatom content, and molar mass. Hence, resins contaculeslsimilar to
those found in the aromatic class except they are generaligr land contain more
sulfur, oxygen and nitrogen. During SARA fractionation, resins areovech from
Attapulgus clay with a toluene/acetone mixture. The solvent is ea@poteaving a
sticky, brown-black semi-solid. The density of resins has been re@Est2007 to 1066

kg/ms for Alberta and international crude oils and bitumen (Akbarzedah 2004).

2.2.4.1 Resin Elemental Composition

Although smaller, less aromatic and less polar, resins are cdlgmsimilar to

asphaltenes. Table 2.5 summarizes the elemental composition of eessrted from
oils originating in Canada, Iran, Kuwait and Venezuela. The H/G imtigher for resins
than asphaltenes, whereas the heteroatom elements occur in smalletts (Koots and
Speight, 1975). As for the asphaltenes, there is substantial varratio® $ulfur content.
Resins are thought to be the precursor to asphaltenes (Speight, 1999)y eri
maturation process, the cyclic portion of the resins undergoes azatiwati This

explains the lower H/C ratio and higher heteroatom content of the asphaltenes.
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Table 2.5: Elemental composition of resins from world sources (Speight, 1999)

Canada Iran Kuwait Venezuela
Carbon (wt%) 81.9-87.8 77.5 83.1 79.6
Hydrogen (wt%) 9.7-11.9 9.0 10.2 9.6
Nitrogen (wt%) 03-15 3.1 0.6
Oxygen (wt%) 0.2-0.8 0.3 0.5
Sulfur (wt%) 0.4-5.1 10.1 5.6 6.3
H/C Ratio 1.36 - 1.69 1.39 1.47 1.45
N/C Ratio 0.002 - 0.013 0.03 0.005
O/C Ratio 0.002 - 0.008 0.003 0.005
S/C Ratio 0.002 — 0.023 0.048 0.025 0.03

2.2.4.2 Resin Molecular Structure and Molar Mass

Nuclear magnetic resonance studies show that resin moleculesygit smaller, are
similar to asphaltenes extracted from the same oil (Speight, .188@ally, Speight
suggested that resins were composed of long aliphatic chains itthaaic rings in the
center. It was also suggested that heteroatoms were dispbreedhbut condensed
aromatic and naphthenic ring structures. The more recent work of blananhal. (1998)
suggests resins are composed of a polar end group and a long non-péfiarcparaup.
Infrared spectroscopic studies reveal hydrogen-bonded hydroxyl groups, pyarale
indoles. Ester functions, acid functions, as well as ketone and quinin®fisnicave also
been identified (Speight, 1999).

The molar mass of resins appears to vary little with method>gretimental conditions.
Speight observed that the molar mass of the resins listed in Z.&blaried from 731 to
1019 g/mol. Peramaret al. (1999) observed similar results (825 and 947 g/mol for Cold
Lake and Athabasca resins, respectively). Akbarzatet. (2004) measured the molar
mass of resins in toluene at 50°C for several Alberta and intamahtils and found

values to fall in the range of 859 to 1240 g/mol.
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2.2.5 Self-Association of Asphaltenes and Resins

The molar mass measurements obtained with vapour pressure osm@mettiye other
techniques that yield values greater than the monomer molar mass)lead to the
general conclusion that asphaltenes self-associate. Although widely accepted in the
literature, debate still exists as to the nature of setfezestson. There are two competing
models: the colloidal model and the thermodynamic model. Not only dobsnezdel
explain self-association differently, but each has major consequeopneshe

interpretation of interfacial film structure.

2.2.5.1 Colloidal Models

The colloidal model was first proposed by Nellensteyn (1938) and étfeiffd Saal
(1940). This model, illustrated in Figure 2.8, suggests that asphalieneslvated in
crude oil by non-asphaltenic molecules, primarily resins, and assdaiat colloid
structures. It was postulated that resins maintain asphalteneuteslén the crude oil as
a colloidal dispersion and are necessary to stabilize the as@saftem redissolution in
the crude oil (Koots and Speight, 1975; Hammantal, 1998; Carnahaet al, 1999).

The model of Dickie and Yen (1967) is similar to the Pfeiffer aadl $hodel except it
assumes that asphaltenes form the centers of micelles terclaher than individual
molecules. From X-ray diffraction of solid asphaltenes, they postlldiat asphaltene
colloids are composed of aggregated stacks of pylycyclic aroncatnpounds, as
illustrated in Figure 2.9. Each stack contains a flat, disc-shaped &wsmatic ring center
and a periphery of naphthenic rings and aliphatic side chains. The statks up to
five particles and are held together twyn bonding. The spacing between the stacks
varies from 3.5 to 5 A (Erdmaet al, 1961), a range later confirmed by Siffettal.
(1984).

Numerous small angle X-ray scattering (SAXS) (Herebval, 1988; Kim and Long,
1979; Sirota, 1998; Espinat and Ravey, 1993) and small angle neutron scéBANS)
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(Sheu and Shields, 1995; Sheu, 1996; Overfitldl, 1989, Raveyt al, 1988; Rouxet

al., 2001; Fenisteiret al, 1998) studies have examined the size and shape of the
asphaltene clusters. Evidence of disc-like particles, varying ®@8no 0.8 nm thick with

radii between 0.6 and 80 nm, was found by Herzogl. (1988), Acevedet al. (1994),
Raveyet al. (1988), Espinat and Ravey (1994), and Fenistem. (1998). Other shapes,
such as flat ellipsoids (Reerink, 1973) and rods (Overfield, 1989) havebatso
proposed. Unfortunately, the small angle scattering techniques greeresitive to the
choice of model used to interpret the data (Shaw, 2004). The resulispaneto

interpretation.

Some evidence from interfacial tension studies suggests thattasphacan form “true”
surfactant micelles. Sheu and Shields (1995) observed a change irogheotlthe
interfacial tension versus asphaltene concentration curve, suggestezation. This
also suggests that asphaltenes exist as individual asphaltermile®l@ the crude oil,
surrounded by resins, rather than as aggregated colloidal stacksndevioiereverse
micellization was also observed by Andersen and Birdi (1991), although afotheir
more recent studies do not support their previous findings. These diéisreac partly
be attributed to asphaltene source, solvent, and the concentration sdedeRarther, as
will be shown in Chapter 4, it is necessary to account for asphadfiassociation
when interpreting interfacial tension plots. Using a mass contenti&T plot, which
does not account for self-association, as opposed to a molar concergtati@mwhich
does) can significantly alter the interpretation of the aveaage of adsorbed molecules.

It may also erroneously identify micellization.
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Figure 2.8: Pfeiffer — Saal model of asphaltene-resin complex (Pfedfed Saal,
1940).
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Figure 2.9  Dickie-Yen colloidal cluster model (Dickie and Yen, 1967)
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2.2.5.2 Thermodynamic Models

The model proposed by Hirschbergal. (1984) assumes that asphaltenes are a fraction
of the oil in the same way as are saturates, aromatics ansl tdere, the asphaltene unit,
or monomer, is equivalent to a single sheet in the Dickie-Yen modphakene self-
association occurs through a linear polymerization process. MithelSpeight (1973)
suggested that higher molecular weight asphaltenes were palyamaiogues of resins
and lower molecular weight asphaltenes. A polymerization analogy utibzed by
Agrawala and Yarranton (2001) to model the observed increase in asphatiar mass
with concentration. They assumed that asphaltenes behaved as “propagdemtiles
capable of forming chains of associated molecules. Resins redacpotiimerization
because they behave as “terminator” molecules and cease theetengtof asphaltene
chains.

Although numerous studies appear to support either the colloidal or thermudyna
models, there is as yet no consensus on the nature of asphalterssseatition. It is also
possible that a combination of the two models may be correct, assseddy Kawanaka
et al. (1989).

2.2.6 Surface-Activity of Asphaltenes and Resins

Although dispute remains regarding the structure of asphaltenes amanher in which
they self-associate, there is agreement that asphaltenessamsl are some of the most
surface-active molecules in petroleum. The surface activigesrirom hydrophilic
functional groups embedded in a hydrophobic hydrocarbon structure. For exandite, ac
and basic heteroatom groups containing oxygen, nitrogen and sulfur are hyclrophi
Hence, asphaltenes behave as surfactants and can adsorb at tlod iméeeiace. Resins
are also thought to be surface active (Murzalgival, 1980) due to the presence of

acidic heteroatom groups (Strassner, 1968).
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The most commonly cited evidence of asphaltene and resin surfaty &the fact that
the interfacial tension between liquids is reduced in the presenttees# molecules.
Numerous studies show that as the asphaltene (or resin) conceninatieases in
solution, the interfacial tension decreases (Schildbead, 1995; Mohameet al, 1999;
Yarrantonet al, 2000b). Some of these studies support micellization (e¢a@h, 2000;
Mohamedet al, 1999; da Silva Ramast al, 2001; Shewet al, 1992, 1995; Rogacheva
et al, 1980); others do not (Bhardwaj and Hartland, 1994; Yarragitah, 2000b). The
reduction in IFT was noted to be highest at the limits of pH;ithah highly acidic or
basic media (Acevedet al, 1992; Shewt al, 1995; Strassner, 1968; Jorsal, 1978),

suggesting that both acidic and basic groups interact at the interface.

Although asphaltenes and resins both lower the interfacial tensioatef/@il interfaces,

their effects on emulsion stability are not always similaam& evidence shows that
resins adsorb readily at the interface and in fact lower tharlbre than asphaltenes at
any given concentration. Gafonova and Yarranton (2001) showed that emulsions
prepared with resins are relatively unstable. Other studies iadicat the most stable
interfacial flms and emulsions are created by a combinatiorspiadtenes and resins
(Mohammedet al, 1993, Khristowet al, 2000). The effects of asphaltenes and resins on

emulsion stability will be discussed in detail in Section 2.3.2.1.

Asphaltene and resin adsorption at the water/oil interface has omajsequences on the
fluidity or rigidity of the interface and the stability of thrf. “Skin” formation has been
observed since the 1950’'s and is believed to be intimately linked toiemstability
(Reisberg and Droscher, 1956). The effect of asphaltenes on the rhalgbogperties of

oil/water interfaces will be discussed in detail in Section 2.3.1.2.

2.2.7 Solids
Some of the most stable and difficult to break oilfield emulsions h&em noted to

contain a relatively large proportion of small, usually less tharicton, non-asphaltenic
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solids (NAS). Solids may be clays or silicates present ircthde oils (native solids),
corrosion products, or precipitated material such as chemical addii@ehave become

insoluble (introduced solids).

Solid particles have been known to adsorb at water/oil interfacestaitize dispersions
and emulsions since the beginning of the last century (Ramsden, 198ijri@jc1907).
The effectiveness of solids in stabilizing emulsions depends on etyadfi factors
including the solids concentration, density, surface properties, simgbhwtion and
interaction with asphaltenes. These properties are discussed iinirdékee following
three sections. Solids relation and importance to emulsion stahkilitipe discussed in
Section 2.3.3.

2.2.7.1 Solids Composition and Structure

Bi-wettable solids in oilfield applications may be natural nesiersolids or material
introduced during production and processing. Reservoir solids include silicidgs,
quartz, calcite, feldspar and pyrite (Grim, 1968). The most commomifegral found in
oilsands reservoirs is kaolinite (Gunter, 1992). Other particlesincayde crystallized
paraffins, iron, zinc, calcium carbonate, and iron sulphide (Smith and Arb@8Y).
Introduced solids include precipitated chemical additives and insolubl@smor
products. Only reservoir solids are considered in this work.

Numerous studies identify finely divided clays (i.e., less than om&amicrometers in
diameter) as stabilizers of water-in-crude oil emulsions @fal, 2001; Bensebaet al,
2000; Kotlyar et al, 1998). As stated by Grim (1968), clays are the products of
weathering and deposited as sediment. Their properties depend on the tomgbsih
“clay” and a certain amount of “non-clay” minerals), texture, phesence of adsorbed

organic materials, and the presence of exchangeable ions and soluble salts.
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Most clay is crystalline in nature and composed of two structurigs as illustrated in
Figure 2.10. The first unit (2.10 a) consists of aluminum, iron or magnesiams
surrounded by six oxygen atoms or hydroxyl units in an octahedral formathen
aluminum is present, only two-thirds of the possible positions aesl fih balance the
structure, giving the formula AOH)s. When magnesium is present, all positions are
filled and the formula is MgOH)s. The second unit (2.10 b) contains silicon atoms
surrounded by four oxygen atoms (or hydroxyl groups) in tetrahedral form&the
tetrahedrons form a repeating hexagonal network with an elemetgdosition of
Si4Os(OH),4. Alternating sheets of the octahedral and tetrahedral units contbfioem

the various clay minerals. The “two layer” types in which aliéing sheets of tetrahedral
and octahedral structures touch to form common layers include the &ysn(such as
kaolinite, nacrite) and the halloysite clays. “Three layer” $yipewhich two layers of the
silica tetrahedral units alternate with a single centraltdiwxral or trioctahedral layer
include the montmorillonitic and vermiculitic minerals. Other typéslays include the
chlorite group and the chain-structured clays. The former is composedeyed stacks
of alternating layers of different octahedral sheets (i.e., somt&ining aluminum, some
magnesium) and tetrahedral sheets. The latter is a “fibrougtste composed of silica
tetrahedrons linked by octahedral groups (Grim, 1968). The individual stsicace
composition of clay minerals are numerous and it is not the inteatthetescribe each
variation. Rather, the preceding shows that clays are hydrous alursificates with

magnesium or iron sometimes replacing the aluminum.

Compositional studies of oilsands solids support the presence of alumatesdlays
and other solids such as quartz. Bowman (1967) detected the presenagnesioma,
calcium, iron, titanium, and zirconium as well as carbon, hydrogen, nitiaoge sulfur in
tar sands solids. Kotlyaat al. (1999) identified similar elements using Energy Dispersive
X-Ray analysis (EDX) and also observed the presence of iron, maegaramadium,
nickel and aluminum. In that study, they identify pyrite as the soafcgulfur and
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titanium oxide as the source of titanium in toluene-insoluble solideceded with

Athabasca bitumen.

(@ Octahedral unit

single unit repeating structure

O oxygen or hydroxyl

@ aluminum, iron, or magnesium

(b)  Tetrahedral unit

single unit repeating structure

O oxygen or hydroxyl

@ silicon

Figure 2.10: Structural units of crystalline clays (Grim, 1968)
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Kotlyar et al. (Kotlyar et al, 1998 and 1999) also found a large portion of toluene
insoluble organic matter associated with the solids, consistemthatprevious work of
Bowman. Bulk elemental analysis of the solids showed that carborseaesenore than
18 wt/wt% of the solids and that carbon represents more than 37% of atoyee
exposed. Solid statéC NMR measurements on the solids showed that the amount of
carbon present in aromatic rings (38%) is close to that of typitelbasca asphaltenes
(46%). This suggests that “asphaltene-like” materials grglyibound to the bitumen
solids. They concluded that the surfaces of bitumen solids were laicfihhg and readily
adsorbed polar, aromatic, toluene-insoluble organic compounds, similar tdtersgha
The ability of asphaltenes to adsorb on various surfaces has been datedrst several
authors (Kokalet al, 1995; Bantigniest al, 1998; da Silva Ramost al, 2001;
Alboudwarej, 2004, Acevedet al, 1995; Castilloet al, 1998). Asphaltene adsorption

can have a significant impact on the wettability of solids, as discussed in Section 2.2.7.3.

Kotlyar and coworkers (1998 and 1999) concluded that bitumen solids were
aluminosilicate clay crystallites. X-ray diffraction reveslthe clays were primarily
kaolinite and mica minerals although traces of smectite and sditit minerals were

also found (Kotlyaet al, 1993).

2.2.7.2 Solids Size and Shape

Usually, solids capable of stabilizing emulsions are in the submater to micrometer
range (Tambe and Sharma, 1993; Binks and Lumsdon, 2000g&Zaki 2000). Yanet

al. (2001) stated that the solids associated with oilfield emulsi@ngearerally less than

one micron in diameter. Bensebaiaal. (2000) and Kotlyaet al. (1998 and 1999) have
identified these oilfield emulsion solids to be aluminosilicatgsclaith diameters of 100

to 200 nm and thicknesses of approximately 10 nm. In another study, they found tha
mature fine tailings varied from 50 to 400 nm, and that the pariictes plate-like with

an irregular morphology (Kotlyaet al, 1993). Elemental and structural analyses lead

them to propose a conceptual model of the solids as illustrated ureR2gll1. In this
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model, aluminosilicate clays are covered with adsorbed humic andepetrohatter and
larger heavy bitumen molecules resembling asphaltenes. The gqmrtidve a

predominantly hexagonal/platelet shape, consistent with the shape of kaolinite and mic

<200 nm
< >

Adsorbed humic and
petroleum matter

Y/

Si, Al, O exposed to clay
Heavy bitumen molecules surface

Figure 2.11: Conceptual model of bitumen solids (Bensediaa ., 2000)

2.2.7.3 Solids Wettability

Wettability relates the affinity a given material has ddrand water. It is quantified by
measuring the three phase contact angle formed between a solcahduids (or a
liquid and vapour) as previously illustrated in Figure 2.2. It is spelldiat the most
stable emulsions are formed with very fine particles with atés surfaces. For native
solids encountered in oilfield emulsions, the particles possess hydcogtaliacteristics
in the form of exposed aluminosilicate surfaces and hydrophobic chatictein the
form of adsorbed humic and petroleum, i.e., “asphaltene-like”, matefia¢seffect of
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adsorbed hydrocarbons can be important to wettability. In their studypt#neewashed
native solids extracted from Athabasca Bitumen, Céieal. (1999) observed that the
three-phase contact angle of dried solids decreased from 150° (i.e.Qivest) to
between 20 and 80° when the solids were washed with toluene. Washing ptéhehe
decreased the contact angle to only 130° They concluded that furthengvashi
heptane-washed solids with toluene removed a significant portion of adsorbe
asphaltenes. While clays are water-wet, asphaltene adsorptisntéebiwettable or oil-
wettable particles.

2.3 CRUDE OIL EMULSION STUDIES

2.3.1 Effect of Asphaltenes and Resins on Film Formation

Numerous studies indicate that asphaltenes are emulsion stabiitzen adsorbed at the
interface and generally reduce the resolution of water and oikeparate phases. The
role of resins is disputed. Although factors such as increased contipl@ses viscosity
and density are known to reduce the efficiency of water/oil sajoeg most current
work is aimed at understanding the composition, characteristics amdogical

properties of the water/oil interface.

Asphaltenes and resins are both surface-active species capadonition at water/oil
interfaces. The interfacial properties of the resultant fikms believed to have a
significant effect on emulsion stability. In particular, the diy/elasticity of the films
and the formation of “skins” appear to be important (Taylor, 1992). Theseopiena
have received considerable attention because it is believed thaititornof viscous
interfacial films will retard the rate of film drainage thg coalescence. Decreased
coalescence may result in slow or no demulsification of oilfieddewin-oil emulsions
(Joneset al, 1978). The formation of interfacial films, their properties andticelato
emulsion stability depends on several factors including the natuhe ehaterials at the

interface, the pH and temperature.
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2.3.1.1 Visual Observations

Visual observations of interfacial “skins” have been made by sevessarchers.
Examples using the pendant-drop method, micropipette method, and thin-liguid fil
apparatus are illustrated in Figures 2.12 through 2.16. A brief descrybteach is given

below.

The pendant-drop method is a technique in which an oil drop surrounded by avater (
brine) is retracted into a capillary and its shape observedréguiarity. An example of
such an experiment is illustrated in Figure 2.12. Here, Reisbergdascher (1956)
observed the formation of a “membrane” around an oil drop surrounded by bBiPRCat
Upon retraction into the capillary, the oil drop folded and wrinkled arekpansion into
the brine occurred in angular, irregular forms. They noted that whevothme of the
drop was increased significantly, a regular drop did form but had remmd the

membranous material suspended within.

Strassner (1968) made similar observations of compressed filngsthsipendant drop
method. His experiments revealed three types of interfaceslid)ar rigid) films with
relatively insoluble skins, 2) highly mobile (liquid) films that padtkender compression
and momentarily distorted the drop, and 3) transition or non-measurabke thlat
showed no distortion under compression and were deduced only by a lowerig in |
Taylor (1992) suggested that rigid skins (illustrated in Figure 2H&)Id be the target of

chemical demulsifiers.

Jeribi et al. (2002) also used the pendant drop method to observe the shapes formed
during expansion/compression cycles of asphaltene solutions in toluetastested in

Figure 2.14. Their results also indicate the presence of rigid Skiey. concluded the
formation of skins was irreversible because the distortion in stepained upon drop
re-expansion. The worst distortions occurred during rapid compression.dgkiatibn

was accelerated as the concentration of asphaltenes increased.
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The micropipette technique used by Yeuwsigal. (1999) is similar to the pendant-drop
method because it involves retraction of the drop into a capillary. ¥wthe length
scale is in the micron rather than millimeter range. The waaority of oilfield
emulsions are composed of drops that are less than 10 microns inedi@iiet 2002).
Therefore, it is possible that this method is more representafivibe crumpling
phenomena in an emulsion system than that observed with the pendant-dragugechni
As illustrated in Figure 2.15, Yeureg al. (1999) observed that a ~20 micrometer water
droplet crumpled upon retraction into the micropipette. The crumplingattidsuted to
the formation of a rigid interface. When two such drops were brougkthieg they
resisted coalescence. Interestingly, Yeahgl. also observed that as the concentration of
surface-active components increased (i.e., as oil concentrationsedyethe adsorbed
layer actually transformed from a rigid to fluid interface. ld@er, coalescence of two

such drops still did not occur (Yeung, 2004).

Taylor et al. (2002) observed rigid skins with a thin liquid film-presure balance
apparatus, as illustrated in Figure 2.16. They noted that toluene-diggkdltene films
formed protective coatings and concluded that film stability wastoustrong, short-
range steric repulsion created by surfactant bilayers. Sirthiarfilm studies were
conducted earlier by Khristogt al. (2000) who observed “dimpling” of the interface
during film drainage. The dimpling was caused by irregularitiesthie films and

attributed to the formation of skins.
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compressed expanded expanded

Figure 2.12: Rigid film formation of pendant drops of anaerobically sampled crude oil
(Reisberg and Droscher, 1956)

Figure 2.13: Rigid film formation of pendant drops (Taylor, 1992)
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shapes obtained during expansion/contraction cycles

Figure 2.14: Drops of asphaltene solution in toluene using pendant drop method (Jeribi
et al, 2002)
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Figure 2.15: Protective layer around water drop surrounded by oil phase (&g
1999)

fluid interface protective skin on interface

rigid interface protective skin remains after film rupture

Figure 2.16: Effect of fluid and rigid interfaces on water/toluene-diluted asphaltene
films (Tayloret al, 2002)
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2.3.1.2 Interfacial Components and Film Structure

It is generally believed that the water/oil interface ofi@idf emulsions consists primarily
of asphaltenes, resins and biwettable solids. In the study performBeidlyerg and

Droscher (1956), an analysis of the material at the interfaceeshihat the H/C ratio and
molar mass resembled that of asphaltenes and resins, sugghstegntaterials are
responsible for the skin formed at the interface. Strassner (1968udeddhat rigid

films were formed by asphaltenes whereas mobile films wemaed by resins. He
concluded that the film lifetime was directly proportional to tbecentration of film-

forming materials at the interface. Wu (2003) noted “flexible®rifatcial films were

composed of asphaltenes and carboxylic salts, whereas rigid viléres composed of

asphaltenes alone.

Using the thin liquid film-pressure balance apparatus, Tatlal. (2002) observed that
toluene-asphaltene films and toluene-bitumen films could be compresdbd same
thickness (8.5 nm bilayer). Therefore, they concluded that the sudtwee materials at
the bitumen-water interface were mainly asphaltenes. Theyatsd that upon removal
of high molecular weight asphaltenes, the bilayer decreased fromm8down to 5.1 —

7.3 nm and the film stability was reduced.

The visual observations of interfacial skin have lead many resestchgpeculate about
the structure of the film. A commonly accepted view is that digrtes adsorbed at the
interface form a three-dimensional network of interlinked moleauewslloid structures
(Eseet al, 1998; Freeret al, 2003; Freer and Radke, 2004; McLean and Kilpatrick,
1997a; Mohammeet al, 1993). The irregularity of this network causes the crumpling
phenomena during droplet retraction or film drainage. Rigidity and tlygeeeof
deformation also appear to increase as the interface ages (Melash al, 1993;
Bouriatet al, 2004).
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2.3.1.3 Measurement of Rheological Properties

In addition to visual observations, measurements of interfacial rhealqgmbperties also
support the hypothesis that asphaltenes form a network structure antehface.
Attempts to quantify interfacial film compressibility and éleisy have been made via
Langmuir film balance techniques, shear viscometric measuremaedtsscillatory drop
measurements. Other properties such as crumpling ratios andfétrmés have also
been used to deduce the relative rigidity of interfacial filBesu@etet al, 2001; Jafari,
2005).

In the Langmuir film balance experiments, the surface presiseretiie difference in the
tension between the pure solvent and the solvent in the presence ofastirfe
measured as a function of film area. Alternately, the filmc@npressed to a
predetermined area and the change in surface pressure measurgthpehef the curve,
as well as the extent to which a monolayer can be compressduk aaed to deduce the
relative rigidity of the interface and the size of adsorbed ratdec This technique has
been utilized by several researchers. In one extensive study,el@agd4978) examined
various effects including the role of crude oil type and interfgee larked differences
in the shapes of the isotherms were seen for various crude oilbelfirtal compression
ratio (i.e., final to initial area) varied from about 0.2 to 0.3 forcalide oil monolayers
adsorbed at water/air interfaces. In a similar study, Mohanehedl (1993) noted that
asphaltene monolayers at air/water interfaces could be congptes3@% of the original

area.

Others have performed similar experiments and used the surfasexgrasotherm to
show that at the highest attainable surface pressure, the eremigprbed asphaltene
molecule could be reduced to less than 1 nm2.eEsd (1998) found that this area was
0.65 nm? for asphaltenes and approximately 0.35 nm?2 for resin®e{le$£1999). The
recent work of Zhangt al. (2003a) is consistent with these results: they showed that the

area of high-molecular weight asphaltenes was about 1 nm2. Theybakswed that high
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molecular weight asphaltenes formed more expanded films than loscuted weight
asphaltenes. They did not observe an abrupt collapse of the monolayer dundezbtiat
asphaltenes entangled at the interface formed an elastic skinw&he able to identify

2D gaseous, liquid expanded and liquid condensed regimes, consistent vetrligre
work of Eseet al. (1998) and Strassner (1968). In another study, a solid regime was
indirectly observed for asphaltene monolayers at heptol/water aotésrfwhen the
interface buckled (an abrupt kink occurred in the surface-pressuréatiearm at high
surface pressures). Because the regimes were less obviousothane fair/water
interfaces, Zhanget al. (2003b) concluded these interfaces were more fluid and
asphaltenes occupied smaller molecular areas. The area pemlmadcmaximum

interfacial pressure was ~0.45 nm2, less than that at the air/water interface

The observations of the Langmuir balance studies show that asphatinnkayers can
exhibit rigidity. Unfortunately, they give relative comparisons thtotlge shape of the
surface pressure isotherm, but do not necessarily elucidate thegsheblthe interface.
Nonetheless, they do suggest that asphaltene molecules, not colloidsdkexsed on
the interface because the areas are more representativevafuatiasphaltene molecules
rather than colloids. This view is confirmed by the work of Khrigbal. (2000). In their
study of bilayers of thin liquid films, the film thicknesses coulddwiced to 7.5 nm per
asphaltene layer, a value more representative of molecular rdthar colloidal

asphaltenes.

In recent years, two main methods have been used to measure tetagtiaimodulus of
asphaltene or crude oil films: oscillating pendant-drop experimedtsizar viscometric
experiments. The objective of each is to measure the elasticisowlis moduli of an

interface.

In the shear viscometric method, the oil/water interface is ci#ieto shear.

A bob is placed on the water/oil interface and a shear stresschpplmeans of a motor,
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through a torsion wire. The deflection of the bob can be measured méhatid related
to the viscosity of the interface. Several researchers havehisddchnique to measure
the rheological properties of the water/oil interface. Eley awidbdkers (1987) observed
a “stick-slip” phenomenon occurred during the experiments at relatigh asphaltene
concentrations. They attributed this to the formation of thick asphalfime.
Mohammedet al. (1993b) used this method to show that interfacial films composed of
water and North Sea Buchanan crude oil become more viscous and tigithva. They
speculated that the build-up of interfacial films occurred due to pitsiorof higher
molecular weight materials. Over time, these materialgraleged to form a viscous
network on the interface. Acevedbal. (1993) performed similar experiments and noted
that when films were subjected to shear, they always displagest giscous or solid
behaviour. They also speculated that a three-dimensional cross-linkeatlnstructure
developed as natural surfactants such as resins and asphaltenesdadstobéhe
interface from the bulk oil. The network structure was believed toistomismultilayers
of adsorbed surfactants. The formation of such multilayers was/éelie occur more
rapidly in the absence of resins. RecentlyetLal. (2002) used a similar method to show
that shear viscosity increased sharply with time, indicatintpaage in the interfacial
structure. They also speculated that at low interfacial aspkeatt@ncentrations, the space
between asphaltene molecules was high and the films were oduie éxpanded type.
As the concentration increased, asphaltenes become more packed dodetifienaed
liquid condensed films. The condensation continued until a three-dimensionalrket
was formed. Recently, Spiecker and Kilpatrick (2004) measured thicedad viscous
moduli of heptane/toluene-water interfaces using the shear visctometthod. They
examined the effects of solvent quality and interface aging. tithey observed an
increase in the elastic modulus as the fraction of heptane imlthensincreased (up to

the point of precipitation). The elastic modulus also increased as the interéaeesged.

In the oscillating pendant-drop method, the area of an oil drop surroundeddvibviree

is perturbed repeatedly and the corresponding change in interfasmnteneasured. In
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most studies, the changes in area follow a sinusoidal profile, abedahtinges in
interfacial tension during expansion/compression cycles. For such idlatiogcsystem,

the interfacial elasticityg, is defined as follows:

dy
E= 2.1
din A 2.1)

whereyis the interfacial tension arilis the interfacial area. Equation (2.1) reveals that
elasticity is a measure of the change in interfacial eneiy a change in interfacial
area. A high elasticity means that a change in interfacga significantly increases the
interfacial tension and therefore the energy of the systentiditlass composed of both

a real and imaginary part defined for an oscillating system as follows:

E=g, tiwn, (2.2)

where & is the dilational elasticitys)y the interfacial viscosity ane the frequency of
oscillation. The elastic modulus represents the energy stored systean, whereas the
interfacial viscosity represents the energy dissipated duriagateon. During relaxation,
surfactants can diffuse from the bulk phase to the interface oriftenfiacial regions of
higher surfactant concentration (lower interfacial tension) tofadil regions deficient
in surfactant (higher interfacial tension). The latter mechamsknown as the Gibbs-

Marangoni effect.

The oscillatory pendant drop method has been used by several researcleehsce that
asphaltenes form a rigid network at the interface. Further, they faantified the
rigidity/elasticity of asphaltene and crude oil/water intesfabdy measuring the total
elastic modulus. Asket al. (2002) measured the interfacial tension and total modulus as
a function of time for 21 different crude oils and condensates origghtobm the North

Sea and West Africa. They observed that the measured moduli depentdedoagih of
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the crude oil, concentration and solvent. In all cases, the total modchessed with
time and as the heptane in the heptane/toluene solvent increase® (fndlfm in pure
toluene to 25 mN/m in pure heptane). The effect of concentration wiableafor some
crude oils the total modulus exhibited a maximum at intermediatelec oil

concentrations, for some it always increased with increasing oildencentration, and
sometimes no correlation was observed. It was concluded that the sduarel the

concentration of surface active species had a significant effect on the rdezlasteity.

Freeret al. (2003) also observed that source oil had an effect on the elasticitever,

the more asphaltic crude oil exhibited higher elasticity. Thegwaed that the high
elasticity results in film rigidity and the formation of th&phaltene network structure at
the interface responsible for the “skins” observed in visual observaGamsistent with

the work of Askeet al. (2002), the total modulus was observed to increase as the
interface was aged indicating that the network strengthensimi¢h $imilarly, Bouriaet

al. (2004) observed that the total modulus of 100 g/L asphaltene in cycloheatare/
films doubled from about 12 to 24 mN/m over the course of 15 hours. Batgét
(2001) showed that the increase in total modulus was more rapid anel feg\alutions

containing higher concentrations of asphaltenes.

The various experimental techniques all seem to suggest thetitorro& network-type
interfacial structures that increase in rigidity as theriate is aged. Although several
relative comparisons of the elastic and viscous moduli exist, feempts have been
made to model the rheology. Most notably, Freer and Radke (2004) have used a
combination of purely-diffusional and visco-elastic models to deschbeirtterfacial
rheology of aged asphaltene toluene-water interfaces. They founithéhfitm could be
described by a combination of the Lucassen-van den Tempel model (kueaskgan

den Tempel, 1972; Lucassen-Reyndetrsal, 2001) and a Maxwell model. A detailed
discussion of this type of model will be given in Chapter 5.
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2.3.2 Effect of Asphaltenes and Resins on Emulsion Stability

The preceding discussions have shown that the formation of inteffemgls inevitable
when oil, water and natural surfactants are present. Many stinbestisat asphaltenes
and resins are the materials adsorbed at the interface arnldehate responsible for the
formation of three-dimensional, viscous networks. The networks appearaméecore
rigid with time, and increased film viscosity will likely posebarrier to effective film
drainage and coalescence in an emulsion. It is of interest toosed&lm strength (and
other properties) relate to emulsion stability. Some of the eanlylsion studies showed
that emulsion stability could be correlated with properties su¢headensity, viscosity

and asphaltic content of crude oils (Dow, 1926). However, many discrepancies still exist

2.3.2.1 Effect of Resin to Asphaltene Ratio

The previous discussions showed that asphaltenes and resins weréntisemponents
adsorbed at the water/oil interface. Some authors have shown thatleasl to unstable,
fluid-like films. For example, Eset al. (1998) showed that resin films were more
compressible than asphaltene films. In a later study, dfsal. (1999) stated that
demulsifiers had the same type of effect on asphaltene filmglassins: they increased
the compressibility of films and reduced the rigidity. Bawgjedl. (2001) confirmed that
resins reduced film rigidity by showing that as the resin/aspimaltatio increased, resins
dominated the interface and “skins” did not form. The work of Freer aulkdr(2004)
was also consistent with these types of observations. They notesinthiédr asphaltene
or resin molecules that could be solvent-washed from the interfeszkascsolubilizers to
soften the irreversibly adsorbed viscoelastic interfacial filime removal of resins and
small asphaltenes from the interface resulted in more rignd fvith higher total moduli.
The apparent reduced film rigidity in the presence of resins lesdpeculated by some
to cause the formation of less stable emulsions €éEak, 1998; Liet al, 2002; Acevedo
et al, 1993). Recently, Gafonova and Yarranton showed that as the resin/asptaitene
increased, model emulsions become progressively less stable (GagtmtbWYarranton,
2001).
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Although resins alone have not been shown to create emulsions moretisaabthose
stabilized solely from asphaltenes, several authors have demahsfta@teéhe most rigid
films and stable emulsions can be created at intermediatéasshaltene ratios. For
example, Mohammedat al. (1993b) noted that asphaltene monolayers at air/water
interfaces could be compressed to 30% of the original area. As nesre added, the
monolayers were less compressible. The least compression oogberdhe asphaltene

to resin ratio was 1:1. However, higher resin to asphaltene rasdtad in more
compressible films with a final compressed area 15% of thenatigihey speculated
that a 1:1 ratio of resins to asphaltene resulted in the best pakihgiost strongly
interacting film. They also showed that emulsions stabilizedysblelasphaltenes were
stable over an 18 month period, whereas emulsions stabilized solebsibg were
completely unstable. The work of McLean and Kilpatrick (1997a) indicdied
emulsions stabilized by 1/3 resin/asphaltene ratio were the matd¢.sThe thin liquid
film studies of Khristovet al. (2000) were consistent. However, despite numerous

studies, it is apparent that discrepancies in the literature exist.

2.3.2.2 Effect of Temperature

Generally, emulsions become less stable when the temperatweasesr which is why
elevated temperatures are utilized in commercial emulsion bdesition processes.
However, as noted by Jonetal. (1978), interfacial films can remain incompressible at
high temperatures and film rheology may not necessarily predigisen stability. Jones
et al. speculated that a kinetic barrier to coalescence can existadve5°C. In fact,
Reisberg and Droscher (1956) observed rigid skins at temperaturggh as 90°C, even
when the oleic phase was dispersed in 50% solutions of strong solvemtasscarbon

disulphide, benzene and carbon tetrachloride.

In a Langmuir balance study of North Sea crude oils, Natdkl. (1991) noted that
surface pressure area isotherms became more condensed atdmgieratures. A more

contracted monolayer was also observed for 49.5°C interfaces compar2@PGo
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interfaces in the study conducted by Zhatal. (2003a). However, they noted that the
film was more compressible at higher temperatures. On the dided, limited
differences in pressure-area isotherms were observed in thedftiiphammedet al.
(1993b) and it was shown that the limiting area to which asphaltesréanes could be
compressed ranged between 30 to 40% for a temperature range of 30 t&-&gec.
attempts have been made to correlate the elastic modulus wipersgare. Recently,
Bouriat et al. (2004) observed that the elastic modulus of a water/asphaltenated-
cyclohexane interfaces aged for 48 hours at ambient temperatusasiet when the

temperature was increased.

2.3.2.3 Effect of pH

The pH of the aqueous phase is expected to have an effect on the compasit
rigidity of the water oil interface and the stability of theswulting emulsion. Because
asphaltenes are amphiphilic, a change in pH causes the acidic angrbaps of the
asphaltene to undergo ionization. This may affect the type and amount of
asphaltenes/resins adsorbed at the interface (Pagtiral, 1982), which in turn may
affect the strength of the interfacial film. Reisberg and Ehes (1956) showed that rigid
interfacial skins formed by asphaltenes were strongest in apldjcintermediate at
neutral pH, and mobile at basic pH. Using the Langmuir balance, Nardl (1991)
showed that the pressure-area isotherm of basic systemsmiks 8 neutral ones but
the film become more compressible at higher film pressures. 8oae$1978) observed
that the interfacial elasticity of aged Ninian crude oils eased for acidic and basic
conditions, and the lowest elasticity occurred at neutral pH. Cbhoreleas also found
between film ratio, interfacial tension and free water resmiupr Venezuelan crude oil-
distilled water emulsions. Acidic pH of the water resulted mgdafilm ratios, high
interfacial tension, and intermediate free water resolution.,deti films were formed.
As the pH increased, the film ratio and interfacial tension dseceand the free water
increased. At still higher pH, i.e., basic conditions, a reversaleimdtwas observed.

Liquid films were formed and the film ratio increased drambyicthe IFT dropped to
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near zero values, and the free water resolution decreased. The wwidies seem to
indicate that films and emulsions are most stable at theslwhipH, although exceptions

do exist.

2.3.3 Effect of Solids on Emulsion Stability

As mentioned earlier, solids can adsorb at the water/oil ingerfato an existing
surfactant-stabilized film, or become trapped between water dsophelsorption or
trapping will reduce film drainage, increase film viscosity @adentially increase the
bulk viscosity of the emulsion. The extent to which solids increasealbvanulsion

stability depends strongly on the size and concentration of solids, shejpe,

morphology and density, and their wettability.

2.3.3.1 Effect of Solids Size and Concentration

Emulsion stability increases with decreasing particle sigd mcreasing particle
concentration (Menon and Wasan, 1988; ¥ml, 1999; Tambe and Sharma, 1993;
Menon and Wasan, 1984; Abeatlal, 1998; Schulman and Leja, 1954; Bowman, 1967;
Gelot et al, 1984; Yan and Masliyah, 1995; Binks and Lumsdon, 2001; Sullivan and
Kilpatrick, 2002). The dispersed phase droplet diameter decreases hibthamvi
increasing solids concentration and a decreasing particle sis#b€lrand Sharma, 1993;
Aveyardet al, 2003; Gelotet al, 1984). A decrease in the average drop size tends to
result in more stable emulsions. Free energy considerations supgeet dbservations
(Levine and Sanford, 1985).

The size of the solids in relation to water droplets is an impiofaator in their potential

to enhance emulsion stability (Aveyaetial, 2002; Tadros and Vincent, 1983; Schulman
and Leja, 1954). Solids that tend to stabilize emulsions vary anywioeneldss than a
micrometer (Yaret al, 2001; Levine and Sanford, 1985; Kotlygtral, 1998b) up to a
few micrometers (Zaket al, 2000). Generally, the most stable emulsions also occur

when interfaces are stabilized by the smallest particlesekample, Bowman (1967)
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found that the emulsion stability increased when the size of modeharsand solids
decreased from 37 todm, with a pronounced increase in stability for particles smaller
than 8um. Sullivan and Kilpatrick (2002) observed that the water resolutionmodel
water-in-crude-oil emulsion decreased from 83 to 63% when the diacieidded iron
oxide particles decreased from 0.89 to 0.p26 When larger particles such as silica,
1.45um sized montmorillonite clay, and 16.65 sized Ca(OH)particles were added,
no stable emulsions could be created. Binks and Lumsdon (2001) observedtliwat as
size of hydrophobic latex particles decreased from 2.7 to (2l the stability to
sedimentation of a model water-in-cyclohexane emulsion increasdtieaaderage water
drop diameter decreased. These results all suggest that theffaosve stabilizers are
small particles.

The effect of the particle size distribution on emulsion stalgitigss well documented,
although Sethumadhave al. (2002) provide evidence that foams are more stable when
stabilized by monodisperse particles and that even a smalbfraaftiarger particles can
decrease foaminess. Extending this idea to emulsions, it is podsble wide particle
size distribution may potentially lead to less stable emulsiomhaps larger particles

occupy interfacial areas but do not contribute to the stability of these regions.

2.3.3.2 Effect of Solids Shape and Density

The patrticle density and shape can also be important in emulsiolityst&bmnulsions
created with denser particles are expected to be less #tahléhose created with less
dense patrticles (Schulman and Leja, 1954; Galat, 1984). Tadros and Vincent (1983)
suggest that asymmetric particles such as bentonite clayname effective stabilizers
than spherical particles. However, there is also evidence sugp#sdi irregularities on

a surface lessen the emulsifying capability of a particigrn@fi et al, 2003). Sabbagh
and Lesser (1998) showed that unstable polyethylene/asphalt emulsionsecbnta
teardrop-shaped polymer particles and that stable emulsions contaimedspierical

particles. Cylindrical particles were also observed in theestaflulsions. Yekelest al.
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(2004) showed that particle morphology can alter wettability andsthabth particles
tend to be more hydrophobic.

2.3.3.3 Effect of Solids Wettability

Wettability is another important factor when considering the cgparfi solids to
stabilize emulsions. Hydrophilic particles, i.e., those with a coragle less than 90°
tend to stabilize oil-in-water emulsions, whereas hydrophobic particke, those with a
contact angle greater than 90°, stabilize water-in-oil emulsidbamige and Sharma,
1993; Aveyardet al, 2003; Bensebaet al, 2000b; Schulman and Leja, 1954; Geadot

al., 1984). For example, Gelat al. (1984) showed that Ca-bentonite, a hydrophilic
particle, stabilized an oil-in-water emulsion, whereas carbon laoipba hydrophobic
particle, stabilized a water-in-oil emulsion. Thermodynamic coreiigdes suggest that

the most stable emulsions will result when the contact an§@®itor very finely divided
solids (Binks and Kirkland, 2002; Aveyaet al, 2002; Binks and Lumsdon, 2000).
Some experimental evidence supports this conclusion (Yan and Masliyah, 1995)
although there is also evidence showing maximum stability atsaother than 90° (Yan

et al, 2001; Yan and Masliyah, 1995b; Menon and Wasan, 1986). These authors have
shown that factors such as particle partitioning, surface coveradehe phase in which

the particle is originally dispersed must be considered in addition to contact angle.

2.4 CHAPTER SUMMARY

Oilfield water-in-crude oil emulsions are often encountered in thelpam industry.
They are formed when oil and water are sufficiently agitatet stabilized, and when
emulsifying agents such as surfactants and solid particles aoisdhe interface or an
existing stabilizing film. Most oilfield emulsions are trehtaith gravity settling and
heating and supplemented with chemical techniques. In order to optimileviee new
treatments, it is necessary to have a good understanding of thellyatacarring
surface-active species found in a crude oil and their relation to emulsion stability
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The literature shows that water-in-crude oil emulsion stabditgrimarily attributed to
the formation of rigid interfacial skins. The interfacial fieppears to be composed of
surface-active species such as asphaltenes and resins, antisratiiple particles such
as native solids. Generally, asphaltenes and solids are believedréase emulsion

stability, but the role of resins is still disputed.

Asphaltenes contain polynuclear aromatic ring structures with &tipside chains and
dispersed heteroatom groups. They are known to self-associate. Resisisnilar to
asphaltenes except they are generally smaller, less polaecuted with fewer
heteroatoms. They do not appear to self-associate. Asphaltene arsd aiesisurface-
active species and therefore able to adsorb at the water/ailaggte Some authors
believe asphaltenes adsorb either as colloids peptized by resinseallesn and some
believe asphaltenes or resins adsorb as individual molecules. Furieenypothesized
that adsorbed asphaltenes form a viscous, three dimensional netwotlirstatcthe
interface. Generally, resins reduce the rigidity of the netwditkowagh there is evidence
that the least compressible films (i.e., most rigid) are tbosgosed of combinations of
asphaltenes and resins. It is speculated that a rigid netwonkegulk in stable emulsions
and a weak network in relatively unstable emulsions. The relatemgsh of the network
depends on several factors including the film composition, the pH andriperature.
Factors such as the resin/asphaltene ratio may also affectigidity and emulsion

stability.

Naturally occurring solid particles such as clays, sand ané sido also enhance film
rigidity and emulsion stability. Solid particles must be sigaifity smaller than water
drops and have biwettable surfaces in order to adsorb at a dropl&cetesenerally,

emulsion stability increases as the solids concentration inereas# the solid size
decreases. Solid particles adsorbed on a film may increasgisitosity. Solids trapped

between drops may increase continuous phase viscosity and reduce drainage.
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CHAPTER 3
EXPERIMENTAL METHODS

As stated in Chapter 1, the primary research objective of thisgbiigjto investigate the
nature of the water/oil emulsion interface by studying the filbizing characteristics
of asphaltenes and solids and relating them to emulsion stabilitgifi&qéy, the
composition, structure, interfacial properties and rheology of thefangrare to be
assessed for emulsions stabilized by asphaltenes and solids. Thégsapersphaltenes
and solids are to be related to observed trends in model emulsiontystatl to the

stability exhibited by existing wellhead and refinery emulsions.

Since the focus of the present work is on asphaltenes and native thelideparation of
these materials from several bitumen and existing emulsidirstislescribed in Section
3.1. Asphaltenes were precipitated from Athabasca bitumen, a colebitaenen that
has been treated to remove most of the large solids and all watbhe “Fine” oil-sand
solids were also obtained from the Athabasca bitumen. “Coarse” sadigs obtained
from a wellhead emulsion sample from a heavy oil field, supplied Ibgrta Energy
Company (AEC) Ltd., now EnCana Corporation. Both fine and coarse solids wer
recovered from a refinery emulsion supplied by Imperial Oil Lt@L)l For the
Athabasca bitumen, the asphaltenes and solids were recovered in itwstepa: 1) the
precipitation of Asphaltene-Solids from bitumen and, 2) the separatigolids from
asphaltenes. For the wellhead and refinery emulsions, solids weaetea directly from

the emulsion.

The techniques used to characterize asphaltenes and solids alieeéexpiext. The
methods used to characterize asphaltenes are described in Secéind Bi@ude: 1) the
molar mass as measured with vapour pressure osmometry (VPQO)e Mterfacial

tension of water and asphaltene solutions as measured using a drop teslsimmeter
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(DVT) and a drop shape analyzer (DSA), 3) the elastic and viscodslinof asphaltene
films as measured with a drop shape analyzer (DSA). The methedgaisharacterize
native solids are described in Section 3.3 and include: 1) partiote asid size
distribution as measured using a particle size analyzer, 2klpasize and shape as
discerned from images obtained from transmission and scanningoelesicroscopy

(TEM and SEM), 3) particle composition as measured with X-ray diffraction {XRD

The composition and structure of the interface has been assessadlyaggsmodel
emulsions created from asphaltenes, solids, toluene, heptane, and wawmeic
measurements and optical microscopy were required to assefxiat@omposition and
structure and are described in Section 3.4. Finally, stability teste conducted on
model and existing wellhead and refinery emulsions. The stalgifity ire also described

in Section 3.4.

3.1 MATERIALS

3.1.1 Chemicals

Reagant-grad@e-heptane and toluene were purchased from Van Waters & Rogers Ltd.
(VWR), and used in the precipitation of asphaltenes, the extractisolids, and the
preparation of emulsions. 99.99% purity toluene and 99.6% purity heptane, both obtained
from VWR, were used for the measurement of interfacial tensitasti@ty and
asphaltene molar mass. Distilled water was supplied by the Witywef Calgary water

plant.

Note that many of the experiments presented in this thesis invallvitoas of heptane
and toluene. For convenience, a mixture of X vol% heptane and Y vol% tolulébe w
described as “X/Y heptol.”
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3.1.2 Recovery of Asphaltenes and Solids from Athabasca Bitumen

Asphaltenes were precipitated from Athabasca bitumen, a cokebitemden that has
been treated to remove most of the large solids and all of tlee. W&ihe” oil-sand solids
were also obtained from the Athabasca bitumen. Two sources of bituareruged in

order to complete all of the desired experiments.

3.1.2.1 Recovery of Asphaltenes

As outlined in Chapter 2, one way of describing the composition of headg ail and
bitumen is in terms of solubility classes which consist of stsiraromatics, resins, and
asphaltenes. Recall that “asphaltenes” are defined as therfratbitumen soluble in an
aromatic solvent such as toluene, but insoluble in a paraffinic solweimtas pentane or
heptane. Native solids are usually associated with the asphaltaogorf and
coprecipitate with asphaltenes. Hence, asphaltenes and solids canofered from
bitumen when excess paraffinic solvent is added. Because theathiatriprecipitates is
a mixture of asphaltenes and solids, it is referred to as “Aspleabolids” and
abbreviated as “AS” in this work.

To precipitate ASn-heptane was added to Athabasca bitumen at a 40-Igjcratio.

The mixture was sonicated for 45 minutes at room temperature and then defilitorate

for 24 hours. After settling, the supernatant was filtered throughhatan #2 filter
paper without disturbing the whole solution. At this point approximately d0%he
original mixture remained unfiltered. Additionadheptane was added to this solution at a
4:1 (cnt/g) ratio ofn-heptane to the original bitumen mass. The mixture was sonicated
for 45 minutes, left overnight and finally filtered using the saitter fpaper. Table 3.1
summarizes the yield of AS from Athabasca bitumen. The yieldslde 3.1 vary from

the reported value on average by +0.7% for a 95% confidence interval. fBiis dee in
Appendix A, Section A.2.
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Table 3.1:  Yields of Asphaltene-Solids (AS) from Athabasca bitumen

AS sample  Bitumen 1 (wt%) Bitumen 2 (wt%)

AS 17.2 15.1
Cs AS 23.1 -
SW AS 12.3 -

" precipitated from the bitumen withheptane

The preceding description of AS recovery was givenntbeptane as the solvent. The
same procedure would apply if other paraffinic solvents were usedisirstudy, the
majority of experiments required asphaltenes and AS precipitatdd naheptane;
however, a few experiments were also performed with asphaltade&S precipitated
with n-pentane. The AS recovered witlpentane will be called “CAS” in order to
distinguish it fromn-heptane recovered AS. Precipitation withpentane was only

applied to Bitumen 1 and the yield is given in Table 3.1.

Table 3.1 shows that the yield of 8S is approximately 6% higher than the yield of AS.
The G AS contains asphaltenes that are more resinous than those foundéta\Se a
larger cut of the bitumen was precipitated. In fact, it is yikbat the AS itself also has a
significant portion of resinous material. As demonstrated by oth&gsayala and
Yarranton, 2001; Alboudwaregt al, 2002), the presence of resinous material in an
asphaltene sample results in a measured molar mass and demsilgr ghan for
asphaltenes treated to remove the resinous material. Asphaltenés €purified”, ie.,
the resinous material can be removed, by washing the asphaltehes wéraffinic
solvent such as heptane. There are different degrees of washingstiitn asphaltenes
of increasingly higher molar mass. In the current work, althoughrdiSAsphaltenes are
utilized in almost all of the experiments, some experiments haea performed with
“Soxhlet Washed” AS and Asphaltenes in an attempt to elucidaienpmtance of the
residual resinous material associated with the AS precipifabed bitumen. Soxhlet

washing is expected to remove most of the resinous materials.
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A Soxhlet apparatus was employed for the purification of AS. To oB@thlet Washed

AS, a two to three gram sample of AS was placed in the Scegpetratus for 24 hours

of continuous washing with-heptane. The sample was removed from the apparatus,
dried, crushed, and replaced in the Soxhlet apparatus for a further 2dbhaashing.

This procedure was repeated again for a total of 72 hours of wasbxigeSwashing
was applied only to Athabasca Bitumen 1 and the yield of Soxhlet \Wa&Be
abbreviated as “SW AS”, is given in Table 3.1. The procedure reducesettierom

17.2 to 12.3 wt%.

3.1.2.2 Recovery of Solids

Two techniques were utilized for the separation of solids fromgpbkadtenes. The first
technique is referred to as the “Centrifugation Technique” andpgecged to remove
most of the solids from the AS precipitate. The second methodasl thé “Precipitation
Technique” and is expected to remove all of the solids, including aiafindt materials

less than approximately 50 nm.

3.1.2.2.1 Centrifugation Technique

To separate the asphaltenes and solids using this method, an A& miasudissolved in
toluene at a ratio of 100 cm? toluene per gram AS. The mixturesovasated for 20 to
40 minutes to ensure complete asphaltene dissolution and solids dispensionixiure

was allowed to stand for one hour, after which it was centrifugetD@® rpm (1640
RCF) for six minutes. To recover asphaltenes, the supernatant wastete and the

solvent evaporated until only dry asphaltenes remained.

For XRD, SEM, TEM and particle size analysis, the solids neimgiin the centrifuge
tubes were allowed to dry until the mass was invariant, then tallend stored in glass
vials. It has been assumed that the drying process will notaitberalogy or the particle
size significantly. However, it was found that dried solids weresaidéble for emulsion

stability experiments. Figure 3.1 compares the free waterutesolafter eight hours of
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treatment (see section 3.4.5) for model emulsions stabilized by Attelgitumen 1
Asphaltenes, AS, and Asphaltenes and dry or wet solids recombined rirorilgaial
ratios. The stability trends show that, if dry solids are utlize original emulsion
stability (free water resolution) cannot be restored whethesdlgs are dispersed in the
continuous hydrocarbon phase or in the aqueous phase. In fact, these solidecappear
have no effect on the emulsion stability since the free waselutton is the same as
when only asphaltenes are used as stabilizers. However, if wa$ soé used, the
resulting emulsions have the same stability as the originalseanulCheret al. (1999)
observed that drying the solids extracted from bitumen froth lealshange in the three
phase contact angle between solid tablets, water, and mixtureptahdeand toluene.
They showed that the three phase contact angle between “wet’, $@ptsl, and water
varied between 0 to 50° (depending on the heptane content in the heptol). WHen “dry
solids were used, the contact angle increased to 150°. This meathe thalids become
highly oil-wet upon drying. Such a change in wettability would changethewgolids in

an emulsion are distributed between the bulk phases and the interfescékdly that
drying induced changes have affected emulsion stability. Therefotéjsirthesis, all

emulsion experiments have been performed with freshly extracted wet solids.

The centrifugation technique was applied to Bitumen 1 ASAE, and SW AS, and to
Bitumen 2 AS. The composition of each sample after application dCénérifugation
Technique is summarized in Table 3.2. The solids fraction in AS, supsdan Table
3.2, vary from the reported value on average by +0.3% for a 95% confideapalint

The details are in Appendix A, Section A.2.
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Figure 3.1: Free water resolution after eight hours of treatment for éomsls
stabilized by Asphaltenes, AS, recombined Asphaltenes and dry fine
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1, 25/75 heptol, 40 vol% water, 1.5 hours settling. The lines are visual

aides
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Table 3.2:  Composition of Asphaltene-Solids (AS) from Athabasca bitumen

Component Fraction of AS Fraction of
(wt9%) Bitumen (wt%)
Bitumen 1
Asphaltenes 95.3 16.4
Solids 4.7 0.81
Cs Asphaltenes 97.0 16.7
Cs solids 3.0 0.52
SW Asphaltenes 93.4 16.1
SW Solids 6.6 1.1
Asphaltenes free of Ultrafine Solids 93.3 15.9
Total Precipitated Solids 6.7 1.3
Bitumen 2
Asphaltenes 96.9 14.6
Solids 3.1 0.47

3.1.2.2.2 Precipitation Technique

The Precipitation technique was applied only to Athabasca Bitumen It A3ased on
the observation that all solids can be removed from the AS if d godion of
asphaltenes are precipitated along with the solids. As describattidrg (Gafonova and
Yarranton, 2001), the solvent used to recover the solids is heptol withaa&emntent
that corresponds to the onset of asphaltene precipitation. Figure 3.2tBdvestion of
precipitated material from Bitumen 1 AS at various toluene in heptolpositions. The
solid content is shown as a solid line. It is apparent that the ohpetcipitation occurs
at approximately 50/50 heptol. To ensure complete solids removal, thatsthesen for
the precipitation is 55/45 heptol. At this ratio, 2% of the asphalteregxpected to

precipitate, as indicated in the insert in Figure 3.2.

Three grams of AS were dissolved in 135 cm3 of toluene. The miwaseonicated for
20 minutes and then 165 cm3® of heptane was added to achieve an asphaltene
concentration of 10 kg/m3 in a solution of 55/45 heptol. After settling ovetnibe
mixture was centrifuged at 3500 rpm (1260 RCF) for five minutes andupernatant

decanted. The solids remaining in the centrifuge tubes were redaetere referred to
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as “Total Precipitated Solids”. The solvent was evaporated frorauppernatant and the
remaining asphaltenes are referred to as “Asphaltenes-figirafine-Solids”. The

yield of each material is given in Table 3.2.

The two solids removal techniques were compared in terms of thditgtaf the
emulsions created from asphaltenes and asphaltenes free ohellgalids in order to
guantify the importance of ultrafine solids. Figure 3.3 compares ¢bexfater resolution
after eight hours of treatment (see section 3.4.5) for model emulstabgized by
Athabasca Bitumen 1 Asphaltenes-free-of-Ultrafine-Solids, Asptedieand AS. The
results imply that the effect of ultrafine solids is insigrafit for asphaltene equilibrium
concentrations smaller than 1 kg/m3 and larger than 15 kg/ms3. For ca@icsrstr
between 1 and 15 kg/ms3, the free water resolution experienced by thisicer®
stabilized by Asphaltene-free-of-Ultrafine-Solids is 10% gredban for emulsions
stabilized by Asphaltenes. It appears that the effect of wéalids, or possibly the 2%
fraction of asphaltenes precipitated, does not alter the genabditgttrends and the
same conclusions regarding the effect of solids can be made.

Because the Centrifugation technique gives similar results aleggstime consuming

than the Precipitation technique, it has been employed for all experiments in tisis thes
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3.1.3 Recovery of Solids from AEC Wellhead Emulsion

The wellhead sample obtained from AEC contained 35 vol% emulsifiex . Wétte water
had to be removed prior to the separation of asphaltenes from solldsamsistent
results. To remove the water, reagent-grade toluene was addecdetaulsgon in a ratio
of 0.6 cm3/g. The mixture was shaken on a shaker table for five mimunssring the
dispersion of the emulsion in the toluene. The diluted mixture was paouceseveral 12
cms3 centrifuge tubes. Each tube was capped with a rubber septum arfdgsshtor five
minutes at 4000 rpm (1640 RCF, i.e., relative centrifugal force). Afterminutes of
centrifugation, the mixture separated into a continuous phase and”aldyag The
continuous phase contained the bulk of the heavy oil and toluene with only 2.5 vol%
water (as measured with Karl Fischer Titration, a standalthigue not described here).
The rag layer consisted of emulsified water and a small volim@ntinuous phase
fluid.

The continuous phase was decanted and the toluene evaporated in a fume hdoloel until
mass was invariant. AS was precipitated and recovered fromdigeiakbitumen using
the technique described previously for Athabasca bitumen. This materiakrmed

“Continuous-Phase AS”.

The concentrated rag layer was removed from the centrifuge anbeglaced into a 1 L
beaker. n-heptane was added to the rag in a 40:1 (cm?/g) ratio. This miase
sonicated for 45 minutes and left to settle for 24 hours. Aftdinggtthe supernatant
was filtered through a Whatman #2 filter paper. Additiomakeptane was added to this
solution at a 4:1 (cfg) ratio of n-heptane to the original rag mass. The mixture was
sonicated for 45 minutes and left overnight, then filtered using the &ken paper. Note
that the water associated with the rag collected in pools on ¥imeg dilter cake and
evaporated overnight. The dry filter cake is deemed “Rag-Layér Age Centrifugation
technique was employed for the separation of asphaltenes and solidsel@ih&f both

materials from the continuous phase and rag layer are summarized in Table 3.3.
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Table 3.3:  Composition of Asphaltene-Solids (AS) from AEC wellhead emulsion

Component Continuous PhaseRag Layer  Total
(wt9%) (Wt%) (Wt%)
AS (fraction of phase) 16.1 5.1
AS (fraction of bitumen) 14.4 3.7 18.2
Asphaltenes (fraction of bitumen) 14.3 2.0 16.2
Solids (fraction of bitumen) 0.17 1.8 1.9
Asphaltenes (fraction of AS) 98.8 53 89.3
Solids (fraction of AS) 1.2 47 10.7

3.1.4 Recovery of Solids from IOL Refinery Emulsion

The refinery emulsion contained 43 vol% emulsified water. Howeverkeurihe
wellhead emulsion, the IOL sample destabilized after five minoteentrifugation at
4000 rpm into four distinct phases: 1) a continuous phase free of wagemag}layer
consisting of 51 vol% water; 3) a free water phase; 4) a sdlidy-£onsisting of 48
vol% water. The rag-layer and solids-slurry made up only 9 and 7 vetfectively, of
the total emulsion. Note that, on average, approximately 80% of tlee was resolved

as a free water phase from the IOL emulsion after this initial centriduingat

Each phase was decanted from the centrifuge tubes. AS were tptedipgrom the
continuous phase in the manner described previously for Athabasca bitunenoSly
small volumes of both the rag layer and solids slurry were reedvieom the refinery
emulsion, the solids were recovered directly from these samptésrrthan first
precipitating asphaltenes. Toluene was added to either the emgfagolids slurry in a
25:1 (cm3/g) ratio. The mixture was sonicated for 20 minutes and éfteto Istand for
one hour. After settling, the mixture was sonicated briefly for iQutes and then
transferred into centrifuge tubes for six minutes of centrifogatit 4000 rpm. The
supernatant was decanted and the solids remaining in the centubegewere allowed
to dry until their mass was invariant. The solids yield from thetiouous phase, rag

layer and solids slurry are given in Table 3.4. As mentioned previdhslyasphaltene
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content was not determined because solids were recovered frong thgemand solids
slurry directly. However, the AS yield from the continuous phase i&aswt%. Solids

made up 1.7 wt% of the continuous phase AS.

Table 3.4:  Solid yield of each phase of the IOL refinery emulsion

Component Continuous Rag Layer Solids Slurry  Total
Phase (wt%) (Wt%) (Wt%) (Wt%)

Solids (fraction of phase) 0.11 1.8 11.8

Solids (fraction of bitumen) 0.09 0.29 1.7 2.1

3.2 TECHNIQUES UTILIZED TO CHARACTERIZE ASPHALTENES

3.2.1 Molar Mass Measurements

The molar mass of asphaltenes was determined with a Jupitenmiest model 833
Vapour Pressure Osmometer (VPO). Vapour pressure osmometsyarlibe fact that
there is a difference in vapour pressure when a solute is addeolieeat. In the Jupiter

833 instrument, two drops, one containing pure solvent and one containing a solute
dissolved in the same solvent, are deposited on separate thermistotmange in
temperature at each thermistor is caused by the differenc@aurvpressure of the two

drops. For a sufficiently dilute ideal solution, the temperature differefices given by:

C
AT = KlM—Z (3.1)

2

wherec, is the mass wt/wt concentration of the sollWle,the molar mass of the solute,

andK; a constant which is defined as:

(3.2)



80

R is the universal gas constaiitthe absolute temperaturgl; the molar mass of the
solvent, anddH, the enthalpy of vaporization of the solvent. Theenperature change

defined in Equation (3.1) is proportional to anerved change in voltagdy:
AV =K ,AT (3.3)

whereKj; is another constant. Equation (3.1) and (3.3)carebined such that the molar

mass of the solute is related to its concentrahoough the observed change in voltage:

M, :KAC—\2/ (3.4)

whereK is a combined constant that can be found for argaolvent and temperature by
calibrating with a solute of known molar mass. hie turrent work, the instrument was
calibrated with sucrose octaacetate (molar mas$Gy80l). On average, the valuelkof
was 4879 WKkg/kmol. The calibration was verified with octacnsathe average of five
runs performed at concentrations varying from 5 t@/m3 gave a molar mass of 394.46
g/mol +3%, which is within 0.2% of the actual valoé 394.77 g/mol. Note that the
calibration must be performed each time the sohad temperature conditions are

altered. The instrument must also be calibratezt afich cleaning.

In the current work, all molar mass measurement® weade in toluene at 50. The
errors in the molar mass over the entire conceotraange are 221 g/mol, +134 g/mol,
and +520 g/mol for Athabasca Bitumen 1 Asphalteri@sAsphaltenes and Soxhlet-
Washed asphaltenes, respectively. The error imiblar mass for Athabasca Bitumen 2
Asphaltenes is 200 g/mol. The details of the eamalysis are shown in Appendix A,
Section A.3.
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To prepare the solutions, asphaltenes were addetuene and the mixture sonicated for
20 minutes until the asphaltenes had dissolvedbh@lsene concentrations from 1 to 60
kg/m® were tested. Note that the asphaltenes were dréateemove fine solids with the
centrifugation technique. Fine solids can poteytiaintroduce error into the
measurements and can also foul the thermistora@adles used for the deposition of the

solution.

3.2.2 Interfacial Tension Measurements

3.2.2.1 Drop Volume Tensiometry

Interfacial tension between solvent-asphaltenetieolsl and water was measured with a
Kruss Model DVT10 drop volume tensiometer. In apdvolume tensiometer, a liquid
(dispersed phase) is flowed through a capillarg atsurrounding continuous phase of
higher density. In the DVT10 model, a Harvard Agpas Model 44 syringe pump,
accurate to +1%, is used to pump the dispersedepghasugh the capillary at a constant
flow rate. A droplet of the dispersed phase forintha capillary tip and detaches when
the buoyancy force acting on that droplet equadstémsion holding the droplet to the
capillary. A photodiode located above the capiller used to detect detached drops.
After the detachment of a drop, a timer is staded the timef, between successive
drops passing the detector is measured. Sincdaveate,Q, is constant, the volume of

the drop can be found and the interfacial tensioalculated as:

(Qt)p. =pa)g _ VaonlPe —Pa)g (3.5)
nd nd

’y:

Varop IS the volume of the drop formed at the capillgrihe acceleration due to gravity,
the diameter of the capillary, apg and gy the density of the continuous and dispersed

phase, respectively.
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The time of detachment depends on the flow ratéhefdispersed phase; hence, drop
volume tensiometers are typically used to measymardic interfacial tension. Yarranton
et al. (2000b) showed that the equilibrium interfaciahsien between solutions of
asphaltenes and various solvents versus water t@uldetermined with a drop volume
tensiometer to within 10% of the equilibrium valmben a flow rate smaller than 1.5

cm3/hr was utilized.

The measurements with the DVT are accurate to +MN2m. The details of the error
analysis are shown in Appendix A, Section A.4. Befmeasuring the interfacial tension
of asphaltene-solvent and water systems, the terafigpure toluene and heptane over
water was determined. Note that a droplet of theeags phase was added to the solvent,
and vice versa, to saturate the respective liquittpuilibration for two hours was
employed prior to measurement of interfacial temsibable 3.5 shows the results and
indicates good agreement with the literature. Nlo&t experimental values as determined

with the Drop Shape Analyzer are also shown; thA B3lescribed in the next section.

Table 3.5: Interfacial tension of organic solvents versusilthsl water

Interfacial Tension (mN/m)

Solvent Drop Volume Drop Shape Literature
Method Method Values

toluene 35.3 35.0 35.8 35.9

n-heptane 49.8 50.1 56,1 49.8

2Li and Fu, 1992
® Gafonova, 2000

In the current work, the continuous phase waslididtwater. To prepare the dispersed
phase, asphaltenes treated to remove solids (tisengentrifugation technique) were
added to toluene and the mixture sonicated for &futes until the asphaltenes were
completely dissolved. If required;heptane was added to reach the desired volume ratio
of heptane to toluene. As for the pure solvent measents, each phase was saturated
with the other and allowed to equilibriate for tlwours. The asphaltene-heptol solutions

were pumped into the water phase at a flow rafean3/hr at a temperature of 23°C. Six
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drops were passed through the capillary. This ghaeewas repeated two to three times,
and the reported interfacial tension at any givencentration is the average of the
measured values. Note that the asphaltene-soh@ntics density was utilized in
Equation (3.5) to account for non-dilute conditiatshigher asphaltene concentrations.
The Asphaltene density was taken as 1181 kg/m3tladsoxhlet-Washed Asphaltene
density as 1192 kg/m3 (Alboudwasdjal, 2002).

3.2.2.2 Drop Shape Analysis

Interfacial tension was also measured using a Bimgpe Analyzer (DSA) manufactured

by Tracker, IT Concept. A schematic of the instramis shown in Figure 3.4. A less

dense liquid is loaded into a syringe (Item 4, Feg8.4) and injected through a U-shaped
needle into an optical glass cuvette containingogenadense liquid (Item 3). A droplet

forms at the tip of the needle and is illuminatgdadight source (Item 2). The profile of

the droplet is captured using a CCD camera (lterand) analyzed using a video image
profile digitizer board connected to a personal poter (Item 8). The bench (Item 1) is

placed on a wooden platform which in turn sits ofioam mat in order to remove

potential vibrations.

The shape of the drop results from the balance dmtvithe forces of interfacial tension
and gravity. The interfacial tension force actsrtimimize the surface area and tends to
pull the droplet into a spherical shape. The gyafatce acts upwards on the droplet and
therefore tends to elongate the droplet since tbplet phase is less dense than the phase
in the cuvette. The equations determining the grafile can be solved from the Young-
Laplace equation and hydrostatic calculations. gkgylas the density of the two phases
and the shape of the droplet are known, the equatian be fitted to the measured drop

profile and the interfacial tension obtained frdre best fit parameters.

The Tracker instrument requires several physical ealculation parameters for the

measurement of interfacial tension. The physicahipaters required are the light and
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heavy liquid densities, the droplet configurationdadroplet size. The densities of
distilled water, heptane, and toluene at the deésemperature were taken from the CRC
handbook. The density of heptol was calculated $suming ideal mixing. The droplet
configuration is either rising or falling. In thwork, for liquid/liquid systems the light
liquid is always the dispersed phase and hencgragrdrop configuration is utilized. The
droplet size is important because very small drdpshot have a Laplacian shape and
therefore too small a drop will invalidate the shamalysis. A Laplacian shape was
observed for drops varying from 8 to Q. In the current work, 22i1L droplets were
employed for most measurements. However, it wasidothat for 25/75 and 50/50
heptol-water interfaces aged for very long timesder than 4 hours), 10 or b drops

were required.
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Figure 3.4:  Schematic of Drop Shape Analyzér.optical bench, 2. light source, 3. u-
shaped needle and cuvette, 4. syringe, 5. dc nibtee, 6. telecentric
lens, 7. CCD camera, 8. PC with analysis and cbstftware
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The calculation parameters include the precisioth wihich the Laplace equation is
solved and the sampling interval. Three modes afuattion are available: High Precise,
Precise, and Normal. The High Precise mode allowrstiie greatest precision in
measuring the interfacial tension (IFT) since nyoets along the perimeter of the drops
are used when fitting the Laplace equation. Howetkis mode results in fewer

measurements per second because the time reqaisadve the Laplace equation with
more precision is longer. Conversely, the Normabencesults in a slightly less precise
measurement but more measurements can be madequerds In this study, all IFT

measurements were made in the High Precise modeeWn, it was observed that the
least precise mode, i.e., Normal, still gave IFTtw 0.5% of the High Precise mode
values. As will be seen in Section 3.2.3, the Ndrmade was applied for elasticity
measurements because more measurements per semaiddbe made resulting in

smoother sinusoidal profiles for both area and IBuiring collection of IFT with time,

measurements were made every second during thewiosto three minutes after drop

formation and then every 10 seconds. These intearadured files of manageable sizes.

The IFT of organic solvents over distilled waterswaeasured with the DSA and the
results are given in Table 3.4. The IFT was meaktdoe four hours and since no
deviation from the initial value was seen, it wdsoaconcluded that there were no
surface-active impurities in the needle and syririgethe current work, the DSA was
used to gather the interfacial tension of asphalsiutions over water. The asphaltene
solutions were prepared in the same manner asilobeddn Section 3.2.2.1. Athabasca
Bitumen 2 Asphaltenes were utilized for all interéd tension and elasticity
measurements made with the DSA. The solids werevedchusing the Centrifugation

technique.
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3.2.3 Elasticity Measurements

Interfacial elasticityg, is defined as follows:

c :i:Aﬂ (36)
dinA A

o

whereyis the interfacial tension amlthe interfacial area. Elasticity is a measurehm t
change in interfacial energy with a change in famal area. In an oscillating system,
elasticity is a complex quantity and has both & @ed imaginary component defined as

follows:
e=g +ig (3.7)

wheree is the real component, or elastic modulus anthe imaginary part, or viscous
modulus. The total modulus represents a changddnehergy of the system with a
corresponding change in area. The elastic mod@nse thought of as the energy stored
in the system and the viscous modulus as the lomge The elastic and viscous moduli
can also be expressed in terms of the total modidusind phase angle as follows:

£ =g, :|8|C08p (3.8)
and

£ =an, =[gsing (3.9)

The viscous modulus is the product of the frequesfayscillation,c and the interfacial

VISCOSity, 7q.
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To measure the elasticity, the area of the dropiest be changed. In this case, the
syringe is controlled with a dc motor drive shownFigure 3.4 as Item 5. A variety of
profiles can be imposed on the drop including limgailse and sinusoidal profiles, or
combinations. In the current study, only sinusoioistillations were made according to

the following equation:
A=A, +bsint/T+a) (3.10)

whereA is the area of the drop at a given titmé,, the initial area of the drof the
amplitude of oscillationsT the period of oscillation, and the initial shift factor. The
shift factor determines the deviation in area framinitial value before oscillations
commence. It was set to zero for all measuremdrttis. period of oscillationsT, is

related to the frequency,iG Hz andwin rad/s), as follows:

-2 (3.11)

T=

|

Figure 3.5 presents a schematic of an idealizea prefile and the corresponding IFT
response. The total modulus is found using Equdfon) and the measured area, slope
of area versus time, and slope of IFT versus tilmang given time. The phase angle is

found from the displacement between the peakseoéitba and IFT curves.

The measured total modulus depends on a numbetpefimental parameters including
the size of the drop, the amplitude of oscillatiote frequency of oscillations and the
interface aging time. As mentioned in Section 32.the initial size of the drop was 22
pL. This corresponds to an interfacial area of apjpnately 38 mmz2. Jafari (2005)

examined the effect of the amplitude of the osidla on the measured elastic and
viscous moduli. She found that for amplitudes ug366 of the initial area, a Laplacian
drop was maintained and the total modulus did raoy significantly. However, most
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experimenters have used amplitudes that do noteext6% of the initial area (Asket
al., 2002; Lucassen-Reyndees al, 2001; Freeet al, 2003). In the current work, the
amplitude of oscillations was 4 mmz, or 11% of ihi&al area, which is within the valid
limits measured by Jafari.

The elastic and viscous moduli can be measuredragds the interfacial tension does
not change significantly during the interval in waiithe drop is oscillated. In the current
study of asphaltene-solvent/water systems, thenmim time after which measurements
were made was 10 minutes; that is, a droplet wiased at the tip of the capillary and the
IFT recorded for 10 minutes. No oscillations weppleed during the aging time since it
has been shown that for systems containing asplesltat concentrations exceeding 0.1
kg/ms3, continuous oscillation results in erronesusasurements that are excessively
affected by diffusion (Asket al, 2002; Jafari, 2005). In the current study, therface
aging time was varied from 10 minutes to 24 hoifser the desired aging time had
elapsed, the droplet was oscillated at a chosequdrecy for a total of ten complete
cycles. The frequencies employed in the currerdystvere 0.02, 0.033, 0.1, 0.2 and 0.5
Hz, which corresponds to periods of 50, 30, 10arg 2 s, respectively. Elasticity at a
frequency higher than 0.5 Hz could not be meashes@use there was too much scatter

in the IFT response.

Figure 3.6 presents a typical example of the dali@ated with the DSA. The example
system is a droplet of a solution of AthabascamBén 2 Asphaltenes and toluene in a
water medium. The droplet was aged for one hourthed oscillated at a frequency of
0.1 Hz (10 s period) with an amplitude of 4.1 miffie initial drop area was 37.8 mm2,
The measured phase angle was 16.6° and the medstakdchodulus was 10.2 mN/m.
Figure 3.6 shows that the DSA data has some scattech is a byproduct of minor
inertial effects and the finite speed of the mokbowever, the data can be smoothed and
the phase angle discerned, as shown by the idesa@ds imposed on both the area and

IFT curves. The Tracker model has a built-in smgffalgorithm. It was found that data
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smoothing was important for frequencies exceeding Blz and at asphaltene
concentrations lower than approximately 0.01 kg/3all other conditions unsmoothed

data and smoothed data resulted in the same phgleeaand elasticity.

The majority of experiments have been performed agphaltenes in toluene. Some
experiments were made for 25/75 and 50/50 heptoksts. The asphaltene solutions
were prepared and the solvent and aqueous phafibraded in the same manner as
described previously in Section 3.2.2.1. For cotre¢ions below 0.1 kg/ms3, the total

modulus varied by £0.34 mN/m. For concentrationatge than 0.1 kg/ms3, the total

modulus varied by £0.22 mN/m. At all concentratiotie phase angle varied by +0.56°.
These errors apply at a confidence interval of 9bke details of the analyses are shown
in Appendix A, Section A.5.

1w
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Figure 3.5: Idealized sinusoidal oscillation of drop area aodesponding response in

interfacial tension
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3.3 TECHNIQUES UTILIZED TO CHARACTERIZE SOLIDS

3.3.1 Particle Size and Size Distribution Measurements

The particle size and size distribution of Athalsasalids, AEC wellhead solids and 10L
refinery rag layer and solids slurry solids werdaoted with a Malvern Instrument
Model 2000 Mastersizer particle size analyzer. strument has a detection range of
0.020 to 200Qum and measurements must be performed in an ageeeusnment. To
prepare the solutions, approximately 100 to 200omgplids was dispersed in 10 cm?3 of
water and the mixture alternately shaken by handl sonicated. Once the solution
appeared to be free of large clumps of solids wibhsolids floating at the air/water

interface, the mixture was introduced into the 2Ma&tersizer apparatus.

The volume frequency distribution was approximassduming that all of the particles
were disc shaped with identical constant thickndissvas further assumed that the
measured diameter was equal to the disc diamelas. i a reasonable approximation
since the rotation of the solids during the pagtisize measurement tends to result in a
measurement of the diameter rather than the theskoéthe disc. The volume frequency

is then given by:

disc fnidi2
fase = __miti (3.12)

>f,
=1

where fvf’iisc is the volume frequency,; the number frequency, amkithe diameter of a

given particle.

3.3.2 Particle Size and Shape Assessment
An FEI Company/Philips model XL-30 environmentaksiing electron microscope

(ESEM) in environmental mode was used to collegesd images of solids at various
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magnifications. A small dusting of the solids wdacpd on a 1 cm diameter adhesive
wafer. The solids were gold plated in an effortdiecrease interference and enhance

image quality.

A Philips/FEI Field Emission transmission electronicroscope with an accelerating
voltage of 200 kV was also employed for the assessrof size and shape of several
solid particles. A small drop of toluene, in whisblid particles had been dispersed, was
placed on a nickel grid and the solvent evaporaiée. grid was held in place with a

beryllium ring prior to placement in the sampledeol

3.3.3 Mineralogical Assessment

A model Multiflex 2kW X-ray diffractometer manufactured by Rigaku wadigo
perform the X-Ray Diffraction (XRD) analyses of Attasca solids. The apparatus
employs an extra fine copper tube with a 1.54XAay wavelength. The solids were
sampled every 0.02 degrees with a scan speed ef/inthute in continuous mode. For
bulk mineralogical characterization, the scan ramg@loyed was 2 to 60 degrees on the
2-theta scale, while clays were analyzed from 2Qalegrees. The current, voltage, and

power utilized during the experiments were 40 mak¥ and 1.6 kW, respectively.

For bulk analyses of solids, approximately 100 @® 2ng of a dry solid sample was
placed into a 0.2 mm deep aluminium holder. In otdeensure complete flatness, a glass
slide was placed onto the solids, pressed downganty removed so as not to disturb
the solids. The holders were placed into kheltiflex diffractometer and each sample
analyzed for thirty minutes. This ensured a congpetan over the 2 to 60 degree range
on the 2-theta scale. The mineralogical charaettoizs were performed using Jade 6.1

software.

In order to better characterize the clay compomérthe solids, a clay separation was

performed on the solids. Approximately 100 mg dfdsowas placed in a 20 cm3 vial,
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five cm deep. 15 cm3 of distilled water was addedhie solids. The vial was capped,
shaken vigorously by hand for approximately 20 sdspand then placed in a sonication
bath. The mixture was alternately sonicated and#eshantil most of the solid material
had migrated from the air/water interface into thater. The mixture was allowed to
stand for four hours, ensuring that solids withegpivalent spherical diameter greater
than approximately @m sank to the bottom of the vial. Nearly all of #@&ids remained
in suspension, suggesting that Athabasca solidsper@ominately composed of clay
minerals. The clays remaining in suspension wereamted from the vial and
concentrated by centrifugation until the water wasrly clear. The concentrated solids
were redispersed in approximately 1 cm3 of water] #he resultant slurry placed
dropwise onto three 2 cm diameter glass discs.vidter was allowed to evaporate until
a thin covering of solids remained on the discse Tiscs were mounted into 0.5 mm
deep aluminium holders. One of the samples wagzedldirectly, while the other two
samples were further treated with either glycolatayr heating at 400°C for one hour.
Glycolation and heating treatments can potentialyse specific peaks in the XRD
spectra to shift to alternate spacings for certéay minerals. The presence or absence of
peak shifts, as well as potential changes in pasnsity, can be used to verify clay

mineralogy and assess if the clay is swelling ar-swelling.

Adsorbed hydrocarbon matter can make the discernwiepeaks difficult. To see if
adsorbed hydrocarbon matter affected the interpoetaf XRD results, two washing
techniques were applied to solids. In the firsthteque, dry solids were dispersed in
toluene at approximately a 1:400 g:cm3 ratio. Thetume was sonicated for five minutes
and then centrifuged at 4000 rpm for six minutelse Bupernatant, which was nearly
colourless, was decanted. The solids were agaisp@ded in toluene at the same ratio,
sonicated and centrifuged. This procedure was tegea total of three or four times,
until the toluene was clear. The solids were dead stored in glass vials, whereas the
solvent from the decanted continuous phase wasoeaimol. The material removed made

up less than 10% of the solids prior to washinghwvtluene. It was impossible to tell
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whether this material consisted of fine solids tleahained dispersed in the continuous

phase, or purely hydrocarbon matter.

The second technique is more aggressive and ugesgey peroxide to bleach the solids
and remove adsorbed hydrocarbon materials (Mookk Reynolds, 1997). In this

method, approximately 200 mg of solids were placed 50 cm3 beaker. 30% hydrogen
peroxide was added dropwise and the mixture slatityed with a spatula. Once the

hydrogen peroxide began reacting with the orgartenels and bubbling was visibly

observed, approximately 10 cm3 of hydrogen peroxids added to the beaker. The
mixture was continuously stirred. A final 10 cm3hgfdrogen peroxide was added to the
beaker. The mixture was left for a period of 24 igoafter which bubbling ceased. The
beaker was placed in a fume hood and the liquigg@eded. The mass of the material
remaining in the beaker was measured and it wasdfdliat the mass did not change
significantly from the initial value. However, itas observed that the solids were a

lighter gray colour than they had been initially.

3.4 EMULSION EXPERIMENTS

3.4.1 Determination of Asphaltene and Solids Surface Coverage

The amount of asphaltenes and solids on the waterterface of an emulsion can be
calculated from a combination of 1) gravimetric lgges of the continuous phase, 2)
droplet diameter measurements of the emulsion phEse procedure for finding the

mass surface coverage of asphaltenes is presérsted fien the additional steps required

for systems containing both asphaltenes and sat&sescribed.

The surface coverage of asphalterf@s,s defined as the ratio of the mass of asphadtene

adsorbed on the emulsion interfag®,, to the total area of that interfade,

r, =-—A (3.13)
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The mass of asphaltenes on the interface is foromd & mass balance and is defined as
the difference between the total mass of asphatentne emulsionnar, and the mass of
asphaltenes remaining in the continuous phaseeaftatsification macy

My =My —M (3.14)

Acp

The total mass of asphaltenes is an experimentaftyrolled variable and related to the
initial concentration of asphaltenes in the cordimiphaseC,’, by:

m,, =C3V (3.15)

cp

Vep is the total volume of the continuous phase andlds used to relate the mass of

asphaltenes remaining in the continuous phasestoetuilibrium concentratiorGa™*

mAcp = C:eAq\/cp (316)

Equations (3.14) through (3.16) can be combined thedmass of asphaltenes on the
interface related to the initial and equilibriunphaltene concentrations:

Ccy
m, = mAT(l— Cf’\ } (3.17)
A

The other variable in Equation (3.13) is the t@madulsion interfacial area which is the
sum of the surface areas of all individual dropsah be related to the total volume of

the dispersed phase through the Sauter mean diamete
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w (3.18)

d,, == (3.19)

Equations (3.17) and (3.18) can be combined and ntlass surface coverage of
asphaltenes defined only in terms of fixed and nedde quantities:

eq
r, =Marde () CA (3.20)
Y co

w
The total mass of asphaltenes, the total volumevater, and the initial asphaltene
concentration are experimentally controlled vaesbl Section 3.4.3 outlines the
procedure for determining the equilibrium asphateconcentration. Section 3.4.4
outlines the procedure for finding the Sauter mdiameter. The application of Equation
(3.20) for various initial asphaltene concentratiat a given water content results in
plots known as adsorption isotherms. Adsorptiorthisons relate the mass surface

coverage of asphaltenes to the equilibrium asph@akbencentration.

The same procedure can be followed for emulsiongagung both asphaltenes and
solids. The asphaltene mass surface coverage is fmyand from Equation (3.13) but
now, if any solids are adsorbed on the water-hyahman interface, the surface coverage
will be less than the monolayer coverage. Thetfat asphaltenes adsorb as a monolayer

will be discussed in detail in Chapter 4.
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The fractional area occupied by the asphaltenethennterface,f,, is the ratio of the

asphaltene mass surface coverage over the monsiayace coveragé™:

6, =~ (3.21)

The solids are assumed to occupy the remaindéedhterface so that the fractional area

of solids on the interfacé, is equal tdl-6h.

3.4.2 Preparation of Model Emulsions

Model emulsions were prepared with heptane, tolueveer and one of either AS,
asphaltenes, or a mixture of asphaltenes and sofds emulsions stabilized by
asphaltenes or AS, the appropriate mass of eitlagerial was placed in a 120 mL glass
jar. For emulsions containing mixtures of asphateand solids, solids were extracted
from AS and the desired concentration added tgaheontaining a pre-measured mass
of asphaltenes. As noted in Section 3.2.1.1.1efoulsions containing asphaltenes and
mixtures of solids, the solids were used immedyatster extraction from the AS
precipitate in order to prevent possible alteravbisurface properties upon contact with

air.

Toluene was added to the materials in the jar hadrtixture sonicated for 20 minutes to
ensure asphaltene dissolution and solids disper$icsolids were presenth-heptane

was added to the mixture in the desired quantity the mixture sonicated for a further
five minutes to ensure homogeneity. Water in a dli@owratio was added dropwise to the
heptol phase while the mixture was homogenized vatCAT-520D homogenizer

equipped with a 17 mm rotor for five minutes at A@0pm. For most experiments, the
emulsion was allowed to settle for 1.5 hours folligvhomogenization, during which a

continuous phase and a concentrated emulsion pitegsarated. As will be seen in
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Chapter 6, for some experiments, the settling twas increased beyond 1.5 hours in
order to gauge the effects of interface aging tilfee maximum settling time employed

was 24 hours.

3.4.3 Emulsion Gravimetric Experiments

The equilibrium asphaltene concentrati®@y’®, after settling was determined from a
gravimetric analysis of the separated continuouasph As already mentioned, the
emulsion divided into a water-free continuous phaiséop and a concentrated emulsion
phase on the bottom. The continuous phase was t@ecfnom the top of the settled

emulsion and its volume measured. After completeesh evaporation, the mass of the
remaining material was determined gravimetricdfithe emulsion was solids-free, the

equilibrium asphaltene concentration is simply theidual mass divided by the volume
of the decanted continuous phase. If solids weesgnt, the dry residual asphaltene-
solids mixture was redispersed in toluene and tbéds separated using the

centrifugation procedure described previously. firess of asphaltenes remaining after
solids removal was then determined gravimetricafigl the equilibrium concentration of

asphaltenes calculated as before.

The mass of solids in the settled emulsion was d&termined from a mass balance.
Note that solids began appearing in the continupbase after the bulk solids

concentration had exceeded ~0.4 kg/m3. Howeveralioexperiments where the solids

concentration was greater than 0.4 kg/m3, no nmwae € to 7% of the solids remained
with the evolved continuous phase. The majoritthef solids was either adsorbed on the
water/oil interface or had become trapped betweastemdroplets in the settled emulsion.
No solids were observed in the aqueous phase ireqpgriment. The asphaltene mass
surface coverage varies by +0.0002 g/m2 for a denite interval of 95%. The details are

shown in Appendix A, Section A.7.
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3.4.4 Emulsion Drop Size Distribution Analysis

The Sauter mean diameter is found from drop siggiblutions of samples taken from a
settled emulsion. After the desired settling time&rop of the emulsion phase was placed
by pipette onto a hanging-drop glass slide. To exarmdividual drops, a small drop of
the continuous phase was added to the slide. Tdewhs then covered with a slipcover.
The drop size distribution was measured with a Caiks Axiovert S100 inverted
microscope equipped with video camera and ImagerRage analysis software. In the
current work, approximately 400-500 drops were ugedng an expected error of 5-10%
according to Dixon and Massey (1969) and as disecussdetail by Gafonova (2000).

For all experiments except those in which AEC solidere used, the drop size
distribution did not change during the 1.5 houtlisgf period, nor did any water evolve
from the emulsion. The drop size distribution dichege during the settling period when
AEC solids were used as stabilizers and when AabAsphaltene stabilized emulsions
were aged beyond 1.5 hours, but no free water wess abserved. Since no free water
was observed during a given settling period, tHeliy of the gravimetric measurements

is maintained.

Typical images for the model emulsion systems hosve in Figure 3.7. Figures 3.7 (a),
(b), (c) and (d) are micrographs of settled emulsistabilized by Athabasca Bitumen 1
Asphaltenes at bulk concentrations of 1, 2, 5 addk@m3. The results are consistent
with the findings of Gafonova (2000) indicating eccease in drop size with an increase
in asphaltene concentration. The average drop didenot change significantly for
concentrations exceeding 10 kg/m3. Note that: )lsions stabilized by Bitumen 1 AS
at the same concentrations resulted in nearly iclntirop sizes, 2) drop sizes at any
given concentration for emulsions stabilized by aktasca Bitumen 1 asphaltenes were
nearly identical to those when Athabasca Bitumeasphaltenes were utilized. The
Sauter mean diameter varies by +0.3 microns foormfidence interval of 95%. The

details are shown in Appendix A, Section A.6.
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Drop size distributions were also measured formtakhead emulsion received from AEC
and the refinery emulsion received from IOL, LtdedBuse these emulsions were very
viscous, a drop of 50/50 heptol was added to tide sh order to disperse the drops and

facilitate image analysis.

3.4.5 Assessment of Emulsion Stability

The stability of an emulsion was assessed by mieastine water separated from the
emulsion as a function of time. After settling, tlwencentrated emulsions were
transferred to 12 cm3 centrifuge tubes and cappguevent evaporation of solvents. The
tubes were centrifuged at 4000 rpm (1640 RCF)ifar fminutes and then placed in a 60
°C heating bath. After two hours, the tubes wemstrdaged for five minutes and the

volume of free water recorded. The tubes were metlirto the heating bath and the
procedure repeated two more times for a total af,fowo hour cycles. The amount of
free water is reported as a percentage of the watdr in a given emulsion. The relative
stability of the emulsions can be assessed by congpahe amount of free water

resolved for any given destabilization time. Fon@entrations exceeding 20 kg/ms3, the
free water resolution varies by less than 5%. Téwil$ of the analysis are shown in
Appendix A, Section A.8.

Note that this procedure can also be applied fer g¢kisting wellhead and refinery
emulsions. The only modification in the procedusethat the emulsions are placed
directly in the centrifuge tubes because a semhm@iatinuous phase does not exist for

these emulsions.
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Figure 3.7:  Micrographs of settled emulsions stabilized by akthsca Bitumen 1
Asphaltenes at bulk concentrations of a) 1 kg/m% kg/m3, c) 5 kg/m3,
d) 20 kg/m3. 25/75 heptol, 40 vol% water, 1.5 hosestling. Scale bar

applies to all micrographs
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CHAPTER 4
COMPOSITION AND STRUCTURE OF ASPHALTENE-HEPTOL/WATER
INTERFACES

This chapter presents the results of the compaoséi initial structure of the water/oil
interface. The studies were performed on modeksyststabilized solely by asphaltenes;
that is, interfaces consisting of asphaltenes,dhepnhd distilled water. The asphaltene
molar mass, interfacial tension of asphaltene wwiat over water, and asphaltene
adsorption isotherms are presented in Section42land 4.3, respectively. In Section
4.4, the data from these sections is used to imerphe structure of the
water/hydrocarbon interface. Section 4.5 contaomltiding remarks for this chapter.

The main objective of this chapter is to determirasphaltenes adsorb as a monolayer or
in multilayers. Additionally, the importance of #&spftene self-association on the
structural interpretation of the water/oil intedais shown by accounting for a changing
asphaltene molar mass in both interfacial tensiaasurements and in the overall
calculation of the number of adsorbed asphalteysrda The number of asphaltene layers
is the ratio between the total number of adsorbetkécnles in the interfacial film to the
number of molecules in a monolayer. The total numdfemolecules in the interfacial
film can be found from molar mass and emulsion ignatric measurements. The number

of molecules in a monolayer can be found from fat@al tension measurements.

The approach for determining the asphaltene intftfaonfiguration is demonstrated for
the following model emulsion system: Athabasca mien 1 Asphaltenes or Soxhlet-
Washed Asphaltenes, 25/75 heptol, 40 vol% watexvever, the effects of asphaltene
source and solvent quality were also examined dieroto see if they had an effect on the
interpretation of asphaltene interfacial structuffo summarize, the following

experimental variables were considered:
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1. Asphaltene Source and Degree of Washikthabasca Bitumen 1s@&sphaltenes,
Asphaltenes, and Soxhlet-Washed Asphaltenes andibAsita Bitumen 2
Asphaltenes were utilized to complete all desirgdeeiments. Some types of
experiments were only performed for Athabasca Bénrh Asphaltenes because
their supply was exhausted by the time certain ex@mtal techniques and

equipment became available.

2. Asphaltene ConcentratioFor molar mass, interfacial tension, gravimeti
emulsion stability experiments, asphaltene conaéiotrs from 1 to 40 kg/m3

were considered.

3. Solvent Quality The heptane fraction in the heptol was variednfrd to 50%.
Thus, the solvents tested were 0/100, 25/75, afsD3teptol.

4. Temperature The effect of temperature was not considered his twork;
however, experimental limitations in some procedupeevented the use of a
consistent temperature for all measurements. Alulsions were created and
analyzed gravimetrically at 23°C. All interfaciahsion measurements were also
made at 23°C. Molar mass of asphaltenes was meastr&0°C. Emulsion
stability experiments were made at 60°C. Note e¢hatlsion stability experiments
are performed at an elevated temperature in oadaragnify trends in free water
resolution. Recently, Jafari (2005) has shown fre¢er does not resolve in a
timely way for a treatment temperature of 23°C.
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4.1 ASPHALTENE MOLAR MASS

The molar mass of Athabasca Bitumen 1 Asphaltene®luene at 50°C is shown in
Figure 4.1. The results are generally consistetit wievious studies which utilized the
same vapour pressure osmometer; however, thel inge&in molar mass is not as steep
as measured by others (Agrawala and Yarranton, ;28budwarejet al, 2002). The
asphaltenes used in those studies were from aetifbatch of Athabasca bitumen. Also,
they had been treated with intermittent heptanehimgscycles lasting between five and
ten days rather than no washing (as in this studghetheless, the trends are consistent
with the previous work and show that as the comaénoth of asphaltenes increases, the
molecules self-associate from monomers of approeiypa2000 g/mol into 10,000-
11,000 g/mol macromolecules at concentrations ofo560 kg/m3. An extrapolation of
the curve to infinite dilution shows that the mohlaass of an asphaltene monomer is
2060 g/mol, a value consistent with previous wadkgrawala and Yarranton, 2001) but

higher than that reported in the literature (Graemnd Mullins, 2001).

The molar mass of{Asphaltenes and Soxhlet-Washed Asphaltenes iertelat 50°C is
also shown in Figure 4.1. As expected, tgeASphaltenes have a lower molar mass than
the Asphaltenes. This is consistent with the ideat the material precipitated with
pentane (€ Asphaltenes) is more resinous than that precgutawith heptane
(Asphaltenes). Resin molecules are generally sméildn asphaltene molecules so it is
expected that the overall molar mass of a sampiasuong a higher fraction of resin-
type molecules will subsequently be smaller. Algohas been speculated that resin
molecules act as “terminator” molecules which lithi# extent to which asphaltenes self-
associate (Agrawala and Yarranton, 2001). Asphedtethat have self-associated to a
smaller degree will naturally result in a molecwl¢gh a smaller molar mass. Conversely,
a molecule which has been stripped of its resimoaterial will result in an asphaltene
with more “propagator” sites that facilitate thdfsessociation of asphaltenes. Since a
Soxhlet-Washed sample contains asphaltenes whieh naarly all “propagator”

molecules, self-association continues unimpeded thedmolecules form larger and
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larger macromolecules as the asphaltene concemraicreases. Therefore, Soxhlet-
Washed Asphaltenes have a higher apparent molas thas the Asphaltenes, as shown
in Figure 4.1. The molar mass measured here forhi8b¥ashed Asphaltenes is
consistent with the values obtained in a previoaskw(Akbarzadehet al, 2004). An

extrapolation to infinite dilution yields a monomerolar mass of 2850 g/mol for the

Soxhlet-Washed Asphaltenes.

As mentioned previously, two sources of Athabasitanten were required for the
completion of all experiments. Figure 4.2 compates molar mass of Athabasca
Bitumen 1 and 2 Asphaltenes in toluene at 50°C.r&kelts show that for concentrations
higher than 5 kg/ms, the asphaltenes extracted fBiimmen 2 have a molar mass
approximately 30 to 40% lower than those extra¢teoh Bitumen 1. It can be inferred
that Bitumen 2 contains asphaltenes that self-gsgo a lesser degree than Bitumen 1.
Note, the yield of Athabasca Bitumen 1 Asphaltewas 2.1% higher than Bitumen 2
Asphaltenes and Bitumen 1 appeared to be moreusstt@an Bitumen 2. Higher yield
and viscosity could indicate higher asphalteneamdrénd also greater self-association of

the asphaltenes.

For the structural interpretation, the apparenthhakpne molar masses are required at
emulsion conditions; that is, in 25/75 heptol annd28°C. However, vapour pressure
osmometry can only be employed with pure unmixddesuas, such as toluene. As well,
for asphaltenes in toluene, 50°C is the minimumptnature at which repeatable results
can be obtained with the Jupiter 833 instrumenindde to apply the measured molar
masses at emulsion conditions, the effect of solaad temperature on molar mass must

be considered.

There is some evidence that asphaltene molar mas=ptol is not significantly different
than the molar mass in toluene. Moschopestisal. (1976) related the measured

asphaltene molar mass at 37°C to the dielectristani of the solvent. Their results are
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reproduced in Figure 4.3. In that study, a corietatbetween molar mass and the
dielectric constant was found for a dielectric ¢dans range between 2 and 35. If the
correlation is valid, asphaltenes dissolved in aols of similar dielectric constant should
have a similar molar mass. As shown in the inseRigure 4.3, the dielectric constants
of toluene andh-heptane at 37°C are similar, 2.35 and 1.87, reispéct Hence, the
hypothetical molar mass of asphaltenes dissolvdteptane or 25/75 heptol is expected
to be similar to or greater than that in toluerdthough the correlation of Moschopedis
et al.(1976) was developed for aromatic solvents, itiesertheless been assumed that it
is approximately valid for the 25/75 heptol solvdae to the lack of a more appropriate

technique for determining asphaltene molar massnmixed solvent.

It is known that the apparent asphaltene molar ndssreases with increasing
temperature. Agrawala and Yarranton (2001) medsiine molar mass of asphaltenes in
toluene at two temperatures, 50°C and 70°C. Aswyriiat molar mass changes in
proportion to the inverse of the temperature, ttdammasses can be extrapolated to
23°C. It was found that the difference betweennfodar mass at 50°C and that estimated
at 23°C was approximately 20%. Since the formhis extrapolation lacks theoretical
justification, the molar masses measured at 50®%Cuaed in this work. These molar

masses are probably low but the error is expectée within 20%.
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Figure 4.1: Molar mass of € Asphaltenes, Asphaltenes, and Soxhlet-Washed
Asphaltenes extracted from Athabasca Bitumen ludra, 50°C



108

12000 [T T T T T T T T T \\Ow T
I * ]
10000 [ . ]
= [ P
g 8000 | . ]
\9 C 'S A 1
% 6000 | :
S - A ]
> i A |
@ L A
o 4000 [ .
= oy 4 7
2000 & ¢ Bitumen 1 asphaltenes -
i A Bitumen 2 asphaltenes |
O_||||I||||I||||I||||I||||I||||I||||

0 10 20 30 40 50 60 70

Asphaltene Concentration (kg/m?)

Figure 4.2: Molar mass of Asphaltenes extracted from AthadbaBitumen 1 and

Bitumen 2. Toluene, 50°C



109

8000““““‘\\\\\w\\

I ’E‘aooo,wwww,
| - N t | ] N
7000 2 5500 oHent
= i < -
Q - © 5000 -
?Em 6000 7 g :
S & 4500 | n-heptane
+ 5000 | 4 benzene 3 ; P )
<) - 2 4000 ————
S 4000 | = 0 2 4
— - Dielectric Constant of Solvent -
‘—; 3000 + methylene .
D - bromide ~~ -
S 2000 | pyridine r—
= I nitrobenzene |
1000 N
0
0 10 20 30 40

Dielectric Constant of Solvent

Figure 4.3:  Molar mass of asphaltenes in various solven®¥ 4T (Moschopedist al,
1976)



110

4.2 INTERFACIAL TENSION OF ASPHALTENE SOLUTIONS

The interfacial tension of asphaltenes in hept@ravater has been measured using two
techniques: a drop volume tensiometer (DVT) andrap ;shape analyzer tensiometer

(DSA). The results of the measurements made weDMT are presented first and then

compared to those made with the DSA. Note thatDW@& was used for assessing the

interfacial area of Athabasca Bitumen 1 Asphaltendsereas the DSA was used for

assessing the IFT and interfacial area of AthabBgcanen 2 Asphaltenes. Since the two

asphaltenes have different molar masses, somedtitfes in the interfacial tensions are

to be expected.

4.2.1 Interfacial Tension Measured with DVT

The interfacial tension (IFT) of Athabasca BitunfeAsphaltenes in 25/75 heptol versus
water is given in Figure 4.4. Note that the timetfee drops to detach from the capillary
varied from 45 to 55 seconds. In other words, tiierface had aged for less than one
minute in these experiments. If the Gibbs’ isothé&smassumed to apply, (Equation 4.1),
the linearity of the plots suggests that asphatteagsorb at the water/hydrocarbon

interface with a constant area over a wide conagatr range.

Y _rRry (4.1)
dinC

whereyis the interfacial tensiorG the concentratiorn/, the molecular surface coverage,
R the universal gas constant, afidhe absolute temperature. There are no deviations
from linearity beyond scatter in the data. If miegition occurs, a constant IFT or at least
a deviation in the IFT is expected at and abovecthial micelle concentration. Hence,
there is no indication of micellization, consistevith previous observations (Yarranton
et al, 2000a and 2000b). The results for Soxhlet-Wagtgghaltenes in the same solvent
are also given in Figure 4.4. At any given conadidn, the Soxhlet-Washed

Asphaltenes appear to lower the interfacial tengimne than the Asphaltenes. However,
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as indicated in Figure 4.4 and summarized in Tdble the slope of the two curves is

very similar.

The results given in Figure 4.4 were for asphalteasples that had been treated to
remove native solids. The presence of solids cter #he results because solids can
potentially adsorb on the interface. Generallyjdsplrticles are not expected to lower
the interfacial tension. However, native solids hswas the ones removed from the
bitumen utilized in this work have been shown totam a significant quantity of

adsorbed humic and petroleum matter (Kotlgaral, 1998). The presence of these
materials may facilitate adsorption of the soligstbe interface. Solids on the interface
can reduce the interfacial area available for agpies. The adsorption of solids on the
interface may manifest itself as a smaller reductiolFT at any given concentration and
hence a smaller slope of the IFT versus log(comagon) plot. A smaller slope may lead
to an erroneous interpretation of the area occupiedasphaltene molecules on the
interface. The effect of solids is demonstratedrigure 4.5 and is consistent with the
work of Gafonova (2000). The slope of the AS cus/&6% smaller than the Asphaltene
curve. The difference between the AS and Asphaltemees suggests solids have

adsorbed on the interface.

The solvent system chosen to demonstrate how thetste of the interface can be
interpreted from molar mass, interfacial tensiod gravimetric studies was 25/75 heptol.
Unless otherwise stated, these experiments weferperd with asphaltenes treated to
remove solids. In order to assess the effect @eslon interfacial tension (IFT), the IFT
of AS in 0/100, 25/75 and 50/50 heptol was measareti the results shown in Figure
4.6. Note that during the course of these experispensufficient supply of asphaltenes
treated to remove solids was not available. Althotlge slopes may be up to 20% less

than those for asphaltenes only, the effect oftieent can still be established.
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The slopes of the curves presented in Figure £&ammarized in Table 4.1. Note that
Table 4.1 also contains slopes of curves for 12.5/&nd 37.5/62.5 heptol solvents. This
graphical data was omitted from Figure 4.6 forigjdvut also resulted in linear trends. It
appears that as the heptane content in the solaergases, the slope increases in
absolute value. Since the slopes of such curvesaeesely proportional to the average
area occupied by the molecules, Table 4.1 suggfestsndividual asphaltene molecules
occupy an increasingly smaller area on the intetféatially, this appears to contradict
the idea that a more paraffinic solvent (i.e., mueptane in the heptol) would promote a
higher degree of self-association among asphaltandsthat a larger molecule should
occupy a larger area. However, the results in Tadlesimply show that the average area
occupied by a given molecule is larger for “bettsolvents (less heptane) and that these
asphaltenes are better solvated, less densely gpackehe interface, and more surface
active.

Table 4.1:  Slope of interfacial tension versus concentraglats from DVT

Slope (mMN/m)
Solvent Bitumen 1 Bitumen 1 SW Bitumen 1 Bitumen 1 SW

(H/T heptol) Asphaltenes Asphaltenes AS AS
0/100 -1.01
12.5/82.5 -1.21
25/75 -1.71 -1.79 -1.43 -1.66
37.5/62.5 -1.44

50/50 -1.64
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4.2.2 Interfacial Tension Measured with DSA

The interfacial tension of Athabasca Bitumen 2 Adpmnes in 0/100, 25/75 and 50/50
heptol were measured with the DSA for concentratiearying from 0.001 to 20 or 50
kg/m3. The DSA has been utilized primarily for asseg interfacial rheology; however,

it was also used to measure the interfacial tensi@sphaltene solutions over water.

Before presenting typical measurements made wighDBA, a comparison is made
between the interfacial tension of Athabasca Bitwnieand Bitumen 2 Asphaltene
solutions over water. The IFT measurement from M8A is taken at the time that
corresponds to the detachment of a drop in the Défument for a given concentration.
In this way, the interfacial tensions are compasedhe same interface aging time. To
reduce the error incurred by solids, asphaltenepsprecipitated witm-heptane and

treated to remove solids were employed for the @ispn. Figure 4.7 indicates that the
slope of the curve for the Bitumen 2 Asphaltene85%6 larger than the slope for the
Bitumen 1 Asphaltenes. Therefore, Figure 4.7 suggé®t the area of a Bitumen 2
molecule is smaller than a Bitumen 1 molecule. Thisonsistent with the molar mass
measurements which showed that the Bitumen 2 Aspied self-associated into smaller

molecules.

It was mentioned earlier that the DSA gives intgghtension versus time for any

desired asphaltene concentration. The IFT of Atbedditumen 2 asphaltene in 0/100,
25/75 and 50/50 heptol solutions over water wassorea for concentrations varying

from 0.001 to 20 kg/m3. The results are too numertoupresent here; instead trends in
concentration, solvent and time will be presentedypical systems.

Figure 4.8 (a) shows typical IFT curves for Athal@a8itumen 2 Asphaltenes in 0/100
heptol at several concentrations for times up tonenutes. The behaviour is similar to
that of surfactants: the interfacial tension decayd appears to stabilize at a constant

value, at least for the higher concentrations. H@amet has been shown that the IFT can
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continue to decrease for several hours or even (#agsr and Radke, 2004; Baugétl,
2001). This is confirmed in Figure 4.8 (b) whiclosls a substantial decrease in IFT for
times exceeding 10 minutes. The decrease is mosbpnced at low and intermediate
asphaltene concentrations.

The results shown in Figure 4.8 and additional IFts higher aging times are
summarized in Figure 4.9 by showing the interfadiehsion as a function of
concentration at 60 seconds, 10 minutes, 1 hourdahdurs. Although there is scatter,
especially at four hours, the results demonstrage dapacity of asphaltenes to lower
interfacial tension over long periods of time. idt also interesting to note that for
concentrations exceeding roughly 0.01 kg/ms3, th€& durves at any given time are
approximately parallel. If a Gibbs’ adsorption ssamed, this suggests that asphaltenes

occupy the same area on the interface as theaotedges.

Results similar to those shown in Figure 4.9 wdyseoved for 25/75 and 50/50 heptol

solvents. The effect of solvent quality is shownFmgure 4.10 after 10 minutes of

interface aging. The trends were similar at shoatedt at longer interface aging times.
The lack of deviation between the curves at asphaltoncentrations exceeding about
0.1 kg/m? suggests that at these concentratioasntarface is dominated by asphaltenes
and the solvent that does reside on the interfaciew little between the three systems.
Perhaps toluene adsorbs preferentially over hepasdehence the IFT measured at a
given concentration for any solvent quality is Hane. Also, at high concentrations, the

interface is dominated by asphaltenes.
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4.3 ASPHALTENE ADSORPTION ISOTHERMS

Asphaltene adsorption isotherms are used to rdlat@asphaltene mass surface coverage
at the water/hydrocarbon interface to the asphalegpuilibrium concentration of a settled
emulsion. They are constructed by applying Equat®®0) at asphaltene concentrations

varying from 1 to 40 kg/m3:

m,.d cel
[, =—AT-%2/]_ ~A (3.20)
6V cS

w

Recall that/ is the asphaltene mass surface cover@gé,andC,° are the asphaltene
equilibrium and bulk concentrationsiy is the total mass of asphalten¥g,is the total
volume of water, ands; is the Sauter mean diameter of the dispersed wedetets. The
total mass of asphaltenes, their initial concemtnatand the volume of water are
experimentally controlled variables. The equililniuconcentration is found from a
gravimetric analysis of the continuous phase. Taet& mean diameter is obtained by
analyzing the size distribution of the settled drophe trends in Sauter mean diameter
are presented in more detail in the following setthecause this variable is required not
only in equation (3.20) but also important whercdssing relative emulsion stability and
the effects of film aging on the mass of asphakeamgsorbed on the interface and the
emulsion stability. The effect of film aging on tBauter mean diameter and the relative

emulsion stability is discussed in Chapter 6.

4.3.1 Water Drop Size Distributions of Settled Emulsions

In most of this work, drop size distributions weyathered after a model emulsion had
been settled for 1.5 hours. However, the distrdsuttan be gathered at any time as long
as free water does not appear during the setiling. in this study, emulsions were aged
(i.e., left to settle) up to 24 hours. However,free water was ever observed during the

settling time. The current section presents thep dsize distributions and calculated
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Sauter mean diameter for emulsions that were aged.5 hours and were stabilized

solely by Asphaltenes or AS.

The sample micrographs shown previously in Figureigdicated that the size of drops
decreases with an increase in asphaltene congentrahe droplets also become more
uniform in size, as is shown in the frequency hysam of Figure 4.11 for the systems in
Figure 3.7. These trends with asphaltene concemniratere observed for all heptol
contents and all types of asphaltenes. The Sautanmdiameter was assessed at each

asphaltene concentration using Equation (3.19).

Figure 4.12 summarizes the Sauter mean diametegiraius asphaltene concentrations
for emulsions stabilized by Athabasca Bitumen 1 h&d@nes in 25/75 heptol. At
concentrations below approximately 2 kg/m3, theraye diameter is very large because
there are insufficient asphaltenes to cover therfate (Yarrantonet al, 2000a).
Consequently, some of the droplets coalesce imnedgidollowing their creation,
resulting in a diameter greater than the minimurat tban be achieved with the
homogenizer at the conditions described in Sec8@dn2. However, as the asphaltene
concentration increases, there are sufficient dpies to cover the interface of the drops
and the resultant diameter is the minimum that loarcreated with the homogenizer.
Figure 4.12 indicates that the minimum diametepigroximately 8 microns and that it is

achieved at a concentration exceeding 10 kg/ms3.

Figure 4.12 also shows other systems and sevediicahl conclusions can be made.
First, the presence of solids does not appeartéo #ie average diameter of the drops
since the Asphaltene and AS curves are identidap€r 7 will show that native solids

found in the AS precipitate do in fact adsorb oa ititerface (as was already implied by
the results of the interfacial tension data in Bact.2.1); however, it appears that their

presence on the interface does not change thegavesater droplet size.
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Second, ultrafine solids also do not alter the dstoye, since the diameters for the
Asphaltene and Asphaltene-free-of-Ultrafine-Sokasulsions are also identical. Third,
asphaltenes containing fewer resinous molecules 8oxhlet-Washed Asphaltenes) lead
to the formation of emulsions containing smalleopd than those stabilized by more
“resinous” asphaltenes (i.e.; @sphaltenes) at concentrations below 10 kg/mv,Ale
limiting diameter of 8 microns is achieved at 2rkgfor Soxhlet-Washed Asphaltenes,

10 kg/ms3 for Asphaltenes, and 20 kg/m?3 fgrASphaltenes.

Figure 4.12 suggests that asphaltenes containimgerferesinous materials resist
coalescence more. This is consistent with the wbi®&afonova (2000) who showed that
settled emulsions stabilized by asphaltenes caedagmaller drops than those stabilized
by mixtures of asphaltenes and resins. The emdsoomtaining resins were also less
stable than those containing asphaltenes alonewvilde seen in Chapter 7, the free
water resolution was higher for thes Q\sphaltene stabilized emulsions than for
Asphaltene stabilized emulsions. The Soxhlet-Washgghaltene stabilized emulsions
were the most stable and experienced minimal freemresolution even at very long

treatment times.

The Sauter mean diameters for emulsions stabillaedthabasca Bitumen 1 and 2
Asphaltenes are compared in Figure 4.13. It apptwes the limiting diameter of 8
microns was nhot achieved for either the Bitumen fphaltenes or AS, which is
consistent with the idea that these are more rasinemaller asphaltenes perhaps
incapable of preventing some coalescence durind . thé&ours settling period. However,
the difference is not great and the water dropssifeemulsions stabilized by the two

Athabasca bitumen samples appear to be similar.
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The preceding conclusions regarding the effectasphaltene extraction procedures and
the source bitumen were made based on the reswdtaudsions with a continuous phase
composed of 25/75 heptol. In order to assess tp@rance of solvent quality on the
asphaltene adsorption isotherm, the droplet dianateach solvent composition is also
required. The effect of the solvent quality on theasured Sauter mean diameter of
settled emulsions stabilized by Athabasca BitumeAs@haltenes is shown in Figure
4.14. The average drop size decreases as the adaton in the solvent increases. In a
poor solvent such as 50/50 heptol, the asphalt@mekess solvated and occupy a smaller
area on the interface, as suggested by the inigrf@nsion studies. However, they are
more densely packed. The resultant film is liketpisger and resists coalescence more, a

speculation that will be assessed later in Chdpter

4.3.2 Asphaltene Mass Surface Coverage

Equation (3.20) was applied at asphaltene condentsavarying from 1 to 40 kg/ms3. The
asphaltene adsorption isotherm for Athabasca BituinAsphaltenes in a water-in-25/75
heptol emulsion is given in Figure 4.15. The daticates that the mass of asphaltenes
per area increases as the asphaltene concentiratibe continuous phase increases. At
an equilibrium concentration of approximately 33rk§ the asphaltene surface coverage
is just under 0.01 g/m2. Previous work (Gafonowa &arranton, 2001) with 50/50
heptol emulsions demonstrated that, above an bgjuith concentration of 2 kgfnthe
asphaltene surface coverage followed that of a foamgadsorption isotherm. In the
current work, it is difficult to assess if the aafihne surface coverage levels off at a
constant value after some equilibrium concentraisoreached. Possibly, measurement
errors occur above 30 kg/m? because the concetteatelsion does not settle effectively
and a small fraction of water droplets remainshi@ tontinuous phase. In contrast, the
settling was effective at all concentrations foe t0/50 heptol emulsions because the
density difference between the water and hydrocafdi@ses was more pronounced.
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Figure 4.15 also shows the adsorption isothermafd@5/75 heptol, 40 vol% water
emulsion when €Asphaltenes and Soxhlet-Washed Asphaltenes argtdbdizers. The
adsorption isotherms indicate that as the degreeva¥hing increases, the mass of
asphaltenes adsorbed per area of the interfaceiraiseases. The increase in the mass
surface coverage is significant from the Bsphaltenes to the Asphaltenes at high
concentrations. However, the mass surface covefageAsphaltenes and Soxhlet-
Washed Asphaltenes is similar, suggesting perhbps the largest Soxhlet-Washed
Asphaltene molecules do not adsorb on the interfabées speculation is discussed in
Section 4.3.

Figure 4.16 compares the adsorption isotherm oldlsca Bitumen 1 and 2 Asphaltenes
for a 25/75 heptol, 40 vol% emulsion. For equililoni concentrations exceeding 25
kg/m3, the mass surface coverage is slightly smédiethe Bitumen 2 Asphaltenes. A
smaller mass surface coverage is consistent witlpthvious observations from vapour
pressure osmometry and interfacial tensiometry wimdicated that Athabasca Bitumen
2 Asphaltenes are smaller molecules and adsorb avisfightly smaller area on the
interface than do Athabasca Bitumen 1 AsphalteHesvever, the differences may also
result from the greater experimental error at thgh ltoncentrations due to incomplete
settling. At concentrations below 25 kg/m3, thefate coverages for the two asphaltenes

are within 20% of each other.

The effect of the solvent on the asphaltene adsorjgotherm was found to be marginal
for a settling time of 1.5 hours. Figure 4.17 destmates that the mass of Bitumen 2

Asphaltenes per area does not vary significanttii solvent.
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4.4 ASPHALTENE INTERFACIAL CONFIGURATION

The configuration of asphaltenes at the waterfdiérface can be examined in part by
calculating the number of layers adsorbed at thtgrfiace. The number of adsorbed
asphaltene layers is the ratio of the total nuntbexdsorbed molecules to the number of
molecules in a monolayer. Both the total numbeadsgorbed molecules and the number
of molecules can be determined on a per area beséstotal number of molecules/area
of the interfacial film (%) is the mass of asphaltenes on the interface etivity the mass
of a single asphaltene molecule (or molecular aggeeif the asphaltenes have self-
associated):

(4.1)

/" is the mass surface coverage of asphaltenes omt#réace,M is molar mass of an
asphaltene molecular aggregate, Biads Avogadro’s number. The number of molecules
per area in a monolaydr™) is simply the inverse of the cross sectional avéan

asphaltene molecule on the interfaé (

rm= (4.2)

1
A
The cross sectional area of an asphaltene molemunldhe interface can also be
determined experimentally using the interfaciakten data from Section 4.2. As long as
the molecular packing (interfacial density) does vary from layer to layer, the number
of asphaltene layers adsorbed at the water/oitfate is the ratio of equations (4.1) to
(4.2):

__TAN,
M

(4.3)

wheren is the number of layers of asphaltenes on thefatde.
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The interpretation of the interfacial structurelvaé demonstrated with 25/75 heptol, 40
vol% water emulsions stabilized by either AthabaBitamen 1 Asphaltenes or Soxhlet-
Washed Asphaltenes. The associated molar masslessef asphaltenes were shown as a
function of concentration in Figure 4.1. The asf#ra surface coverage was determined

in Section 4.3.2. It remains to determine the afemmolecule on the interface.

4.4.1 Average Molecular Area of Asphaltenes

Interfacial tension measurements can be used tpaprea plot of interfacial tension
versus the logarithm of asphaltene concentratiomas shown in Figures 4.4 to 4.7.
These plots can be used to determine the averageadra molecule adsorbing at the
water/hydrocarbon interface. For an ideal mixturewfactant in a solvent or for mixed
surfactant systems as described by Campanelli aadgW1999), the area is given by

Gibbs’ isotherm as:

__ 1 RT
A= N, (dy/dInC) (4-4)

whereA is the average area per molecule at the interfdcés Avagadro’s numbeR is
the universal gas constaiitthe absolute temperatune the interfacial tension, ar@the
concentration of surface-active materials. Theelopan IFT versus concentration plot
can be used to find the slope required in Equattbd). However, the theoretically
correct form of concentration is molar concentratadthough the mass concentration is
often used in practice. The distinction betweengsrasd molar concentration becomes
important when considering a self-associating nedteuch as asphaltenes. The molar
mass measurements in Section 4.1 indicate thaassticiation is dramatic, particularly
for Soxhlet-Washed Asphaltenes.

In order to demonstrate the importance of asphalteelf-association for the

interpretation of molecular area, the interfacehsion of asphaltenes in 25/75 heptol
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solutions over water are replotted versus both malad mass concentrations, as
demonstrated in Figure 4.18. When a mass cont¢emntrplot is employed, the area as
calculated from Equation (4.4) is 2.38 amThis area is within the range typically
observed for asphaltenes using mass concentrdot Rogelet al. (2000) observed the
average interfacial area of asphaltenes in segehagnt/water systems to vary from 1 to
4 nm2. Mohamedctt al. (1999) obtained similar results with average faigal area of
asphaltenes in solvent/water systems varying fr@nd 4.9 nm2. Sheu (1996) measured
an asphaltene interfacial area of 4.5 nm? at adpiwater interface, while Bhardwaj
and Hartland (1994) measured the area at a tolwatey/interface to be 2.53 nm2. ke
al. (1999) calculated the area of an asphaltene mleleati a 2% toluene-98%
decane/water interface from surface pressure-amhearms to be 0.65 nm?2. Although
the uncorrected area measured in this work is withie range observed by other
researchers, the theoretically valid form of Equat{4.4) employs molar concentration.
Utilization of molar concentrations in Equation4}yields an area of 1.55 AM35%
lower than the mass-concentration-based value. vehee of 1.55 nm?2 is the correct
calculation of area and should be employed in @deutation of the number of layers
(Equation 4.3). Note that, an analysis of the A#fsala Bitumen 2 DSA data in this

manner results in a molar concentration basedairg®84 nmz2.

4.4.2 Configuration of Asphaltenes on the Interface

Equation (4.3) has been employed over a wide agtealconcentration range and the
results are shown in Figure 4.19 for AthabascarBén 1 Asphaltenes for a 25/75 heptol
solvent. For comparison, results are also showrcdéculations made with a constant
asphaltene monomer molar mass of 2060 g/mol oeeenlire concentration range. The

“uncorrected” curve also uses the mass concentratised area (i.e., 2.38 fim

Figure 4.19 illustrates the importance of asphaltself-association when assessing the
configuration of asphaltenes at the interface. Méeonstant molar mass is employed at

all asphaltene concentrations, adsorption at ttezfate appears to occur in a multilayer
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fashion with approximately six asphaltene layersoaled at concentrations of 40 kg/m
However, once self-association in the form of am@jdsmolar mass data is taken into
account, the results indicate monolayer adsorpgeen at concentrations as high as 40
kg/m®. The fact that the number of layers is sligh#gd than unity at some of the
concentrations is likely due to experimental errorghe gravimetric experiments and
possibly errors in the molar mass. Molar massrerdirectly affect Equation (4.4) and

indirectly affect the area determined from IFT gss.

The configuration of asphaltenes on the interfgmeears to be a monolayer over the
entire range of concentration examined here. Aadyais of the Athabasca Bitumen 2
data also resulted in the conclusion that asphedtaalsorb as a monolayer. Nowtlial.

(1991) also observed evidence of monolayer formabip the surface-active fractions of

crude oil at air/water interfaces.

Although the asphaltenes self-associate into maalegules as concentration increases,
the area of the molecules on the interface doeslmaige. Hence, aggregates appear to
extend more into the continuous phase than monoaretsa thicker interfacial layer is
formed. Assuming a cylindrical shape for adsorlzegbhaltene molecules and an
asphaltene density of 1181 kg/m3 (Alboudwaegjal, 2002), the thickness of the
monolayer ranges from 2 to 9 nm over a concentratamge of 1 to 40 kg/ms3, as
illustrated in Figure 4.20. In a recent study aftev/Athabasca-asphaltene-toluene/water
thin liquid films, Tayloret al. (2002) employed the thin liquid film-pressure e
technique to measure the thickness of asphaltéms.fi They found that at a bilayer
thickness of 8.5 nm (corresponding to a 4.3 nm rayeo), the asphaltene film could no
longer be compressed upon the addition of furthesgure. The monolayer thickness of
2 to 9 nm found in the current work is of the saonder of magnitude as the monolayer

thickness of 4.3 nm from their study.
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4.4.3 Configuration of Soxhlet-Washed Asphaltenes on the Interface

The procedure used to account for asphaltene ssdie@mtion has also been applied for
Soxhlet-Washed Asphaltenes. The interfacial tensioBoxhlet-Washed Asphaltenes in
25/75 heptol over water is shown in Figure 4.21.fésthe Asphaltenes, there is no
indication of micellization and the linearity inelplot implies asphaltenes adsorb with a
constant area over the concentration range teSteel. average interfacial area of an
asphaltene molecule is 2.27 hbased on mass concentration and 1.26 lvesed on the
molar concentration calculated from the Soxhlet-Méals Asphaltene molar masses
presented in Figure 4.1. The area of 1.26 nmiHerSoxhlet-Washed Asphaltenes is
smaller than the area of 1.55 nm?2 determined fophAkenes. This is a potential
inconsistency since the Soxhlet-Washed Asphaltareegarger than the Asphaltenes and
are not expected to have a smaller interfacial. arbes inconsistency will be addressed

later in this section.

The results of Equation (4.3) applied to the SaxWashed Asphaltenes are shown in
Figure 4.22. The “constant molar mass” curve 2d8i a constant molar mass of 2850
g/mol and a mass-basis area of 2.27 nm2. Recallthie Soxhlet-Washed Asphaltene
monomer molar mass of 2850 g/mol was obtained énstime manner as that for the
Asphaltenes. If self-association is not taken mtoount, the calculation from Equation

(4.3) seems to suggest multilayer adsorption.

Following the same procedure used for the Asphaltanalysis, Soxhlet-Washed
Asphaltene molar mass data was incorporated int@tian (4.3). The results, shown in
Figure 4.22 (“"Soxhlet-Washed molar mass”) indidags than monolayer coverage. This
outcome is not surprising since the adsorptiorheswh and corrected average molecular
area for Soxhlet-Washed Asphaltenes are very giraldéhose of the Asphaltenes, yet a

molar mass double that of Asphaltenes has been used
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It is not plausible that stable emulsions wouldob¢ained when the asphaltenes adsorb
significantly below monolayer coverage. Henceés pprobable that the asphaltenes on the

interface are smaller than those measured in th@ &#periments.

All of the Soxhlet-Washed Asphaltene data was @vered assuming that the molar
mass was the same as the Asphaltene molar masardaeer molecule from the IFT
plot, Figure 4.22, is 1.46 nm2. This value is witil0% of the area of 1.55 nm?
determined for the Asphaltenes; hence, the intaifaareas for Soxhlet-Washed
Asphaltenes and Asphaltenes are now consisteninvettperimental error, as discussed
earlier in Chapter 3. Figure 4.22 shows that thleutated number of layers for the
Soxhlet-Washed Asphaltenes now corresponds to @langer.

Why is it necessary to use Asphaltene molar massashieve a consistent interpretation
of the Soxhlet-Washed data? One possibility isrermahe molar mass measurements.
However, the data for both Asphaltenes and Soxhashed Asphaltenes are similar to
previously reported results (Alboudwarj al, 2002). Also, the solubility of Soxhlet-

Washed Asphaltenes has been shown to be lowerAsimaltenes, consistent with the

higher molar mass (Yarrantah al, 2002).

Another possibility is that the larger asphalteggragates do not adsorb on the interface.
They may be sterically hindered from adsorbinghaytmay diffuse more slowly to the
interface. For example, if the smaller asphaltefioes a cross-linked network on the
interface before the larger asphaltenes reachmtkeface, the larger asphaltenes may not
be able to adsorb. Yet another possibility is that adsorption of asphaltenes onto the
interface is accompanied by a change in the adgmtistate of asphaltenes. For example,
the asphaltenes may partially dissociate when tregch the interface. If either
interpretation is valid, the molecules that adsab the emulsion interface at
concentrations up to 40 kg/m3 are smaller than apprately 10,000 g/mol and they

form an interfacial layer of 9 nm thickness.
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4.5 CHAPTER CONCLUSIONS

It is necessary to account for asphaltene selfezstson when interpreting interfacial
data. For instance, the interfacial area of aspha#t on the interface is more accurately
determined from a plot of interfacial tension versthe molar concentration of
asphaltenes rather than the mass concentratiomgUsie mass concentration can

introduce significant error in the calculated area.

The configuration of asphaltenes at a water-hydhmra interface was assessed for
Athabasca Bitumen 1 Asphaltenes and Soxhlet-Wagtsgihaltenes, two asphaltenes
with very different molar mass. Results from vapguessure osmometry, interfacial

tension and emulsion gravimetric studies were castito calculate the number of

layers adsorbed at the interface. Asphaltenes apgpeadsorb as a monolayer, even at
concentrations as high as 40 kg/nit appears that asphaltenes greater than 1@/606

do not adsorb on the interface. The interfaciakitam studies indicate that asphaltenes
adsorb as surfactants. The interfacial area of f¢ébea asphaltenes is approximately 1.5
nm2 and does not vary with concentration. Howetle, mass of the asphaltenes on the
interface increases with concentration as the digpies associate into larger aggregates.
It appears that higher molar mass asphaltenes ysiexgend more into the continuous

phase. The estimated thickness of the interfactadatayer ranges from 2 to 9 nm. Figure

4.23 illustrates the hypothesized structure ofwhter/hydrocarbon interface.
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CHAPTER 5
RHEOLOGY OF ASPHALTENE-HEPTOL/WATER INTERFACES

This chapter presents the results of the rheolbgitadies. Section 5.1 presents the
experimental elastic and viscous moduli of watattbgarbon interfaces stabilized by
asphaltenes. The methodology for modeling theielastd viscous moduli is presented in
Section 5.2. Section 5.3 contains concluding resdok this chapter and proposes a
modified interpretation of asphaltene interfacifdusture that takes into account the

effects of interface aging time.

5.1 RHEOLOGY OF ASPHALTENE SOLUTIONS
The total, elastic and viscous moduli were measui@d Athabasca Bitumen 2
Asphaltenes at heptol-water interfaces. The effeofs frequency, asphaltene

concentration, solvent quality, and interface aginge were examined.

As stated in Chapter 3, the total modulus is a omeasf the change in interfacial energy
that accompanies a change in interfacial area.eldstic modulus4;) is the real part of

the total modulus and represents the energy siaréte system. The viscous modulus
(ang) is the imaginary part and represents the lossggnén an oscillating system, the

total (¢), elastic, and viscous moduli are related as ¥agto
E=&4 Hian, (5.1)

(&) =(e.)” + (an,) (5.2)
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5.1.1 Effect of Frequency
The measured total modulus depends on the frequainogcillations of the interfacial

area. Therefore, before comparing elasticity meamsants for different hydrocarbon
phases and at different interface aging timess ihecessary to consider the effect of
frequency. Figures 5.1 (a) and (b) illustrate éffects of frequency on the total, elastic
and viscous moduli. At low frequencies, the inteidharea changes relatively slowly and
there is sufficient time for diffusion from the Bubhase or within the interface to affect
the measurement. Diffusion acts to reduce the eghangterfacial tension and therefore
reduces the measured elasticity. Hence, as theidney approaches zero, the total
elasticity approaches zero. As the frequency is@gathe total elasticity eventually
reaches a plateau where diffusion no longer aftbetsneasurement. Further, the viscous
modulus reduces to zero and the elastic modulusapppes a plateau. The plateau can
be considered as the instantaneous elastieity,The instantaneous elasticity is an

intrinsic property of the interfacial film.

The effect of frequency on the measured total melolf asphaltenes in 0/100 heptol
after 10 minutes and 4 hours of interface agingrissented in Figures 5.2 and 5.3,
respectively. The results are consistent with tkeeeted trends given in Figures 5.1.
Diffusion effects are apparent in all of the measugnts except at asphaltene
concentrations below 0.01 kg/m3 and then only equdencies above 0.1 to 0.2 Hz. Note
that the trends with concentration are approxingatie¢é same at any given frequency.

Hence, the effect of concentration can be examaneshy one given frequency.
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5.1.2 Effect of Asphaltene Concentration

The effect of concentration on the total moduludllisstrated in Figure 5.4. At low
concentrations the measured total modulus correlsptm the instantaneous elasticity
since the effects of diffusion are negligible. Hoee as the concentration (or
correspondingly the surface pressure) increaseseffects of diffusion increase. During
drop expansion, the interface is stretched andastanit-free pockets develop on the
interface. At high concentrations, there is a lasgpply of surfactants in the bulk and
therefore a large concentration gradient existe/éen the stretched areas of the interface
and the bulk solution. Hence, molecules migratihéointerface quickly; i.e., diffusion is
very fast, and interfacial tension increases léss tit would if no diffusion occurred.

During expansion and contraction, the effect isetduce the total modulus.

At any given frequency, the total modulus firstreeses as the instantaneous elasticity
increases and then decreases as the asphaltenenttation increases and diffusion
dominates. The total, elastic, and viscous modersws asphaltene concentration after 10
minutes and 4 hours of interface aging are showRigres 5.5 and 5.6, respectively.
The comparisons are made for a frequency of 0.023ahdd a hydrocarbon phase
consisting of pure toluene (0/100 heptol). Therfate is mostly elastic (i.e., negligible
viscous modulus) for asphaltene concentrationsthess 0.01 kg/ms3. Diffusion begins to
affect the measurements at approximately 0.1 kghhis is true both at short (10

minutes) and long (4 hours) interface aging times.

For asphaltene concentrations relevant to emulgminility, i.e., greater than 1 kg/m3, the
total, elastic, and viscous moduli decrease asafiphaltene concentration increases. In
fact, the total modulus decreases to half its vakiéhe concentration increases from 1 to

approximately 20 kg/ms.
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5.1.3 Effect of Solvent

The effect of solvent on the measured elastic ascbus moduli is given in Figure 5.7.
Note that, as in Figures 5.5 and 5.6, the measursmegere made for an oscillation
frequency of 0.033 Hz. The comparisons are shownnterfaces aged for 10 minutes.
The viscous and elastic moduli increase as theaheptontent increases. At asphaltene
concentrations exceeding 0.1 kg/m3, the moduliease by 5 to 15% as the heptane
fraction increases from 0 to 25% and by 30 to 3%%ha heptane fraction increases to
50%.

The trends presented in Figures 5.7 are consistéht the work of Spiecker and
Kilpatrick (2004). Using a shear viscometric metholdey observed that the elastic
modulus increased as the heptane fraction in hepitieased for an asphaltene
concentration of 7.5 kg/m3. For example, after eigburs, the elastic modulus at an
oscillation frequency of 0.16 Hz (1 rad/s) for 45/540/60 and 20/80 heptol-water
interfaces was approximately 7.5, 5.5 and 3 mNins $peculated that in a poor solvent
such as 50/50 heptol, the interface is more rigicalnse adsorbed asphaltenes cross-link
to a higher degree and form a stronger networkohtrast, a good solvent such as 0/100
heptol may result in a more loosely packed, moué finterface. Therefore, the total
elastic modulus for a 50/50 heptol-water interfackigher than for a 0/100 heptol-water

interface.

5.1.4 Effect of Interface Aging Time

The elastic and viscous moduli of asphaltenes taleene/water interface are given in
Figure 5.8 for an oscillation frequency of 0.033 His apparent that the elastic modulus
increases significantly over 16 hours, whereasvibeous modulus increases marginally.
Similar increases in the moduli were observed ff72 and 50/50 heptol as shown in

Figures 5.9 and 5.10, respectively.
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Note that the elastic and viscous moduli of 25/A8 &0/50 heptol interfaces aged for
four and 16 hours were measured only for asphalteneentrations exceeding 2 kg/ms.
As will be seen in Chapter 6, stable emulsions emated once the asphaltene
concentration exceeds 2 kg/m3. Therefore, compasisetween rheology and emulsion
stability are impossible below asphaltene concéntra of 2 kg/ms3; there was no need to

collect the rheological data below 2 kg/m3.

Figures 5.8 through 5.10 indicate that as asphalteptol-water interfaces age, the
elastic modulus and, to a lesser extent, the vssamodulus increase. The largest
increases occur for “intermediate” asphaltene cotnagons; that is, concentrations
varying between 0.01 and 1 kg/m3. The rise in tloeluhi is consistent with the work of
Spiecker and Kilpatrick (2004), Freet al. (2003), Freer and Radke (2004), Baugfedl.
(2001) and Askeet al. (2001). Unfortunately, a quantitative comparisdrthee data in
Figures 5.8 through 5.10 with the literature isfidifit because the asphaltene source,
concentration and solvent vary significantly. Ferthbsome of the studies were conducted
on crude oil drops rather than asphaltene-heptmpd(Askeet al, 2002; Freeet al,
2003). The effects of resins and other surfaceractionstituents of oil will impede

meaningful comparisons.

5.2 MODELING OF ELASTIC AND VISCOUS MODULI

An attempt to model the interfacial tension andantaneous, elastic and viscous moduli
was made to further understand the experimentallogeal measurements. Not only
was the validity of the approach assessed for warioterface aging times, but the
applicability of purely-diffusional relaxation reges evaluated. The modeling attempt
leads to an improvement in the understanding okthectural changes that occur on the

interface as the film ages.

5.2.1 Theory
The interfacial tension and elasticity data of #isphaltene/toluene system was modeled
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using the Lucassen-Van Den Tempel (LVDT) approacitdssen and Van Den Tempel,

1972). There are three main steps:

1) Relate the interfacial tension to the bulk coricion of surfactant,
2) Calculate the instantaneous elasticity,

3) Calculate the elastic and viscous moduli

5.2.1.1 Relation of Interfacial Tension to Surfatt@oncentration
First, the interfacial tension is modeled using theary form of the Butler surface
eqguation of state (SEOS) (Butler, 1932; Lucasseynfrset al, 2001):

RT 1 H
M=y, -y=——1|In{l-6,)+|1-— |6, +—6; 5.3
Vo =V a, { ( 2) ( 52] 2T RT 2} (5.3)

where the subscripts “1” and “2” refer to the solivand surfactant, respectively,is the
surface pressure; that is, the difference betwhkerninterfacial tension between the pure
solvent (toluene) and watey, and the interfacial tension of the solvent andastant
versus watery. R is the universal gas constaftis temperatureg, is the interfacial area
of a solvent molecules; is the ratio of the interfacial area of the suidat molecule to
the area of the solvent moleculé is the fractional area surface coverage by the
surfactant, andf is the enthalpy of mixing at infinite dilution. &Hirst, second and third
terms in Equation (5.3) represent the ideal entraipgnixing, the non-ideal entropy of
mixing caused by the difference in size betweewnestdland surfactant molecules, and the

enthalpy of mixing, respectively.

The fractional surface coverage of the solékejs related to the surfactant concentration

in solution,c;, through the following:



163

. C, 26, F{SZH }
= = 1-26 54
e g M RT &2 54

wherec’; is the reduced concentration atts-o 5 IS the half-saturation concentration.
Note that the concentration given in Equation (%4hemolar, not mass, concentration.
Also note that, for ternary or higher order systeptations similar to Equation (5.4)
apply for the reduced concentration of the surfactaolecules in question (Lucassen-
Reynders, 1994).

Equation (5.4) reduces to the Frumkin equation wiies solvent and surfactant
molecules are of equal size (i.&,= 1), and further to the Langmuir equation whea th
enthalpy of mixing is ignoredH/RT = 0). The relationship between the fractional
coverage and the reduced concentration is illesdrat Figure 5.11 for Langmuir and

Frumkin adsorption.

Figure 5.11 also illustrates the effect of the el of mixing term on the fractional
surface coverage. The effect of enthalpy of mixing can be explaireexfollows: a
negative value oH/RT means that the attractive forces between the ctarfa and
solvent molecules are larger than the attractiveefo amongst the surfactant molecules.
Conversely, a positive value BIFRT means that the attractive forces amongst surfactan
molecules are larger than the attractive forcewéeh solvent and surfactant molecules.
When the reduced concentration exceeds unity, tharehalf the interface is covered by
surfactant molecules. At any given concentratiemfagtants will resist adsorbing on an
interface composed primarily of surfactants if thage more attracted to solvent
molecules rather than each other. Therefore, tetidmal coverage will be less than if
attractive forces between solvent and surfactargszaro (i.e., Langmuir adsorption,
H/RT=0). Conversely, if surfactants are attracted to eaitier more than to solvent
molecules, they will adsorb more readily on an riaie composed primarily of
surfactants; the surface coverage will be highlative to the Langmuir case.
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Similar logic can be used to explain the shapeth®fcurves at reduced concentrations
below unity. Here, less than half the interfaceeasered by surfactants. At any given
reduced concentration, if surfactants are moraa#d to solvent molecules than to each
other, they will adsorb on the interface with ahag surface coverage compared to
Langmuir adsorption. The opposite is true for sutefats attracted more to each other
than to solvent molecules: they will adsorb witHosver surface coverage since the

interface is composed primarily of solvent molesule

The effect of the enthalpy of mixing on the dimeméess surface pressu@a/RT, is
illustrated in Figure 5.12. At a reduced concerdraexceeding approximately 10, all of
the curves appear to collapse onto one curve. @receeduced concentration exceeds 10,
the interface is saturated with surfactant to alamiegree and therefore the interfacial
tensions (and surface pressure) are equal. At eeldoancentrations less than unity, the
surface coverage is higher for negatibdRT relative to Langmuir adsorption, meaning
that the interfacial tension is reduced more. Meuction in interfacial tension results
in a higher surface pressure relative to the Langowve, as shown in Figure 5.12. The
opposite is true for positivél/RT and the surface pressure is lower relative to the

Langmuir curve.

The effect of the size ratio of the surfactant antvent moleculeS,, on the fractional

surface coverage is illustrated in Figure 5.13. Wihe reduced concentration is less than
unity, less than half the interface is covered Iy surfactant. At any given reduced
concentration, a larger molecule will occupy magoace than a smaller molecule, so the
surface coverage for surfactants larger than theesbexceeds the surface coverage of
equal sized surfactant and solvent molecules. Whemeduced coverage exceeds unity,
more than half the interface is covered by surfastaAt any reduced concentration, it is
easier for small$, = 1) rather than larges{ > 1) molecules to adsorb on an interface
already composed mainly of surfactants. Therefthre,surface coverage is smaller for

larger molecules relative to smaller molecules.
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The effect of the shape factor on the dimensiontesface pressure is illustrated in
Figure 5.14. At low reduced concentrations, thefaser pressure increases (i.e., the
interfacial tension is reduced more) as the digpan size between the surfactant
molecule and solvent molecule increases (increaSingThe higher surface pressure
occurs because the surface cover#&gas higher for larger shape factors. The oppasite

true at very high reduced concentrations.

5.2.1.2 Calculation of Instantaneous Elasticity

The SEOS is used to establish the relationship dextvthe surfactant concentration (or
fractional surface coverage) and the reductiomterfacial tension (or increase in surface
pressure). The second step is to find the instaotan elasticity, which is given by
Equation (5.5):

(5.5)

° dinl

or the derivative of interfacial tension (Equati¢f.3)) with respect to the natural

logarithm of the molar area of the interfa¢eNote that Equation (5.5) is independent of
the SEOS used. For the binary form of the Butle©OSEthe resultant instantaneous
elasticity is given by:

. ﬂ{ 6, +(1-i]92+219;} (5.6)
S RT

5.2.1.3 Calculation of Elastic and Viscous Moduli
The final step is to calculate the total, elastid aiscous moduli. A key assumption is
that relaxation is purely diffusional. The effedtffusion is accounted for as follows

(Lucassen and Van Den Tempel, 1972):
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%o (5.7)

i [1+ 2 + 2(2]%

whered'is a diffusion parameter and given by:

2 D (deY’
¢ _Zw[er 8

andD is the diffusivity of the surfactant. Also, theathcteristic time of diffusiong, is

related to the diffusional parameter and the fraqugy through the following:

1
Iy = 70 (5.9)
The elastic and viscous moduli can be found indigity from:
1+¢
B gl - — 5.10
d 0 1+ 2( + 252 ( )
and
E'=wn, = ¢ (5.11)

£, ————
1+20 +20°2

Note that for an SEOS and the above elasticityesgions to be valid, the adsorption of
the surfactant on the interface must be reversdglailibrium must be attained, and there

can be no mechanical film present.
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The effects of the enthalpy of mixing and the shigmor on the dimensionless total
modulus are shown in Figures 5.15 and 5.16, respéctin both figures, the oscillation
frequency is 0.1 Hz and the diffusivity ¥m?2/s. Note that this diffusivity is used for
illustrative purposes only. From Figure 5.15, ilnche said that the total modulus
increases as the attractive forces between sumfsciacrease and decreases when
attractive forces between surfactant and solverlecates increase. Figure 5.16 shows
that as the solute molecule increases in sizavelt the solvent molecule, the elasticity
of the interface is reduced.

The numerical value of the diffusion coefficiens@lhas significant effects on the total
modulus, as shown in Figure 5.17. For illustrajpegposes, Figure 5.17 was generated
for an oscillation frequency of 0.1 Hz and Langmadsorption. A lower diffusivity

results in a higher total modulus. When surfactdiffase less rapidly into open areas on

the interface, the interfacial tension remains lagt so does the elasticity.
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Figure 5.15: Effect of enthalpy of mixing on the dimensionléstl modulus
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5.2.2 Model Match

5.2.2.1 Interfacial Tension

To apply the approach described in the previousasedhe SEOS is first fit to interfacial
tension data. Since the 0/100 heptol system hathts complete data set, only toluene-
water interfaces were modeled. The fit for intedhctension measurements of
asphaltenes in 0/100 heptol versus water aftere60rgls, 10 minutes, and 4 hours of
contact is shown in Figure 5.18. Note that therfatgal tension is fit as a function of
molar concentration. The effects of asphaltene selfeason were taken into account

using the measured average associated molar messsnped earlier in Figure 4.1.

The fit parameters are the enthalpy of mixing, éinea of an asphaltene molecule, the
shape factor, and the half saturation concentrakonlack of a better value and the sake
of simplicity, the enthalpy of mixing was assumede negligible. The interfacial area of
an asphaltene was set to 1.4 nm?2 which is withen rdmge reported in the literature
(Rogel et al, 2000; Eset al, 1999; Bhardwaj and Hartland, 1994). It is intaresthat

the value of 1.4 nmz2 is within 5% of the area afedi assuming the Gibbs’ isotherm
(1.34 nm2 for Athabasca Bitumen 2 Asphaltenes,i@eet.4.1). Hence, it appears that
the Gibbs’ isotherm is a good approximation of thelecular area of an adsorbed
asphaltene, even if the Gibbs’ isotherm assumegrhai-type adsorption (since&l).

However, the Gibbs’ isotherm would not fit the IFdr concentrations less than 0.01

mol/m3.

The ratio of the molecular are&, was set to 5 so as to obtain a realistic inteafacea
for toluene, 0.28 nmz2. The area of toluene is etqueto be slightly larger than the area of
benzene. Based on the lengths of the bonds betwadion atoms in the benzene
molecule, the area is about 0.15 nm2. As well, dlierage area of a molecule at an
interface will likely be larger than the size oétmolecule itself.
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The half-saturation concentrations were then aggusb fit the data. Concentrations of
0.07, 0.03, and 0.007 mol/m3 were found to fit da¢a at 60 seconds, 10 minutes, and 4
hours, respectively. Note that theoretically, thé-saturation concentration is applicable
at equilibrium and should therefore be constantwéier, the equilibrium value of
interfacial tension of asphaltene-solutions overtewas difficult to assess because
mechanical rigidity affects the measurements rethti quickly. Hence, the half-
saturation constant has been used as a fittingmnedes. In fact, as discussed later in
Section 5.2.2.3, the LVDT model is valid only abghnterface aging times, i.e., before
the formation of mechanical films. Hence, the Isafuration constants are only

physically meaningful at very short aging times.

5.2.2.2 Elastic and Viscous Moduli

In order to use the LVDT model, the diffusion cadént must be known for asphaltene-
0/100 heptol solutions over water. The diffusioeféicient, D, can be deduced from the
interfacial tension at short times using the eaqumiiven by Campanelli and Wang
(1999):

yt)=v, - ZRTCO,/?;—?; (5.12)

where y and ), are the interfacial tension of the surfactant-eotvsolution and pure
solvent over water (or another immiscible liqui®,the universal gas constafit,the
temperaturec, the bulk concentration of surfactant, andhe time. Equation (5.12)
shows that for the short time diffusion approxiroatito apply, a plot of versus t
should be linear. The diffusion coefficient is thexlated to the slope of the plot as

follows:

2
p = 287 slope (5.13)
3 |RTc,
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Figure 5.19 shows the diffusion coefficient as anction of bulk asphaltene
concentration. Note that the methodology describedhe preceding paragraph is
applicable only at low asphaltene concentrationsagphaltene concentrations greater
than 0.2 kg/ms3, the interfacial tension decreasading droplet formation. Hence, the
value of IFT at time zero, i.e., when the dropletsviully formed, was less than the pure
solvent IFT, rendering Equation (5.13) inapplicallbe diffusion coefficients shown in
Figure 5.19 are somewhat consistent with the wdrliNarinagaet al. (2001). Using
pulsed field gradient spin-echo NMR, they foundt tthee diffusivity of Kafji vacuum
residue asphaltenes in pyridine decreased fromtabdw 10'° to 0.9 x 10°° m2/s when
the bulk asphaltene concentration increased framghiy 1 to 20 kg/ms3. Although the
decrease in diffusion coefficient with concentrat@lso occurs, the data in Figure 5.19

are approximately one order of magnitude smallen tine work of Norinagat al.

Figure 5.20 shows the experimental total, elastid wscous moduli for 0/100 heptol-
water interfaces as a function of asphaltene cdrat@m. The interface aging time is 10
minutes and the oscillation frequency is 0.033 Hze model matches for the total,
elastic and viscous moduli are also shown in Figug® and correspond to Equations
(5.7), (5.10) and (5.11), respectively. The diftusicoefficient was taken as 3 x {0

m2/s, which falls in the range shown in Figure 5.19

It is obvious from Figure 5.20 that the match wagcsssful only for asphaltene
concentrations less than 0.01 kg/m3. To see if Wiwle range of asphaltene
concentration could be matched, the diffusion coefit was treated as a fitting
parameter. It was found that a concentration degr@ndsphaltene diffusivity of the
following power law form was required to fit theastic and viscous moduli in Figure
5.20:

D=ac (5.14)

wherea andb are constants. The numerical valuea@ndb that best fit the elasticity

data are 3 x I8 m2/s and -0.6, respectively.
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Equation (5.14) indicates that the diffusivity dietlowest asphaltene concentration
shown in Figure 5.20 is approximately f0m2/s and decreases to approximately*10

m2/s at the highest concentrations. Hence, thesivity required to match the full range
in asphaltene concentration is anywhere from twimto orders of magnitude lower than
the values of Norinagat al. (2001) or the values obtained from the short-tdifision

approximation shown in Figure 5.19.

Why is the diffusivity needed to match the full ganin asphaltene concentration so much
smaller? One reason is that the diffusion coefficrelevant for relaxation of asphaltenes
at the interface is not the bulk diffusion coe#ici as deduced from the short-time
diffusion approximation. Although asphaltenes difuo the interface quite quickly, their
movement at the interface during droplet expansa@nrtfaction may be retarded due to
the formation of skins on the interface. The foloratof viscous films may result in
slower diffusion along the interface during ostita and therefore the bulk diffusion
may not be representative during interfacial reiaxa Sheuet al. (1995) speculated that
arrangement of asphaltenes on the interface majolber than the diffusion process and

can therefore become the “bottleneck” of the eluiim kinetics.

The preceding argument is somewhat supported bwthke of Freer and Radke (2004).
They measured the elastic and viscous moduli afsphaltene-toluene-water interface at
an asphaltene concentration of 0.05 kg/m3 overdsoades of frequency. They used a
combination of an LVDT model and a Maxwell viscasic model to match their data.
Since their data was collected at only one aspmalé®ncentration, they did not need to
predict the instantaneous elasticity from a Surtageation of State or any other equation
that would relate the instantaneous modulus tactmeentration. Rather, they regressed
&, the characteristic time of diffusiors, (see Equation (5.9)), and two other parameters
that were required for the Maxwell visco-elastiatpaf the model until a satisfactory
match was obtained over the entire frequency rahigey found a characteristic diffusion

time of 25 s. The expression for the diffusion ficefnt used in this thesis results in a
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characteristic time of diffusion of 88 s at a cantcation of 0.05 kg/m3. The two diffusion

times, and therefore diffusivities, are of simimaagnitude.

Figures 5.21 and 5.22 compare the predicted irstaous, elastic and viscous moduli
with experimental data for asphaltene-0/100 heptar water interfaces aged for 10
minutes. The oscillation frequencies in Figure 5agd 0.033 and 0.1 Hz. The frequencies
in Figure 5.22 are 0.2 and 0.5 Hz. The same valtiasandb in Equation (5.14) are used
for each oscillation frequency. The model matchegear satisfactory, although it is

apparent that the viscous modulus is slightly quedicted at lower frequencies.

5.2.2.3 Effect of Interface Aging Time

Recall that the results in Figure 5.21 and 5.22evadatained after 10 minutes of contact
between the hydrocarbon phase and the aqueous. pigise 5.8 showed the increase in
the elastic and viscous moduli as the interfacagaime increased from 10 minutes to
16 hours. The increase in the moduli over time @oait be predicted with the Lucassen-
Van Den Tempel model, as shown in Figure 5.23. ssjide explanation for the model

failure is that irreversible adsorption occurs andechanical film forms.

Confirmation was obtained for mechanical film fotroa in Jafari’'s (2005) crumpling
experiments. In crumpling experiments, the fluidwghdrawn from the asphaltene-
solution droplet after some contact (or aging) teme the shape of the droplet observed.
Her results are reproduced in Figure 5.24. At slagihg times, the droplet surface
remained smooth as the drop shrank. After sufficaging, the droplet surface crumpled
when the drop was retracted into the capillary. &gmg time required for a crumpling
film to appear decreases with increasing asphaltameentration. The solid line in
Figure 5.24 represents a film lifetime of 30 mirgjtéhat is, after droplet contraction, the

observed skin persisted for 30 minutes before a#msurface was restored.
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Crumpling is direct evidence of film formation anttirect evidence that asphaltenes
have adsorbed irreversibly. For the SEOS-LVDT apphoto be valid, asphaltenes must
be adsorbed reversibly. Hence, in order to model ¢ntire range of asphaltene
concentration (i.e., less than 0.01 up to 20 kg/mAJly moduli measured at interface
aging times less than 0.167 hours, or ten minats,be considered. It is not surprising
that the modeling approach failed at longer timése small diffusion coefficients

required to match the data suggest that asphatt@wvement along the interface, rather
than bulk diffusion to and from the interface, doate the rheology. In fact, irreversible
effects are probably present even before ten nmsnulespite the fact that skins are not
observed visually in the crumpling experiments. réfme, an SEOS-LVDT modeling

approach has limited application for asphaltenafiapterfaces. A visco-elastic model

such as the Maxwell model can potentially be usesh@wn by Freer and Radke (2004).
Unfortunately, a predictive model is not yet aValéa The work of Radke and Freer
relied on regression of several parameters fortahmaf the elastic and viscous moduli of

toluene-water interfaces stabilized by asphaltenes.

5.3 CHAPTER CONCLUSIONS

The methodology for assessing interfacial structpresented in Chapter 4, indicated that
asphaltenes initially adsorb on the interface asmanolayer of self-associated
macromolecules. The modeling work presented indhapter showed that the monolayer
is probably adsorbed reversibly at early times.phgperties can be modeled using the

Lucassen-Van Den Tempel approach when the agirggisiness than 10 minutes.

The elasticity measurements suggest that the depkal gradually reorganize on the
interface to form a rigid irreversibly adsorbedwatk, as shown in Figure 5.25. As
discussed in Chapter 2, the existence of such wonethas been hypothesized in the
literature. It has also been observed indirectlyelasticity measurements of similar
systems (Freer and Radke, 2004; Spiecker and Kdgat2004). The recent work of

Jafari (2005) also supports asphaltene reorgaaizatithe interface.
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CHAPTER 6
THE ROLE OF ASPHALTENES IN EMULSION STABILITY

This chapter attempts to relate the rate of coatese of an emulsion and ultimate

emulsion stability to the rheological propertiestioé interface. Section 6.1 relates the
coalescence rate to the measured total elastic loothy examining the changes in the

droplet size and the total modulus of interfacesdagp to 24 hours. Section 6.2 presents
the free water resolution of aged emulsions aredrgits to relate emulsion stability to the

rheological properties. Section 6.3 provides cadiclg remarks for this chapter.

6.1 COALESCENCE RATE AND INTERFACIAL ELASTICITY

The stability of an emulsion is at least in pafated to the rate of coalescence of the
droplets within the emulsion. As described in Chaf and illustrated previously in
Figure 2.5, coalescence between two drops occussvaral steps. First, droplets come
into close contact through processes such as angésudimentation and/or aggregation.
As the droplets approach each other, their surfaegsn to deform such that planar
interfaces are created between the drops. Simuoiteshge the continuous phase drains
from between the drops. As the surface deformstrétches and pockets of surfactant-
free areas are created. Further drainage from ketwleops occurs and at some point,
when the drops are within a few nanometers of e#lclr, the dispersed phase fluid can
bridge the gap between the drops in the surfadteatareas and trigger coalescence.

The probability of coalescence is reduced if: theptets do not come into close contact;
drainage is hindered; there is strong resistancdingpling; or the surfactant diffuses
rapidly into the dimpled area. For the model wateineptol emulsions employed in this
thesis, the chances of very poor sedimentationaggdegation are probably low because
the viscosity of the continuous phase is relativatyall (same order of magnitude as

water) and the density difference between the watdrcontinuous phase is appreciable
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for each solvent quality tested. Hence, coalescehtige model emulsions is most likely
related to the effectiveness of film drainage, dingp and the likelihood of asphaltene

diffusion into interfacial areas that have stretthe a result of dimpling (i.e., relaxation).

The rheological properties of the film are a fagtoboth dimpling and relaxation. A high
elasticity (that is, total modulus) means that ange in interfacial area significantly
increases the interfacial tension and thereforeette¥gy of the system. Hence, there will
be more resistance to the dimpling (an area chaagd)a greater driving force for
relaxation processes (high interfacial tension igrat)l Therefore, it is hypothesized that
as the elasticity of the interface increases, titerfacial film becomes stronger. A
stronger interfacial film may reduce the rate oklescence and increase the overall
stability of the emulsion.

In order to see if a correlation between the alagtand the coalescence rate exists, the
elastic and viscous moduli and the droplet diamefeemulsions were measured at
various interface aging times. Athabasca Bituméshaltenes, treated to remove solids
using the Centrifugation technique, were employedafl rheological measurements and
in all emulsion drop size experiments. Three sdlv€f/100, 25/75, 50/50 heptol) and
three asphaltene concentrations (5, 10, 20 kg/ra?g wested. The interfaces were aged
up to 24 hours. To summarize, three steps werentéecheck the existence of a

correlation between coalescence rate and intelalaisticity:

1. Measurement of drop size as a function of time the calculation of the rate of
change of the drop sizeq,, the coalescence rate).
Measurement of elastic and viscous moduli asetion of time.

Cross-plotting of the coalescence rate andatat inodulus.
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6.1.1 Sauter Mean Diameter of Aged Emulsions and Droplet Coalescence Rate

In order to calculate the rate of coalescence daémarops, the droplet diameter at any
given asphaltene concentration and solvent quislifpund as a function of time. For a
fair comparison, the initial droplet diameter shiblde the same at each asphaltene
concentration for any given solvent quality. Emoihs with large initial diameters are
likely to have a faster coalescence rate than thaesmaller diameters because larger
droplets are more likely to deform and merge upoiliston. Hence, any existing
rheological properties may be overshadowed by #ngel initial diameter. Figure 6.1
(reproduced from Figure 4.14 from Chapter 4) pressdre Sauter mean diametds,) as

a function of asphaltene concentration for 0/1@J72 and 50/50 heptol, 40 vol% water,
emulsions aged for 1.5 hours. It is apparent thang solvent quality, the diameter is
nearly constant for asphaltene concentrations exege3 to 5 kg/ms3. Therefore, the
minimum bulk asphaltene concentration utilizedhe tging studies was 5 kg/m3. Two
other bulk asphaltene concentrations, 10 and 2th¥ghere also tested. Note that the
minimum Sauter mean diameter that can be creatdtk axperimental homogenization
rate and time (18000 rpm and five minutes, respelgii is approximately 7.5 to 8
microns. Therefore, it is likely that during thés hours settling time, some coalescence
of 25/75 and 0/100 emulsions occurred becauseirfignly Sauter mean diameter for
these conditions approaches 9 and 11 microns, cesply. However, when the
concentration exceeds 5 kg/ms3, the diameter isoxppately constant within a given

solvent quality.

As an emulsion coalesces, droplets merge proddewgr but larger drops. However, an
increase in the Sauter mean diameter may also @icanremulsion undergoes Ostwald
ripening. Recall that in Ostwald ripening, concatitm gradients existing at the surfaces
of drops prompt mass transfer to occur from smabelarger drops. The larger drops
grow and the smaller drops eventually disappeaaléscence and Ostwald ripening can
be distinguished by comparing the changes in thpesiof the drop size distribution over

time.
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Coalescence is probabilistic and some small drepleimain intact so that an ever-
broadening drop size distribution is observed. Dyiconventional Ostwald ripening, the
smaller drops are expected to disappear and thee elvbp size distribution shifts to
higher diameters. In cases where the small drogs shrinking due to rigid film
formation, two distinct peaks develop in the drage sdistribution (Yarranton, 1997).
Figure 6.2 shows the drop size distribution at auasi times for a bulk asphaltene
concentration of 20 kg/m3 and 0/100 heptol. Notat tthe largest increases in Sauter
mean diameter were observed for this system. Aghaine frequency of small drops
decreases with time, a large portion of dropsilsless than 20 microns. Also, only one
peak is observed in the drop size distribution.réfoee, at aging times below 24 hours,
coalescence is likely the only mechanism respoasibi the increased Sauter mean
diameter. Further, in a study of Athabasca AsphaH®olids stabilized water-in-
toluene/hexane emulsions, Yarranton (1997) shovmed ©stwald ripening only has
significant effects on the Sauter mean diametee dine aging time exceeds 100 hours. In
that study, coprecipitated solids were not remofredh the Asphaltene-Solids. It is
possible that solids retard Ostwald ripening; hosvethe differences are not expected to
be great at the concentrations considered hereusecan Yarranton’s work, the

associated solids content at these concentratiaegelatively low.

Figures 6.3 (a), (b) and (c) present the Sautemnaeameter as a function of time for
emulsions prepared with 40 vol% water and 0/10072%nd 50/50 heptol, respectively.
In each figure, the Sauter mean diameter is cordpate 5, 10 and 20 kg/ms.
Alternatively, the Sauter mean diameter could hemared at each concentration for the
different solvent qualities. An example of suchlat .5 shown in Figure 6.3 (d), which
shows the effect of solvent quality on Sauter me@meter at a bulk asphaltene
concentration of 10 kg/m3. It appears that at affh@ltene concentrations and solvent
gualities, the droplets increase in size. Howetle, extent of coalescence is different
depending on the bulk asphaltene concentrationsahent quality. One measure of the

rate of coalescence is the slope of the Sauter ndemeter ¢s;) versus time. To
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facilitate accuracy when finding the slopes asraction of time, equations of the form

given in Equation (6.1) were first fit to the dataFigure 6.3:

d,, :%(atz + bt)+%(d|nt)+ c 6.1)

Equation (6.1) is the average of a quadratic agdrlthmic function. The constardsb,

c andd are fit parameters. Note that neither the formEqguation (6.1) nor the fit
parameters have any physical meaning; simply, tirdtal and error, it was found that
this equation gave satisfactory matches for allhakpne concentrations and solvent
gualities. The results of the fits are shown asdim Figure 6.3. The AARD of all of the
fits is less than 5%, as shown in Appendix A, Sech.6.

The derivative of Equation (6.1) gives the coalaseerate. The coalescence rate as a
function of time is shown in Figures 6.4 (a), (bpdc) for 0/100, 25/75 and 50/50 heptol
at the three bulk asphaltene concentrations ofraste Figure 6.4 (d) shows the
coalescence rate for a bulk asphaltene concemtrafidO kg/m? for the three solvent

gualities. The following observations can be madenfFigures 6.3 and 6.4:

1. coalescence rate decreases as the interfageds a
2. the coalescence rate decreases as the heptdaantdncreases
3. the coalescence rate increases at higher aspbatbncentration except in the

50/50 heptol system

Before interpreting these trends, the interfadetec moduli are considered at the same

conditions.
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6.1.2 Total Elastic Modulus of Aged Interfaces

Figures 6.5 (a), (b) and (c) present the total remeasured at an oscillation frequency
of 0.033 Hz for 0/100, 25/75 and 50/50 heptol-wateerfaces, respectively. In each

figure, the modulus is presented for 5, 10 andd@énk at each solvent quality. The effect
of solvent quality at 10 kg/m3 bulk asphaltene @miation is shown in Figure 6.5 (d).

The following observations can be made from Figér&s

1. the total modulus increases as the interfaages
2. the total modulus increases as the heptanertantzeases

3. the total modulus decreases as asphaltene ¢oatc@mincreases

The trends in coalescence and elasticity appedae tonsistent. Recall that an increase in
the total modulus is believed to be the resulinafeased film rigidity (Freer and Radke,
2003; Freer and Radke, 2004; Spiecker and KilgatB004). Figure 5.25 illustrated how
an initially adsorbed asphaltene monolayer couldeugo molecular rearrangement and
form a three dimensional, cross-linked networkddtrite on the interface. It is speculated
that increased film rigidity should result in irfeses that are more difficult to rupture.

Hence, the rate of coalescence should also beedduc

The first set of observations from Figures 6.4 &rilshowed that as the interface ages,
the total modulus increases and the rate of caaescdecreases. The development of
more rigid films with time is consistent with a tedion in the rate of coalescence. The
second set of observations indicated that wherhéptane fraction in heptol increases,
the total modulus increases and the rate of coahescdecreases. It is to be expected that
a more rigid film is formed in a less aromatic svit/(a poorer solvent for asphaltenes)
because the asphaltenes are more likely to straadgprb and cross-link in a poorer
solvent. Hence, the probability of coalescencethiced in a poorer solvent. In fact, the
final Sauter mean diameter of the water droplessgsificantly less for a more paraffinic

continuous phase.
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The third set of observations showed that as tphad®ne concentration decreases, the
total modulus increases and the rate of coalescé@ceases. Note that the asphaltene
concentrations considered here are those relegastiulsion stability, i.e., higher than 2
kg/ms3. Also, note that the rate of coalescenceaf60/50 heptol solvent was independent
of asphaltene concentration; it is likely that @580heptol continuous phase is sufficient
to limit coalescence regardless of the asphalteneantration. In general, film rigidity is
reduced at higher asphaltene concentrations. gtdiance, this result is surprising given
that the mass surface coverage increases with igtvatien, as was shown in Figure 4.17.
This trend is also in contrast to other studiesciisuggest that an increase in asphaltene
concentration will result in more rigid films (Jeret al, 2002; Baugeét al, 2001; Liet

al., 2002). However, reduced film rigidity with an rease in the concentration of
surface-active species is consistent with the vebrKeunget al. (1999). It appears that
the high concentrations increase diffusional fleonf the bulk phase and relaxation on
the interface sufficiently to weaken the interfhdibn. Note that the overall diffusion
increases (elasticity decreases) with concentrai@m though the diffusivity appears to
decrease.

The preceeding observations suggest that thereasralation of coalescence rate to the
total modulus. An increase in the total modulus andecrease in the coalescence rate
occur when the interface is aged, the heptaneidradh heptol increases, and the
asphaltene concentration decreases. To see tingtktref the correlation, the data from
Figures 6.4 and 6.5 are cross-plotted in a singled.

Before examining the cross-plotted data, it is ingrat to note that there is some scatter
in the total modulus versus time curves. Furthexasaring the total modulus is very time
consuming because a fresh drop must be made fbrtieae point. To reduce the number
of measurements, some of the intermediate agingstiwere interpolated from curves of
the form given by Equation (6.1) fit to the totabdulus versus time data. The AARD of
the fits is less than 6% for all cases, as showAppendix A, Section A.5. The fits are
shown as lines in Figure 6.5 and serve primarilyiagal aides. Although the curves in
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Figure 6.5 suggest that the most rapid increa#ieeinotal modulus occurs in the first four
to eight hours, it is difficult to speculate abdbe shape of the total modulus curve
beyond 24 hours. For example, Fregral. (2003) observed two different trends in the
elastic and viscous moduli in an oscillatory rhegatal study of crude oil/water
interfaces. For oil “AS”, the elastic modulus ingsed rapidly from ~4.5 to ~5.5 mN/m
over the course of an hour, but then remained aoh&r the next 25 hours. The viscous
modulus had the same trend but was lower in magmitlihe second oil, oil “AH", had
similar initial trends in the elastic and viscousduli: a rapid initial increase in the
moduli over the first hour (from ~3.5 to 7 mN/m) sMallowed by constant values for the
next ~15 hours. However, over the next 50 houesptbduli increased an additional 35%
(from 7 to 9.5 mN/m). It was speculated that thefeme active components (likely

asphaltenes) in oil AH caused formation of rigithskhat developed over time.

Also note that the total modulus could not be messat interface aging times beyond
four hours for the 50/50 heptol-water interfacesthe 50/50 heptol solvent, the droplets
that formed at the tip of the capillary deformedasity aging times and the shape was no
longer Laplacian. A non-Laplacian drop invalidaties shape analysis. It is possible that
a highly rigid skin formed that prevented meanihgfueasurements. Therefore, the
moduli beyond four hours were extrapolated. As wél seen in Figure 6.6, even if the
extrapolation is inaccurate, the cross-plot of ntaslland coalescence rate will not be
significantly altered. Most of the coalescence ogdn the first four hours for the 50/50

heptol/water emulsions, where the moduli are known.

6.1.3 Relationship between Total Modulus and Coalescence

Figure 6.6 cross-plots the coalescence rate foagfeg times given in Figure 6.3 (i.e.,
1.5, 4, 8, 16 and 24 hours) with the total modumheasured at the same aging time. Note
that the total modulus was taken from the cungeifitFigure 6.5 if it was not available at
the aging times of the emulsion droplet diameteasuoeements. Figure 6.6 shows that

there is a general correlation between coalescesteeand the total modulus of the
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heptol-water interface. Time is embedded in theadahd increases along any
concentration-solvent curve as the total modulusremses and coalescence rate
decreases. Figure 6.6 shows that coalescenceuseds the total modulus increases.
Although a general correlation exists in Figure @@ data seem to be grouped. The data
from Figure 6.6 are reproduced in Figure 6.7 andddd into three groups as follows:
Curve (a): 5 kg/ms3, 0/100, 25/75, 50/50 heptol;kiym3, 25/75 and 50/50 heptol. Data
falling between Curves (b): 10 kg/ms3, 0/100 hepff); kg/ms3, 0/100 and 25/75 heptol.
The 20 kg/ms3, 50/50 heptol data appears to faltigghr on Curve (a) and partially

between Curves (b). It is examined independentlylabeled as Curve (c) in Figure 6.7.

6.1.4 Expulsion of Asphaltene Mass from the Interface

The groupings of the data shown in Figure 6.7 @&lated to the extent to which
asphaltenes are expelled from the water/oil interfduring coalescence. Figures 6.8 (a),
(b) and (c) present the mass of asphaltenes adksorbthe interface as a function of time
for emulsions prepared with 40 vol% water and 0/1@8/75 and 50/50 heptol,
respectively. In each figure, the mass on the fimteris compared at 5, 10 and 20 kg/ms.
Figure 6.8 (d) shows how mass on the interfaceesanith solvent quality for a bulk
asphaltene concentration of 10 kg/m3. In thesesplifte mass of asphaltenes on the
interface,my, is considered instead of the asphaltene masasceucbverage;. Since the
size of the droplets is significantly different aging times beyond 1.5 hours for the
various conditions examinedn, is a more relevant comparison. Also, note tmat
depends on the total volume of emulsion. Therefooeparisons ofmy were made for

the same total initial emulsion volume, which wlschs3.

The trends in Figure 6.8 are first compared for $igetems in which the modulus-
coalescence rate cross-plot point fell on Curve ay the 5 kg/m?3 0/100 heptol and
25/75 heptol systems, the mass on the interfacainsngonstant with time for all solvent
qualities. This is also true of the 10 kg/m3 50F£ptol and 25/75 heptol points, as
indicated by Figures 6.8 (b) and (c), respectiv&lyerefore, as the emulsions coalesce,

asphaltenes do not leave the interface.
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The moduli along Curve (a) can therefore be thooglas measurements that accurately
reflect the rheology of an aging interface becanass does not leave the interface either

in the rheology or emulsion experiments.

The systems in which the cross-plot points fellWsetin Curves (b) are compared next.
For the 10 kg/m3 0/100 heptol system, the massatenes on the interface appears to
decrease from 0.045 to 0.035 g over the 24 howr period, as shown in Figure 6.8 (a).
For the 20 kg/m3 0/100 heptol and 25/75 heptolesyst there is also a decrease in the
asphaltene mass adsorbed on the interface ove24theur period. Therefore, for the
systems falling between Curves (b), mass is expdilem the interface during droplet
coalescence. Since the extent of expulsion difi@rsach system, the cross-plot points
do not all fall on one curve; rather, they app®eashift to the left hand side of the plot.
The apparent shift can be explained as followsiriguexpulsion, some of the material is
removed from the interface. The asphaltenes tleaeapelled are likely the ones most
easily removed from the interface, whereas the m@ngasphaltenes are the ones most
difficult to remove. It is speculated that the remtagy asphaltenes are those that can
crosslink to the highest degree and form the s&sngnterfacial film. A stronger
interfacial film exhibits a higher total modulus.ehte, a shrinking area in which
asphaltenes are expelled will have a larger totadutus than one in which no material is
removed. The total modulus measured with the Drogp8 Analyzer is indicative of a
drop in which no mass has been expelled from ttexface. Therefore, the moduli are

under predicted and the cross-plot points falhwleft of Curve (a).

One way to check if removal of asphaltene masslteesu an interface with higher
rheological properties is to measure the total rheddor a drop in which the total
interfacial area is reduced stepwise over the eégsaging time. A reduction in droplet
area is related to droplet coalescence in an eamutstcause upon coalescence, the total
area of the emulsion decreases. It is recommenugdstuch experiments should be
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performed in the future in order to account forleseence and in order to accurately

relate rheology to emulsion properties.

The final data left to analyze in Figure 6.7 is ¥@u(c). Figure 6.8 (c) shows that for the
20 kg/ms3, 50/50 heptol emulsion, no mass is remdk@d the interface over the course
of 16 hours. Hence, one would expect the crosspbints to fall along Curve (a).
Although this is possibly true for the furthest twoints on the right hand side (which
correspond to 8 and 16 hours), the points on tthédead side (1.5 and 4 hours) appear to
fall between Curves (b). One possible explanation Curve (c) is related to the
formation of irreversible asphaltene skins on thterface; that is, films which crumple
when contracted. As the heptane fraction in hepiareases, asphaltenes form
irreversible rigid skins at lower asphaltene comegions and earlier interface aging
times (Jafari, 2005). Hence, it is possible thatregversible rigid skin was formed very
rapidly for the 20 kg/ms3, 50/50 heptol emulsiorreversible rigid skins may prevent
coalescence. Therefore, it appears that coalesiemetated not only to the rheological
properties of the interface, but also the formatdrskins. Skin formation may have a

significant effect on the ultimate stability of elsions.

6.2 STABILITY OF ASPHALTENE-STABILIZED EMULSIONS

The cross-plot shown in Figure 6.7 demonstrated tbalescence in an emulsion is
retarded when the rigidity of the interface is eased; i.e., when the total modulus
increases. Since the total modulus correlated thih coalescence rate, a relationship

between the total modulus and ultimate emulsiobilgiashould also exist.

To see if a correlation between the total modulhud emulsion stability exists, the free
water resolution was recorded after two hours edttnent for water-in-heptol emulsions
stabilized by asphaltenes at 5, 10 and 20 kg/m3fandhterface aging times varying
between 1.5 and 24 hours. Before examining thesqotid of free water resolution and

total modulus, the stability of the model emulsiaged from 1.5 to 24 hours is shown as
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a function of asphaltene concentration. Figures 6.80 and 6.11 show the free water

resolution for water-in-0/100, 25/75 and 50/50 béptmulsions, respectively.

Figure 6.9 shows that beyond the scatter of the,dae effect of aging time on the
stability of water-in-0/100 heptol emulsions is hgiple. Figure 6.10 and Figure 6.11
show that the relative emulsion stability increaasswater-in-25/75 and 50/50 heptol
emulsions are aged. Note that below 3 kg/ms3, tht@lirsize of emulsion drops is quite
large, i.e., between 25 and 35 microns (see FigLre Therefore, the emulsion does not
survive centrifugation and the free water is rgkl{i high. However, once the asphaltene
equilibrium concentration exceeds approximatelyg81k, the relative stability decreases
as the asphaltene concentration increases. Thestarglative decreases in free water
occur at bulk concentrations of 5 and 10 kg/m2fi75 heptol and at 20 kg/m3 for 50/50
heptol. For the water-in-50/50 or 25/75 heptol eiuis, the free water decreases as the

asphaltene concentration decreases and as tha@et@ging time increases.

Recall that an increase in the total modulus waseoled when the asphaltene
concentration decreased and when the interface agad. An increase in the total
modulus is believed to be a result of increased figidity. The results in Figures 6.10
and 6.11 are consistent and show that a more in¢gdface reduces coalescence, which
in turn increases emulsion stability. To confirmsttelationship, the free water resolution
after two hours of treatment is cross-plotted agjdime total modulus for a given solvent
guality, asphaltene concentration, and interfadagaime. The cross-plot is shown in
Figure 6.12. Interface aging time is embedded m dta and increases as the total
modulus increases. The lines in Figure 6.12 angaviaides and show that there is some
correlation within each solvent quality. Howevehere is no single correlation
independent of solvent. In fact, the 0/100 heptolve and some of the points on the
25/75 heptol curve are expected to shift even &urth the right since the total measured
modulus is thought to be under-predicted for tleystems.
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Recall that the rheology measurements did not take account asphaltene mass
expulsion from the interface during coalescencevds speculated earlier that expelled
mass results in increased rigidity, i.e., a higteéal modulus, because the asphaltenes

least likely to form strong networks are expelledstreasily.

Figure 6.12 suggests that there is a factor oofadch addition to rheology and the rate of
coalescence that determine ultimate emulsion gtabllhe lack of one consistent curve
in the free water versus total modulus cross-pdot loe explained in several ways. First,
it is possible that there may be a limiting drogl@meter beyond which the interfacial
film can no longer shrink. The limiting diameter yriae lower for a “poor” solvent such
as 50/50 heptol and higher for a “good” solventhsas 0/100 heptol. Recently, Jafari’s
(2005) crumpling experiments revealed that theorati the final area to which an
asphaltenes-heptol droplet can be shrunk beforegimg is visibly observed to the
drop’s initial area increases as the heptane @macitn the heptol increases. Hence,
coalescence during the 60°C treatment may ceasbdd&@0/50 heptol emulsions at some
droplet diameter but continue unimpeded for th®0Meptol emulsions.

Second, it is possible that the rheology of therface is altered when the emulsions are
placed in the 60°C heating bath. Bougttl. (2004) observed that the elastic modulus of
asphaltene-cyclohexane/water interfaces decreabet the temperature increased. At
an oscillation frequency of 0.033 Hz, the elastmdolus decreased from nearly 50 to 5
mN/m when the temperature increased from 15 to 5bttther, if the rheology does
change with temperature, it is possible that theeréxof reduction in the modulus is
different for the three solvent qualities. For exden the modulus may be reduced
significantly for 0/100 heptol-water interfaces lmmly marginally for 50/50 heptol-water
interfaces. The rate of coalescence may also beeased when the temperature is
elevated to 60°C. Again, the degree to which tledeszence rate is increased may be less
for water-in-50/50 heptol emulsions than for wateB8/100 heptol emulsions. Further, a
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combination of altered rheology and crumpling ditanenay contribute to the lack of a

single curve in Figure 6.12.

6.3 CHAPTER CONCLUSIONS

The rigidity of the interface, i.e., the total mdak increases when the interface is aged
and when the continuous phase becomes more parafor the concentrations relevant
to emulsion stability, the interfacial rigidity alsincreases when the asphaltene
concentration decreases. Faster diffusion at highcentrations likely relaxes the

interface.

Increased film rigidity reduces the rate of coade®me in a water-in-oil emulsion. For

systems in which asphaltenes do not leave thefaceerduring coalescence, the rate of
coalescence can be related to the measured totallasothrough one single curve. This
curve accounts for interface aging time, asphaltm&entration, and solvent quality.
When asphaltenes are expelled from the interf&aeenteasured total modulus is under-
predicted. It is speculated that a lack of expuls&sults in a more fluid film because the
asphaltenes least likely to contribute to strongtwork formation remain on the

interface. However, in an emulsion, the non-netwkmrkning asphaltenes are expelled
during droplet coalescence. A more accurate rédlecof interfacial rheology in a

coalescing system may result if the droplet is skrstepwise during the aging time and

the elasticity then measured.

Emulsion stability increases when the interfaceobexs more rigid. Increased stability
may occur even if the Sauter mean diameter incseaskhough the total modulus
correlated well with free water resolution withingiven solvent quality, an overall
correlation was not found. It is possible that otb#ects such as crumpling and skin
formation contribute to ultimate emulsion stabiliBurther, it is possible that rheological
properties and the rate of coalescence change tieetemperature is increased. The

relative changes may be different for each solgeitity.
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CHAPTER 7
THE ROLE OF SOLIDS IN EMULSION STABILITY

This chapter presents the results of the studiegshencharacterization of oilsands,
wellhead, and refinery solids as well as theirtrefeship to emulsion stability. Section
7.1 describes the source emulsions and the paticpioblems associated with
destabilizing each. Characteristics such as sidesae distribution, shape, morphology,
and concentration are discussed for the solids feach sample. Section 7.2 and 7.3
present the compositional, structural and stahiéisults of emulsions stabilized by “fine”
and “coarse” particles, respectively. The apprderiehoice of treatment method for
emulsions stabilized by asphaltenes and solidsssuslsed in Section 7.4. Section 7.5

provides some concluding remarks regarding sotatsilszed oilfield emulsions.

7.1 SOURCE EMULSIONS AND THEIR SOLIDS

7.1.1 Coker-Feed Bitumen

It has been well established that the bitumen mbfhom Syncrude’s froth treatment
process contains approximately 1 to 3 wt% watethan form of droplets less than 10
microns in diameter (Taylagt al, 2002; Kotylaret al, 1998; Yanet al, 1999; Cheret

al., 1999; Wu, 2003). This emulsion may be at leastiglly stabilized by solids and
survives centrifugation at process temperatureserAfiaphtha recovery, these solids
remain in the product coker feed bitumen, makingpproximately 0.4 to 0.5 wt% of the
bitumen (Kotlyaret al, 1998; Cheret al, 1999). The froth treatment product stream was
not available for testing of the emulsion’s stapibut the solids were recovered from the

coker-feed bitumen for model emulsion tests asrdestin Section 3.1.2.2.

Figure 7.1 (a) is a typical ESEM micrograph of thksands solids. Some individual

particles can be discerned and appear to be pktelgh diameters ranging from
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approximately 200 nm to one or two micrometers. f@s®lution is insufficient to clearly

distinguish many individual particles but the mgraph illustrates how the particles can
aggregate into micron scale clusters when driedtid®a size measurements of dried
samples are likely to yield aggregate size distrdms rather than individual particle size

distributions.

Figure 7.1 (b) is a TEM micrograph of individualriieles. The particles have an
irregular plate-like morphology. The platelet didere range from approximately 70 to
350 nm. These results are consistent with Kotlyaales (1998) TEM analysis of solid
particles separated from a bitumen sample thabkad recovered from an oil sand using
a batch extraction unit (BEU). They observed ciijtta with a lateral extension of less
than 200 nm and a thickness of at most 10 nmsimdar TEM examination of colloidal
solids separated from fine tailings, Kotlyar al. (1993) observed that solid particles
varied anywhere from 50 to 400 nm and were primapiate-like with an irregular

morphology.

Figure 7.2 presents the particle size distributadnAthabasca solids on a number-
frequency basis. The solids vary between 35 andr¥f®0n diameter, a range consistent
with the TEM observations. The cumulative numbeqérency distribution indicates that
90% of the particles are smaller than 120 nm, aedvblume frequency was calculated
using Equation 3.12. Figure 7.2 shows that appratety 90% of the particles are less

than 300 nm and 98% less than 1 micron on a vohases.
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Figure 7.3 shows the XRD spectra for a random tetkrsample of unwashed solids,
solids washed with toluene, and solids bleacheth Witdrogen peroxide. The results
indicate little variation between the three specthere is no difference between the
unwashed and toluene washed samples, suggestingrityanaterials adsorbed on the
surfaces of the clays cannot be removed with t@wesishing. For the hydrogen peroxide
bleached sample, only the peaks at 32° 2-thetan@sing. These peaks correspond to
titanium oxide. Apparently, bleaching removed thaterial. Since titanium is often a
heavy metal associated with asphaltenes, its relhmoeg indicate bleaching removes
adsorbed hydrocarbon matter. However, the resthef dgpectrum is the same, so

identification of non-clay minerals was performedtbe unwashed sample.

Figure 7.4 shows the XRD spectra for the bulk (wsivedl) solids sample and the
locations of the peaks corresponding to the thram mon-clay minerals identified. Very
good matches for pyrite, quartz and titanium oxagde indicated (note that other peaks
correspond to the clay minerals). These resultscansistent with those observed by
Kotlyar et al. (1998), who identify pyrite as the source of sudnd titanium oxide as the

source of titanium in bitumen solids.

Figure 7.5 shows the XRD spectra for the separel®e. The clays are predominantly
composed of kaolin-type crystallites, such as kataliand dickite, and of a mica mineral,
such as muscovite. When this XRD spectrum was coedp@ the XRD spectra of the
clay samples after 1) glycolation, and 2) heatmgl®0°C, as shown in Figure 7.6, no
shifts in peaks or changes in peak intensity wérgerved. The absence of peak shifts
suggests that the clay material is non-swellingjsient with the identification of
kaolinite and muscovite. The clay minerals ideatlfiin the current work are also
consistent with those identified by Kotlyat al. (1993) who examined the XRD spectra
of glycerolated subfractions of fine tailings. Thielentified kaolinite and mica as the
major components of the 50 to 400 nm subfractiorthef fine tailings with traces of

smectite and vermiculitic minerals in the finesttjgées. They also noticed an increase in
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the non-crystalline content for the finer particlés a PAS-FTIR analysis of bitumen

solids, Bensebagt al. (2000b) also identified the presence of kaolinite.

The oil sands solids appear to be plate-like dagipredominantly composed of kaolin
minerals. Although non-clay minerals such as pyqteartz and titanium oxide were also
identified, these minerals are probably presera much smaller quantity. Nearly all of
the solids remained in suspension during the separaf the clays from the bulk solids,
implying that most of the solids were clays rattiean non-clays. Furthermore, the
similarity in XRD spectra between the bulk solidsmple and the clays, as well as the
fact that the non-clays did not register excesgivegh intensities in the bulk scan

suggests a primarily clay-like nature.

The oil sands solids appear to be similar to otbservoir solids thought to contribute to
emulsion stability. Kaolinite has been identified ane of the most common clay
minerals in oil-sands reservoirs (Gunter, 1992) dwblin clays with adsorbed
asphaltenes have been identified as emulsion izesil(Yanet al, 2001).



217

450 T
300 | unwashed solids
g | JMM\J MML« M
"2 0 i MMW'\‘.JL»‘ o JMLM“\J% Ny
S L
o B
© 300 [ toluene washed solids
2 150 | W
7 -
I3 ol WMMJL i MAMMJMMM&
E l
300 [ H>O. washed solids
150 |

0 L, ./LJLWW MMMM ST AL
10 20 30 40 50 60

2-theta (°)

Figure 7.3  XRD spectra of Athabasca solids that are a) uheasb) toluene washed,

c) bleached with hydrogen peroxide



intensity (counts)

Figure 7.4

450
375
300
225
150

75

d-spacing (A)

0

44 8.8 4.4 298 225 182
pyrite o |
guartz |
titanium oxide | |
10 20 30 40 50
2-theta (°)

218

1.54

60

XRD spectra of air-dried Athabasca solids idgmtg non-clay minerals



219

d-spacing (A)

44 8.8 4.4 2.98 2.25
450 — ‘ | |
)
2 375
>
@ 300
2 225 |
0
C
o 150
£
" w
0 =
kaolinite | | | L]
' dlelte | |||||| |I|| L " |
muscovité o
0 10 20 30 40
2-theta (°)

Figure 7.5 XRD spectra of air-dried clays separated from aitisca solids

identifying clay minerals



220

450 r
300 7 clay - air
150 |
O Aty
3 L
Q‘i 300 | ﬂ clay - glycol
‘B\ -
n 150
_,GC_-,) O 7AMA»MM /\J/\/\/\/[/\/\J\
c
- clay - heated
300 | J at 400°C
150 |
O o w”wwm et tmpali, MWW
2 10 14 18 22 26 30 34 38

2-theta (°)

Figure 7.6: XRD spectra of clays after a) drying in air, byaplation, c) heating at
400°C



221

7.1.2 AEC Wellhead Emulsion

The AEC wellhead emulsion contains 35 vol% watef e non-aqueous phase contains
1.9 wt% solids. Due to the high viscosity and opyaaf the emulsion, microscopic
examination of the emulsion was difficult and ttiere an average droplet diameter
could not be determined with any certainty. Howewsr adding one or two drops of a
50/50 heptol solution to a small emulsion samptepkts varying from 1 to 50 microns

could be discerned as indicated in Figure 7.7.

Figure 7.8 shows the free water resolution withetifor the AEC emulsion, as received.
The emulsion is very stable with only 12% of thetevaresolved after 8 hours of
treatment. The unresolved water remained dispdrséioe continuous phase. The high
viscosity of this emulsion and the relatively smdidbplet size likely contribute to the
relatively high stability of this emulsion. Noteath the free water for the 10L refinery

sample is also shown and will be discussed in rdetail in Section 7.1.3.

Figure 7.9 (b) shows a TEM image of the solids veced from the AEC emulsion. An
additional TEM micrograph of Athabasca solids isowh in Figure 7.9 (a) for
comparison. Figure 7.10 shows the particle siz&ibiigion and cumulative distribution
of the solids from the AEC emulsion on number amiume frequency bases. The
particles appear to be irregularly shaped plastheictures with diameters between 1 and
10 um. The XRD analysis was similar to that obtainedtfe Athabasca solids and is
therefore not shown here. The solids were primadlgys. However, they are
approximately fifty times greater in diameter thiha Athabasca solids, on average. 90%
of the particles are smaller than 4 microns andllemthan 7 microns on number and

volume frequency bases, respectively.
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Figure 7.7 Micrograph of AEC emulsion diluted with a drop5®/50 heptol
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7.1.3 I0OL Refinery Emulsion

The I0L refinery emulsion contains 43 vol% wated dhe non-aqueous phase contains
2.1 wt% solids. Microscopic examination of the esmuh was possible although the
addition of a droplet of 50/50 heptol greatly faated drop size analysis. Figure 7.11 (a)
and (b) show micrographs of the IOL emulsion a®iked and after the addition of a
drop of the heptol solvent, respectively. The ngcaphs show water droplets varying
from less than 10 up to 350 microns. The drop dig&ibution for the total emulsion is
shown in Figure 7.12 and results in a Sauter meaneter of 146 microns.

This emulsion was very stable under normal gralily, as shown in Figure 7.8, it is
quite unstable after heating and centrifugationprdgimately 80% of the water was
resolved after five minutes of centrifugation ahé emulsion was 90 to 95% resolved
after six to eight hours of treatment. This emulsi® significantly less stable than the

AEC emulsion.

As was mentioned previously in Section 3.1.4, foistinct phases separated during this
first centrifugation step: a continuous phase,alager (RL), a free water phase, and a
solids slurry (SS). Representative micrograph$iefrag layer and solids slurry are given
in Figure 7.11 (c) through (f) and the droplet sitigtributions are shown in Figure 7.12.
The rag layer accounted for 9 vol% of the total ksmoa with a Sauter mean diameter of
30 microns. The solids slurry made up 7 vol% of tibtal emulsion with a Sauter mean

diameter of only 8.1 microns. The continuous plveae free of water.

Table 3.4 showed that the solids content of theitoous phase, the rag layer and solids
slurry were 0.11, 1.8 and 11.8 wt%, respectivehe $tability of the rag layer and solids
slurry emulsions was also assessed and is showdigure 7.8. After eight hours of
treatment, 85% of the water from the rag layer wesolved while zero water was
resolved from the solids slurry. The micrographsFajure 7.11 and the drop size
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distributions given in Figure 7.12 are consisteithvhe stability results given in Figure

7.8; the smaller the droplets, the lower the fregewresolution.

It appears that the IOL emulsion consists of oasses into two distinct emulsions. As
outlined in Section 3.1.4, solids were recoverenmfreach of these distinct emulsions.
Figures 7.9 (c) and (d) are TEM micrographs of siedids separated from the I0L
emulsion rag layer and solids slurry, respectivéligures 7.13 (a) and (b) show the
particle size distributions of the same two sokdsples based on number and volume

frequencies.

A comparison of the particle size distributionstioé¢ four solid samples shows that the
rag layer solids are similar in size and shapeh# “fine” solids from the Athabasca
bitumen sample while the solids in the solids §luare similar to the “coarse” AEC
wellhead sample solids. Figure 7.14 demonstratssntiore clearly by comparing the

number frequency particle size distribution of esahple.

7.1.4 Summary of Solids Characteristics

There appear to be two classes of native solidéing) solids less than 500 nm in

diameter; 2) coarse solids from 1 to 10 microndiameter. “Fine” solids were observed
in the oilsands particles extracted from Athabdstiamen and the solids extracted from
the IOL rag layer. “Coarse” solids were observedh@ AEC emulsion and in the 10L

solids slurry. It is interesting to note that tkd_Ilemulsion appears to contain two distinct
sizes of solids. It is possible that this emuls®a combination of two or more different

emulsions, (for example, emulsions similar to theamds and AEC emulsions), and that
each contain a specific size class of solids. Bgpes of solids have platelet structures
and are predominantly clays. The role of fine andrse solids in emulsion stability is

considered next.



Figure 7.11 Micrographs of IOL a) total emulsion, b) total @sion and 50/50 heptol
drop, c) rag layer, d) rag layer and 50/50 heptopde) solids slurry, f)
solids slurry and 50/50 heptol drop
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7.2 THE ROLE OF FINE SOLIDS

7.2.1 Stability of Fine Solids-Stabilized Emulsions

Before examining the interfacial behavior of fir@ids, it was necessary to confirm that
they acted as emulsion stabilizers. As discussediqusly in Section 3.1.2.2, two
techniques were applied for the extraction of soleigure 3.3 showed that the effect of
ultrafine solids (or the small fraction of asphaéie precipitated) was marginal and did
not alter the trends in the free water resolutléigure 3.1 also indicated that wet solids

had to be utilized in order to reproduce emulsiaiisity.

The effect of fine oilsands solids on the free watesolution of model emulsions
stabilized by Athabasca Bitumen 1 Asphaltenes a8dsAgiven in Figures 7.15 (a). The
free water resolution of model emulsions at theesaoncentration of asphaltenes is also
shown for G and Soxhlet-Washed Asphaltenes and AS in Figufds (B) and (c).

The trends in Figure 7.15 suggest that fine sol&lsen in low concentrations, can
increase the relative stability of Asphaltene and ASphaltene stabilized emulsions
significantly. At asphaltene equilibrium concentvas exceeding approximately 25
kg/m3, the free water resolution decreases by 30Ptsystems containing solids and
either Asphaltenes or sCAsphaltenes. However, the solids appear to cangib
marginally to emulsion stability for Soxhlet-Wash&sphaltene samples. It is likely that
the high molecular weight Soxhlet-Washed Asphalesre sufficient to reduce the free
water resolution to very low levels, i.e., approately 10%. Continuous washing of an
AS sample with heptane strips all resinous mateaall leaves an asphaltene that results
in a very strong film resistant to coalescencethaur a 25/75 heptol ratio corresponds to
the onset of precipitation for Soxhlet-Washed A#gnes. It has been suggested that
asphaltenes near their incipient point of precijmtacan lead to the formation of the
most stable emulsions (McLean and Kilpatrick, 198I&y et al, 1988). If the Soxhlet-

Washed Asphaltenes are at their incipient pointpagcipitation, they may stabilize
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emulsions more effectively than the Asphaltenescivimiot only contain more “resinous”
molecules, but are also not near their point otipration in a 25/75 heptol solvent.
Recall that Figure 3.2 showed that Asphaltenesiatigeir point of precipitation when the

heptane fractin in heptol is approximately 50%.

Since the model emulsions stabilized by AsphaltemesG Asphaltenes gave consistent
trends, only Asphaltenes and AS, i.e., samplesiptated with n-heptane, are used for
all subsequent model emulsion studies. Soxhlet-\hsksphaltene samples were not
utilized because the differences in stability betmwsamples containing solids and those

without were trivial.

The completion of all emulsion stability experimeméquired the use of two different
Athabasca Bitumen samples. Figure 7.16 comparesreékewater resolution after two
hours of treatment for model emulsions created fAmphaltenes and AS extracted from
Bitumen 1 and 2. While the difference in stabilgynodest under the imposed treatment,
the enhanced stability can potentially be significaor example, in a conventional
heater-treater. Figure 7.16 shows that the emudsimrepared from the Athabasca
Bitumen 2 Asphaltenes are less stable than the stonsl prepared from Bitumen 1
Asphaltenes. The molar mass of Athabasca BitumandlBitumen 2 Asphaltenes was
compared in Figure 4.1. The Bitumen 2 Asphalterse® la molar mass 30% smaller than
that of the Bitumen 1 Asphaltenes confirming thapleltene properties have a

significant impact on emulsion stability even fondsions partially stabilized by solids.
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There are several ways in which solids can coneibm emulsion stability. These include
steric stabilization due to adsorbed solids onitiberface or on the asphaltene film, as
well as stabilization due to trapped particles. drder to better understand which

scenario(s) are possible, it is necessary to exathecomposition of the interface.

7.2.2 Interfacial Composition of Fine Solids-Stabilized Emulsions

Since Athabasca and IOL fine solids appear to belasi in size and composition and
there was a limited supply of the IOL fine solids|ly Athabasca fine solids were used
for these experiments. For the data shown in Fgurel5 and 7.16, the solid
concentration in the AS emulsions varies from apionately 0.05 to 1.7 kg/ms3. In order
to assess interfacial composition, experiments wemdormed at a fixed asphaltene
concentration of 1.9 kg/m? and solids concentrationthe range indicated by Figures
7.15 and 7.16.

Figure 7.17 indicates that the enhanced stabsity function of the concentration of the
solids. At a treatment time of two hours, emuls&tability increases as the solids
concentration increases up to approximately 1.BkgAt all times, stability decreases at

solids concentrations greater than 2 kg/ms.

The fractional surface coverage of Asphaltenes (apddifference of solids) was
determined from Equations 3.20 and 3.21 for emnssmonsisting of Athabasca Bitumen
1 Asphaltenes at a concentration of 1.9 kg/m?3 athéasca fine solids varying from 0 to
2.8 kg/m3. The asphaltene monolayer coverage detednfrom Equation 3.20 and
shown in Figure 4.15 was found to be 0.00265 gfmathaasphaltene concentration of 1.9

kg/ms3. The fractional solids surface coverage @ashin Figure 7.18.
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Note that the solids concentration in both Figut/ 7and 7.18 is the bulk concentration
prior to emulsification. The equilibrium solids ammtration after emulsification could

not be determined since the solids concentratidhendecanted continuous phase is not
necessarily the same as the solids concentratigheircontinuous phase of the settled
emulsion. Some of the solids may be trapped irsétded emulsion whether or not they

adsorb on the water droplets.

Figure 7.18 confirms that at least some of the dsoladsorb directly on the
water/hydrocarbon interface. There appears to lmepettive adsorption between the
asphaltenes and solids since the solids surfacerage increases monotonically with
solids concentration. At a solids concentration3okg/ms3, the solids have displaced
asphaltenes from approximately 50% of the intealaarea. The most stable emulsions
(least free water) occur when 60 to 80% of the afahe water/oil interface is covered
by asphaltenes and 20 to 40% is covered by sdhds;s, approximately a 2:1 fractional
area ratio of asphaltenes to solids. It appeatsatiekambination of asphaltenes and solids
result in the most stable emulsions, consistertt thié observations of Zakt al. (2000)
and Yanet al. (1999). The region of maximum emulsion stabilgyshown in Figures
7.17 and 7.18.

7.2.3 Interfacial Structure of Fine Solids-Stabilized Emulsions

The average thickness of solids adsorbed at thexféice can be estimated from a
combination of a material balance on the solidsandnsideration of particle shape. It is
assumed that the solids are a collection of mopeds particles and that the asphaltenes
in solution do no adsorb onto the particle surfaddee ratio of the volumey,, of an

individual particle to its areds, is then given by:

S

A zgpsvw(l_HA)

S

V, _1m/1-f)d, 7.1)
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wherems is the mass of solids on the interfapejs the density of the solidg) is the
fractional area occupied by asphaltenes on thefack and; is the fraction of trapped
and/or attached solids. If some of the solids eapped between water droplets or are
adsorbed on the outside of the asphaltene intaftfditm, then the mass of solids
adsorbed on the interface is less. The adsorbets sgjuaimg(1-f,).

To calculate the average size of the particlessamgtrical configuration for the solids
must be assumed. In the current study, a disc-ghggemetry is assumed. A disc is the
simplest approximation of a platelet and requiral/ dwo lengths for definition: the

radius and thickness. The average thickngs&r cylindrical particles on the interface is

given by:

_i my(1-f,)dy,

t =—_s- t/¥32
° 6105Vw(1_5A)

(7.2)

However, several simplifying assumptions must beendirst, it is assumed that all of
the solids in the settled emulsion have adsorbethennterface; that is, the fraction of
trapped solids is zero. Second, the solids layeni®rm with a density of 2600 kg/m3,
the density of koalinite. The average interfadmtkness of the adsorbed solids can then
be determined from Equation (7.2). The calculateerage thickness is plotted versus
solids concentration in Figure 7.19. Note thatdoncentrations less than 0.4 kg/m3, the
thickness is not presented because at high valtie§,othe error in the thickness

calculation is very large.

Figure 7.19 indicates that for all of the solidsoentrations considered here, the average
thickness of the solids adsorbed on the watemtdriace is 8 £2 nm. This thickness is
very close to the thickness of clay platelets. Eaample, TEM observations of
aluminosilicate clays from oil sands indicated tha platelets were less than 10 nm
thick (Bensebaat al, 2000). At first glance, it seems likely that tblays adsorb as

individual platelets lying flat on the interface.
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It was assumed that all of the solids in the sgtdeulsion adsorbed on the interface. If
this assumption is relaxed, the calculated thickneseven less. For example, if the
concentration of trapped solids is assumed to &sdime as the concentration of solids in
the decanted continuous phase, the thickness cfdiis layer decreases by 4%. If the
fraction of trapped solids is assumed to be 25,a48, 70%, the thickness of the solids
layer decreases to 6, 4, and 2 nm, respectivelylydtoet al. (1998b) have observed

platelets as thin as 1, 3 and 4 nm in a study ®fptioperties of mature fine tailings. The
most plausible interpretation is that the averdmekhess of the solids layer is at least 3

nm and the fraction of trapped solids is less $z#b.

Figure 7.20 illustrates how a combination of adedrisolids and asphaltenes might
contribute to emulsion stability. The thicknesstloé asphaltene layer at an asphaltene
concentration of 1.9 kg/m?3 is approximately 2 nnmdeagserned from Figure 4.20. This is
consistent with that reported by Taylet al. from thin liquid film-pressure balance
studies on systems of asphaltenes, toluene ana {Watgor et al, 2002). The average
thickness of the solids is less than 10 nm bustiiels have irregular morphology so that
local thickness may be greater than 10 nm as slmwigure 7.20 (b). The solid platelets
have a diameter upwards of 300 nm. The solids nchyas mountainous islands that
prevent very close contact between the dropletso,Ad bridge between droplets cannot
form where a solid resides on the interface. Witlo approaching interfaces, a 25%
fractional solids surface coverage on each interi@may reduce the area for potential
bridging by 50% as shown in Figure 7.20 (b). Thespnce of trapped solids between the
approaching interfaces could prevent close cottt@itveen the droplets and enhance this
stabilization mechanism as shown in Figure 7.20 (c)

It was assumed that the solids layer was uniforch @msisted solely of solids; that is,
zero porosity. It is possible that the clays fooude clusters that adsorb on the interface
in a much thicker layer. However, once a partialnolayer of adsorbed solids is

accounted for, the maximum average number of pestiser aggregate is less than two.
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It seems that solids aggregation can be ruledlbigt.also possible that the solids add to
the mechanical strength and rigidity of the inteidhfilm. However, a fractional solids
surface coverage of 25% is probably insufficientsignificantly alter the mechanical

properties of the interface.

Hence, the most likely explanation is that thera s/nergy between the asphaltenes and
the solids; asphaltenes maintain a rigid interfabée the solids form a barrier between
the water droplets. At lower solids to asphaltesos, there are insufficient solids to
form an effective barrier, while at higher ratiosufficient asphaltenes remain on the
interface to immobilize the solids on the interface

7.3 THE ROLE OF COARSE SOLIDS

7.3.1 Stability of Coarse Solids-Stabilized Emulsions

Since only a limited supply of IOL coarse solidsrevextracted from the solids-slurry
and the coarse IOL and AEC solids are similar a® €ind nature, only the AEC solids
were considered for these experiments. Table gli8ated that the solids content of the
AEC emulsion was 1.9 wt% or an equivalent solidscemtration of approximately 19
kg/m3. Hence, to reproduce the original AEC emulsstability, it was necessary to
utilize a solids concentration ten times greatantthat used for the fine solids emulsions

discussed in the previous section.
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Figure 7.21 shows the stability of emulsions crdateom Athabasca Bitumen 2
Asphaltenes at a concentration of 1.9 kg/m3 andsehrying in concentration from 0.01
to 25 kg/m3. When AEC solids are present in coma#ions less than 5 kg/ms3, unstable
emulsions will result with complete water resolatiafter eight hours for emulsions
containing less than 1 kg/m3 solids. However, &dblids concentration increases, the
free water resolution decreases, a result consigtiéim the work of others (Menon and
Wasan, 1988; Yart al, 1999; Tambe and Sharma, 1993; Menon and Wasd&4,; 19
Abendet al, 1998; Schulman and Leja, 1954; Bowman, 1967; Gstlal, 1984; Yan
and Masliyah, 1995; Binks and Lumsdon, 2001; Saiiivand Kilpatrick, 2002). For
solids concentrations exceeding 10 kg/ms3, the frneter resolution of the model

emulsion is approximately the same as that of tlggnal AEC emulsion.

It is interesting to note that although the asgmatconcentration for the model system
(2.9 kg/m3) and the actual emulsion (160 kg/m3)markedly different, the actual

emulsion stability can be reproduced. This resulggests that in high enough
concentrations, coarse solids alone are sufficienimpart long term stability to an

emulsion. This is confirmed by the additional résuh Figure 7.21 which show that
emulsions consisting solely of AEC solids at bubkicentrations exceeding 5 kg/m3 have
the same free water resolution as those contabotiyasphaltenes and solids.

7.3.2 Interfacial Composition of Coarse Solids-Stabilized Emulsions

Figure 7.22 indicates that AEC solids replace sfihaltenes on the interface for bulk
solids concentrations exceeding 1 kg/ms3. Althoudie tinterface appears to be
predominantly occupied by asphaltenes at bulk saahcentrations below 0.5 kg/m3, the
emulsions are very unstable and are completelydorafter eight hours of treatment.
Note that an emulsion stabilized by 1.9 kg/m3 Atdsada Bitumen 2 Asphaltenes with no
solids had only 63% resolved water after 8 hourdreftment. The high free water
resolution of these emulsions with low AEC solidsmeentrations is linked to the large

average droplet size as indicated in Figure 7.23.
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The droplet diameters are approximately ten timegger than those encountered in
Asphaltene or Asphaltene and fine solids stabilizedulsions for low bulk solids

concentrations, as illustrated in Figure 7.24.

Figures 7.23 and 7.24 suggest that there is sigmificoalescence of droplets during the
settling period even though the interface is pritpanccupied by asphaltenes. It is
speculated that the few coarse solids that do bdsorthe interface act as bridges
between water droplets and facilitate coalescehaéest this hypothesis, AEC solids at a
concentration of approximately 0.5 kg/m3 were gemtirred into a settled emulsion
stabilized solely by Athabasca Bitumen 2 Asphaken€he Sauter mean diameter
increased from 17 to approximately 180 microns wvithinutes. Hence, it appears that
the AEC solids are capable of acting as bridges facditate coalescence at low

concentrations.

When the solids concentration surpasses 1 kg/mtantihues to increase, particles can
potentially form either a multilayer around the pled or become trapped in the
continuous phase between adjacent water drops.pddadroplets or a thicker steric
barrier prevent aggregation among water dropletsdarect bridging of solids between
interfaces, thus reducing coalescence and the lbvieza water resolution. Reduced
coalescence is confirmed by the decrease in theelSmean diameter at higher solids
concentrations, as shown in Figure 7.23. It appé¢hbas film rigidity imparted by
asphaltenes adsorbed on the interface is unnegdssachieving high emulsion stability

if solids are present in high enough concentrations
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Figure 7.24: Micrographs of model emulsions stabilized by @habasca Bitumen 1
Asphaltenes at 1.9 kg/m? and Athabasca solids kay/h3, b) Athabasca
Bitumen 2 Asphaltenes at 1.9 k/gm3 and AEC solidg &g/ms3. 25/75

heptol, 40 vol% water, 1.5 hours settling
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7.4 TREATMENT OF SOLIDS-STABILIZED EMULSIONS

Figure 7.25 summarizes the hypothesized configuratof fine and coarse solids in the
near interfacial region of an emulsion. The loagatiof solids in an emulsion has
consequences for emulsion treatment. If solidssphaltenes are located on the interface,
it is desirable to weaken the interface; for exampl introducing a chemical capable of
replacing these particles with a material that watomote droplet coalescence. If,
however, solids are not located on the interfadeeimhhance an emulsion’s stability by
trapping or multilayer formation, a treatment based particle flocculation would be
more beneficial. If solids can be flocculated andaentrated in such a way that they do
not hinder the aggregation of droplets, the int&rfaf such an emulsion may be weak
enough for coalescence. Two preliminary treatméydsed on these principles are

considered here: toluene dilution and heptaneidiiut

There is evidence that when the continuous phasghisr strongly aromatic or strongly

paraffinic, emulsions with low stability are credtéMclLean and Kilpatrick, 1997;

Gafonova and Yarranton, 2001). Similarly, unstadmeulsions result when asphaltenes
are either in a mostly soluble or insoluble ranyang et al, 2004). Hence, it is

speculated that it may be possible to destabiliz@xasting emulsion if excess toluene
(aromatic) or heptane (paraffinic) are added. Imgaod solvent such as toluene,
asphaltenes are more mobile and form a weaker,elessic interface. Excess toluene
may further weaken the interface and promote dtaualalescence. In a poor solvent such
as heptane, asphaltenes may precipitate and fetecahd be less likely to adsorb on and
stabilize the interface. Heptane may also causelsstbd flocculate and become less

effective stabilizers.

The effect of toluene and heptane dilution is dised below for emulsions stabilized by
asphaltenes, asphaltenes and fine solids, andlespsand coarse solids.
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7.4.1 Effect of Solvent Dilution on Asphaltene-Stabilized Emulsions

Model emulsions were prepared from Athabasca BituleAsphaltenes at 5 kg/m3 in

25/75 heptol and allowed to settle for 1.5 hourBe Tontinuous phase that evolved
during the settling time was decanted until onlynantrated emulsion remained.

Toluene or heptane was then added to the concemtesthulsion at ratios varying from

0.2 to 2.8 cm3/cm? solvent/emulsion, which corregj®oto a solvent/continuous phase
ratio of 0.6 to 7 cm3/cm3. The mixtures were shaikea shaker table for approximately
two minutes to ensure the solvents were entirdpetfised throughout the emulsion. The
mixtures were poured into centrifuge tubes, capg®di subjected to the destabilization
treatment outlined in Section 3.4.5. Note that free water resolution for these

experiments is reported after two hours.

Figure 7.26 shows that the addition of toluenedaases the free water resolution by 30%
once the toluene/continuous phase ratio exceeds¥/trs. The addition of toluene does
appear to weaken the interface and promote coalesc®©n the other hand, heptane
dilution results in very stable emulsions with meef water resolution for dilution ratios

exceeding 1 cm3/cm?3 heptane/continuous phase. thatethe heptane content of the
continuous phase at the lowest and highest diluttins was 60 and 95%, respectively,

which is above the onset of precipitation (at 508jtane).

At first glance, the increased stability contrasliptevious work (McLean and Kilpatrick,
1997; Gafonova and Yarranton, 2001) indicating thatfficient heptane to precipitate
asphaltenes is addedor to emulsification, the emulsions are unstable. e\mv, in this
case, the heptane was ada@dir emulsification. It appears that as the continushsse
becomes a poor solvent, the asphaltenes adsorbibe amerface become trapped on the
interface and are not precipitated. They appeéorta a stronger film that provides more

resistance to coalescence.
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7.4.2 Treatment of Emulsions with Fine Solids

Model emulsions were prepared from Athabasca BituthAS at a total concentration of
5 kg/m?3 in 25/75 heptol. As noted in Table 3.2,4bkds made up 3.1 wt% of the AS and
hence the solids concentration is 0.15 kg/m3. d&imalsions were settled for 1.5 hours
and the continuous phase decanted. The conceneatatsions were diluted at ratios
similar to those used for the asphaltene-stabileedilsions. The free water resolution

was again reported after two hours.

Figure 7.26 shows that the addition of toluene Itesn an additional 30% free water
when the dilution ratio exceeded 2 cm3/cm?3 tolueminuous phase. Heptane dilution
results in very stable emulsions with no free waésolution for heptane ratios greater
than 1 cm3/cms3. While the presence of solids irsgeaemulsion stability in general, it
appears that the effect of the diluent on the diges is the dominant factor in the
treatment. Toluene addition weakens the interfacg @esults in more coalescence.
Heptane addition strengthens the interface andltsesu less coalescence than no

treatment at all.

As a comparison, the IOL rag layer was also treatitdl 1:1 volume ratio of solvent to
emulsion dilutions (2 cm3/cm3 solvent:continuousg®). The rag layer was stabilized by
asphaltenes and fine solids with a solids conceatraof 33 kg/m3. The toluene and
heptane treatments achieved 84% and 29% free ves@ution, respectively. The results
are consistent with those for the model emulsiaepared from Athabasca AS. Hence,
even at relatively high fine solids concentratiotise effect of the solvent on the

asphaltenes appears to be the dominant factoe itréatments.

7.4.3 Treatment of Emulsions with Coarse Solids
Figure 7.27 shows the effect of toluene and heptih#ion on the AEC emulsion.
Toluene addition did not destabilize the emulsiganeat high dilution ratios and after

eight hours of treatment. However, heptane addiggnificantly destabilized the
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emulsion even at dilution ratios below the onsetgphaltene precipitation, i.e., at a
dilution ratio of 1.3 wt/wt heptane:bitumen (2.0 %¥om? heptane:continuous phase). In
fact, the maximum free water resolution is expeameh just below the onset of

precipitation. Recall that coarse solids in higmamtrations appeared to stabilize the
emulsion by preventing contact between dropletgeyTdiso dominated the interface so
that asphaltenes are not expected to play a signifrole in stabilizing the emulsion. It is

speculated that heptane addition causes the golittscculate. Flocculated solids are far
less likely to form a continuous barrier betweere tater droplets; and hence,

coalescence can occur.

A brief test in which heptane was added to wet A6(ds indicated that they flocculated
into aggregates varying from 20 to approximatel® pén in size, as indicated by the
micrograph in Figure 7.28 (a). The flocculationcofirse solids in heptane confirms that
they have some adsorbed hydrocarbon matter. Fig@& (b) shows that the solids did
not flocculate in toluene. The toluene treatmenthisrefore ineffective because the
primary stabilization mechanism remains in placeteNthat with sufficient dilution and
agitation, any solvent could likely break this esioh simply by reducing the
concentration of the solids (see Figure 7.21). Hareflocculation of the solids clearly

promotes the emulsion breaking.

With the heptane treatment, the maximum in the fwaéer resolution occurred at the
onset of asphaltene precipitation. It is possiblat precipitated asphaltene particles
simply add to the total concentration of particlesreasing the stability of the AEC
solids-stabilized emulsion. It is also possiblet tha heptane is added some asphaltenes
are driven to the interface and that at high heptditutions they enhance emulsion
stability. In either case, the maximum in free wateould occur at the onset of

precipitation.
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Figure 7.28 Micrographs of AEC solids dispersed in a) pueptane, b) pure toluene
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The IOL solids slurry was also treated with 1:1woé ratio of solvent to emulsion
dilutions (2 cm3/cm3 solvent:.continuous phase). Thkeilene and heptane treatments
achieved 13% and 23% free water resolution, res@igt The toluene treatment results
are consistent with those for the AEC emulsion.héligh the heptane treatment
outperformed the toluene treatment, it was lescaffe than the heptane treatment of the
AEC emulsion. It is possible that additives presenthe IOL solids slurry reduce the

effectiveness of the heptane treatment.

7.5 CHAPTER CONCLUSIONS

Fine solids, i.e., platelet shaped particles rajpgnom 50 to 500 nm, compete with
asphaltenes to adsorb on the interface. Fine satiderb flat on the interface and likely
form a partial barrier to water bridging betweeoplets. A combination of asphaltenes
and fine solids at the water/oil interface in a R&ktional area ratio creates a maximum
in emulsion stability. If there are too few solidisere is an insufficient surface coverage
to provide extra stability, whereas too many sofsults in an interface that is not rigid

enough to maintain stability.

Relatively low concentrations of coarse clays dabz@ emulsions because they replace
asphaltenes on the interface and cannot stabiled svater droplets. Coarse solids may
also act as bridges between individual water dtepiacreasing the mean diameter of
water droplets and the overall coalescence ratenv&seely, relatively high
concentrations of coarse clays strongly stabilizaeilsions because they prevent close
contact between water droplets or form multilay®rshe interface.

The most effective treatments for emulsions staduliby fine clays appear to be those
that weaken the interfacial film or replace thadsobnd asphaltenes on the interface with
a poorer stabilizer. Emulsions stabilized by cogradicles are most effectively broken

when solids are flocculated so that they can n@dorprevent close contact between
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water droplets. Refinery emulsions containing ligges of solids may require more than

one type of treatment for effective water resolutio
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

The main objective of this work was to investigédbe compositional, structural and
rheological properties of the water/hydrocarborerifsice and to relate them to the
stability of model asphaltene and solids-stabilizetulsions. The conclusions from this
study and recommendations for future researchrasepted below.

8.1 THESIS CONCLUSIONS

Asphaltenes

1. Results from vapour pressure osmometry, intedfatension and emulsion
gravimetric studies were combined to calculatertamber of asphaltene layers
adsorbed at the water/oil interface. Asphaltengseapto initially adsorb as a
monolayer of self-associated molecular aggregates) at concentrations as high
as 40 kg/m. The interfacial area of Athabasca asphalteneppsoximately 1.5
nm? and does not vary with concentration. Howethex,mass of the asphaltenes
on the interface increases with concentration asatphaltenes associate into
larger macromolecules. Higher molar mass asphatex¢éend more into the
continuous phase. The estimated thickness of ttegfacial monolayer ranges

from 2 to 9 nm.

2. The assessment of the interfacial configuratbrboxhlet-Washed Asphaltenes
revealed that it is unlikely that asphaltenes gretttan 10,000 g/mol adsorb on
the interface.
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It is necessary to account for asphaltene sslb@ation when interpreting
interfacial data. For instance, the correct metttodetermine the interfacial area
of asphaltenes at the interface is from a plohtdrfacial tension versus the molar
concentration of asphaltenes rather than the nm@ssentration. Using the mass
concentration is only valid for non-associating ewnlles and can introduce

significant error in the calculated area for asfamas.

The asphaltene monolayer is adsorbed reversibly at short interface aging
times. The elastic and viscous moduli can be modeténg the Lucassen-van den
Tempel (LVDT) approach when the aging time is kbss 10 minutes. However,
asphaltenes gradually reorganize on the interfacéotm a rigid, irreversibly

adsorbed network, which can no longer be modeleéd aiSurface Equation of
State and the LVDT approach. Increased film rigidian be detected with an

increase in the total elastic modulus of the waileriterface.

The total modulus, and therefore the film rityidincreases as the interface is
aged, the heptane fraction in the heptol increasew] the asphaltene

concentration decreases.

Increased film rigidity reduces the rate of esabnce in an emulsion. For
systems in which asphaltenes do not leave thefagterduring coalescence, the
rate of coalescence can be related to the measateddnodulus through a single
curve which accounts for interface aging time, a#ehe concentration, and
solvent quality. When asphaltenes are expelled fitoeninterface, the measured
total modulus is under-predicted. It is hypotheditleat expulsion results in a
more rigid film because the asphaltenes leastylikel contribute to strong,

network formation leave the interface whereas thosest likely to contribute to

strong network formation remain on the interface.
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Increased film rigidity and reduced coalescemesult in increased overall
emulsion stability. Emulsions become more stablemthe interface aging time
increases, the heptane fraction in heptol increasesl the asphaltene
concentration decreases (for asphaltene concemtsatielevant for emulsion
stability, i.e., greater than 2 kg/m3). Emulsioabslity could not be correlated to
the rheological properties of the interfacial filone. It is likely that other factors

such as the crumpling ratio also influence emulstaibility.

Asphaltenes extracted from two sources of Atbedditumen (Bitumen 1 and 2)
resulted in model emulsions with markedly differemulsion stability. Although
the trends with asphaltene concentration are demsi¢decreasing stability with
increasing concentration once the minimum in fregewis surpassed), the free
water resolution appears to decrease when the emuls stabilized with
asphaltenes that have a higher molar mass andrhigteeage interfacial area
(Bitumen 1 Asphaltenes). Additionally, the rheotmdi properties of Bitumen 1
and Bitumen 2 Asphaltene-stabilized water/hydrogsarbnterfaces may be
different. It is speculated that Bitumen 1 Asphadi® may form interfaces with a
higher total modulus than interfaces stabilizedBitymen 2 Asphaltenes, hence

resulting in emulsions with lower free water re$iol.

It appears that exposure of solids to air alteessurface properties of the solids.
In order to reproduce emulsion stability, freshigracted, “wet” solids must be

used in emulsion experiments.

10. Fine solids, i.e., platelet shaped particlegyireg from 50 to 500 nm, compete

with asphaltenes to adsorb on the interface. Fohdssadsorb flat on the interface
and likely form a partial barrier to water bridgingetween droplets. A
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combination of asphaltenes and fine solids at tla¢ertoil interface in a 2:1
fractional area ratio creates a minimum in freeewaésolution. Too few solids
result in insufficient surface coverage to provedéra stability, whereas too many
solids results in an interface that is not rigidoegh to maintain emulsion

stability.

Coarse solids, i.e., platelet shaped particlegying from 1 to 10 microns
destabilize emulsions in low concentrations buhisicantly increase emulsion
stability in high concentrations. Relatively lowno@ntrations of coarse solids
destabilize emulsions because they replace aspbalten the interface and
therefore cannot stabilize small water droplets.law concentrations, coarse
solids may act as bridges between individual wdteplets, increasing the mean
diameter of water droplets and the overall coalesee Conversely, relatively
high concentrations of coarse clays strongly stabiemulsions because they

prevent close contact between water droplets on faultilayers on the interface.

The most effective treatments for emulsionbikitad by fine clays appear to be
those that weaken the interfacial film or repladoe $olids and asphaltenes on the
interface with a poorer stabilizer. Emulsions dtaéd by coarse particles are
most effectively broken when solids are flocculagedthat they can no longer
prevent close contact between water droplets. Bgfiemulsions containing both
types of solids may require more than one typeeaitinent, or even process step,

for effective water resolution.
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8.2 NOVELTY OF THE RESEARCH AND INDUSTRIAL IMPLICATIONS

The conclusions regarding the effects of asphadterel native oilfield solids on the
formation of interfacial films and on ultimate emign stability have important
consequences on the direction of future researciditidnally, the observations and
conclusions made in this thesis have direct impattor application to industrial

processes.

Asphaltenes

The current research has shown that although a@epkaladsorb initially at the water/oil
interface as a monolayer, they quickly begin rewwag and forming rigid, three
dimensional networks that strengthen as the irnteria aged. The application of the
LVDT model showed that reversible adsorption ofredienes occurs at relatively short
interfacial aging times. Rigid film formation wabserved directly as an increase in the
total modulus of asphaltene-in-heptol/water inte#fa Mechanical effects were observed
indirectly when the LVDT model failed to match piddd and experimental elastic and
viscous moduli at interface aging times exceedamgrhinutes. Consistent with the work
of others (Freer and Radke, 2004), it was concluthed irreversible adsorption had
occurred and that mechanical films had formed atinkerface. Most importantly, it was
shown that mechanical effects are very fast ancktbwee, the LVDT model should not be
used to predict elasticity except at short agimged. Consequently, development of
predictive models should be aimed primarily at mposating mechanical interfacial
effects.

In the present study, the total modulus was alseveho correlate with the coalescence
rate over a range of asphaltene concentrationsersplqualities, and interface aging
times. Although the total modulus did not correlatehe ultimate free water resolution

with a single curve, correlation within each solvgnality was possible over a range of
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asphaltene concentrations and interface aging tilnésrestingly, it was found that an
increase in asphaltene concentration results irerflard interfacial films (lower total
modulus), which finally explained why emulsion sli&p decreases (free water
resolution increases) when the asphaltene contientiacreases. Often, speculations in
the literature imply that film rigidity increaseshen asphaltene concentration increases,
and that therefore the emulsion stability shoulsbalincrease. The current work has
shown that this is not an accurate hypothesis. Naeit is possible that some of the
observations in the literature regarding the effeof asphaltene concentration on
emulsion stability were based on emulsions stadalliby not only asphaltenes, but also
associated solids. Therefore, the current resdashalso shown that assessment of the
effects of asphaltenes on film rigidity and emutsstability must be performed on a
solids-free basis.

The present study also showed that emulsions idbilby asphaltenes can be
destabilized if the rigidity of the interface idueed. The addition of an aromatic solvent
such as toluene was shown to increase the free vestglution of Asphaltene-stabilized
emulsions by 30%. Although many commercial demigisfare aimed at flocculating
water droplets or solid materials trapped in thetiomous phase, demulsifiers are also
used to promote coalescence of water droplets dycneg the rigidity of the interface.
The effectiveness of a chemical demulsifier dependsits chemical nature and
concentration. Its effectiveness is also relatethéoage of the emulsion. Since this study
showed that asphaltenes form rigid interfacial $ilmelatively quickly, the timing of
chemical demulsifier addition is probably critical. demulsifier aimed at replacing
interfacial material and reducing the rigidity betinterface should be added as soon as
possible in order to avoid or reduce the formatbrstrong asphaltene networks on the
interface. As the delay between emulsification aednhulsifier addition increases, the
effectiveness of the demulsifier will likely be wesed and possibly more demulsifier will
be required in order to penetrate very viscoudhasgne stabilized films.
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Since the total modulus was shown to correlate wihlescence rate and to a lesser
extent with the ultimate free water resolution, meaments of total, elastic and viscous
moduli can be used to estimate the degree of cmales and free water resolution in
existing emulsions and, more importantly, assesgtitential effectiveness of chemical
demulsifiers. A reduction in total modulus upon désifier addition can be used to
narrow down conditions required for testing (i.¢ype of chemical demulsifier,
concentration) and reduce the number of bottles tégtditionally, the effects of emulsion
age (i.e., interface aging time) can be assessecdoh demulsifier. Perhaps some
demulsifiers are effective only at short interfaaggng times, prior to the formation of
very rigid interfacial films, while others are effere even at long aging times. Therefore,
measurement of rheological properties can be usedptimize demulsifier type and
concentration. In order to apply this commerciallystudy of the effects of selected

families of demulsifiers on interfacial rheologigabperties must be conducted.

Solids

When fine clays less than 500 nm in diameter agsgunt in crude oil, they can adsorb at
water/oil interfaces and increase emulsion stghbiléyond that observed for asphaltene-
stabilized emulsions. The current work showed tia¢n 20 to 40% of the interface is
occupied by solids, a synergistic effect occursvbeh asphaltenes and solids, resulting
in emulsions with minimum free water resolution efdfore, if possible, it is desirable to
avoid a situation in which the surface coverageatids is such that emulsion stability is
a maximum. At low solids surface coverage, the sianlcan be treated by reducing the
rigidity of the asphaltene interface (either wiitudon with an aromatic solvent, or with

the addition of a chemical designed to replaceatiphaltenes on the interface).

When coarse clays varying from approximately 1 Q@andicrons are present in the crude
oil, they too can adsorb at the water/oil interfatee current work showed that in

relatively low concentrations, these clays do nontcbute to emulsion stability.
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However, in large concentrations coarse clays warewn to create very stable
emulsions by becoming trapped between water dgtetvas also shown that emulsions
stabilized by high concentrations of coarse sotids be destabilized if the solids are
flocculated through the addition of a paraffinitvent.

Knowledge of the location of fine and coarse soiidan emulsion and their mechanisms
of stabilization can be important for oilfield opéons. For example, in Alberta’s oil
sands industry, bitumen recovery is performed in $tages: the extraction stage, and the
froth treatment stage. In the extraction stageinbén froth is recovered when hot water,
oil sands and other chemicals such as sodium higroare mixed and settled. The
bitumen froth contains emulsified water and suspdnsgolids. In the froth treatment
stage, the bitumen froth is processed to remoweetielids and water and recover clean
bitumen. Currently, two processes exist for treptfroth: the Syncrude and Albian
process (Shelfantook, 2004). In the Syncrude psycas aromatic solvent (naphtha) is
added to the bitumen froth and the mixture is thentrifuged. Addition of naphtha
reduces viscosity and promotes water coalescencthel Albian process, a paraffinic
solvent is added to the bitumen froth and the méxis allowed to settle. Dilution with a
paraffinic solvent promotes aggregation of watepdrand the removal of solids since
many of the solids are known to adsorb at the @tenterface. Typically, the bitumen
recovery from the Syncrude process is 5 to 10% drigihhan the Albian process
(Shelfantook, 2004), but the bitumen recovered \hih Albian process is cleaner (less

water and solids).

The Syncrude process is effective in breaking wat@il emulsions except possibly
when fine solids are present. The presence ofdolels may partially explain why an
emulsion of two micron water droplets survives tiogh treatment process. The Albian
process is effective at obtaining clean bitumert, e separated emulsion may be
difficult to break because the asphaltene filmus@inded by a paraffinic solvent and

dispersed solids.
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8.3 RECOMMENDATIONS FOR FUTURE RESEARCH

Although this research has helped to reveal thectstral and rheological properties of

water/oil interfaces and their relation to emulsgiability, several new questions arose

during the study. The following are recommendatimmguture avenues of research.

1. Theoretical work aimed at modeling the intedhciheology of asphaltene

stabilized water/oil interfaces should concenti@tevisco-elastic or mechanical
models. The SEOS-LVDT approach is limited for ifdee aging times less than
10 minutes. However, the approach may be useful si@tems containing
chemical demulsifiers; the interaction of demuésdi with asphaltenes and their
influence on the rheology may be illuminated evathva short-time modeling

approach.

The model emulsion aging tests revealed thahadgmes leave the interface
during coalescence for certain systems. It was ugeal that removal of
asphaltenes from the interface would result in ghdéi total modulus than
measured in experiments where the interfacial &efixed and no expulsion
occurs. One way to check if asphaltene expulsitects the interfacial rheology
is to perform elasticity measurements on a drop ithahrunk stepwise over the
course of the desired aging time. Stepwise shrgnkimmics coalescence and may
result in a more accurate reflection of the int@gfhrheology of real emulsion

systems.

Although it was possible to relate the rheolajythe interface to the rate of
coalescence in an emulsion, the correlation betwdmmlogy and ultimate

emulsion stability was less obvious. One possieéson for the lack of a single
relationship is the discrepancy between the emulsegatment temperature, 60°C,

and the temperature at which rheological measurtsmgare made, 23°C. It is
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possible that the rheology of the interface changd®n the temperature
increases. Therefore, the total, elastic and viseoaduli of water/oil interfaces
should be measured at 60°C over the concentratiogerrelevant for emulsion
stability. The effect of solvent quality should alse assessed in order to gauge

the relative changes in moduli with temperaturesfach solvent.

There is considerable debate in the literatsréoahe role of resins in emulsion
stability. The total, elastic, and viscous moddater/oil interfaces stabilized by
resins and combinations of resins and asphaltdrddsbe measured in order to
assess the effect of resins. A consistent rhea@bgtady would not only quantify

the effects of resins on elasticity, but also helate the interfacial properties of

films containing resins to emulsion stability.

Emulsions stabilized by asphaltenes and finelsshould be destabilized with a
treatment aimed at replacing or removing the sertative materials from the
interface. Emulsions stabilized by coarse solidkigh concentrations should be
destabilized with a treatment aimed at flocculatthg solids. The proposed
heptane and toluene treatments resulted in proghigisults; however, they need
to be assessed in more detail. Specifically, itldidnelp to test these methods on
existing oilfield emulsions. Further, as demonstatby the IOL refinery
emulsion, it is possible that emulsions are stadliby more than one type of
solid and stabilization mechanism. Combinationshef proposed treatments, or
perhaps more than one process step, may be bahdficithe optimization or
design of treatments that rely less on chemicalufrers.
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APPENDIX A
ERROR ANALYSIS

Sample error analyses for asphaltene and solitisyi@sphaltene molar mass, interfacial
tension measurements, elasticity measurements, simep distribution measurements,
mass surface coverage experiments, and emulsibilitgtaneasurements are presented
in this appendix. For repeat measurements madenat experimental condition,
confidence intervals are established based ont#melard deviations of sets of repeated
measurements. Otherwise, the confidence intervakiablished based on the standard
deviations of experimental measurements from athaé “best fits” the data set. A 95%

confidence interval was used for the assessmeasrtaf for all types of experiments.

A.1 THEORY

A.1.1 Error in Measurements Made at a Single Experimental Condition

The mean of several repeated measurements is lggven
x==Yx (A.1)

wheren is the number of repeat measurementsarnsl a measured value. The sample

variance is given by:

=1

— ; (x, -xf (A2)

SZ

The standard deviatios, is the square root of the sample variance.
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The statistical distribution used for determininige tconfidence interval is the t-

distribution. The confidence interval is given by:

= S

X = a/2v \/__ﬂ<X+t0/2,V)ﬁ (A3)

where i is the correct meam = v-1 anda = 1- (%conf/100). In the current work, a

confidence interval of 95% is utilized in all erramalyses. Therefore;,= 0.05.

A.1.2 Error in Experimental Measurements Falling on a Best Fit Line

Many of the experimental measurements performedhia thesis are very time-
consuming and therefore remain unrepeated or gpeated only once. For such
measurements, the error is assessed by examinengletiation of any experimental
measurement away from a line that appears to bhekefdata. Note that the best fit lines
have no physical meaning and their forms (for eXxampuadratic or quartic) were

chosen simply because the data appeared to fdtlosettrends.

A dependent variablg, is related to an independent variablethrough some functioh

as follows:

y =f(x) (A.4)
Here, the functiori contains constan® b, c, etc. that relatg to x. For example, in the
equationy =4x + 5, a=4 and b = 5. The objedsvi find the values of the constants

that “best fit” the line by performing least squaregression.

The equation for the population regression line ba&nestimated from the sample

regression equation as follows:
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y=f(%) (A5)
where y is the value of the dependent variable given leyftinctionf. For a point on
the line given by the functiof) the residual between the experimental measureameht
the value given by the line is as follows:

0=y, -9 (A.6)

The sum of the squares of the residuals is givathéyunctionP as follows:
P=>IF (A.7)
i=1

wheren is the number of measurements. To satisfy the itondthat the sum of the
squares of residuals is a minimumust be a minimum. This occurs when the partial

derivative of the functio® with respect to each constant is equal to zerackle

P_P_P_ =0 (A8)
da oOb dc
The variance is then given by:
s? =izn:m? (A.9)
n-244"

The standard deviatiors, is the square root of the variance. The stasisticstribution
used for determining the confidence interval isttdestribution. The confidence interval

for any dependent measuremsmnis given by:
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S ~ S
y_t(a/z,v)ﬁsy$y+t(a/2,v)ﬁ (A.10)

A

wherev = n — 2 anda = 1- (%conf/100). In the current work, a confidennoterval of

95% is utilized in all error analyses. Therefare; 0.05.

A.1.3 Average Absolute Relative Deviation and Average Absolute Deviation
The Average Absolute Relative Deviation (AARD) ahd Average Absolute Deviation

(AAD) of fits of a curve to experimental data ass@ssed with the following equations:

i :uflt - :uexp
AARD = Hee | (A.11)
n
Z‘,uﬁt - luexp
AAD =it (A.12)
n

wheresexp is the experimental measurememt,is the predicted model measurement, and

nis the number of measurements.

A.2 ASPHALTENE AND SOLID YIELD

The error analyses for the yield of AS (Asphalt&udids), G AS and Soxhlet-Washed
AS extracted from Athabasca Bitumen 1 and the yu#lAS extracted from Athabasca
Bitumen 2 are summarized in Table A.1. On aver#ge,yield of AS from Athabasca
bitumen varies by +0.7% for a confidence interva®%%. For example, the yield of AS
from Athabasca Bitumen 1 is 17.2% +0.52%.
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Table A.1: Error analyses of AS yield from Athabasca bitumen

Sample v S n t S
P OX/O % tarow) I %

Bitumen 1

AS 17.2 1.19 23 2.074 0.52
Cs AS 23.1 0.67 5 2.776 0.83
SW AS 12.3 0.69 19 2.101 0.33
Bitumen 2

AS 15.6 0.81 5 2.776 1.01

The error analyses for the fraction of solids isleAS sample are summarized in Table

A.2. On average, the fraction of solids in any A&nple varies by +0.3% for a

confidence interval of 95%. For example, the fiattof solids in Athabasca Bitumen 1
AS is 4.7% +0.28%. Although not shown here, thereirr the yield of solids in the AEC

wellhead emulsion and the rag layer and solidsyshirthe IOL emulsion are similar.

Table A.2: Error analyses of solid fraction in Athabascaiién AS

Sample v S n t S
P OXA) % tarow) T %

Bitumen 1

AS 4.7 0.26 6 2.571 0.28
Cs AS 3.0 0.13 4 3.182 0.20
SW AS 6.6 0.12 3 4.303 0.30
Bitumen 2

AS 3.1 0.17 3 4.303 0.43

A.3 ASPHALTENE MOLAR MASS

The error analyses were performed for the molarsmafs Athabasca Bitumen 1

Asphaltenes, € Asphaltenes and Soxhlet-Washed Asphaltenes andAfbabasca

Bitumen 2 Asphaltenes. The form of the equatioatial the asphaltene molar malsk,

to the asphaltene concentratiog, is given by:
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M =aC +bC: +cC, +d (A.13)

The parameters, b, ¢, andd were found by applying Equation (A.8). The sumtlué
squares of the residual, and the standard deviatias),were calculated from Equations
(A.7) and (A.9), respectively. The relevant statedtparameters are summarized in Table
A.3 for all asphaltene samples. The largest denatccurs for the Soxhlet-Washed

asphaltenes.

Table A.3: Statistical parameters for error analyses of molass measurements
about the best fit line

S

Sample n a b c d S t t(afz,v)\/ﬁ'
g/mol g/mol

Bitumen 1

Asphaltenes 15 0.02-4.00 319 1965 397 2.160 221

Cs Asphaltenes 13 0.01-1.75 115 1467 220 2.201 134
SW Asphaltenes 14 0.08-9.53 724 2849 894 2.179 520
Bitumen 2

Asphaltenes 10 0.07-6.43 260 1468 274 2.306 200

A.4 INTERFACIAL TENSION

The error analyses for the interfacial tension olutsons of Athabasca Bitumen 1
Asphaltenes dissolved in 25/75 heptol over wateesaeral asphaltene concentrations are
summarized in Table A.4. In this example, the mesments are the “unprocessed”
measurements made directly with the Drop Volumesieneter. Table A.4 indicates
that at any asphaltene concentration, the inteffaension varies on average by +0.12

mN/m for a 95% confidence interval.
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Table A.4: Error analyses of interfacial tension of solusai Athabasca bitumen 1
Asphaltenes dissolved in 25/75 heptol over water

Asphaltene X S n t S
Concentration mN/m  MN/m Lar2w) I’ mN/m
(kg/m?)

0.5 33.38 0.20 18 2.110 0.10

1 32.48 0.13 12 2.201 0.09

2.5 30.55 0.10 12 2.201 0.06

5 29.20 0.15 12 2.201 0.10

10 28.50 0.15 18 2.110 0.07

25 27.32 0.23 24 2.069 0.09

50 28.34 0.32 6 2.571 0.33

The unprocessed mean values presented in Tablar@.processed in order to account

for the density of asphaltenes. The interfaciasiemfor any given asphaltene solution is

given by:

y:y,aw[M] (A.14)
10 W 10 heptol

where Kaw IS the interfacial tension as measured with thepDvolume Tensiometep,
the density of watergp. the density of the continuous phase including akphes, and
Preptol the density of a mixture of heptane and toluenéhatrequired heptane volume
fraction. As discussed in Chapter 4, the procestgd was shown to exhibit linearity
when plotted against the logarithm of asphaltengcentration. Therefore, the form of

the equation relating the interfacial tensigno the asphaltene concentratiog,is given

by:

y=aln(c,)+b (A.15)
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The parametera andb were found by applying Equation (A.8). The sunthad squares
of the residualsP, and the standard deviatias,were calculated from Equations (A.7)
and (A.9), respectively. The relevant statisticalgmeters are summarized in Table A.5.
According to Table A.5, the experimental data poidéviate from the best fit line by
+0.40 mN/m at any asphaltene concentration. Thdysem are similar for all other

asphaltene solutions and are therefore not shoven he

Table A.5: Statistical parameters for error analyses of fatéal tension measurements
about the best fit line

Parameter Value

n 7

a (mN/m) -1.71

b (mMN/m) 32.09

P (mN/m)?2 0.84

s (mN/m) 0.41

t 2.571
S

Laraw) ﬁ (mN/m) 0.40

A5 ELASTICITY MEASUREMENTS

The error analyses for the total modulus and thes@hangle measured after a 4 hour
interface aging time and a 0.033 Hz oscillatiorgfrency are shown in Table A.6 for
Athabasca Bitumen 2 Asphaltenes dissolved in OH&ttol. The elastic modulus first
increases and then decreases as a function obglaeithm of asphaltene concentration.
The phase angle also increases approximatelyascidn of the logarithm of asphaltene
concentration. Therefore, the form of the equatelating the total moduluss, to the

asphaltene concentratian, is given by:
e=aln(c,)+b (A.16)

The equation relating the phase angidp the asphaltene concentratiog,is given by:
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p=cin(c, )+d (A.17)

The parameters, b, c andd were found by applying Equation (A.8). The sumtlué
squares of the residual, and the standard deviatios),were calculated from Equations
(A.7) and (A.9), respectively. The relevant statedtparameters are summarized in Table
A.6. According to Table A.6, the experimental madidviate from the best fit line by
+0.34 mN/m for asphaltene concentrations less thankg/ms3, and +0.22 mN/m for
asphaltene concentrations greater than 0.1 kg/h®€.phase angle varies by +0.56° over

the entire concentration range.

Table A.6: Statistical parameters for error analyses of ielastbout the best fit line

Variable S S
n a b C d mN/m t Lar2w) ﬁ
or® mN/m or °
€ (Ca<0.1kg/m3) 15 3.25 22.54 0.61 2.160 0.34
€ (Ca>0.1 kg/m3) 12 -1.98 10.91 0.35 2.228 0.22
@ (Ca<0.1 kg/m3) 15 058 834 101 2160 0.56
@ (Ca>0.1 kg/m3) 12 3.17 14.62 0.86 2.228 0.55

Curves of the form given by Equation 6.1 were ditthe experimentally measured total
modulus, as discussed in Section 6.1.3. The Avewsgsolute Relative Deviation

(AARD) and the Average Absolute Deviation (AAD) tifese fits were assessed using
equations (A.11) and (A.12), respectively. Tablg Aummarizes the AARD and the

AAD for all the systems considered.



Table A.7: AARD and AAD of the fits of total modulus with tienfor model

emulsions stabilized by Athabasca Bitumen 2 Adphak

System (Conc., Solvent)  AARD (%) AAD
(mN/m)
20 kg/ms, 0/100 heptol 3.8 0.15
10 kg/ms3, 0/100 heptol 0.8 0.04
5 kg/ms, 0/200 heptol 1.8 0.13
20 kg/m3, 25/75 heptol 6.3 0.28
10 kg/m3, 25/75 heptol 3.9 0.30
5 kg/ms3, 25/75 heptol 2.3 0.20
20 kg/ms, 50/50 heptol 3.6 0.20
10 kg/ms3, 50/50 heptol 4.0 0.29
5 kg/ms3, 50/50 heptol 5.8 0.44

A.6 SAUTER MEAN DIAMETER

Figure 4.12 and 4.13 showed that for asphaltengil@@um concentrations exceeding 10
kg/m3, the measured Sauter mean diameter was ap@iety constant. Therefore, an
approximation of the error in the Sauter mean diame&an be performed if it is assumed
that the Sauter mean diameter is independent afecration. The example shown here
is for the Sauter mean diameter of water dropletsh emulsion prepared with 40 vol%
water and solutions of Athabasca bitumen 1 Aspha#ielissolved in 25/75 heptol. Table

A.8 summarizes the relevant statistical parametgics shows that for concentrations
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exceeding 10 kg/m3, the Sauter mean diameter 8 ghigrons £0.29 microns for a

confidence interval of 95%.

Table A.8: Statistical parameters for error analyses of &€ mean diameter

Parameter Value

n 5

x (microns) 8.02

s (microns) 0.24

t 2.776
S .

tar2w) ﬁ (microns) 0.29
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The analyses in Table A.8 are a good approximafighe error is required at higher
asphaltene concentrations. However, it was foumad fitr calculation purposes (i.e., in
the gravimetric analyses), the Sauter mean diamzdald be related to asphaltene

equilibrium concentration through the following edjon:

dyp =7 +d (A.18)

cx) -b

The parameters, b, ¢, d ande were found by applying Equation (A.8). The sunthod
squares of the residual, and the standard deviatias),were calculated from Equations
(A.7) and (A.9), respectively. The relevant statetparameters are summarized in Table
A.8. According to Table A.8, the experimental datants deviate from the best fit line
by £0.34 microns at any asphaltene concentratiomdsn 0.7 and 35 kg/ms.

Table A.9: Statistical parameters for error analyses of Sam&an diameter
measurements about the best fit line

Parameter Value
n 17
a 9.96
b 0.18
C 0.69
d 7.60
e 1.56
P (microns?) 6.60
s (microns) 0.66
t 2.131
S .
tar2w) ﬁ (microns) 0.34

In order to calculate the rate of change in thet€8amean diameter with time, curves of
the form given by Equation 6.1 were fit to the expentally measured Sauter mean

diameter, as discussed in Section 6.1.1. The Aeerpsolute Relative Deviation
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(AARD) and the Average Absolute Deviation (AAD) tifese fits were assessed using
equations (A.11) and (A.12), respectively. TabldCAsummarizes the AARD and the

AAD for all the systems considered.

Table A.10: AARD and AAD of the fits of Sauter mean diametéathtvtime for model
emulsions stabilized by Athabasca Bitumen 2 Adphak

System (Conc., Solvent)  AARD (%) AAD (um)

20 kg/ms, 0/100 heptol 4.8 1.78
10 kg/ms, 0/100 heptol 1.1 0.26
5 kg/m3, 0/100 heptol 0.8 0.15
20 kg/ms, 25/75 heptol 4.9 0.94
10 kg/ms3, 25/75 heptol 15 0.25
5 kg/ms, 25/75 heptol 3.6 0.61
20 kg/m3, 50/50 heptol 2.2 0.22
10 kg/ms, 50/50 heptol 1.1 0.09
5 kg/m3, 50/50 heptol 0.1 0.01

A.7 ASPHALTENE MASS SURFACE COVERAGE

The error analyses in the mass surface coveragghaven in Table A.11 for an emulsion
prepared from 40 vol% water and solutions of AtlsabaBitumen 1 Asphaltenes
dissolved in 25/75 heptol. The mass surface coeeragis related to the asphaltene

equilibrium concentratiorG,®9, as follows:
r=alce) +blce) +clce)+d (A.19)

The parametersa, b, ¢, andd were found by applying Equation (A.8). The sumtiu#
squares of the residual, and the standard deviatios),were calculated from Equations
(A.7) and (A.9), respectively. The relevant statedtparameters are summarized in Table
A.11. According to Table A.11, the experimental mmasrface coverage deviates from
the best fit line by £ 0.0002 g/mz2.
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Table A.11: Statistical parameters for error analyses of dsgpi@mass surface coverage
measurements about the best fit line

Parameter Value
n 30

a 2.71x 10
b -1.54 x 10
c 2.89 x 10
d 2.39 x 16
P (gnf) 5.88 x 1P
s (g/m?) 0.0005
t 2.048

s
arow) ﬁ (9/m2) 0.0002

A.8 FREE WATER RESOLUTION

The free water resolution is used to gauge relamalsion stability. According to Figure

3.1, the free water appears to be constant foradtgple equilibrium concentrations

exceeding 20 kg/m3. Therefore, an approximatiotheferror in the free water resolution
can be performed if it is assumed that the freeemiatindependent of concentration. The
examples shown here are for the free water resolufter eight hours of treatment of
emulsions prepared with 40 vol% water and solutioh®ither Athabasca bitumen 1

Asphaltenes or AS dissolved in 25/75 heptol. Tahlé2 summarizes the relevant
statistical parameters and shows that for condgmrisa exceeding 20 kg/ms, the free
water resolution of emulsions stabilized by Aspdradts is 46.7% +2.6% for a confidence
interval of 95%. For emulsions stabilized by ASe tliee water resolution is 14.1%
+4.5%.
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Table A.12: Statistical parameters for error analyses of tbe Water resolution

Parameter Value for  Value for
Asphaltenes AS

n 8 8

X (%) 46.7 14.1

s (%) 3.08 5.41

t 2.365 2.365

S
tar2v) I (%) 2.6 45




