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Abstract
Surface rheology, using oscillating pendant drop technique, has been used to probe 

qualitatively and quantitatively the mechanical strength o f interfacial films formed 

when a droplet of model oil (de-asphalted bitumen also known as DAB, asphaltene, 

and bitumen all diluted with toluene) is in the vicinity o f pre-contacted water.

For three concentrations and four frequencies o f the sinusoidal excitations on the 

interfacial area studied for each sample, it is concluded that: the complex dilatational 

modulus increases with ageing o f interfacial film but decreases with increasing bulk 

concentration.

There is no detectable phase shift between sinusoidal area input and interfacial 

tension (IFT) response for de-asphalted bitumen. There is, however, obvious phase 

shift between sinusoidal area input and interfacial tension (IFT) response for 

asphaltenes and diluted bitumen within the linear viscoelastic regime.
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Nomenclature

AP Pressure across a curved interface (W/m2)

y Interfacial tension (N/m)

Ri, R2 Radii of curvature (m)

7i Surface pressure (N/m)

Ca Capillary number ( - )

V0 Superficial displacement velocity (m/s)

p Dynamic viscosity (Pa s)

Li, L2 Sides o f curved interface (m)

X |, X2, X3 Normal to curved interfaces ( - )

8^ Small displacement of curved interface ( - )

5A Small area displacement (m2)

5V Small volume displacement (m3)
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J Mean curvature (m '1)

i V-l ( - )

s Complex dilatational modulus (N/m)

to Angular frequency (rad/s)

o Phase angle ( - )

AA Change in surface area (m2)

Ao Unperturbed surface area (m2)

y Isotropic interfacial tension (N/m)

t time (s)

c' Elastic modulus (N/m)

e" Viscous modulus (N/m)

G(t) Dilational relaxation function (N/m)

G„ Static modulus (N/m)
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£ Coordinate ( - )

rjd Surface dilatational viscosity ( - )

D Diffusivity (m2/s)

C Concentration (kmol/m3)

T Surface excess of surfactant molecules ( - )

BPD Barrels per day ( - )

!0 Characteristic length o f oil drop (m)

p Density of oil (kg/'m3)

Re Reynolds number ( - )

We Weber number ( - )
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CHAPTER ONE 

1. INTRODUCTION

1.1 Oil Sands of Alberta

The Alberta oil sands resource plays a vital role in the Canadian economy. The 

production potential o f Alberta’s three oil sands deposits (Athabasca, Cold Lake and 

Peace River) could be as high as 1.7 trillion barrels o f bitumen, o f which about 300 

billion barrels are recoverable by current technology (Precht and Rokosh, 1998).

About 15% of Canadian oil consumption comes from the Athabasca oil sands 

(Czarnecki, 2001). Only 15% of Alberta’s bitumen is known to be surface-mineable. 

Oil sands are unconsolidated sand deposits consisting o f high molar mass, density 

and viscosity relative to conventional crude oil. It contains roughly 82 wt% of 

minerals, with bitumen and water forming the remaining 18 wt%. The ore is 

characterized as “rich,” “moderate” or “ lean,” depending on the bitumen content. If 

the bitumen content is more than 10 wt%, the ore is characterized as rich; the ore is 

moderate if the bitumen content is between 6 to 10wt%, and lean when the bitumen 

content is less than 6 wt% (Takamura, 1985).

1.2 Significance o f Heavy Oil and Bitumen

Industrial development in the 20,h Century depended greatly on oil and gas. 

Nonetheless, reserves of conventional crude in the World are dwindling. Indeed, 

energy experts predict that crude oil supplies may eventually become exhausted

1
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(Campbell and Laherrere, 1998; Brown, 2000). Large reserves of heavy oil and 

bitumen are expected to be the major energy source o f the 21st Century. Large 

deposits o f heavy oil and bitumen are found in Canada, USA, Russia and Venezuela. 

Its is believed that in the not-too-distant future, Canada’s heavy oil sands production 

alone will exceed 1.2million BPD (Lanier, 1998); that would help alleviate, at least 

in part, the World’s imminent energy crisis.

1.3 Composition o f Bitumen

Bitumen composition varies from one location (i.e., ore body) to another. 

Nonetheless, some of the salient features common to all known bitumen types are 

discussed below.

1.3.1 Composition Based on Solubility

There are a number o f ways to achieve bitumen separation (from the sand ore) based 

on their molecular weight and type. Based on their solubility in low molecular 

weight n-alkenes, bitumen is divided into two fractions: asphaltenes and de-asphalted 

bitumen (abbreviated as DAB from here on). Asphaltenes are defined as the toluene- 

soluble fraction that precipitates from solution when an excess o f n-heptane (or n- 

pentane) is mixed with bitumen (25 to 40 times). The fraction of bitumen that is 

soluble in n-heptane is called de-asphalted bitumen (DAB). The DAB fraction 

consists o f saturates, aromatics, and resins; they can be separated, for example, by 

column chromatography.

2
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“Saturates, aromatics, resins and asphaltenes” (SARA) is another method o f bitumen 

separation. Asphaltenes are first precipitated using n-pentane, followed by resin 

separation that is done with a single column containing ion-exchange resins and a 

clay -  FeCb packing. This is followed by a silica-gel column for separation of 

saturates and aromatics (Jewell et al., 1974). Saturates consists o f saturated straight 

or branched chains without ring structure (paraffins), or with one or more rings 

attached (cycloparafins). Aromatics contain one or more aromatic hydrocarbon 

rings. Resins, also polar, is the second heaviest fraction in crude oils. Resins are 

most commonly defined as the fraction of bitumen that is soluble in light alkanes —  

such as pentane and heptane —  but insoluble in liquid propane (Speight, 1991).

1.3.2 Composition Based on Elemental Analysis and Chemical 
Structures

Surprisingly, as shown in Table 1-1, the elemental composition o f  Alberta Bitumens 

varies only in a very narrow range:

T able 1-1 E lem ental C om position  o f  A lberta Bitum ens (w eight percent o f  elem ent; data from
Speight, 1991)

Bitumen C H N O S
Syncrude 83.1 10.6 0.4 1.1 4.8
Suncor 83.9 10.5 0.4 1.0 4.2
Cold Lake 83.7 10.5 0.4 1.1 4.4

The complexity o f bitumen makes it difficult, and sometimes impossible, to identify 

every compound. Heavy oil contains somw 100,000 different types o f molecules 

(Wiehe and Liang, 1996). Structurally, the hydrocarbon fraction is made up o f a few

3
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well-defined homologous series. These series are identified as paraffins, naphthenes, 

aromatics and olefins (alkenes). Depending on the origin, varying proportions o f 

these various homologous series are present in the bitumen. Hetero-aromatic groups 

are also present. These include sulphur compounds (HiS, mercaptans, sulphides, 

disulphidcs, thiophenes, etc.), nitrogen compounds (basic and non-basic), oxygen 

compounds (phenols, ketones, carboxylic acids), and trace metals (most abundant 

metals include nickel, iron, and vanadium). These metals may be present as 

porphyrin metal complexes or may be associated with the polar groups in asphaltene 

(Gray, 1994).

1.4 Interfacial Rheology: Its Relevance to Froth Treatment

The following is a brief description o f the fro th  treatment process: During the 

extraction o f bitumen, as shown in Figure 1-1, the mined oilsand is sent to a digester 

where bitumen is separated from the sand grains and becomes aerated (i.e., the 

attachment o f bitumen droplets to air bubbles in an aqueous environment). The 

produced slurry, containing water, aerated bitumen, and solids, is fed to settling 

vessels where the aerated bitumen rises to the top o f the vessel to form a froth. The 

froth from the settling vessels, stream A, is far from ideal: it contains approximately 

60% bitumen, 30% water, and 10% solids. To remove the remaining unwanted 

water and solids, the froth is first diluted with naphtha, heated and deaeratcd. and is 

sent (stream B) to inclined plate settlers and centrifuges to separate the water and 

nearly all solids from the diluted bitumen. Nevertheless, it has been reported that the 

bitumen leaving the last centrifuge bank at position C in Figure 1-1 still contains

4
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about 2% water and about 0.4% solid particles. This water is in the form of 

emulsified water droplets that do not coalesce easily with each other. The water 

droplets forming the dispersed phase carry with them significant amounts o f salts (in 

particular, chlorides) and fine solids. The chloride ions have been identified as the 

leading cause o f equipment corrosion (which is, in turn, a serious safety issue), while 

the fine solids may lead to the fouling of catalysts used in upgrading and refining. It 

is therefore o f  paramount importance to control the amount o f emulsified water 

allowed to be present in an oil stream that is to be fed into refining and upgrading 

units; the dcwatering o f such oil streams is known generally as “froth treatment.”

Diluent recovery 
unit

Settlers 
and centrifuges

Bitumen ready 
for upgrading 
0.6-0.8% solids 
(Coker-feed 
Bitumen)

Diluted 
bitumen 
0.3-0.4% solids 
1-3% water

Diluted
froth

B xx

Tailings

Diluent (solvent)

Froth
60% bitumen 
30% water 
10% solids

Mined oii sands
--------p.w

Digester unit

W ater 
and additives Mixer

Settling
vessel

v Tailings

Figure 1-1 Schem atic d iagram  o f  bitum en extraction plant (Y an ct al, 1999)
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It is imperative that water-in-oil emulsions be broken down so as to coalesce the 

dispersed water droplets and to remove the aqueous phase prior to any refining or 

upgrading. The question then arises as to how the various surface active components 

in bitumen create adsorbed layers at the oil-water interface, and how resistant are 

such surface layers to deformation. It is clear that, for coalescence to occur, the 

adsorbed layers at the water droplet surfaces —  often only nanometres in thickness 

—  must undergo considerable in-plane deformations. It follows that the rheological 

properties of the adsorbed layers (i.e., their deformation and flow behaviours in 

response to applied forces) must directly influence the stability o f the water droplets. 

In order to better understand the rheological properties o f the diluted bitumen-water 

interface, measurements o f interfacial stresses in response to surface deformations 

must be performed. These measurements, as discussed above, are o f particular 

relevance to froth treatment operations. There are, in general, two general classes of 

rheological properties:

• Dilational rheology: the area of the interface is distorted under applied 

tensions from all sides, but the shape remains constant. This is the property 

that is quantified in this study.

• Shear rheology: the interfacial material is distorted in shape, but the area 

remains constant.

6
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1.5 Research Objectives

Interfacial rheological studies have been done on several diluted bitumen systems 

using different techniques. In this thesis, the following would be accomplished using 

the pendant drop technique:

1. Understand the rheological properties o f oil-water interfaces. The oil phase 

consists o f toluene as the solvent, with one the following bitumen 

components as the solute: (a) de-asphalted bitumen (DAB), (b) asphaltenes, 

and (c) “whole bitumen” (i.e., before separation o f asphaltenes).

2. Investigate the effect o f concentration and aging on the interfacial properties 

o f de-asphalted bitumen, asphaltenes and bitumen.

In the subsequent sections, “DAB” is used to denote de-asphalted bitumen, and the 

“surfactants” are understood to be the indigenous surface-active components found 

in bitumen.

1.6 Experimental Plan

The primary aim is to subject each oil drop to sinusoidal oscillations in water and to 

ensure that each drop is sufficiently deformed by gravity (that is, not spherical) so 

that the Young-Laplace equation could be applied. Images of the oil drop during 

oscillation would be captured during each experimental run. At the end o f each

7
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experiment, the images would be analyzed by fitting each drop to the Young-Laplace 

equation to determine the interfacial tension as a function o f time.

1.7 Outline of Thesis

Chapter One briefly summarizes the objectives of this thesis. The extensive research 

carried out on interfacial studies o f crude oil and bitumen systems are reviewed in 

Chapter Two. Chapter Two also discusses the various techniques which are 

available for interfacial studies and gives insight into some of the theories used in 

surface rheology. In Chapter Three, the methodology and experimental set-up, DAB 

and asphaltenes extraction techniques are described. Chapter Four presents the 

results obtained from the experiments, their discussion and their implications. 

Conclusions and recommendations for further studies are presented in Chapter Five.

8
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CHAPTER TWO

2. LITERATURE REVIEW

2.1 Introduction

The most fundamental physical property at any liquid-liquid interface is the 

interfacial tension (1FT). Interfacial tension is the reversible work needed to create a 

unit o f  intcrfacial area between two immiscible liquids. When surfactants are present 

at the interface, they build up a surface pressure jt which lowers the interfacial 

tension. The surface pressure is directly related to the concentration of surfactants at 

the interface (much like pressure-volume relations for bulk fluids). There are two 

ways o f varying the surface concentration o f surfactants:

1 . for the same surface area, the amount of surfactants is changed;

2 . for the same amount o f  surfactants, the surface area is changed.

This thesis employs the second approach in changing the surface concentration o f 

surfactants.

The pressure across a curved interface is related to the intcrfacial tension o f that 

interface by the Young-Laplace equation (1805) according to:

(2 .1)

9
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where AP is the pressure difference across a curved interface and y is the interfacial 

tension. The parenthesis term refers to the mean curvature, with R ] and R 2 being 

the radii of curvature in orthogonal directions (Adamson, 1976).

Researchers in the petroleum industry have long realized the importance of 

interfacial tension. The IFT between an oil and an aqueous phase plays a vital role in 

oil recovery where it is correlated to oil recovery efficiency by the capillary number, 

C a , which is defined as

Y

Here, V0 is the superficial displacement velocity, n  is the viscosity of the aqueous 

phase, and y is the interfacial tension between the oil and the aqueous phase (Taber, 

1981). In fact, the capillary number is the critical displacement ratio and is a 

measure o f the ratio o f  viscous forces to capillary forces.

Interfacial tension is also important in the separation o f bitumen from oil sands. 

Currently, the most viable method of bitumen extraction from oil sands is the Clark 

hot water process. In this process, bitumen separation from oil sands is also affected 

by interfacial tension between all the major interfaces involved (solid/solution, 

bitumen/solution and air-gas/solution).

10
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2.1.1 Different Techniques for Measuring Interfacial Tension

There are many methods o f measuring interfacial tensions; these include, but not 

limited to: capillary rise, maximum bubble pressure, drop weight, Du Noiiy ring, 

Wilhelmy plate, sessile drop, pendant drop and micropipette methods.

Depending on which method o f measurement one chooses, the interfacial tension of 

a surfactant-laden fluid-fluid interface can be very different (Adamson, 1967; Yeung, 

1998). Many of the aforementioned techniques have limitations which make them 

unsuitable for the current research work: certain methods capture only a “snapshot” 

of tension taken at one instant during a transient process (dynamic drop volume, 

maximum bubble pressure (Kloubek, 1972; Bendure, 1971; Mysels, 1986); some of 

the transient measurements, although capable of tracking the IFT over time, cannot 

subject the interface to oscillatory excitations (Du Noiiy ring, Wilhelmy plate, and 

micropipette) which is a requirement in this study. For our purpose, the oscillating 

pendant drop technique for determining dynamic interfacial tension is most suitable. 

This technique spans a large range of time scales —  from short times, pertinent for 

short-chain surfactants (e.g. sodium dodecyl sulfate above the critical micelle 

concentration; lliev et al., 1992), to hours, as for surfactant mixtures containing 

dilute impurities (Mysels, 1986) or slowly unfolding proteins (Ward et al., 1980). 

Further, this technique is desirable as it requires only a few drops (several 

microlitres) o f surfactant-laden samples and is capable o f monitoring the transient 

tension in real-time. Most importantly, the surfactant-laden interface can be 

subjected to oscillations; this is a limitation to many other techniques. In the

1 1
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oscillating pendant drop method, a small liquid drop is grown from a capillary tip 

into a second immiscible fluid. The drop is made large enough that it is well 

distorted to obtain the Laplacian shape for the Young-Laplace equation to apply. It 

is the allure o f surfactant-laden interfacial excitation, applicability to a wide range of 

time scales, along with small sample volumes that gives the pendant drop technique 

powerful appeal for this study.

12
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2.1.2 Derivation o f Young -  Laplace Equation from Energy Balance

Consider a small piece o f  interface, curved and with sides Li and L2 as shown in 

figure 2-1. Xj is normal to the surface. In general, a curved surface requires two radii 

to specify its curvature: R| and R2

Side views

/
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Figure 2-1 G eom etry o f  Sm all Piece o f ln te r fa c e
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Now let surface extend outward in X3 direction by a small amount 8 ^ .then

(2.3)

Increase in area: 5A = L \L i~ L ,L1 ^ 2 (2.4)

Increase in volume: SV  = L^L2 xS £ (2.5)

Now,
L, L\ (2.6)

l i  = ' i + £ '
V ^ 1  y

(2.7)

Similarly, L i  = ' , 4 '
v ^ 2  j

U (2.8)

From equations 2.7 and 2.8,

Z 1 Z . 2  = 1 +
v * .  ^2 y

L, £ 2 (2.9)

Assuming 8Q is small, => S £ 2 * 0

Equation 2.9 becomes

15
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Inserting equations 2.4 and 2.5 into 2.10 gives

SA = J x 5 V  (2.11)

Where J  = —  + —  is the “mean curvature” (2.12)
/?, R2

Now, work to change volume = work to create new surface

=> AP x W  = y*SA  (2.13)

Where, AP is the change in pressure across the interface andy  is the interfacial 

tension.

From equation 2.11,

A P xS l/  = y x J x S V  (2-14)

=> A P = y x J  (2.15)

Equation 2.15 is called the Young-Laplace equation.

16
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2.2 Interfacial Dilatational Rheology

Apart from interfacial tension (IFT), which is the most important property in the 

study o f fluid-fluid interfaces, other higher order surface properties include 

interfacial viscosities (Plateau, 1869; Boussinesq, 1913) and interfacial elasticities 

(Evans and Skalak, 1980; Edwards et al., 1991). One dilatational rheological 

property of importance to this study is the complex interfacial dilatational modulus, 

e (cy), which is defined as the proportionality factor between a periodically applied 

strain and the resulting dynamic tension:

y C \ — e (2 .16)
4

Here, A/1 is the amplitude o f interfacial area change, A0 is the unperturbed oil-drop 

interfacial area, co is the angular frequency, and <j> is the phase angle difference 

between the applied strain and the resulting tension. The isotropic interfacial 

tension, y , is distinguished from the thermodynamic interfacial tension, y, in that it 

may generally include non-equilibrium contributions [i.e. diffusion and viscous 

dissipation, (Edwards et al., 1991)]. The dilationa! modulus, as can be seen, is in 

general a complex quantity. As the drop area oscillates periodically, the interfacial 

dilatational modulus exhibits its two components: an elastic part that accounts for the 

recoverable energy stored in the interface (storage modulus £ ') , and a viscous part 

that accounts for energy loss through relaxation process (loss modulus e").  The

17
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intcrfacial storage and loss moduli are respectively the real and imaginary parts of 

the interfacial dilatational modulus:

(2.17)

As a drop oscillates sinusoidally at a given frequency co, e '  and s ” can 

independently be determined by equations (2.18) and (2.19) according to Tschoegl 

(1989):

where A y  is the amplitude o f periodic interfacial-stress variation, A/1 is the 

amplitude o f periodic interfacial area variation. Ay is the unperturbed interfacial area 

o f the oil drop, and <f> is the phase angle between the stress and strain curves.

The other rheological property is the dilatational relaxation function, (7 (0 . which is 

the time dependent I FT in response to a sudden strain, o f unit magnitude, that is 

applied to a static drop (i.e., a step excitation). The dilatational relaxation function 

(7(0 is related to the complex dilatational modulus, t(co) through Fourier sine and 

cosine transforms. The relaxation function is given by equation (2.20):

A r  a€ = ------   COS0 (2.18)

A.-1/.-0
(2.19)

18
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where A f is the difference between the static tension prior to interfacial deformation 

and the measured isotropic interfacial stress. The relations between G(t) and e(<u) 

are

e'(co) = Gm + (o Jo [G (0 -C 7 o]sina>r dt (2 .21)

c ” ( c o )  =  CO [ [ G ( / ) - G w]cosft>/ d/ 
*0

(2 .22)

where G„ is the static modulus (zero frequency response) or the Gibbs elasticity of 

irreversibly adsorbed species (Morrison, 2001; Tschoegl, 1989).

2.3 The Lucassen -van den Tempel M odel (LVDT) Model

If values of the surface dilatational modulus were known as a function of frequency, 

predictions can be made about the importance o f the Marangoni effect for a given 

system . 1 The modulus (combined with liquid densities, viscosities, and characteristic 

rate o f deformation) determines the propensity o f the interface to create surface 

tension gradients, as well as the rate at which such gradients disappear once the 

system is left to itself (Lucassen et al. 1972).

1 Marangoni effect is the retardation o f  thin film drainage by induced tension gradients; this, in turn, 
creates resistance to droplet coalescence.

19
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The response of a surface to sinusoidal area variations, for solutions containing 

surface-active materials, is described by a surface dilatational modulus:

dy
e = n t A <2-2 3 >

where y is the surface tension and /( is the surface area o f the liquid drop. The 

modulus e in (2.23) is in general a complex number. In the trivial case o f a clean 

interface that is devoid of surfactants, the 1FT must remain invariant to area 

perturbations; the resulting modulus e is therefore zero. With surfactants at the 

interface, the dynamics of adsorption/desorption can give rise to a modulus that can 

be frequency-dependent. In this section, we describe the Lucassen-van den Tempel 

—  or “LVDT” —  model (1972) which considers reversible adsorption/desorption of 

surfactants at a liquid-liquid interface. The energy barrier o f adsorption/desorption is 

assumed negligible, and the dynamics o f the process is consequently governed by the 

mass transport (i.e., diffusion) o f surfactants in the bulk liquids. With the 

assumption o f homogeneous deformation (i.e., uniform area dilation), it is the total 

surface area o f the interface —  and not its shape —  that is important. The analysis 

o f interfacial dynamics is therefore more conveniently carried out in the simple case 

o f a flat liquid surface confined between movable barriers (as in a Langmuir trough 

situation); the results from this analysis can be carried over directly to pendant drop 

experiments. For the case o f uniform area deformation, a coordinate £ is introduced 

to describe the displacement of a material point in the plane o f the surface from its

20
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position at rest. The*-direction is in the surface, perpendicular to the barrier —  

where * = 0  —  and the opposite wall is located at x  = If the barrier oscillates

back and forth at an angular frequency co and amplitude , we have:

(2-24)

The corresponding relative change in area o f a surface element is:

M  = = (2.25)
A 8x L

If the applied area and surface tension are o f sufficiently small amplitudes, then 

combining equations (2.23) and (2.25) would yield

Ay L ' A ye = -------- = --------  (2.26)
AA/ A

If the surface behaviour were perfectly elastic, no relaxation process (tending to 

reduce deviations o f the surface tension from its equilibrium value) will occur at a 

characteristic time comparable to the time scale o f the experiment, and the excitation 

and response signals are in phase, However, when such relaxation process plays a 

role, the surface is said to show viscoelastic behaviour. In this case, phase
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differences occur between the surface tension variation and the area variation, which 

can formally be accounted for by introducing a complex modulus:

e  = |£je'y = |f |c o s ^  + / |f |s in 0 (2.27)

The imaginary part o f this quantity accounts for energy-dissipation processes. Its 

contribution can be expressed in terms of a surface dilational viscosity given by

Assuming the 1FT and the surface concentration of adsorbed molecules follow 

equilibrium thermodynamic relations, the surface tension dynamics is solely due to 

variations o f surfactant concentration C in the sub-layer. Such variations must 

satisfy the one-dimensional diffusion equation

where the coordinate y  is normal to the interface, and y  = 0  is the location o f the 

interface. The parameter D is the diffusion coefficient o f  the surfactant molecules 

in the bulk liquid. The solution to equation (2.29) is:

rj,, = — si n 0 (2.28)
(O

(2.30)
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Provided that:

n = (! + /) (2.31)

In order to find the influence o f this relaxation process on the modulus e , the 

modulus is express as a function of the surface excess T o f the surfactant molecules 

at the interface:

dy _ dy d ln r  
dln /1  dlnT dln /1

(2.32)

The first term on the right-hand side is an equilibrium surface property; the second 

term measures adsorption changes during area changes and can be obtained from the 

conservation o f surface active material at the interface:

1 d{YA)  
A dt

+ D
f  8C^

Qy  ) y
=  0 (2.33)

This gives, upon rearrangement:

d l n r
d\nA

1+ D d C \  /dyJy.o
d f

(2.34)
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Combining equations (2.30) to (2.32) and (2.34) finally gives:

1 + £+iC (2.35)

Where

dC_ n r  

^ ~ d f  V 2(0

The dimensionless parameter C, is determined by the ratio o f the time scales o f the 

experiment and o f the diffusion process. Its magnitude depends mainly on the slope 

of the equilibrium adsorption isotherm of the surface-active solute. The depth of 

penetration o f the diffusion process into the solution is also determined by the

characteristic length d.

Combining equations (2.27) and (2.35) gives:

(2.36)

with

tanfl = £ / ( l  + C) (2.37)
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Equations (2.35) and (2.36) are various forms of the Lucassen and Van den Temple 

(LVDT) model for relaxation process o f reversible adsorption of surface-active 

material, coupled with diffusion of the material in the bulk solution to and from the 

surface. As a limitation to this model and other rheological models (e.g. Maxwell 

model), it cannot predict the dilatational modulus as a function o f bulk concentration 

o f a given system.

£  can vary between zero and infinity; however the values for the phase angle 0  are 

in the range between 0 and 45° for a diffusion-controlled relaxation process. In the 

limit of 0 and 45° phase angles, the following relaxation processes are expected to 

happen. For very slow diffusion processes (i.e., characteristic time much longer than 

experimental time scales), the following relaxation process is expected:

Figure 2-2 I FT Response to step increase in area o f  static  drop (B = 0)
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Conversely, for very fast diffusion processes (i.e., characteristic time much shorter 

than experimental time scales), we have instead

Figure 2-3 I FT R esponse to step increase in area o f  static  drop (6 =  4 5 ° )

For all other cases, the relaxation process is expected to follow this trend. The 

magnitude o f the phase angle, however, will determine the slope o f the relaxation 

curve:
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0 < 0  < 45

Figure 2-4 I FT Response to step  increase in area o f  static  drop  (0  <  0  < 45°)

2.4 Previous Studies on Interfacial Rheology o f Adsorbed  
M olecules at Oil- W ater Interfaces

Rheological studies o f liquid-liquid and liquid-air interfaces had been reported in 

many instances in the literature. This may be due to the important relevance o f this 

subject in both technological processes such as enhanced oil recovery, foaming, 

emulsification, and detergency, and physiological processes such as alveolar stability 

and the mechanics o f biomembranes.
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Bartell and Neiderhauser (1949) used the pendant drop technique to observe the so- 

called “rigid skin” at crude oil-water interface upon retraction of the oil droplet in 

water. They also observed that the rigid skin (interfacial film) formation was 

accompanied by lowering o f interfacial tension, and thus concluded that the film was 

formed by an adsorption process. Reisberg and Doscher (1956) used rigorously 

controlled anaerobic conditions during crude oil sampling and laboratory 

measurements to study interfacial film formation o f  crude oil-water systems. Above 

pH of 8  (aqueous solution), they noted that rigid film formation was negligible. 

Many believed, before the experiment o f Reisberg and Doscher, that since the film- 

forming material was strongly adsorbed by solid surfaces, it would not be present in 

crude oils as the oil exists in their natural subsurface reservoirs. In order to gain 

more insights into the reason(s) for “skin” formation, Dodd (1960) developed an 

interfacial film viscometer and measured rheological properties at oil-water 

interfaces.

Kimbler et al. (1966) and Strassner (1968), in their bid to expound emulsion 

stability, studied the compressibility and collapse pressure o f interfacial films (crude 

oil-water interface) using Langmuir balance and pendant drop technique, 

respectively. In particular, Strassner (1968) found that depending on the quantity of 

asphaltenes and resins in a crude oil, the pH and chemical composition of the brine 

strongly affected emulsion stability. Indeed, Neustadter et al. (1979) and 

Mohammed et al. (1993) demonstrated that crude oil/water interfaces, especially 

those from asphaltenic oils, exhibited substantial elastic mechanical strength.
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Among others, this is one reason why crude oil/water emulsions are very difficult to 

break (McLean and Kilpatrick, 1997a, b). Lucassen and Van den Temple (1972) 

illustrated a method for the measurement o f dilational surface properties o f solutions 

containing surface-active materials using the Wilhelmy plate technique. For the 

system of decanoic acid, they found that the surface dilational modulus decreased 

with increasing concentration o f decanoic acid solutions.

Pendant drop technique was also used by Ward et al. (1980) and Beverung et al. 

(1999) to study protein adsorption at oil/water interfaces. Ward et al. (1999) 

demonstrated that, for the adsorption o f bovine serum albumin (BSA), constant 

values of interfacial tension were reached after short time scales and are independent 

of bulk protein concentration above 0.01-0.04%. Beverung et al. (1999) showed that 

the kinetics of adsorption o f proteins (used in their study) display three distinct 

regimes (1. induction regime, 2. monolayer saturation regime, and 3. interfacial 

gelation regime).

The role of the dispersion effect of resins in the adsorption o f asphaltenes at the 

interface o f water-in-crude oil emulsions was studied by Acevedo et al. (1993). 

Axisymmetric drop shape analysis was used to probe pressure dependence of 

interfacial tension of hydrocarbon-water systems and surface tension response to 

area changes of surfactant (SDS) laden interface (Susnar et al., 1993; Susnar et al., 

1996). Susnar et al., in 1996 showed that for the concentrations studied and the 

range of area change values used, there is no phase shift for a sawtooth interfacial
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response to sawtooth area change. Effects of different demulsifiers on the interfacial 

rheology and emulsion stability of water-in-crude oil emulsions have been studied by 

Mohammed et al. (1994). Acevedo et al. (1998) established that counterions in the 

aqueous phase play a significant role in dynamic interfacial tension of heavy crude 

oil-alkaline systems.

Yeung et al. (1998) used a novel micropipette technique, originally developed for the 

biophysical sciences (Evans et al., 1980), s to establish that equilibrium interfacial 

tension (in the presence of surfactants) can depend strongly on the experimental 

design. This, they showed, was due to the partitioning (or distribution) of surfactants 

between the two bulk phases and the interface. Yeung et al. (1999) studied the 

adsorbed layer formed at the surfaces of micrometre-sized emulsion droplets in 

diluted bitumen using “heptol” ( 1 :1  mixture o f n-heptane and toluene) as the diluent. 

Using the micropipette technique, the interfacial properties examined included 

adsorption, surface mechanical properties, and emulsion stability. At low bitumen 

concentrations (< 1%) where, according to their obtained interfacial tension vs. 

concentration isotherm, there should be little or no adsorbed substances on the 

droplet surfaces, the authors found as an “anomaly” that the interface exhibits 

surface rigidity, dissipative properties, and is resistant to both coalescence and 

coagulation. On the contrary, at higher bitumen concentrations (> 1 wt%) where, 

according to the obtained interfacial tension vs. concentration isotherm, there are 

more adsorbed substances at the interface, another “anomaly” was that the adsorbed 

layer transforms into a flexible interface capable o f creating new emulsion droplets
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through a budding process2. Yeung et al. (1999) noted in their communication that 

the transition, however, did not appear abrupt. They also concluded that dynamic 

behaviours o f the adsorbed interface were well described by the Boussinesq-Scriven 

(two-dimensional Newtonian) model. Wu (2003), following the work of Yeung et 

al. (1999), investigated the stability mechanism of water-in-diluted bitumen 

emulsions through isolation and characterisation o f the stabilizing materials at the 

interface. He found that, in heptol-diluted bitumen emulsions, the flexible interfacial 

film was composed o f a mixture of asphaltenes and carboxylic salts with a combined 

H/C ratio o f 1.32, while the rigid interfacial film was composed o f  asphaltenes alone 

with a H/C ratio of 1.13. He concluded that the presence o f the carboxylic salts 

(which are water insoluble and are likely sodium naphthenates containing > 2 0  

carbons) might hinder the conformational change of asphaltenes at the interface, 

necessary' for rigid film formation.

To better understand the time dependence o f the interfacial behaviour o f asphaltenes, 

Jeribi et al. (2002) used the floating drop technique to probe the adsorption kinetics 

of asphaltenes at oil-vvater and air-oil interfaces. They showed that, when 

asphaltenes adsorbed at liquid interfaces, after the rapid initial diffusion step toward 

the interface, a long reorganisation and a progressive building o f multilayers 

occurred. The reorganisation was faster at oil-water interfaces than at air-oil 

interfaces, but the multilayer formation took similar times. Freer et al. (2002),

2 A process whereby upon shrinking a water drop immersed in a continuous oil phase small 
protrusions begin to appear, becom e more prominent as the interfacial area continues to decrease and 
eventually detach as micrometre-size droplets.
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following the work of Kovscek et al. (1993), used the oscillating drop technique and 

contact angle measurements to emphasize the role oil/water interfacial 

microstructures play in establishing the mixed-wet state o f reservoirs. They found 

the interfacial loss modulus E" was considerably smaller than the interfacial storage 

modulus E' for each crude oil that was studied. Thus, the asphaltene films which 

grew at the oil/water interface were primarily elastic in nature. Moreover, they 

found that interfacial elasticity was increased slowly in time (over days) and was 

clearly manifested even when “‘rigid skins” were not visible to the eye. In addition to 

their contact angle measurements, one o f their conclusions was the aging of the 

asphaltene deposits on the solid surface expelled trapped w’ater, giving a more 

coherent and finer textured coating depending on the asphaltene content of the crude 

oil. Thus, aging of the oil/water interface and the asphaltene-coated surface were 

both important in the evolution of mixed wettability. Using oscillating pendant drop 

technique, Aske et al. (2002) measured the dilatational elasticity modulus and 

dynamic interfacial tension o f  21 crude oils and condensates originating from 

different production fields. The samples were diluted in different heptane/toluene 

solvent at different concentrations. They found that both the solvent composition 

and oil concentration had great influence on the measurements. Work by Zhang et 

al. (2003), using Langmuir trough, showed that asphaltene formed nanoaggregates at 

both the air-water and heptol-water interfaces. They showed that the presence of 

demulsificr in the mixed monolayer rendered the monolayer more compressible at 

both the air-water and heptol-water interfaces.
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Most recently, Freer and Radke (2004) adopted interfacial rheology using the 

oscillating pendant drop with axisymmetric drop shape analysis (ADSA) to 

investigate the relaxation mechanisms of asphaltenes adsorbed at toluene/water 

interface. They compared classical viscoelastic models with measured rheological 

data and found that the frequency response of the dilatational moduli fitted a 

combination of diffusion-exchange and surface-rearrangement mechanisms 

consistent with the results by Jeribi et al. (2002). Spiecker and Kilpatrick (2004) 

used a biconical bob interfacial shear rheometer to study the mechanical properties 

of asphaltenic films adsorbed at the oil-water interface, Solutions o f asphaltenes 

isolated from four crude oils were dissolved in a model oil of heptane and toluene 

and allowed to adsorb and aged in contact with water. Film elasticity values were 

measured over a period of several days, and yield stresses and film masses were 

determined at the end o f testing. They found that asphaltenes were well solvated in 

high aromatic solvents, formed films o f lower elasticity and yield stress, and formed 

weaker emulsions. They also found that asphaltene chemistry dictated the properties 

o f adsorbed films and concluded that high aromaticity solvents would render a 

higher amount of the crude oil surfactants non interfacial-active. Ongoing research 

in Masliyah and Xu’s laboratory (University o f Alberta) is to study Langmuir and 

Langmuir-Blodgett films formed with bitumen, de-asphalted bitumen, ultra-fine 

solids and mixtures o f each. This study, they believe, will provide information about 

the role o f ultra-fine solids in emulsion stability. Researchers in Yarranton’s group 

(Univeristy of Calgary) are also using oscillating pendant drop technique to 

investigate the role of asphaltenes in emulsion stability.
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With this background knowledge, and following the early work o f Yeung et al. 

(1999), this study endeavour to use interfacial dilatational rheology (using the 

oscillating pendant drop with axisymmetric drop shape analysis) to discern the 

ageing effect on the behaviour o f toluene dilutions of de-asphalted bitumen (DAB), 

asphaltenes and bitumen in water pre-equilibrated with the oil under study. The 

effect of concentration on toluene dilutions o f DAB, asphaltenes and bitumen on 

interfacia! rheological properties on such systems was also investigated.
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CHAPTER THREE

3. METHODOLOGY

3.1 M aterials

Vacuum feed bitumen was supplied by Suncor Canada Limited and was used as 

received. Distilled water, further purified using a Millipore filtration unit (greater 

than 18.2 M fi cm resistivity), was used. HPLC grade toluene, n-heptane and 

technical grade n-heptane (96%) were all purchase from Fisher scientific; they were 

used as received. All water solutions were pre-contacted with the oil system in a 6:1 

volume ratio for at least 1 2 h to permit equilibration of the water with the diluted 

bitumen solutions. The pH o f  the oil-equilibrated water is about 7.2 and its 

interfacial tension is about 71,95mN/m.

In all the experiments described herein, the water was always pre-equilibrated with 

the oil system under study. De-asphalted bitumen (maltene) will be called DAB. 

Oil-water interface is always the interface between toluene-diluted sample (e.g. 

DAB, asphaltene, or whole bitumen) immersed in pre-equilibrated water. So, for 

example, lwt% DAB solution is understood to mean a lwt% toluene-diluted DAB 

liquid drop formed in pre-equilibrated water; lwt% asphaltene solution is understood 

to mean a lwt% toluene-diluted asphaltene liquid drop formed in pre-equilibrated 

water; etc. All experiments were performed at ambient temperature. The pendant 

drop apparatus and the image analysis software are manufactured by First Ten 

Angstroms Instruments, USA (http://www.firsttenanastroms.com).
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3.2 Asphaltene and De-asphalted Bitumen (DAB) Extraction

The procedure used for asphaltene and DAB extraction was according to Zhang et al. 

(2003). Vacuum feed bitumen was dissolved in toluene at a toluene/bitumen volume 

ratio of 5:1. The dissolved bitumen was shaken on a laboratory shaker for 2h. The 

solids were removed by centrifugation o f  the toluene-diluted bitumen at 15000 rpm 

(200Q0g) for 30min. The mass o f  the recovered solids was 0.7% of that o f the 

original bitumen. Toluene in the diluted bitumen was removed by natural 

evaporation in a fume hood until there was no further change in mass under ambient 

conditions. H P LC  grade n-heptane was then added to the toluene-free bitumen at a 

heptane/bitumen volume ratio of 40:1. The heptane-diluted bitumen was shaken on a 

laboratory shaker for 2h and left overnight for asphaltene precipitation. The 

supernatant (DAB) was carefully decanted and then left in a fume hood to remove n- 

heptane by natural evaporation until there was no further change in mass under 

ambient conditions. Precipitated asphaltenes must be repeatedly dissolved into 

toluene and subsequently precipitated with n-heptane to remove co-precipitated resin 

molecules bound to asphaltene aggregates (Strausz et al., 2002). Here, a single 

precipitation step was used and the precipitated asphaltenes was washed with an 

excess amount o f (10 L) o f  technical grade n-heptane until the effluent was 

colourless. As such, only minute amounts o f surface-active resins and/or smaller 

molecular weight asphaltenes are likely present in the extracted asphaltenes sample. 

The mass o f precipitated asphaltene was 10.5% of that o f the original bitumen.
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3.3 Experimental Procedure

All experiments were conducted using the pendant drop apparatus. Accuracy and 

reproducibility are important when conducting this type o f experiments. To 

accomplish good accuracy, it was always ensured that the glass tube (used as needle,

0.96mm outside diameter, from Kimble Glass), PFTE tubing (from Action 

Electronics, 0.869mm inside diameter), and glass cell (from Fisher Scientific) were 

all clean and that the only impurities introduced into the system were the “natural 

surfactants” already present in the oil system. Data was recorded only when it was 

reproducible. Three different DAB concentrations (1 wt%, 10 wt%, and 30 wt%), 

three asphaltenes concentrations ( 1  wt%, 1 0  wt%, and 2 0 wt%) and three diluted 

bitumen concentration (5wt%, 15 wt% and 30wt%) in toluene were studied for 

different periods o f oscillation (20s, 40s, 80s, 160s). Two different ageing times 

(lhour and 24hours) wrere studied for each experiment. The densities o f these 

solutions were determined by weighing known volumes o f samples (accuracy 

estmated to be ±0 .2 % or better).

3.3.1 Calibration

Before actual measurement o f interfacial tensions, the pendant drop apparatus must 

first be calibrated. This amounts, in effect, to determining accurately the 

magnification of the CCD camera (i.e., the actual size of a captured image must be 

known). The magnification can be adjusted by:
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1 . providing the image of an object of know dimensions (e.g., the needle tip);

2 . providing a system of known interfacial tension (e.g., between clean fluids);

3 . by directly specifying the number of nanometres per pixel.

In this study, calibration was done using the first option —  with a needle of known 

outside diameter. The diameter was entered in the computer program and the 

measured tip width in each image was presumed to reflect this size. The 

magnification was recomputed to make the tip width equal the known diameter in 

just this image and just for the interfacial tension quantities. The measured tip width 

was reported as it was originally measured, not with the adjusted magnification.

After calibration, and before the start o f  actual experiments, the interfacial tensions 

o f standard fluids (i.e. fluids with known 1FT) were determined to verify that the 

calibration was done correctly. Below are comparison of measured IFT and their 

literature values.
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T able 3-1 M easured IFT and their L iterature Values

Fluid Measured Value Literature Value
(mN/m) (mN/m)

Water 73.2 72.8
Heptane 51.0 50.5
Toluene 36.4 36.0

3.3.2 Interfacial Tension M easurem ent

To determine the dynamic interfacial tension of each oil/water interface using the 

pendant drop apparatus, the less dense oil drop is formed upwards at the tip o f a glass 

needle immersed in the aqueous solution. The First Ten Angstroms apparatus 

combines both the interfacial tension and interfacial rheology measurements. 

However, to be certain o f our results, the interfacial rheology measurements in this 

study were done manually. This is because the computer base calculation was 

almost always 10% off the manually obtained results. The system consists o f a 

measurement platform and a frame grabber (video capture) card running on a 

personal computer, high resolution CCD camera and zoom microscope, computer 

controlled syringe pump, and computer controlled lighting.

The action appears live on the computer screen and the salient images are captured 

and digitised for subsequent analyses. From the drop profile and the known densities 

o f the oil and aqueous phases, the interfacial tension can be determined to a high 

accuracy (based on the Young-Laplace equation). The time scale can vary from 1/60 

second (60 images/second) to hours and can be varied nonlinearly. The system can
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capture both static and dynamic behaviour of liquid interactions. Analysis is based 

on the drop shape’s size and shape. The system functions as a transient analyzer, 

which means it can continually capture images and can recall any number of past 

images after a triggered event. A variety of dynamic events can furnish the trigger. 

One such trigger is real-time software detection o f the drop detaching from the 

dispensing tip. The automatic syringe pump, a timer, and user input, can also furnish 

triggers.

The optical glass cell (Figure 3.1) contains the aqueous solution. The cell is sealed 

with a teflon lid to prevent water evaporation and is kept in a closed chamber with a 

narrow opening for illumination. The entire apparatus is mounted on a TMC 

vibration isolation table (www.techmfa.com). After forming a fresh oil drop at the 

needle tip, the dynamic tension is followed in time using axisymmetric drop-shape 

analysis. The computer-controlled syringe pump is capable o f maintaining constant 

drop volume for long time periods (few days) over which dynamic tensions are 

measured. Typical precision in tension measurements is ±1%. Figure 3-2 is a 

photograph o f the pendant drop apparatus.
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3.3.3 O rder-of-M agnitude Estimates o f Dimensionless Groups

The Young-Laplace equation is predicated on negligible inertial and viscous forces 

compared to capillary forces and is shown in this thesis as follows:

Reynolds number, the ratio of inertial forces to viscous forces, is given by equation

(3.1):

Re =
1 V po  n r

ft
(3.1)

Here, l0 is the characteristic length of the oil drop, V0 is the superficial displacement 

velocity, p is the oil drop density and p is the oil viscosity (Bird et. al, 2002). 

Capillary number, the ratio o f viscous forces to capillary forces, is given by equation

(2.2). Weber number, the ratio o f capillar)' forces to inertial forces, is given by 

equation (3.2)

lVe =
IoK;p

(3.2)

Typical values in this study are /„ -  10"j m, V0 - 1 0  5 ms *, p ~ 10J kgm \  y -  10 " 

Nm”1, and g -  10""3 Pa s. This leads to a Capillary number o f Ca -  10"6, a Reynolds

number of Re -  10 and a Weber number of We -  10
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Ca «  1 means viscous forces are much smaller than capillary forces and We »  1 

means inertial forces are much smaller than capillary forces.

Even though Re ~ 10" 2 suggesting that the inertial and viscous forces are about the 

same magnitude they are both much smaller than the capillary forces as shown by 

Capillary number and Weber number in this study.

3.3.4 Linearity Test

A sinusoidal input will result in a sinusoidal output if and only if the imposed strains 

lie within the linear regime. To determine the linear regime o f the systems studied, 

the following simple tests were conducted: Step-strain deformations (step increase 

and step decrease) were applied to each equilibrium system and the interfacial 

tension (IFT) was allowed to recover back to its equilibrium value. The condition of 

linearity was satisfied if the IFT response was proportional to the applied step strain. 

In this study, all the systems that were studied exhibited linearity if the maximum 

strain amplitudes t^AjA0 were kept below 1 0 %.

3.3.5 Interfacial Rheology Measurement

By subjecting the oil/water interface to periodic expansion and contraction o f small 

amplitudes (i.e., for AA/Aa below 1 0 %), the surface dilatational storage modulus,

s ' ,  and the surface dilatational loss modulus, e ”, are computed using the measured 

area and interfacial tension variations. Similar to the dynamic-tension 

measurements, surface rheological behaviour was followed over long time scales (up
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to 24 hrs). Rather than continually oscillating the system for such long times, oil 

drops were formed for each experiment and aged for the desired amount of time 

before the syringe pump is turned on. Immediately after the syinge pump was 

activated, the will be several cycles of transient effects before steady state set in. To 

avoid recording transient effects, the first few oscillations were allowed to elapse 

before each experiment was triggered. Also, the oscillation frequency was restricted 

to below 1.75 rad/s to avoid hydrodynamic effects (i.e., the hydrodynamic stresses 

must remain negligible relative to the Laplace pressure; Wong et al. 1998).
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1 Ideal Systems

An “ideal system” refers to an interface between pure immiscible liquids, in the 

absence o f adsorbed components. In such situation, the interfacial tension (IFT) 

must depend only on the nature o f  the two liquids; it is expected to be insensitive to 

dynamic changes in the interfacial area. As control tests, we will first verify that the 

IFT is indeed invariant to area changes for ideal systems. The systems will be 

comprised o f water and one o f two non-polar liquids: toluene and n-heptane (both 

HPLC grade). In Figures 4-1 to 4-6, IFTs in response to static and dynamic area 

input are shown. The IFT vs time relations are shown as solid lines, while the area 

vs time relations are plotted as dashed lines. The sinusoidal area excitations have 

periods 20s, 40s. 80s, and 160s.
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An examination o f the above graphs reveals that there are typically small 

fluctuations of the data. The fluctuations are most likely the result o f  vibrations 

which distort the shape o f the drop and noise resulting from mechanical vibration. 

Vibrations are most likely to occur during the first few drop images, as a result of 

drop formation, and tend to be damped out after a short while. An air table was used 

to limit mechanical vibration. The IFTs o f the ideal systems show very slight 

(almost negligible) decreases over time. This may be due to the slow build-up of 

impurities at the interface. This trend has also been reported by Neuman and 

coworkers (1993) and Radke and coworkers (1999).

4.2 De-asphalted Bitumen (DAB)

Here, the interface in question is between water and toluene-diluted de-asphalted 

bitumen. In Figures 4-7 to 4-10, the interfacial tension responses (solid line) to static 

area (dash line) and sinusoidal area changes (dash line) are shown. From this data, 

the effects o f frequency, aging of surfactant-laden interface, and bitumen 

concentration on the dilatational elastic modulus for DAB will be examined.

In the case of static response (Figures 4-7 to 4-9), initially, the tension decays 

sharply after several seconds or minutes (depending on the concentration), at which 

point there is a subtle change in slope, suggesting a transition to interfacial-network 

formation (Beverung et al., 1999). The time dependence o f IFT may be due to the 

migration o f surface-active agents from the bulk to the oil-water interface; as a 

result, a surface pressure at the interface is built up, thereby decreasing the interfacial
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tension. The driving force for surfactant migration would depend on the 

concentration of surface-active agents below the CMC (critical micelle 

concentration), by analogy with simple surfactant systems. Thus, the lower 

concentration system should take longer to reach equilibrium and have a higher 

steady state value. In the case of dynamic excitations (Figure 4-10), the phase angle 

between the IFT response and the sinusoidal area input for DAB was always 

approximately zero, suggesting that the interfacial area is essentially elastic. This is 

true for the range o f frequencies probed in this study (periods of 20s, 40s, 80s, and 

160s); the phase angle might probably not be zero for frequencies outside of this 

range. Elastic behavior, however, has been reported for some polymer and 

copolymer systems (Rolf et al. 1998).

2*

23

2 t

Tim» (»)

Figure 4-7 IFT (continuous line) versus Static  Area (dash line), lw t%  DA B Solution
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T able 4-1 Equilibrium  IFT versus Concentration for DA B

Concentration Equilibrium IFT
lwt% 2 0 . 8

1 0 wt% 19.1
30wt% 18.4

As the sinusoidal area (input) and interfacial tension (output) can, in general, be out 

o f phase, the interfacial dilatational modulus will be comprised o f two parts: an 

elastic part (storage modulus s ' ) that accounts for the recoverable energy stored in 

the interface, and a viscous part (loss modulus s ' ) that is responsible for the energy 

loss through internal relaxation processes (see eqns 2.18 and 2.19). Here, for 

deasphalted bitumen, the phase difference between the IFT and area waveforms is 

virtually zero. One may conclude from this that the loss modulus is negligible for 

DAB systems (i.e., the interface is elastic). Zero phase angles also suggest that, on 

the molecular level, there are no relaxation processes which occur with characteristic 

times comparable to the time scale of the experiment (Lucassen et al., 1972). For 

our present study, the experimental time scales are given by the peroids o f area 

oscillations, which are o f order 1 0  - 2 0 0  s. It is entirely possible that relaxation 

mechanisms within DAB systems do exist, but their characteristic times are not 

within the range o f 10-160 s. In order to detect these out-of-reach mechanisms, a 

wider range o f oscillating frequencies will be required.
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Figure 4-10 IFT Response (continuous line) to Area Change (dash lin e), I0w t%  DAB Solution,
Period 80s (Age Iday)

From Figures 4-11 to 4-13, it is seen that the elastic modulus ( s ' ) increases with the 

age o f the interface and the frequency o f oscillation. The increase o f elastic modulus 

with interfacial aging suggests that interfacial-network formation strengthens with 

time. The frequency response o f the elastic modulus ( s ' )  is characteristic of 

systems that obey diffusion exchange mechanism of reversibly adsorbed molecules 

(Lucassen et al., 1972). Detailed study is required to discern whether the frequency 

response includes Maxwell response (i.e. surface relaxation (Monray et al., 1999;
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Monray et al., 2001)) and multilayer exchange kinetics (Van den Tempel et al., 

1983). This will be the object o f future work.
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Figure 4 -1 1 D ilatational E lastic M odulus versus Frequency, lw t%  DA B Solution (A ges lh r  & 
ID ay); 0  E lastic M odulus for lh r; ■ E lastic M odulus for ld a y
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F requency, 0) (rad/s)

Figure 4-12 D ilatational E lastic M odulus versus Frequency, 10wt%  DAB Solution (A ges lh r &  
ID ay); 0  E lastic M odulus for lhr; ■ Elastic M odulus for ld a y

Figures 4-14 and 4-15 show that, surprisingly, the elastic modulus appears to 

decrease with increasing concentration. This trend has in fact been reported for some 

polymers and copolymers (Myrvold and Hansen 1998). Lucassen and Van den 

Tempel (1972), using decanoic acid solutions, also observed elasticity moduli 

decrease with increasing bulk concentration. The trend is also consistent with what 

is seen in asphaltene and diluted bitumen systems studied in this work; this will be 

discussed in the subsequent sections. The reason for the reduction o f elastic modulus 

with increasing bulk DAB concentration is not clear. It is probable that
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configurational change in the surface layer is causing the elastic modulus to decrease 

with increasing bulk concentration,
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Figure 4-13 D ilatational Elastic M odulus versus Frequency, 30w t%  DAB Solution (A ges lh r  & 
ID ay); 0 Elastic M odulus for lh r ; ■ Elastic M odulus for ld a y
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4.3 Asphaltenes

Here, the interface in question is between water and toluene-diluted asphaltenes.

The static IFT response, dynamic 1FT response to sinusoidal area change, as well as

the effects of frequency, aging, and asphaltene concentration on the intcrfacial

dilational modulus will be discussed (see Figures 4-16 to 4-27). The time

dependence of IFT during equilibrium measurement shown in Figure 4-16 was

similar to that o f DAB. However, the steady state value was reached sooner. This is
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consistent with much faster “skin” formation rate (Figure 4-19) than DAB and 

indicates that asphaltenes are much more surface active than DAB. From Table 4-2 

and Figures 4-16 to 4-18, the interfacial tension (IFT) depends weakly on 

concentration. This suggests that these concentrations are around or above critical 

aggregation concentration (CAC) (Rogel et al., 1999; Anderson et al., 1991).
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Figure 4-16 IFT (continuous line) versus Static Area (dash line) for I wt%  Asphaltene Solution
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T abic 4-2 E quilibrium  IFT versus C oncentration for Asphaltene Solutions

Concentration Equilibrium IFT
lwt% 16.8
10wt% 17.8
20wt% 17.7

“Skin” formation was observed (upon retraction) and the structure appeared to 

rigidify with time (Figure 4-19). This situation is very similar to that encountered 

with protein adsorption at air-water or oil-water interfaces (Li et al., 2001; Beverung 

et al., 1999). This rigid, wrinkled skin was relatively short lived, and after the initial 

retraction, the drop slowly relaxes back to a shape similar to that prior to retraction in 

about 15 minutes.

Figure 4-19 Skin Form ation for 10wt%  Asphaltene Solution (4hrs a fter  drop  form ation)
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This “skin” is postulated to result from irreversible adsorption and aggregation of 

asphaltene molecules through hydrogen and n-n aromatic ring bonding at the oil- 

water interface (Mclean et al., 1997).

The dilatational modulus changes more substantially upon interface aging than does 

the interfacial tension, which is similar to the findings of Mohammed et al., 1994.

/to
1=

2 0 .0 * 53.4

20.8-

20 .0 -

205 40.0

20.0 73 3 1 0 0 .0

'to3in

Time (s)

Figure 4-20 Phase A ngle betw een IFT (continuous line) R esponse to Sinusoidal Area Input 
(dash line), 20w t% A sphnltenc Solution

Unlike interfaces formed from de-asphalted bitumen, obvious phase angle between 

IFT response and the sinusoidal area input was observed, as shown in Figure 4-21.
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The phase shift suggests that the interfacial area is not purely elastic and that 

dissipative effects are taking place at the interface. A similar trend as in the case of 

DAB was observed between the interfacial dilatational modulus with frequency and 

aging time.
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Figure 4-21 D ilatational M odulus versus Frequency, lw t%  A sphaltene Solu tion  (A ges lh r  & 
ID ay); A Elastic M odulus for ld ay; 0 Elastic M odulus for lh r ; x V iscous M odulus for Iday; □

Viscous M odulus for lh r

Here, we speculate that the increase in dilatational modulus with aging is due to the 

formation of interfacial asphaltenic network structure. Mohammed et al. (1993), 

using heptane/xylene oil containing asphaltenes, measured the compressional
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modulus o f the oil-water interface using the Langmuir trough technique. They 

concluded that the rigidity o f  the oil-water interface arises from the formation o f an 

asphaltenic network structure that strengthens with age. The findings of this study 

are consistent with their conclusion.
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Figure 4-22 D ilatational M odulus versus Frequency, I0 » t%  A sphaltene Solu tion  (A ges lh r  &
I Day); ▲ E lastic M odulus for Iday; 0 Elastic M odulus for lh r ; % V iscous M odulus for Iday; □

Viscous M odulus for lhr

The frequency response o f the elastic modulus ( e ' ) and the loss modulus ( s ' ) are 

characteristic o f  relaxation processes that include diffusion exchange (Lucassen et 

al., 1972), multilayer exchange kinetics (Van den Tempcl et al., 1983), and surface
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relaxations (i.e. Maxwell response (Monray et al., 1999; Monray et al., 2001)). Freer 

and Radkc (2004) studied the relaxation of asphaltenes at toluene-water interface and 

concluded that the frequency response fitted a combination o f diffusion-exchange 

and surface-rearrangement mechanisms (i.e. a combination o f  modified LVDT 

model and modified Maxwell model).
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Figure 4-23 D ilatational M odulus versus Frequency, 20wt%  A sphaltene Solution (A ges lh r  & 
ID ay); ▲ E lastic M odulus for (day; 0 Elastic M odulus for lh r ; x V iscous M odulus for Iday; □

Viscous M odulus for lh r

The interfacial loss modulus (£ " ) , however, is considerably smaller than the 

intcrfacial storage modulus e ' for each concentration studied; this is similar to the
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findings of Myrvold and Hansen (1998) in their study of proteins, and by Freer et al. 

(2003) in their study o f model crude oil systems.

An important question yet to be answered is why there is an inverse relation (i.e., one 

decreasing as the other increases) between the measured dilatational moduli and bulk 

asphaltene concentration in this study (Figures 4-24 to 4-27). Certainly, asphaltene 

precipitation cannot be a plausible explanation for this trend, as asphaltene is highly 

solvated in aromatic hydrocarbons such as toluene (McLean and Kilpatrick, 1997). 

In the paper o f Freer and Radke (2004), they demonstrated that smaller asphaltene or 

resins molecules that can be solvent washed from the interface acted as solubilizers 

to disrupt asphaltene aggregation at the oil-water interface, resulting in a more 

tenuous and weaker interfacial network structure. To test the theory o f Freer and 

Radke in this present study, it will be necessary to solvent-wash the interfacial film, 

followed by dilatational rheological study over a broad experimental time scale (Van 

den Tempel and Lucassen-Reynders, 1983) and step-strain deformation experiment. 

Unfortunately, this is just above the limit o f this study for the following reasons. 

First, in the study o f  Freer and Radke (2004), the continuous phase was toluene- 

diluted asphaltene solution contained in optical cuvette, while in this study the 

continuous phase is water contained in optical cuvette. Unlike the experimental 

setup of this study, the setup o f Freer and Radke makes it relatively easy to flush 

volumes o f asphaltene-free toluene (IFT 36mN/m) through the optical cuvette, 

thereby washing away smaller asphaltene or resins molecules that can be solvent 

washed from the interface. Second, the period probed in this study is over a narrow
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range (20s, 40s, 80s, and 160s) and no step-strain deformation experiment is done, It 

is, therefore, difficult to demonstrate in this study that indeed smaller asphaltene 

molecules act as solubilizers to soften the irreversibly adsorbed viscoelastic 

interfacial network. Nevertheless, the theory of Freer and Radke (2004) can in fact 

be used to explain the inverse relation of dilatational moduli with bulk asphaltene 

concentration as it is in agreement with the findings o f this study.
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Figure 4-24 D ilatational Elastic M odulus Tor 1 , 10, and 20w t%  A sphaltene Solutions (A ge lhr); 
0 Elastic M odulus Tor lw t% ; □ Elastic M odulus Tor 10wt% ; A E lastic M odulus for 20wt%

In the Freer and Radke (2004) communication, only one single asphaltene 

concentration was studied. It is speculated here that the number o f  smaller 

asphaltene molecules in the bulk increases proportionately with the overall
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asphaltene concentration, and hence their solubilizing effect also increases 

accordingly. This means an interfacial film formed from a more concentrated 

asphaltene solution will have relatively lower mechanical strength than a film which 

is formed from a less concentrated asphaltene solution.
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Figure 4-25 D ilatational V iscous M odulus for 1 , 10, and 20ivt%  A sphaltene Solutions (A ge lhr); 
0  V iscous M odulus for lw t% ; □ V iscous M odulus for I0w t% ; A V iscous M odulus for 20wt%

It is striking to note the following from Table 4-2: even though the equilibrium IFTs 

suggest that the oil-water interfaces of the three concentrations have roughly the 

same amount o f  interfacial material, the interfaces are Theologically very' different.
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Therefore, when comparing oil-water interfaces, caution must be taken to not predict 

intcrfacial behaviours based on equilibrium IFTs alone.
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Figure 4-26 D ilatational Elastic M odulus for 1 ,1 0 , and 20w t%  A sphaltene Solutions (Age  
ID ay); 0 Elastic M odulus for lw t% ; □ Elastic M odulus for I0w t% ; A Elastic M odulus for

20w t%

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5000 r

■S- 3.0000 - -

:  2.5000

•o 2.0000

1.5000

1.0000  -

0.0000
0.300 0.3500.2500.050 0.100 0.150 0.2000.000

F r e q u e n c y ,  0 ) (rm l/s)

Figure 4-27 D ilatational V iscous M odulus, for 1 ,1 0 , and 20w t%  A sphaltene Solutions (Age 
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4.4 Bitumen

Here, the interface in question is between water and toluene-diluted bitumen. The 

static IFT response, dynamic IFT response to sinusoidal area change, as well as the 

effects o f frequency, aging, and concentration on the dilatational moduli for the 

bitumen system are shown in Figures 4-28 to 4-38 below. The time dependence of 

IFT shown in Figure 4-28 is likely due to the migration o f  surface-active materials 

from the bulk to the oil-water interface.
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T abic 4-3 Equilibrium  IFT versus C oncentration for Bitum en Solutions

Concentration Equilibrium IFT
5wt% 24.0
15wt% 24.8
30wt% 25.5

From Tabic 4-3 and Figures 4-28 to 4-30. we see that the IFT weakly depends on 

concentration. This has been observed by Yeung et al. (1999) at higher bitumen 

concentration according to interfacial tension vs. concentration isotherm prepared 

using heptane/toluene (1:1 )-diluted bitumen.

200

2007133 300
Time (s)

Figure 4-31 IFT (continuous line) R esponse to Area C hange (dash line), 30wt%  Bitum en
Solu tion , Period 40s
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The variation o f dilatational modulus with frequency (Figures 4-32 to 4-34), 

interfacial aging (Figures 4-32 to 4-34), and concentration (Figures 4-35 to 4-38) 

follows similar trends as that for asphaltene systems. Since bitumen is a mixture of 

DAB and asphaltenes, it is perhaps not surprising too see also a phase shift between 

the IFT response and the sinusoidal area input for the present bitumen system. The 

phase shift indicates that the interfacial dilatational modulus has elastic and viscous 

contributions, suggesting internal relaxation processes occurring at the interface.
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Figure 4-32 D ilatational M odulus versus F requency, 5wt%  Bitum en Solution (A ges lh r  & 
ID ay); A Elastic M odulus for Iday; 0  E lastic M odulus for lhr; x V iscous M odulus for Iday; □

V iscous M odulus for lh r
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Due to the multitude o f surface-active agents in bitumen (Wu, 2003), it is probable 

that there is mixed adsorption o f molecules at the oil-water interface. The relaxation 

process undoubtedly will occur through multiple mechanisms with different 

characteristic times. Determination o f  the specific relaxation mechanisms requires 

the rheological response over a broad experimental time scale (Van den Tempel and 

Lucassen-Reynders, 1983).
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Figure 4-33 D ilatational M odulus versus F requency, 15ivt%  Bitum en Solution (A ges lh r  &
1 Day); ▲ Elastic M odulus for Iday; 0 E lastic M odulus for lhr; x V iscous M odulus for Iday; □

V iscous M odulu s for lh r
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The narrow experimental time scale and the lack of step-strain deformation 

experiment in this work make it difficult, if not impossible, to determine the exact 

relaxation mechanisms which take place. However, for the de-asphalted component 

of bitumen, the frequency response is likely to be characteristic o f diffusion 

exchange mechanism. For the other bitumen component (i.e., asphaltenes), Freer 

and Radke (2004) reported that the frequency response of the dilatational moduli 

fitted a combination o f diffusion-exchange and surface rearrangement mechanisms. 

Since bitumen is a mixture o f the two components, it is probable that the frequency 

response of the dilatational moduli will fit also a combination o f diffusion-exchange 

and surface rearrangement mechanisms.
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As expected, with aging o f the drop, the interfacial film shows higher mechanical 

strength than a relatively fresh interface. This is manifested in higher dilatational 

moduli for an aged interface than a relatively fresh interface (Figures 4-32 to 4-34).
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Similar to DAB and asphaltenes, the dilatational moduli decrease with increasing 

bitumen concentration (Figures 4-35 to 4-38). This suggests that interfacial films 

formed from low concentration diluted bitumen have higher mechanical strengths 

than those formed from high concentration diluted bitumen. This is, however, not
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entirely surprising as Yeung et al. (1999) observed a similar trend in their 

micrometre-sized water droplets in diluted bitumen. Although, the chemistry o f their 

system (using heptane/toluene mixture as solvent) is different from the chemistry of 

our present system (using toluene as solvent), the general trends are comparable.
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For instance, in their study, Yeung et al. (1999) observed critical bitumen 

concentration o f approximately 1%, below which the oil-water interface is rigid and 

water-in-diluted bitumen emulsion is unstable; above this concentration, the interface
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is flexible and the water-in-oil emulsion is stable. The critical bitumen concentration 

in toluene-diluted bitumen has also been determined to be around 1% using the same 

micropipette technique (Wu, 2003).
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From the concentrations used, it appears that this study is in the flexible regime; 

however, the mechanical strength o f interfacial films is seen to decrease with 

increasing bulk concentration o f  diluted bitumen. In the context o f emulsion 

stability, Yeung et al. (1999) showed that stable emulsions are associated with
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flexible rather than rigid interfacial films in diluted bitumen; this is contradictory to 

literature assertion, which regards rigid interfacial film as an emulsion stabilizer in 

conventional crude oil systems.
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Drawing on the assertion by Yeung et al. (1999), it can be speculated here that the 

high concentration diluted bitumen in this study will form more stable emulsions 

than low concentration diluted bitumen. Two hypothetical mechanisms were 

proposed by Wu (2003) to explain the interfacial structure o f water-diluted bitumen
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interface and to explain the inverse relationship between interfacial film mechanical 

strength and bulk diluted bitumen concentration, One mechanism assumes that the 

compositional change in interfacial material causes the changes o f interfacial 

properties. The other mechanism assumes that asphaltene precipitation causes the 

changes in interfacial properties.

According to literature (McLean and Kilpatrick, 1997), the solubility state of 

asphaltenes plays a pivotal role in the rheological properties o f an oil-water interface, 

regardless of the interfacial composition; however, asphaltene is highly solvated in 

solvent o f high aromaticity such as toluene. Therefore, in toluene-diluted bitumen, 

the compositional change o f interfacial material more likely causes the changes of 

interfacial properties. Mclean et al. (1997) postulated that asphaltene molecules 

irreversibly adsorb and cross-link with each other through hydrogen and n- 

7t aromatic ring bonding at the oil-water interface. Wu (2003) proposed that the 

compositional change and/or the cross-linking of asphaltenes might be hindered in 

the presence o f sodium naphthenates —  a resinous species. Indeed, according to 

many reports, asphaltenes are dispersed in the oil medium by resins; hence, resins 

hinder the adsorption o f asphaltenes at the interface o f water-in-crude oil emulsions 

(Swanson, 1942; Acevedo et al., 1993). Thus, the idea that asphaltenes exist in crude 

oils as “micelles” or “colloids” dispersed by resins is widely accepted (Pfeiffer and 

Saal, 1940; Swanson, 1942; Acevedo et al., 1993). Model for these micelles, in 

which the asphaltenes and resins are located at the centre and periphery, respectively, 

has been proposed (Pfeiffer and Saal, 1940).
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It is, therefore, probable that as bulk bitumen concentration increases, the resin 

fraction in bitumen also increases, and hence its hindrance effect becomes more 

pronounced which results in decreasing interfacial mechanical strength.
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CHAPTER FIVE

5. CONCLUSIONS AND RECOMMENDATIONS

Surface rheology, using the oscillating pendant drop technique, has been used to 

probe qualitatively and quantitatively the mechanical strength of interfacial films 

formed when a droplet o f  model oil (toluene-diluted de-asphalted bitumen, toluene- 

diluted asphaltene, and toluene-diluted bitumen) is in contact with pre-equilibrated 

water.

For three concentrations and four frequencies o f the sinusoidal excitations on the 

interfacial area studied, it is concluded that: the complex dilatational modulus 

increases with frequency and ageing o f interfacial film, but decreases with increasing 

bulk concentration. Also, the phase angle between the sinusoidal area input and the 

sinusoidal interfacial tension response for de-asphalted bitumen (DAB) is 

approximately zero. This suggests that, for the frequencies probed, no relaxation 

processes (tending to reduce deviations o f  the surface tension from its equilibrium 

value) occurred with a characteristic time comparable to the time scale o f the 

experiment. There is. however, an obvious phase shift between the sinusoidal area 

input and the sinusoidal I FT response for asphaltenes and diluted bitumen within the 

linear viscoelastic regime.

For asphaltenes, it is conceivable that the smaller molecular weight asphaltenes 

might be responsible for the inverse relation of dilatational elastic moduli with 

concentration. For diluted bitumen, it is believed that resins are responsible for the
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inverse relation o f dilatational elastic moduli with concentration; little is known 

about the inverse relation o f dilatational elastic moduli with concentration for DAB 

and will be the object o f future work. Also wide frequency range is recommended 

for future work.
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7. APPENDIX A

7.1 Derivation of Young - Laplace Equation from Force Balance

Consider small piece o f curved interface with dimensions Li and L2

X3
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External stresses (N/m2) on the interface are

AP

Where, a t and cr2 are the shear stresses. The actual forces are AP*LiL2 , cti* L 1L2, 

ctt* Li L-2

No flow at the interface means cti = a i  = 0
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Balance forces only in the normal (X3) direction. Consider X 1-X3 projections:

AP*L,L2

V
When « < 1 ,  0 « ^ 2 . = A _  

/ R\ Rx 2 Rx

Note that interfacial tension (IFT) force is always tangent to the surface. Partial force 

balance gives:

AP Z,L2 = 2(y L2Sin0) * 2y L  s in 0 = 2 y  ^ ^  %
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y l  I
APLXL  = — —  + term from X2 -  X3 projections 

Pi

■ y L L /From similar analysis the extra term from X2 -X 3 projection is 7 1

Therefore, total force balance force balance is given by:

=> AP LtL2 =

=> AP - ' /
v R \ R 2 j

This is the Young-Laplace equation.
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8. APPENDIX B

8.1 De-asphalted Bitumen (DAB)

8.1.1 Graphs of IFT Response to Sinusoidal Area Input for lwt%  
DAB Solution

The solid line is the sinusoidal interfacial tension response and the dash line is the 

sinusoidal area input.
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F igure 8-1 IFT (solid line) Response to Area C hange (dash line), lw t%  DAB Solution , Period
20s (A ge I hr)
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Figure 8-6 I FT (solid  line) Response to Aren C hange (dash line), lw t%  DAB Solution , Period
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8.1.2 Graphs of IFT Response to Sinusoidal Area Input for 10wt%
DAB Solution

T im e  (s )

Figure 8- IFT (solid  line) R esponse to Area C hange (dash line), !0\vt%  DAB Solu tion , Period
20s (A ge Ihr)
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Figure 8-9 IFT (solid  line) R esponse to A rea C hange (dash line), I0w t%  DAB Solution, Period
20s (A ge I Day)
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Figure 8-10 IFT (solid  line) R esponse to Area C hange (dash line), 10wt%  D A B  Solution , Period
40s (A ge lh r )
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Figure 8-11 IFT (solid  line) R esponse to Area C hange (dash line), 10wt%  D A B  Solution , Period
40s (Age 1 Day)
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Figure 8-12 IFT (solid line) R esponse to A rea C hange (dash line), 10wt%  D A B  Solution , Period
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Figure 8-13 IFT (solid  line) R esponse to A rea C hange (dash line), 10wt%  DA B Solution, Period
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T im e  (s)

Figure 8 -14  IFT (solid line) R esponse to Area C hange (dash line), 1 0»t%  D A B  So lu tion , Period
160s (Age I hr)
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Figure 8-15 IFT (solid line) R esponse to Area C hange (dash line), 10wt%  D A B  Solu tion , Period
160s (Age 1 Day)
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8.1.3 Graphs of IFT Response to Sinusoidal Area Input for 30wt%
DAB Solution

21

20

Figure 8-16  IFT (solid line) Response to A rea C hange (dash line), 30w t%  DAB Solution, Period
20s (A g e  lh r)

To 1 ■  1 •

A/V V\A A/VV
ioo 

Tim« <•)

Figure 8-17 IFT (solid line) Response to A rea C hange (dash lin e), 30wt%  DAB Solution, Period
20s (A g e  I Day)
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43.S

Figure 8-18 IFT (solid  line) Response to A rea C hange (dash line), 30wt%  DA B Solution , Period
40s (Age lh r)
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Figure 8-19 IFT (solid  line) R esponse to Area C hange (dash line), 30w t%  DA B Solution , Period
40s (Age 1 Day)
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Figure 8-20 IFT (solid  line) Response to Area C hange (dash line), 30w t%  DAB Solution, Period
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113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



je
ze

10 00.20

10.

1 8

rtja>
<!

00
T*

T i m e  < s )

Figure 8-22 IFT (solid line) Response to Area C hange (dash line), 30w t%  DAB Solution , Period
160s (A ge lh r )
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9. APPENDIX C

9.1 Asphaltenes

9.1.1 Graphs o f  IFT Response to Sinusoidal Area Input for lw t%  
Asphaltcnes Solution
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Figure 9-1 IFT (solid  line) R esponse lo Area C hange (dash line), 1 w t%  Asphaltenc Solu tion ,
Period 20s (Age I hr)
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Figure 9-2 IFT (solid  line) Response to Area C hange (dash line), I wt%  Asphaltenc Solu tion ,
Period 20s (A ge I Day)
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Figure 9-3 IFT (solid line) Response to Area C hange (dash line), lw t%  A sphaltenc Solution ,
Period 40s (Age lhr)

10 0

(/>
'©

e 18  3
2
E
c
o

"inca>
I—
m

‘ora
a>

3 6 .317.7-c

35 01 7 .0
1 3 3 .3 2 0 0 .7 4 0 0 .00 0

Tima (s)

Figure 9-4 IFT (solid line) R esponse to A rea C hange (dash line), lw t%  A sphaltenc Solution ,
Period 40s (A ge I Day)
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9.1.3 Graphs of IFT Response to Sinusoidal Area Input for 20wt%
Asphaltenes Solution
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Figure 9-17 IFT (solid line) R esponse to A rea C h ange (dash line), 20w t%  Asphaltene Solution.
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Figure 9-18 IFT (solid line) Response to Area C h ange (dash line), 20wt%  A sphaltene Solution ,
Period 20s (A g e  ID ay)
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Figure 9-21 IFT (solid  line) R esponse to Area C hange (dash line), 20w t%  A sphaltene Solution ,
Period 80s (A ge lh r)
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10. APPENDIX D

10.1 Bitumen

10.1.1 Graphs of IFT Response to Sinusoidal Area Input for 5wt%  
Bitumen Solution
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Figure 10-1 IFT (solid  line) R esponse to Area Change (dash line), 5w t%  Bitum en Solution ,
Period 20s (Age Ihr)
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Figure 10-2 IFT (solid line) R esponse to Area Change (dash line), 5w t%  Bitum en Solution ,
Period 20s (A ge IDay)
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Figure 10-3 IFT (solid  line) R esponse to Area Change (dash line), 5wt%  Bitum en Solution ,
Period 40s (A ge Ihr)
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Figure 10-5 1FT (solid  line) R esponse to Aren C hange (dash line). 5wt%  Bitumen Solu tion .
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Figure 10-7 IFT (solid line) Response to Area C hange (dash line), 5w t%  Bitum en Solution,
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10.1.2 Graphs of IFT Response to Sinusoidal Area Input for 15wt%
Bitumen Solution
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Figure 10-9 IFT (solid line) Response to Area C hange (dash line), 15wt%  B itum en Solution,
Period 20s (A ge Ihr)
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Figure 10-10 IFT (solid  line) Response to Area C hange (dash line), I5w t%  Bitum en Solution ,
Period 20s (A ge IDay)
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Figure 10-11 IFT (solid  line) Response to Area C hange (dash line), 15wt%  Bitum en Solution,
Period 40s (A ge lh r)
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Figure 10-13 IFT (solid line) R esponse to Area Change (dash line), I5vst%  Bitum en Solu tion ,
Period 80s (Age I hr)
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Figure 10-15 IFT (solid line) R esponse to Area C hange (dash line), 15wt%  Bitum en Solution ,
Period 160s (A ge Ihr)
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Figure 10-16 IFT (solid  line) R esponse to Area C hange (dash line), 15wt%  Bitum en Solution ,
Period 160s (A ge I Day)
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10.1.3 Graphs of IFT Response to Sinusoidal Area Input for 30wt%
Bitumen Solution
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re 10-17 IFT (solid line) Response to Area C hange (dash lin e), 30w t%  Bitum en Solution,
Period 20s (A ge lh r )

T lm o  ( s )

F igure 10-18 IFT (solid  line) Response to Area C hange (dash line), 30w t%  Bitum en Solution ,
Period 20s (A ge 1 Day)
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Figure 10-19 IFT (solid line) R esponse to Area C h ange (dash line), 3Qwt% Bitum en Solution,
Period 40s (A ge Ihr)
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Figure 10-20 IFT (solid line) R esponse to Area C h ange (dash line), 30w t%  Bitum en Solution,
Period 40s (A ge ID ay)
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re 10-21 IFT (solid line) Response to Area C hange (dash line), 30w t%  Bitum en Solution,
Period 80s (A ge Ihr)
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Figure 10-22 IFT (solid line) Response to Area C hange (dash line), 30w t%  Bitum en Solution,
Period 80s (A ge 1 Day)
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Figure 10*23 IFT (so lid  line) R esponse to Area C hange (dash line), 30w t%  Bitum en Solution,
Period 160s(A ge Ihr)
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Figure 10*24 IFT (so lid  line) R esponse to Area C hange (dash line), 30w t%  Bitum en Solution ,
Period 160s (A ge I Day)
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