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ABSTRACT

The dvnamic process of bitumen film formation onto an air bubble surface was
studied by measuring the time and temperature dependence of bubble surface tension and
contact angie. Using an Axisymmetric Drop Shape Analysis technique at 23°C, 50°C,
and 70°C showed that the apparent bubhle surface tension decreases upon the bitumen -
air bubble contact, and gradually reaches a plateau. The time required to reach the final
equilibrium value is reduced at higher rcmperatures. Models were developed in order
to estimate the bitumen drop - air bubble attachiment stability and bitumen film thickness.
The bitumen film thickness for a given air bubble size increases by approximately 140%
as temperature is increased from 23°C to 70°C. The bitumen film weakens the
attachment by | to 10% depending on bilumen.drop and air bubble size. In order to

enhance bitumen drop - air bubble attachment. the air bubbles and bitumen drops should

be the same size.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

The spreading of a bitumen film on an air bubble surface is a phenomena which
occurs in the secondary recovery stage of the Hot Water Extraction Process used to
recover bitumen from oil sands. During the aeration or bubble floatation process which
occurs in this stage, a bitumen film spreads over the surface of an air bubble when the
air bubbles come into contact with bitumen drops. This bitumen film spreads over the
surface of the air bubble because the water-air surface tension is higher than the water-
bitumen and bitumen-air surface tensions. In the secondary recovery operation, bitumen
recovery can be maximized by increasing the amount of bitumen recovered through the
air bubble floatation process. The knowledge of bitumen drop - air bubble inieractions
and surface properties involved in this operation, such as interfacial tensions and contact
angles, will contribute to the optimization of recovery techniques and operating
conditions.

The formation of a bitumen film on an air bubble surface during the bubble
floatation process will change the bubble surface tension and the water-bitumen contact
angle, therefore affecting the attachment of a bitumen drop to an air bubble and the
thickness of the bitumen film on the air bubble surface. Previous studies have reported
bitumen-air and bitumen-water surface tensions [AOSTRA, 1984; ..OSTRA, 1989;

Potoczny et al., 1984], but none have reported the surface tension of an air bubble with
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a bitumen film. The purpose of this investigation was to study the effects of the bitumen
film on the surface tension and contact angle of an air bubble in water. The dynamic
process of bitumen film formation onto an air bubble surface was studied by measuring
the time and temperature dependence of bubble surface tension and contact angle. The
experimental results were used in models to predict the stability of the bitumen drop -

air bubble attachment and the thickness of the bitumen film on the air bubble surface.

i.2 BITUMEN RECOVERY PROCESS

1.2.1 Overview

The general steps involved in recovering bitumen from surface mined tar sands
are: tar sands mining. bitumen and diluent recovery. and bitumen upgrading. The
bitumen recovery step is the focus of this thesis.  The most common method for
recovering bitumen from oil sands is the Hot Water Extraction Process which can be
separated into 6 major operations: conditioning, primary separation. secondary recovery.
froth treatment. diluent recovery, and tailings disposal [AERCB Vol. 11, 1984].
Secondary recovery is the operation which is pertinent to this investigation. therefore.
a summary of the first three operations of the Hot Water Extraction Process, as outlined

in the literature [AERCB Vol. II. 1984: AERCB Vol.Ill. 1984|. will be summarized.

1.2.2 Conditioning

In this first stage of the process. sur:ace mined oil sands are mixed in a rotating
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drum with hot water, caustic soda, and steam to produce a slurry of sand, oil, and water.
This process is carried out at a temperature of approximately 80°C and a pH between 8.5
and 9.0. The slurry is then passed through vibrating screens to remove rocks and

unbroken lumps of oil sand. The slurry is then pumped into primary separation vessels.

1.2.3 Primary Separation

In the primary separation stage, the slurry from the conditioning stage is pumped
into separation cells where, due to natural aeration that occurs in the conditioning stage.
dispersed bitumen with attached air bubbles rises to the surface of the cells as a froth.
This bitumen is collected in lauders and sent for deaeration and treatment. This is the
major source of bitumen recovery in the Hot Water Extraction Process. Coarse solids
settle to the bottom of the separation cells and are removed and pumped to the tailings
area for disposal. The central zone of the primary separation cell contains bitumen and
suspended solids, known as middlings, with insufficient buoyancy to float to the top as
a froth. The middlings are withdrawn from the centre of the separation cells and treated

in the secondary recovery stage.

1.2.4 Secondary Recovery

In this stage of the Hot Water Extraction Process, the middlings stream,
consisting of fine mineral and bitumen from the primary separator, is pumped into a froth
floatation cell where it is agitated and aerated. Bitumen floats to the top of the cell and

is removed for further conditioning. A solids stream is removed from the bottom of the
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cell and sent to the tailings area. This solids stream is a source of unrecovered bitumen
due to inefficiencies of the secondary recovery stage. Surface tensions and contact angles
are parameters which affect the amount of bitumen recovered during the air bubble
floatation process. By increasing the efficiency of the secondary recovery stage, the
overall recovery of the Hot Water Extraction Process can be increased. Therefore, the
effects of surface phenomenon on the air floatation process is the focus of this

investigation.

1.3 SURFACE THERMODYNAMICS

As mentioned in the previous section. the parameters of surface tension and
contact angle play an important role in optimizing the secondary recovery stage of the
Hot Water Extraction Process. These parameters are part of a larger field of study
known as surface thermodynamics. Definitions of surface tension and contact angie will
be presented in this section along with derivations of the Laplace and Young equations
using basic surface thermodynamic principles.

Just as the energy form of the fundamental equation for a bulk phase can be
written in terms of internal energy. U. entropy. S. volume. V. and mole numbers. N

[Callen, 1985]:

U = U(S.V.N.N,....N,) (1.1)

the energy form of the fundamental equation for a surface phase can be written in terms
of surface internal energy, U®, surface entropy, S*. surface area. A, and surface mole

numbers, N4:



Ut = UYS" A N*....N") (1.2)

In differential form, equation (1.2) can be written as:

dU* = TdS* + ydA + ¥ p dN* (1.3)
where temperature, T, surface tension, vy, and electrochemical potential, p. are intensive

properties. Surface tension may be mathematically defined from this equation as:

au.4
) (1.4)
aA SN

v = surface tension = (

Surface tension is analogous to pressure in a three dimensional bulk phase and may be
defined as the free energy per unit area of a surface or the force which minimizes surface
area. Surface tension may also be defined as the reversible work involved in creating
a unit area of new surface at constant temperature, volume, and total number of moles
[Blakely, 1973].

By using a Legendre Transformation, the energy form of the fundamental
Equation (1.1) can be written as the grand canonical thermodynamic potential. {, as

follows:
Qt = U -TS' - YuN (1.5)
An illustration of a vapor bubble resting on a solid surface can be seen in Figure 1.1.

The total grand canonical free energy of the bulk phases and interfaces shown in Figure

1.1 can be written as follows:



Y) = QI + Qr * Qs‘ * er M Q.n- * Q\I (]6)

1ot
Assuming that the solid surface is smooth. homogeneous. isotropic and non-deformable,
the above equation can be minimized by implicit differentiation considering that the
pressures of the liquid and vapor phases along with the liquid-vapor. solid-vapor, and

solid-liquid surface tensions are all constants.

dQ, = -PdV, - PdV -y, dA, + v, dA, + v,dA, (1.7)

ot

Considering that the total volume of the liquid and vapor phases is constant:

V. - V. = constant (1.8)

!

and the total solid-vapor and solid-liquid surface area is constant:

A - 4. = constant (1.9)

AL}

Equation (1.7) can be written as follows:

dQ, = (P, - P)dV, - v,dA, - (y, - v.)dA, (1.10)

Given that the liquid-vapor surface area is a function of the volume of the liquid phase
and the solid-liquid surface area. the following equation can be written:
0A 0A
dA, = (=—)dV, - (=-L)dA (1.11)
h avl ! aA\I ) o
In order for the total free energy to be minimized, Equation (1.10) must be equal to zero.
Substituting Equation (1.11) into Equation (1.10) and equating to zero leads to the

equation:



04,
del = [— (PI - PI) + ’Y[‘-(_avh )]d‘/[
! (1.12)
aAI\'
+7/‘-[ - (’Yn- - ‘Yx[) ]dA.\’/ = 0

94,

Since the volume of the liquid phase, V,. and the solid-liquid surface area, A, are
independent variables, each of the two terms in Equation (1.12) have to independently
be equal to zero. Setting the first term of Equation (1.12) equal to zero results in the

Laplace equation of capillarity:

aA"') (1.13)

P - P = y (2t
7/1'( a‘/l

! v

The mean curvature of the liquid-vapor interface, J,, can be written for the as follows:
Joo= 2w (1.14)

therefore, Equation (1.13) can then be written in the form:

P, Po= v, (115

g

If the second term in Equation (1.12) is set equal to zero. Young’s equation is obtained:

04,
'ylr (_I‘_ ) = 'Y_\-‘. - 7.\'/ (l 16)

When a vapor bubble is resting on a solid surface, the angle formed between the liquid-
solid interface and the tangent to the liquid-vapor interface at the solid-liquid-vapor three
phase contact line is defined as the contact angle, 6. Figure 1.2 shows a change in the

vapor bubble contact radius, dR, on the solid surface with respect to a change in surface
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area. An increase in the vapor bubble contact radius results in a decrease in the solid-
liquid surface area which can be expressed as:
dA, = - 2wRdR (1.17)
The change in liquid-vapor surface area. dA,. can then be expressed as:
dA,. = 2mwRcos(m-6)dR (1.18)

Dividing Equation (1.18) by Equation (1.17) and simplitying results in the equation:

dAa,
ry

(1.19)

= cosh

Substituting Equation (1.19) into Equation 11.16) gives the more commonly recognized
form of the Young equation:

Y, o080 <y, - v, (1.20)

The Laplace equation of capillarity (1.15) and Young's equation (1 20) are the two basic

equations used in the theoretical models of this investigation.
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Figure 1.1: Vapor bubble resting on a solid surface.
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Figure 1.2: Change in contact radius, dR, with a change in surface area.
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CHAPTER 2

EXPERIMENTAL EQUIPMENT AND PROCEDURE

2.1 AXISYMMETRIC DROP SHAPE ANALYSIS - PROFILE (ADSA-P)

2.1.1 The Principal of ADSA-P

There are many techniques available for measurement of liquid surface tensions
and contact angles. Of all the methods which have been developed, the pendent and
sessile drop methods are the most general experimental techniques. In addition to the
simplicity of using pendent and sessile drops for determining surface tensions and contact
angles, these two techniques require only small quantities of liquid and solid surface and
they can be used to study both liquid-vapor and liquid-liquid surface tensions.
Conventional methods such as the Wilhelmy Plate method could not be used in this
investigation of a bitumen film on a liquid-vapor interface because the bitumen film
would adhere to the solid surface. The following sections are a brief summary of the
technique used in this investigation to study surface tensions and contact angles as
outlined in the literature [Li et al., 1992].

To measure the surface tension of pendent bubbles and the contact angle of sessile
buobles, the Axisymmetric Drop Shape Analysis - Profile (ADSA-P) technique was used.
ADSA-P is a numerical procedure to digiti"e images of pendent and sessile drops and
bubbles and then to fit Laplacian curves through these digitized profiles with surface

tension and contact angle as adjustable parameters. The input for the ADSA-P program
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is the density difference between air bubble and the water surrounding the drop; the
output of the ADSA-P program consists of the values of surface tension. contact angle
(for sessile bubbles), volume of the bubble. liquid-air interface. area and the contact
radius of the bubble (for sessile bubbles). Compared with other techniques to measure
contact angles and surface tensions from sessile and pendent drops and bubbles, the
ADSA-P program has higher accuracy and is essentially free of operator subjectivity.
[Cheng et al., 1990]

Axisymmetric Drop Shape Analysis-Profile is a technique to determine liguid-fluid
interfacial tensions and contact angles from the shape of axisymmetric menisci. The
strategy employed is to construct an objective function which expresses the deviation of
the physically observed curve from a theoretical Laplacian curve. ic.. a curve satisfying
the Laplace equation of capillarity. The objective function is the sum of the squares of
the normal distances between the measured points on the pendent or sessile bubble profile
and the calculated curve using the Laplace equation. The objective function is minimized
numerically with the liquid surface tension as one of the adjustable parameters. The
Laplace equation. as described in Chapter |. is the mechanical equilibrium condition for
two homogeneous fluids separated by a curved interface |Bashforth et al.. 1883] . This
equation relates the pressure difference across a curved interface to the surface tension

and the curvature of the interface:

AP = vy J 2.1
where v is the interfacial tension, J is the mean curvature of the interface, and AP is the

pressure difference across the interface. In the absence of zxternal forces other than



gravity, the pressure difference is a linear function of the elevation:

LP = (Ap)gz + AP (2.2)

where AP, is the pressure difference at the apex of the drop or bubble, Ap is the density
difference between the two bulk phases, g is the gravitational acceleration and z is the
vertical height measured from the apex.

The minimization of the objective function .cads to a system of nonlinear
equations which are solved using the Newton-Raphson method with incremental loading.
A second order implicit Euler method is used to perform the numerical integration.
[Cheng et al., 1990; Rotenberg et al., 1983]

Apart from local gravity and densit'es of the liquid and fluid phases, the only
information required by ADSA-P is several arbitrary but accurate coordinate points
selected from the drop profile. To achieve rapid and accurate data acquisition and
preprocessing, an automatic digitization technique is used [Cheng et al.. 1990]. A
Fortran computer program was developed in a Ph.D. thesis at the University of Toronto

to implement this method [Cheng, 1990].

2.1.2 Digital Image Processing

The drop profile coordinates required by the ADSA-P program are obtained using
digital image processing. A video camera produces a video signal containing image data.
The signal is transmitted to the image processor where the analog signal is converted to
a digital signal containing the image data in the form of pixels. The digital pixel data

are stored in frame memory one frame at a time, with each pixel occupying one frame
y
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memory location. Once the image is stored in frame memory, it may be accessed for
display or additional computer processing. Display circuitry transforms the pixels stored
in frame memory back into an analog signal for display on a video monitor. The number
of pixels that are transferred to or from frame memory in one frame time defines the
display resolution of the frame memory. The size of the memory limits the maximum
number of pixels stored.

A diagram of the apparatus used in the experiments is shown in Figure 2.1. For
both the pendent and sessile bubble experiments. air bubbies were formed in water. In
the setup. a Cohu 4910 CCD monochroine camera was mounted on a Leica Wild M3B
microscope.  For all images. a magnification of 10.08x was used which resulted in a
resolution of approximately 10 um per pixel. The video signal of the pendent or sessile
bubble was transmitted to a VideoPix digital video processor which performed the frame
grabbing and digitization of the image to 640 by 480 pixels with 256 gray levels each
where zero represents black and 255 represents white. A Sun SparcStation 10 Unix
computer was used to acquire the image from the image processor and perform the image
analysis and computation. Once an image of a drop is stored in memory, the ADSA-P
program automatically finds the drop profile coordinates with sub-pixel resolution and

corrects for optical distortion due to the camera and lenses.

2.1.3 Drop Profile Analysis

A gradient magnitude method is used to find the bubble profile coordinates. This
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method relies on the analysis of small squarc portions, 3x3 pixel points, of the digitized
image. The X and Y coordinates of the pixel points represent two dimensions and the
gray level intensity associated with each pixel can be considered as a third dimension.
Using an edge operator scheme, the best least-squares plane is fit through nine gray level
pixels of the 3x3 array. and then the slope of this plane in the X and Y directions is
calculated. From these two directional gradients, the overall gradient of this plane can
then be calculated. This gradient represents the gradient of the gray level at the central
point of the 3x3 array of pixels. This procedure is then repeated for the whole digitized
image such that each pixel point is the central point of the 3x3 array. A gray level
gradient for each pixel point of the whole image is therefore established, leading to a
gradient image. The bubble profile is approximated by the pixels of steepest gray
gradient from outside of the image of the bubble to the inside, through the boundary.
Once the bubble profile coordinates have been determined, ADSA-P selects 20 points at
random from the bubble profile and solves for surface tension or contact angle. This
process is repeated 10 times leading to average values with corresponding 95%
confidence limits for all output parameters [Cheng, 1990].

The camera produces slightly distorted images which can cause major errors in
the final results of surface tension and contact angle. After images of the bubbles were
taken during each experiment, an image of a calibration grid pattern on an optical glass
was taken at the same camera position. The grid is used for both correction of the
optical distortion and calibration. The image of the grid is established by the coordinates

of the intersection points of the horizontal and vertical grid lines. Each intersection point



16
is calculated from the intersection of two perpendicular lines formed by finding the
"darkest” pixels. i.e., the pixels of lowest gray level. on the nearby horizontal and
vertical grid lines. Each grid is approximately 1 pixel wide. The distorted grid is then
mapped onto the known undistorted grid. Hence, the distortion of all drop images is
corrected during the mapping of the grid. The advantage of this method is that the
aspect ratio of the digitized board does not have to be known. The accuracy of this

correction is +1 pixel.

2.1.4 Applicability of ADSA-P

The applicability of ADSA-P ranges from ultra low surface tensions in the range
of 107 to 10* mJ/m” [Boyce et al.. 1984] to drops of liquid metals in an ultra high
vacuum at 1000's of mJ/m*. It a pendent drop method is used. an accurate value liquid-
fluid surface tension can be calculated using ADSA-P because no surface effects are
present. If a sessile drop is used. ADSA-P can calculate both surface tension and contact
angle simultaneously. Using a homogeneous smooth and flat surface. contact angles
accurate to +0.1° can be obtained. For sessile drops which have very low contact angles
below 20, the precision of ADSA-P decreases because it becomes difficult to acquire
accurate coordinate points along the edge of the drop profile. An Axisymmetric Drop
Shape Analysis - Contact Diameter (ADSA-CD) program was developed for this

situation [Skinner et al., 1989].
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2.2 EXPERIMENTAL PROCEDURES

2.2.1 Methodology

In order to study the time and temperature affects of a bitumen film on an air
bubble surface, surface tensions and contact angles were measured at three temperatures:
23°C (room temperature), 50°C. and 70°C as a function of time. The experimental
procedu.e was separated into two stages: surface tension measurement using pendent
bubbles and contact angle measurement using sessile bubbles. For both stages. Syncrude
Feed Bitumen #85-01 was used to form a bitumen film on an air bubble surface
surrounded by distilled water. The pH of the distilled water was 7.1 measured using a
Fisher Accumet Model 805 MP pH meter.

For the higher temperature tests conducted 50°C. and 70°C, a heating water
jacket was designed to heat a square glass beaker test cell using a Haake F2 hot water
bath. The water jacket was designed out of steel with one side constructed out of glass
to allow a light source to illuminate the test cell. The side opposite to the glass contained
1+ vertical slot in the steel wall in order to view the test cell with the camera and
microscope. Prior to the experiments, the square glass beaker was filled with distilled
water, covered, and placed in the water jacket. The time to reach a steady test water
temperature and difference in temperature between the water bath and test beaker were
recorded at temperatures ranging from 30°C to 90°C. The results were used to allow a

sufficient heating time to achieve the temperatures of 50°C and 70°C in the test beaker

during the actual experiments.
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2.2.2. Surface Tension Measurements

Surface tension measurements were carried out at room temperature (23°C). 50"C.,
and 70'C. A Teflon needle was guided into a square glass beaker with the aid of a metal
J-shaped jacket as shown in Figure 2.2. The Teflon needle was connected to a
micrometer syringe in order to form air bubbles in the upward direction and the square
glass beaker was filled with distilled water.  For the increased temperature
measurements. as outlined in the previous section. the beaker was covered and placed
inside a water jacket which was connected to a water bath to achieve the desired constant
temperature during the measurements.

Clean equipment was essential for obtaining accurate results. The Teflon needle
was cleaned using a three step process using acetone, methanol and distilled water. A
syringe was used to draw 5 cc’s of acetone  The Teflon needle was then connected to
the syringe and the acetone was flushed through the needle. This procedure was repeated
twice. The same procedure was used flush the Teflon needle with methanol. Finaily,
the Tetlon needle was flushed three times with distilled water using the same procedure
as acetone and methanol. The distilled water used for rinsing and the distilled water used
in the experiments were from the same source.

The square glass beaker in which the experiments were conducted was rinsed with
approximately 10 ml of acetone three times. covered with clean tinfoil. placed upside
down in a large covered glass beaker and allowed to dry. The metal j-shaped jacket was
rinsed using approximately 15 ml of acetone. covered with tinfoil, turned upside down

and allowed to diy. Once dry. the Teflon needle was guided into the metal jacket. The
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Teflon needie was then connected to the 5 cc syringe and flushed with distilled water
twice. During the cleaning process, the tip of the Teflon needle was only in contact with
clean tinfoil or the inside of the clean and dry metal jacket.

Before bitumen was added to the system, a room temperature air-water interfacial
tension, approximately 72.4 mJ/m?, was obtained using the ADSA-P technique. For the
50°C and the 70°C tests, the distilled water was then heated for one and two hours
respectively. Syncrude Feed Bitumen #85-01 was then spread around the tip of the
Teflon needle. An air bubble was formed using the micrometer syringe and the camera
was focused. A sequential image grabbing »rogram was used to grab images of the air
bubble over a period of time until the surface tension values, as determined using ADSA-
P, reached an equilibrium value. Initially, images were taken every 3 to 5 seconds. The
time interval between images gradually increased to approximately 15 minutes towards

the end of each test. A typical air bubble analyzed using this method is shown in Figure

2.3.

2.2.3 Contact Angle Measuremerits

The contact angle experiments were also carried out at room temperature, 50°C,
and 70°C. In order to obtain contact angle values, a surface of bitumen was prepared.
Syncrude Feed Bitumen #85-01 was dissolved in toluene and poured into petri dishes
containing smooth glass slides which had been cleaned in 15 ml of acetone and allowed
to dry. The glass slides covered in the bitumen/toluene solution were then baked in an

oven at 75°C for 6 hours where the toluene ¢*-aporated and the glass slides became coated
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with bitumen. The petri dishes were taken out of the oven, covered, and allowed to cool
for a minimum of 12 hours. Using clean forceps, the bitumen coated glass slides were
removed from the petri dish and immersed in a clean square glass beaker containing
distilled water. As with the higher temperature surface tension measurements, the beaker
was covered and placed in a water jacket and heated using a water bath calibrated using
the method as described in Section 2.2.1.

Figure 2.4 shows the test cell used to measure the contact angle of a sessile air
bubble resting on a bitumen coated slide. Air bubbles were formed on the bitumen
coated slides from above using a clean Teflon needle guided by a clean straight metal
jacket. Once again, the Teflon needle was connected to a micrometer syringe. Air
bubbles attached to the tip of the Teflon needle were placed in contact with the bitumen
surface. The volume of the air bubble was increased using the micrometer syringe and
the Teflon needle was raised away from the bitumen coated surface. When the Teflon
needle was raised, the air bubble would detach from the Teflon needle and stick to the
bitumen coated slide. The camera as focused and images of the air bubble on the surface
surrounded by water were taken over a period of time using a sequential image grabbing
program until the contact angle. as determined by ADSA-P, reached an equilibrium
value. Using the same method as in the surface tension time intervals, images of the
sessilc bubble were taken at shorter time intervals at the beginning of the test than at the
end of the test. A typical bubble used to determine contact angle using this technique
is shown in Figure 2.5. Note that the contact angle of the air bubble in water in this

figure is measured from the bitumen surface through the water phase to the liquid-vapor
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interface. Each air bubble was deposited on a different location of the bitumen coated

slide for each test.
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Figure 2.3: Typical pendent bubble used for surface tension measurement.



Water
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Figure 2.4: Contact angle measurement test cell.
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Figure 2.5: Sessile Bubble for Contact Angle Measurement.
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CHAPTER 3

EXPERIMENTAL RESULTS

3.1. SURFACE TENSION

It was observed that immediately after an air bubble was formed with bitumen on
the tip of the teflon needle, a bitumen film started to form around the surface of the air
bubble causing the surface to discolour. This bitumen film causes a decrease in the
initial air-water interfacial tension which eventually reaches a plateau as shown for room
temperature, 50°C. and 70°C in Figures 3.1, 3.2, and 3.3 respectively. In these figures,
the surface tension of an air bubble surface with a bitumen film is referred to as the
apparent surface tension. It was observed during the tests that the thickness of the
bitumen film on the air bubble surface increased and the radius of the air bubble
decreased as the surface tension approached an equilibrium value. It was also observed
that the thickness of the bitumen film on the air bubble surface increased as temperature
increased.

Figure 3.1 shows the apparent surface tension time dependence for room
temperature.  The mean curve shown in Figure 3.1 is an average of five different air
bubbles on tests conducted on two separate days. Figure 3.1 shows a rapid decrease in
the surface tension followed by a gradual change towards the equilibrium value. The
apparent surface tension reached an equilibrium value of 60.7 + 1.4 mJ/m” after
approximately 11 minutes. The equilibrium value for apparent surface tension represents

an approximate reduction of 11.7 mJ/m" or 16% of the published value for water-air
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interfacial tension, 72.4 mJ/m", at this temperature [Jasper, 1972]. All values for the
means and error estimates were calculated using a t distribution statistical analysis for
mean and standard deviation. The equilibrium time was calculated assuming that
equilibrium was achieved when the difference between the water-air surface tension and
the apparent surface tension was within 1.5% of the difference between the water-air
surface tension and the equilibrium mean surface tension.  As shown in Figure 3.1, the
change of the apparent surface tension with time indicates the process of the bitumen fiim
formation onto the air bubble: the initial rapid decrease of the surface tension
corresponds to the initial rapid growth and spreading of a bitumen film; the final
equilibrium of the apparent surface tension reflects the equilibrium of the bitumen film.

Figure 3.2 shows the time dependence of the apparent surface tension at a test
temperature of 50°C. The mean curve was calculated from tests performed with seven
different air bubbles on two different days. The same trend of a rapidly decreasing
surface tension followed by an equilibrium value is seen in Figure 3.2. The equilibrium
value for apparent surface tension, 57.4 + 0.9 mJ/m?, is approximately 5% lower than
the apparent surface tension equilibrium value at room temperature. The apparent
surface tension mean value at 50°C is approximately 11.4 mJ/m® or 17% lower than the
published value for water-air interfacial tension, 68.5 mJ/m?®, at 50°C [Jasper, 1972] .
Also noted is the time to reach equilibrium which is now reduced to approximately 2.5
minutes from 11 minutes at room temperature.

The apparent surface tension plot for 70°C is shown in Figure 3.3. The mean

curve was calculated from the test results of six separate bubbles on two different days.
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At this temperature, the equilibrium value for the apparent surface tension, 56.3 + 0.3
mJ/m*, was reached after approximately 7 seconds. The equilibrium value is 9.2 mJ/m?
or 14% less than the known water-air interfacial tension, 65.5 mJ/m?* [Jasper, 1972].

It is clear when comparing this figure to Figures 3.1 and 3.2 that the apparent surface
tension of the air bubble with a bitumen film decreases with increasing temperature. It
is also evident that the time to reach equilibrium is drastically reduced at higher
temperatures. This means that the process of bitumen film formation onto an air bubble
surface is much shorter at higher temperatures. Between room temperature and 70°C,
there was a 7% reduction in apparent surface tension and a 99% reduction in equilibrium

time.

3.2. CONTACT ANGLE

As with the surface tension experiments. a bitumen film was observed to form on
the surface of the air bubble as soon as the air bubble contacted the bitumen surface.
This resulted in a changing contact angle between the air bubble and the bitumen surface
which eventually reached an equilibrium value as shown in Figures 3.4 and 3.5 for room
temperature and 50°C respectively.  Ditficulties were encountered during the tests
conducted at 70°C and therefore some inaccuracies may be present in the contact angle
data presented for this temperature. These difticulties will be discussed later in this
section.

As shown in Figure 3.4 for room temperature. the contact angle rapidly increases

and eventually reaches a plateau value of 83.9 + 3.1 degrees after approximately 150
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minutes or 2.5 hours. The mean curve was calculated from tests using six different
bubbles each formed on a different locations of the bitumen coated surface. Due to the
greater error in the contact angle measurements when compared to the surface tension
measurements, the equilibrium time was calculated by assuming equilibrium was
achieved when the difference between the initial value for the contact angle and the
measured contact angle was within 4% of the difference hbetween the initial contact angle
and the equilibrium mean contact angle. Figure 3.5 shows the time dependence of the
contact angle for 50°C. The mean curve was calculated from tests on five separate
bubbles formed on different locations of the surface. Figure 3.5 shows an increasing
contact angle which peaks and then reduces to a plateau value of 78.9 + 2.5 degrees in
approximately 60 minutes. From room temperature to 50°C, the equilibrium contact
angle was reduced by approximately 5 degrees or 6%. The time to reach equilibrium
was reduced by approximately 60%.

Results for the time dependence on contact angle at 70°C were very difficult to
obtain. It was observed at this temperature that the bitumen coating would not stick to
the glase slide. All of the bitumen would lift off of the glass slide during the 2 hour
heating period required in order to obtain constant temperature test conditions.
Alternate coating techniques were attempted such as dissoiving more bitumen in the
ioluene before baking and using a longer baking time. None of these techniques were
successful. It was thought that due to the wetting nature of water and the non-wetting
nature of bitumen at this temperature, the water tends to wet the glass surface and

remove the bitumen. An alternate method of using an even coating of bitumen on the



32

surface of a plastic slide was attempted. The bitumen coating would stick to the plastic
slide, but when the air bubble was placed on the solid surface, the bitumen spread over
bubble surface quickly and engulfed the air bubbie in a few seconds. This resulted in
no detectable contact angle as can be shown in Figure 3.6. In order to reduce the
thickness of the bitumen film on the plastic slide to avoid the enguifing, the bitumen
coating was smeared out over the plastic slide several times during the heating process.
This method solved the engulfing problem. and the results for time dependence of the
water-bitumen contact angle at a test temperature of 70"C are shown in Figure 3.7, An
equilibrium contact angle of 85.7 + 3.0 degrees reached in approximately 25 minutes
was calculated from tests conducted on seven separate bubbles on different locations on
the bitumen coated plastic surface. Note th-t the value for the equilibrium contact angle
at 70°C is larger than the equilibrium contact anzles at 23°C and 50"C. 83.9 + 3.1
degrees and 78.9 + 2.5 degrees respectively. The 7C'C egsilibrium contact angle does
not follow the trends observed with the other contact angles and apparent surface
wensions.  Since the apparent surface tension decreases with increasing temperature. it is
expected that the contact angle will decrease with increasing temperature.  This is true
for the contact angles at 23°C and 50°C. but not for 70°C. For the apparent surface
tensions at 23°C. 50°C and 70°C as well as the contact angles at 23°C and 50C. it was
observed that the urcertainty in the equilibrium value decreased as temperature increased.
This also did not occur for the equilibrium contact angle at 70°C. The equilibrium value
for contact angle at 70°C may therefore be inaccurate due to two reasorns. The first and

most obvious rea“on for inaccuracies is that the surface was not ideally smooth due to
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surface roughness caused by the smearing proces- used during heating. The second
potential source of error is that it was observed that after a few minutes during tests at
this temperature, the bitumen seemed to bake onto the air bubble surface forming a thin
solid film. This did not occur during the surface tension experiments conducted with a

pendent drop at this temperature.

3.3 THECRETICAL AND MEASURED CONTACT ANGLE COMPARISON

Given Young's Equation (1.20), it can be seen that the contact angle, 6, can be
calculated if the liquid-vapor, solid-liquid, and solid-vapor surface tensions are known.
For an air bubble resting on a bituman coated solid surface in water, the liquid-vapor
surface tension will be the apparent surface tension as described in Section 3.1. The
solid-liquid and solid-vapor surface tension will then become water-bitumen and bitumen-
air surface tensions which can be found from previous studies in the literature [AOSTRA,
1984; Potoczny et al., 1984]. Using Young's equation (1.20) with the measured values
for apparent surface tension and published valued for water-bitumen and bitumen-air
surface tensions, a theoretical contact angle, 6,,, can be compared to the measured contact
angle, 6., as described in Section 3.2. The results are shown on the following page
in Table 3.1. Table 3.1 shows that with the exception of the measured contact angle at
70°C, contact angle decreases as temperature increases. At the test temperatures of 23°C
and 50°C, the measured values for contact angles are approximately 8.4 degrees or 11%
and 9.1 degrees or 13% larger respectively than the theoretical contact angles at these

temperatures. The measured contact angle at 70°C is approximately 20.3 degrees or 31 %



Table 3.1: Comparison of theoretical and measured contact angles.

60.7+1.4

33.3+0.3

18.1+4.0

Yap Tha Yub B, O
(mJ/m?) (mJ/m?) (mJ/m°) degrees degrees
[Potoczny [AOSTRA
1984] 1984]

50"C

57.4+0.9

31.2+0.27

11.4+4.0

78.9+£2.5

70°C

56.3+0.3

29.7+0.26

6.3+4.0

85.7+3.0

higher than the theoretical contact angle.  Some error is inherent in the theoretical
calculations for all ot the temperatures because the exact same bitumen was not used for
ali of the quoted surtace tenston values. Factors such as the solvent used to extract the
bitumen and the bitumen components will affect the surface tensions and therefore the

contact angle. This method does. however. give an estimation to see ii the measured

contact angles. as described in Section 3.2, are reasonable.
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CHAPTER 4

MODEL OF BITUMEN DROP - AIR BUBBLE ATTACHMENT

4.1 BITUMEN DROP - AIR BUBBLE MODEL FORMULATION

In order to analyze the stability of a bitumen drop - air bubble system in water
under static conditions, a bitumen drop - air bubble attachment model was developed.
The model assumes that a spherical drop of bitumen is in contact with a spherical air
bubble as illustrated in Figure 4.1. The thermal and chemical equilibrium conditions are
assumed constant, i.¢., the temperature and chemical potential are constant through all
phases in the system. The equilibrium configuration of this system can be derived by
minimizing the total grand canonical free energy of the system [Callen. 1985: Li and
Neumann, 1991].

The total grand canonical free energy, 2, of the bitumen drop-air bubble-water

system can be written as follows:

Q = Q + Ql) * Qu * Q\\'I! M Q\m + le (41)

"

= _P V - P v B Puvu * Y A * ’Y,;,,A“-,, * ‘YIMA/W

woow hoh wh' "wh

where the subscripts w, b, and a indicate the three bulk phases, water, bitumen, and air
respectively: wb, wa, and ba indicate - -ater-bitumen, water-air, and bitumen-air
interfaces respectively; v, is the apparent surface tension of the air bubble with a
bitumen film. Consider that the volumes of the air bubble, bitumen drop, and water are

constant. Minimization of the total free energy becomes:



dQ = v,,dA,, + v,dA,, ~ v, dA (4.2)

wh W i

The surface areas, as shown in Figure 4.1, can be written as follows:

A, = 2TR(1 - cosd) (4.3

nwh

A = 2TR (1 -cosy) (4.4)

wid

From geometry. it can be shown that the angle ¥ is related to the angle ¢ by:

R -
Y = sin '(Fl'siné» (4.5

o

Therefore, the water-air surface area. Equation (4.4). can be rewritten as tollows:

W

R :
A= 27R[1-cossin '(.E’_siné))] (4.6)

!

The bitumen-air surface arca can be written as follows:

(+.7)

A, - 2wR (]l -coso)

Using Equations (4.3). (4.6). and (4.7) and minimizing the total grand canonical free

energy with respect to ¢ gives:

2aRsinocoso vy

dQ s
= 2mR;sinoy,, -y 0 - B

dé

(4.8)

R, . -
1 - (Zsino)
R

o
A sessile air bubble on a bitumen surface surrounded by water is shown in Figure 4.2,

For this system, the classical Young equation can be derived:
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’Y”,,COSB =Y T Y 4.9

where ¢ 1s the water-bitumen contact angle. Substituting Equation (4.9) into Equation

(4.8) and simplifying gives:

cosd
cosf =

- (—SIn
R

a

Rearranging this equation in terms of ¢ and simplifying results in the equation:

( R/; 4
l - (—R—)_
cosgp = cosf |- “ 4.1
1 (R" )50)°
— (P eosf)
] R,
The variable h in Figure 4.1 car be expressed as follows:
h = Rl - cosg) (4.12)

The ratio of h over the radius of the bitumen drop, R,. is a measure of the stability of
the bitumen drop-air bubble attachment. As shown in Figure 4.1, as the ratio h/R,
increases. a larger portion of the bitumen drop is inside the air bubble, and hence the
bitumen drop becomes more stably attached to the air bubble and is less likely to separate

from the air bubble if agitated. This ratio can be written as:
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—
R, ,
] - (-R—)_ )
i =1 -cos@ | ——— " (4.13)
b 1 - (Zcos)y
N o

4.2 ATTACHMENT MODEL RESULTS

Equation (4.13) clearly shows that the attachment parameter, h/R,. depends on
two factors: the contact angle. 6. and the bitumen drop-air bubble size ratio. R,/R,.
Figure 4.3 shows a plot of the ratio h/R, for contact angles ranging from 0 to 90 degrees
using radius ratios. R,/R,. ranging from 0 to 0.99. It can be seen from in this figure
that ai a given contact angle. as the radius ratio increases from 0 to 0.99. the ratio h/R,
increases . or system becomes more stable. This suggests that to enhance bitumen drop -
air bubble attachment. the average size of the air bubbles should be the same as the
average size of the bitumen drops.

The ertects of the presence of a bitumen film on the bitumen drop - air bubble
attachment are illustrated in Figures 4.4, 4.5, and 4.6. Since the contact angle is related
to the surface tensions as shown by the classical Young equation, the ratio h/R, given by
Equation (4.13) can be plotted as a function of surface tensions. The values for the
water-bitumen and bitumen-air surface tensions can be found in the literature [AOSTRA,
1984: Potoczny, 1984] . Using these values, combined with the measured time
depender ¢ of apparent surfzxce tension, the ratio h/R, can is plotted against time for

room tetnperature, 50°C, and 70°C in Figures 4.4, 4.5, and 4.6. Also shown on these
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figures is the ratio h/R, assuming that no bitumen film was formed over the surface of
the air bubble. In this case, the apparent surface tension would be the normal air-water
surface tension found in the literature. Since all three interfacial tensions will be constant
for this case, there is no time dependence for the no bitumen film lines shown in Figures
44,45, and 4.6.

It can be seen from the difference between the bitumen film and no bitumen film
lines in Figures 4.4, 4.5, and 4.6 that neglecting the bitumen film in the calculations
results in an overestimation of the bitumen drop - air bubble attachment stability. This
overestimation is rnore dominant for smaller radius ratios, or if the air bubble is much
larger than the bitumen drop. Including the effects of a bitumen film of the air bubble
surface reduces the stability or weakens the bitumen drop-air bubble attachment by
approximately 5 to 10% for air bubbles much larger than the bitumen drops. For radius

ratios closer to 1. the bitumen film reduces the stability of the system by approximately

1 to4%.



Figure 4.1:

Bitumen drop - air bubble attachment model to predict stability.
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Figure 4.2: Side view of an axisymmetric air bubble on a bitumen coated surface.
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CHAPTER 5

BITUMEN FILM THICKNESS MODEL

5.1 BITUMEN FILM THICKNESS MODEL FORMULATION
In this chapter. the interface separating an air bubble with a bitumen film
surrounded by water is considered to have a finite thickness. A bitumen film theoretical

model is developed in order to analyze the thickness of a bitumen film on an air bubble

surface. The model assuir nherical air bubble surface is covered with a
bitumen film of thickness ¥ p in Figure 5.1. Since the bitumen film is
considered to te a buik phase . .re are two :aterfaces shown in this figure: water-

bitumen and bitumen-air. Two equations can be written using the Laplace equation of

capillarity to describe these two interfaces:

P, - P/‘ = ’Ylm‘]hu (51)

P -P = y,], (5.2)
where P,. P,. and P, are the pressures of the air, bitumen, and water phases respectively.
Yha and 7, refer to the bitumen-air and water-bitumen surface tensions. J,, and J,, refer
to the mean curvatures of the bitumen-air and water-bitumen interfaces. ADSA-P
measuies the surface tension of the bubble by taking an image of the bubble profile, or
view of the bubble’s outer surface. The Laplace equation used by the ADSA-P technique

to calculate the apparent surface tension, v,,, can be written as follows:
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-P = Yo i (5.3)

o "

Adding equations (5.1) and (5.2) and equating them to (5.3) gives:

'Y’WJ/’N * ’Y\I"’ J vh = ‘y:l/)‘]u'lﬁ (5 '4)

Rearranging this equation gives:

Jlr:l . ’y//' - ‘Y“/. (55)

Jl\'/l ‘Ylul

If spheri-al surfaces are assumed. the mean curvatures can be written as follows:
(5.6)

R R ~
J, = = = .= (5.7)
’ R, R -h

where R,. R,,. and h, refer to the radius of the air bubble. the radius to the water-
bitumen interface, and the thickness of the bitumen film. Equation (5.5) can then be
rewritten using (5.6) and (5.7) as:

R” * hf N “f‘,/» - ‘YIIIJ (58)
R 7/nl

Equation (5.8) can then be rearranged as:

__/- - ‘Yxlp - ‘Yn'lv - ’Ylw (59)
R4 7/:«1

Equation (5.9) shows that the equilibrium ratio of the film thickness to the radius of the

air bubble is a function of the apparent, water-bitumen, and bitumen-air surface tensions.
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If these three surface tensions are known, the film thickness as related to air bubble size
can be solved.

Trends over time such as increasing film thickness or decreasing bubble size can
also be formulated using the above analysis. Equation (5.2) can be used to show how

the radius of the air bubble changes over time. Equation (5.2) can be rewritten as:

2 ‘y e
PI: - P\r = 'Yu'l:']\rh = —F*L/—] (5 : 1 O)
o ’

In the experiments, the temperature and pressure of the water phase remained constant.
Since the bitumen film was in contact with a reservoir of bitumen with a constant
pressure on the tip of the teflon needle and the volume of the bitumen film was allowed
to expand on the air bubble surface. it is assumed that the pressure of the vi.. men film
is constant. If it is also assumed that the water-bitumen surface tension is constant with

respect to time, t, then the following equations can be written:

Aoy (5.11)
dr
Pl (5.12)
dt
d'ow - O (5 . l 3)
dt

Taking a derivative of equation (5.10) with respect to time and substituting equations

(5.11), (5.12), and (5.13) gives:



2 ) (l;
- ’Ylm' . (_‘_{?_'_l_ + f___’f) = O (5-14)
(R, ~ hy di dt

Since water-bitumen surface tension in not zero:

.Y“/. #= 0 (5 15)
then for equation (5.14) to be zero. the following has to be true:
dR’I (”I/ (5. |6)

dr di
As shown in equation (5.16). the rate of change of the air hubble radius with respect to
time is opposite to the rate of change of the film thickness with respect to time.  From
experimental observations during the measurement of the apparent surface tension. it is

known that the film thickness increases over time. Since:

oy (5.17)
dr

Equation (5.16) shows that if the bitumen film thickness increases over time. then the

following must be true:

d_Rj < 0 (5.18)

dt
This equation shows that if the bitumen film thickness increases over time then the radius
of the air bubble decreases over time. This result concurs with the experimentally

observed trend that the bitumen film thickness increases and the radius of the air bubble

decreases over time.
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5.2 BiTUMEN FILM MODEL RESULTS
Equation (5.9) shows the ratio of film “hickness to air bubble size as a function
of surface tensions. Using published values of v,, [Potoczny et al.. 1984] and v,
[AOSTRA, 1984] along with the experimentally determined values of v,, as discussed

in Chapter 3. the film thickness can be determined. Table 5.1 shows the published and

experimentally determined surface tension values.

Table 5.1: Surface tension values used to calculate film thickness.

Yo (/) Yo, (mJ/m?) Yon (MJ/m?)

[AOSTRA, 1984]

—

[Potoczny, 1-%4]

23°C 333 403 18.1 + 4.0
50°C 574 + 0.9 31.2 £ 0.27 11.4 + 4.C
70"C 56.3 £ 0.3 29.7 4- 0.26 6.3 £+ 4.0

The equilibrium ratio of bitumen film thickness to air bubble radius at the temperatures
oi 23°C, 50C, and 70°C can be calculated by using Equation (9) along with the surface
tersion values shown in Table 5.1. The resulting equilibrium ratios are shown in Table

5.2:
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Table 5.2: Equilibrium bitumen film thickness to air bubble radius ratio.

Equilibrium

hd/R, 0.28 + 0.14 0.47 + 0.14 0.68 + 0.15

A% can be seen i Tabie 5.2 the ratio of film thickness to air bubble size increases with
incressing lemperure which agrees with experimental observations.  For a given air
bubblz radius. the film at 50°C is 1.7 times as thick and at 70°C is over twice as thick
as a iilm at room temperature. These values represent a 68% and 143% increase in
bitumen thickness for 50'C and 70°C respectively over room temperature.  This table
shows that the thickness of the bitumen il can either be increased by increasing the

temperature or increasing the size of the air bubble.

5.3 COMPARISON OF BUBBLE ATTACHMENT AND BITUMEN FILM
THICKNESS MODELS
The results from the above section indicate thit since the ratio h/R, is fixed for
a given temperature, a thicker bitumen film will require an air bubble with a larger
radius. This would seem t: indicate that to achieve greater bitumen recovery per air
bubble, the air bubbles should be very large. This can be compared with the results in

Chapter 4 which predicted that the air bubble should be smaller to promote greater
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stability of the bitumen drop - air bubble attachment. The results, as discussed in
Chapter 4, indicated that the air bubble and the bitumen drop should be the same size to
have the maximum stability. These two models predict the trends which are typically
seen in industry. Bubbles are reduced in sizc to increase the stability of the bitumen dror
- air bubble attachment at the expense o1 ic amount of bitumen carried by each »ir
bubble. There must be a compromise between bubble stability and film thickness to
produce an optimum air bubble size to use in the secondary recovery stage of the Hot
Water Extraction Process.

In industry, the typical air bubble radius varies between 0.1 and | mm. The
typical radius of a bitumen drop varies between 0.01 and 0.1 mm. Using the results of
the Bubble Attachment M«. 'l in Chapter 4, the smallest air bubble radius of 0.1 mm
would promote the greatest attachment stability between the air bubble and bitumen drop.
Using the air bubble radius, R,, of 0.1 mm with che results for the equilibrium ratio,
h/R,, the following results for equilibrium Lubble {ilm thickness are obtained as shown

in Table 5 3.

Table 5.3: Equilibrium bitumen film thickness assuming an air bubbic radius ot 0.1 mm.

Jf 23°C ' 50°C 70°C
e

Equilibrium

"

0.028 + 0.014 0.047 + 0014 0.068 + 0.015

it
T —



62

The results shown in Table 5.3 obviously show the same trends shown in Table 5.2. The
bitumen film thicknesses at 50°C and 70°C are 1.7 and 2.4 times as thick as a film at
room temperature. The results shown in Table 5.3 agree with the experimentally
observed trends that the bitumen film thickness on the air bubble surface increased with

increasing temperature.
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Bitumen Film

Air Bubble

Figure 5.1: Two interfaces formed by a bitumen film of thickness h, on an air bubble
surface in water.
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CHAPTER 6

SUMMARY

6.1 SUMMARY OF EXPERIMENTAL AND MODEL RESULTS

The experimental data for the tim and temperature dependence of apparent
surface tension and contact angle of an air bubble with a bitumen film at 23"C, 50°C, and

70°C along with the bitumen drop-air bubble attachment and bitumen thickness models

can be summarized as follows:

1. Due to the formation of a bitumen film on an air bubble surfacc the apparent bubble
surface tensicn initialiy decreases rapidly sad gradually reaches an equilibrium value.
At 70°C, for example. the equilibrium value of the apparent surface tension is

approximately 9 mJ/m? or 14% less than the water-air surface tension.

2. The time required for the complete formation of the film is shorter for higher
temperatures. The time to reach equilibrium was reduced from approximately 11

minutes to 7 seconds or 99% from room temperature to 70°C.

3. Measured contact angles at room temperature and 50°C were 11% and 13% higher
than theoretically determined contact angles using the Young Equation. Although the

same bitumen was not used in the experiments as was used to determine theoretical
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numbers, the results show that the measured and theoretical contact angles are in

reasonable agreement.

4. In comparison with the case of no bitumen film on air bubbles, the bitumen film
formed on an air bubble surface weakens the bitumen-bubble attachment by 1 to 10%

depending on the bitumen drop-air bubble size ratio.

5. As the bitumen drop to air bubble radius ratio. R/R,, increases from 0 to 1. the
attachment parameter, h/R,. indicates increasing stability of the bitumer drop-air bubbie
attachment. In order to enhance the bitumen drop-air bubble attachment, the average size

of air bubbles should be the same as the average size of bitumen drops.

L=

6. The bitumen tilm theoretical model predicts that the ratio of bitumen thickness to air
bubble radius is a function of the water-bitumen. bitumen-air. and apparent surface
tensions.  Using published values of water-bitumen and bitumen-air surface tensions
along with experimentally determined values for apparent surface tensions, it was
calculated that for a constant radius air bubble, the film was 1.7 and 2.4 times as thick

at 50°C and 70°C respectively than at room temperature.

6.2 FUTURE WORK
The experimental and theoretical model results show that higher temperatures

promote greater bitumen recovery in the secondary recovery stage of the Hot Water
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Extraction Process to recover bitumen from oil sands. Current operations are carried out
at approximately 80°C, but industry is tending towards carrying out this process at lower
temperatures to reduce operational heating costs. Ideally, the process would be carried
out at room temperature tc avoid any expensive heating operations. Without the benefit
of high temperatures to promote greater bitumen film thickness, the size of the air
bubbles and bitumen drops may become more critical. Factors such as pH and salt

concentration will also have to be considered and tested to study the effects of these

parameters on apparent surface tension and contact angle.



