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Abstract

Thermal heavy oil recovery processes use steam and therefore are energy intensive and emit
significant amounts of greenhouse gases. One option to reduce steam usage is a solvent-assisted
process where a hydrocarbon solvent is co-injected with steam. A potential issue for solvent-
assisted processes is the effect of the condensing steam on the mass transfer rate of solvent into
the heavy oil. This thesis focuses on the diffusion of solvent into the bitumen when a layer of

condensed water is present.

The diffusion experiments were performed in 2.2 cm diameter glass vials. Water layers with
thicknesses from 0.25 to 2 cm were placed over bitumen and excess solvent was placed over the
water. The diffusion rate of the solvent through the water was determined from the change in
height of the bitumen layer. A cathetometer was used to measure the changes in water and bitumen
heights. The diffusion of toluene, cyclohexane, n-pentane and n-heptane into two bitumens from
different source reservoirs was evaluated at temperatures from 20 to 80°C. Solvent diffusion rates
were calculated from the change in the height of the water+bitumen layers and the emulsification
rates were determined from the additional change in height of the bitumen layer. The water content
in the bitumen was verified by Karl Fischer titrations and micrography. The solvent diffusion rates
were modeled with a 1D steady state diffusion model using diffusivity and solubility values for

solvent in water taken from the literature.

It was found that surfactants naturally present in bitumen were responsible for water-in-oil and oil-
in-water spontaneous emulsification. At 20°C, the measured diffusion rates were consistent with
the predicted diffusion rates and the water was a significant barrier to mass transfer. At 60°C, the
diffusion rates were significantly higher than predicted possibly due to convection induced from
small thermal gradients in the temperature bath but also due to gravity instability. The rate of
emulsification rates and time to gravity instability correlated to the solvent mass transfer rates. It
is expected that at steam temperatures the water will pose little barrier to mass transfer because

gravity instability, convection, and emulsification will dominate.
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CHAPTER ONE: INTRODUCTION

Heavy oils and bitumen are defined as oils with a specific gravity below 20 and 10 °API,
respectively (Veil and Quinn, 2008). Heavy oil and bitumen viscosities range from 100 to over a
million mPa.s at standard conditions. For convenience, heavy oil will be used to refer to both heavy
oil and bitumen unless otherwise indicated. Heavy oil reservoirs are located throughout the world
and one of the largest deposits is in Alberta. Alberta has 280-10° mé of heavy oil in place of which
50-10° m3 is currently recoverable. The production of heavy oil from Alberta in 2018 was 453-103
m3/d (AER, 2019).

At in situ conditions, the viscosity of many heavy oils can exceed 10000 mP.s. The key to
producing heavy oil is to mobilize it in the reservoir, that is, lower its viscosity sufficiently such
that it flows readily in the reservoir to a production wellbore. Methods to reduce heavy oil viscosity
include: 1) heating the bitumen to a sufficiently high temperature; 2) dissolving solvent in the
bitumen to dilute it; 3) inducing a compositional change of the oil that leads to a mobile oil phase,
for example by precipitated out asphaltenes or by in situ upgrading (Gates and Chakrabarty, 2008;
Bayestehparvin et al., 2018; Butler et al., 1981; Orr, 2009).

The predominant heavy oil recovery process in Alberta is steam-assisted gravity drainage, or
SAGD. SAGD was proposed as an in situ heavy oil recovery method in the 1970s (Butler et al.,
1981) and consists of a pair of two horizontal wells, an injector above a producer, which are drilled
into the lower part of a formation. Both wells and the formation between them are first heated by
circulating steam through each well. When contact is established between the two wells, steam
injection is continued in the upper well, creating a steam chamber at a saturated steam temperature.
The steam chamber rises above the injector in the reservoir and decreases the viscosity of the
surrounding oil viscosity due to transfer of latent heat from the steam to the cold heavy oil.
Meanwhile, bitumen and condensed steam are drained by gravity along the sides of the steam
chamber to the lower horizontal well. (Butler, 1987; Butler, 1998; Ji et al., 2015). However, there

are some environmental issues with SAGD including the requirement of large volumes of fresh



water for steam generation and the emission of carbon dioxide from the burning of fuel for steam
generation (Faradonbeh et al., 2016).

One option to reduce the use of steam is to replace it, or some fraction of it, with a solvent. Dilution
with solvent can achieve comparable viscosity reduction to heating with less energy and water
usage. Solvent based processes such as VAPEX, N-Solv, and CSI completely replace the steam
while solvent assisted processes such as ES-SAGD, SAP and LASER partially replace the steam
(Bayestehparvin et al., 2018). This thesis is focused on solvent-assisted processes where both

steam and solvent can condense in the reservoir.

In a solvent assisted SAGD process, a pure hydrocarbon solvent or a mixture of solvents is co-
injected with the steam at a low solvent concentration as shown in Figure 1.1 (Nasr and Ayodele,
2007). Lin et al. (2014) pointed out that the solvent should be chosen such that the solvent and
water condensed at similar conditions in order for heat and mass transfer to occur simultaneously
at the boundary between the vapor chamber and the untouched heavy oil. According to this criteria,
n-hexane and n-heptane are ideal solvents because their saturation temperatures are similar to that
of steam (Orr, 2009); however, they have never been used on a field scale project because they are
expensive compared with propane and butane. Experimental evaluations and numerical
simulations have shown that solvents ranging between butane and n-heptane are the best for
application during an solvent assisted SAGD process (Gates and Chakrabarty, 2008; Govind et al.,
2008; M. Keshavarz et al., 2014; Keshavarz et al., 2015; Khaledi et al., 2015; Orr, 2009). Of these
solvents, only butane has been applied with technical success, increasing the overall oil recovery
factor, decreasing the SOR (Steam-Oil-Ratio), and achieving more than 70% solvent recovery in
two field projects: 1) an SAP pilot at Senlac thermal facility of EnCana Corp. in 2002 with an
average increase in oil production rate from 300 to 480 m®/d for the well pair after the solvent was
aided and a SOR reduction from 2.6 to 1.6 m3/mg3; 2) an SAP pilot at Christina Lake by EnCana
Corp. in 2004 with an increase in the oil production rate from 95 to 210 m®/d and a SOR reduction

from 5 to 1.6 m3/m3.



Other field projects have used mixed solvents and diluents. For example, the LASER pilot in Cold
Lake by Imperial Oil and ExxonMobil in 2002 used a pentane plus fraction diluent decreasing the
SOR from 3.4 to 2.6 m3/m3. The ES-SAGD pilot operated by NEXEN in Long Lake used Jet B
(carbon numbers from C7— Cy2) but did not obtain any incremental oil recovery or reduction in
SOR (Memarzadeh, 2015; Lin et al, 2014). Typical operating pressures in the aforementioned
projects ranged from 1.5 to 2.5 MPa and, according to numerical and experimental studies,
temperatures at the interface ranged from 150 to 250°C (Keshavarz et al., 2015; Ji et al., 2015).

steam +
solvent

draining
oil +
solvent+

@’ water

heavy oil

Figure 1.1. Scheme of the SA-SAGD method in the steam/solvent/bitumen chamber.

A significant uncertainty with such steam assisted processes is the nature of the material that
condenses; that is, does a uniform liquid phase form, two liquid phases, or an emulsion? The
scenarios that can occur in the interface depend on the volatility and the volume of injected solvent
and are shown in Figure 1.2. If a highly volatile solvent such as propane is co-injected, then steam
will most likely condense preferentially. However, if a heavier solvent such as n-heptane is
injected then the solvent will condense preferentially. If two liquid phases condense, water-in-
solvent and solvent-in water emulsions can form during this process. The type and composition of
the liquid phase(s) will affect the mass transfer rates and the success of the process. Ideally, the
solvent would be in direct contact with the oil either as a solvent-rich phase or a substantial

concentration in a water-rich phase.
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Figure 1.2. Possible scenarios that can be present at the steam/bitumen interface during the
application of a solvent assisted-SAGD method.

Co-condensation of the solvent and steam forming a single liquid layer over the bitumen has been
proposed for solvents with similar saturation temperatures as steam, such as hexane, heptane, and
dodecane (Lin et al., 2014; Orr, 2009; Li and Mamora, 2010). The condensed fluid with these
solvents will have a high solvent content, minimizing the blocking effect of the water in the film
and improving the production performance relative to more volatile solvents. Jha et al. (2013)
performed a numerical study on steam-solvent processes for a wide range of alkanes (from propane
to n-decane). They observed only a single condensed liquid phase at all conditions examined. They
found that, as the temperature drops near the steam chamber boundary, the condensed fluid had a
low solvent content and initially formed a water barrier over the bitumen. As the temperature
decreased toward the chamber boundary and more steam condensed, the vapor phase became

richer in solvent and the solvent content in the condensed fluid increased.

Dong (2011) proposed an algorithm to estimate the equilibrium temperature and solvent fraction
in the vapor phase at the boundary of the steam chamber. He found that, for a hexane/steam system
and over a large range of solvent fractions in the vapor phase, the condensed fluid was initially
water-rich. The solvent content in the condensed fluid increased only when its concentration in the

vapor was very high. As observed by Jha et al. (2013), the solvent fraction in the vapor phase



increased as more steam condensed leading to an increased solvent content in the condensed fluid
as the process progressed. Dong also noted that when the edge of the chamber was oriented such
that gravity drained the condensing water away from the interface, a high solvent concentration
interacted with the oil (i.e., at the upper portions of the steam chamber). However, if the edge of
the chamber was oriented such that gravity drained the condensing water towards the interface, a
layer of liquid water blocked solvent from interacting with the oil, creating a resistance between
solvent and bitumen in the lower portion of the steam chamber (Dong, 2011).

When steam and solvent condense as two liquid phases, water-in-oil emulsions may form. Doan
et al, (2007) conducted scaled SAGD experiments and observed that the produced fluid after
breakthrough consisted of single-phase condensate and water-in-oil emulsions. Mohammadzadeh
and Chatzis (2009) conducted flow visualization experiments and confirmed that water-in-oil
emulsions can form in-situ during a SAGD process. They reported water droplet diameter sizes in
the range of 1.1 to 5 um. Ezeuko et al. (2012) conducted a simulation study to investigate the effect
of emulsion on SAGD and ES-SAGD performance. Their results showed that emulsification

increased bitumen mobility and therefore decreased the cumulative steam-oil ratio.

Many investigations have studied the diffusive mass transfer of carbon dioxide through water into
crude oil, a factor affecting tertiary CO; flooding (Ghoroori et al., 2017; Mirazimi et al., 2017
Shu et al., 2017; Grogan et al., 1987; Muller and Lake, 2007). However, no experimental or
analytical/numerical studies were found in the literature for the effect of a water barrier on the

mass transfer of a liquid hydrocarbon solvent through water into heavy oil.

1.1 Objectives

This aim of this research is to investigate the effect of a water barrier on the mass transfer of solvent
into heavy oil; that is, the scenario where water condenses first followed by condensation of
solvent. Spontaneous emulsification and gravity instability are also considered. The specific
objectives are to:
1. Develop an experimental methodology to measure diffusion of solvent into bitumen
through a water layer. The mass transfer rate of the solvent and water-in-oil emulsification

rate will be determined from the changes in volume of the water and bitumen layers.



2. Investigate the effect of the water layer thickness (0.25 to 2 cm), temperature (20 to 80°C),
solvent type (toluene, cyclohexane n-pentane and n-heptane), and the initial condition of
the water (unsaturated or presaturated with solvent) on the solvent mass transfer rate and
the emulsification rate. Two Western Canadian bitumens are evaluated.

3. Model the solvent mass transfer data using a steady state liquid-liquid diffusion model
based on Fick’s first law.

4. Assess gravity instability of bitumen visually and by the change in the diffusion rate.

1.2 Thesis Structure

This thesis is divided into five remaining chapters, as outlined below.

Chapter Two begins with a review of diffusive mass transfer theory. The effect of water blocking
in CO2/water/oil micro systems is discussed. Mechanisms for spontaneous emulsification and
experimental evidence of spontaneous emulsification of water into heavy oil are presented. Finally,

gravity instability in binary liquid-liquid immiscible systems is discussed.

Chapter Three describes the experimental methodology developed in this thesis to measure the
solvent and water content in bitumen by examining the change in the solvent/water interface, water
and bitumen volume in a solvent/water/bitumen test. The steps take to validate the method and an

error analysis are also provided.

Chapter Four presents the property data required to analyze and interpret the mass transfer
experiments. The mass transfer and emulsification data are presented at 20 and 60°C including a
discussion of the effect of water layer thickness and solvent type. The steady state diffusion model
predictions are compared with the solvent mass transfer data. The impact of gravity instability is
also discussed. Finally, tests to assess the effect of natural surfactant on spontaneous emulsification

are presented.

Chapter Five summarizes the most important results and conclusions from this thesis and provides

recommendations for future work in this area.



CHAPTER TWO: LITERATURE REVIEW

The main concepts used to interpret the experiments presented in this thesis are mass transfer,
spontaneous emulsification, and gravity instability. This chapter provides a summary of mass
transfer theory with emphasis on relevant concepts of steady and unsteady state diffusion. The
studies reported in the literature about mass transfer of solvents across layers of water and bitumen
are discussed. The fundamentals of emulsions and the mechanisms that control spontaneous
emulsification are presented. Finally, two theories that describe gravity instability in immiscible
liquid-liquid systems will be described: Rayleigh-Taylor and Marangoni instabilities.

2.1 Mass Transfer Fundamentals

Diffusion is the process where matter is transported from one part of a system to another as a result
of random molecular motions (Crank, 1975b; Poiling et al.,1987). Cussler (2007) defined it as the
net transport of material within a single phase in the absence of mixing, such as by mechanical
means or by convection. Both experiments and theory have shown that diffusion can result from
pressure gradients, temperature gradients, external force fields, and concentration gradients
(Poiling et al., 1987). In this thesis only diffusion driven by a concentration gradient will be

considered with no convection, external forces, or reaction.

2.1.1 Steady State Diffusion (Fick’s First Law)

Fick (1855) quantified diffusion by adapting the mathematical equation of heat conduction derived
some years earlier by Fourier (1822) (Crank, 1975a). He proposed that, in isotropic substances,
the rate of transfer of a diffusing substance through unit area of a section is proportional to the
concentration gradient measured normal to the section. Therefore, at steady state and without any
convection effects, the mass flux is proportional to the concentration gradient and the
proportionality factor, D,5, defined as the diffusivity of Component A in Component B. Fick’s
First Law is formulated as follows (Crank, 1975b; Poiling et al., 1987):

dc (2.1)
Jax = —Dap d—;



B dCp (2.2)
Jex = —Dga Ix

where Jy is the mass flux in the x direction, D is the diffusivity of one component in another, C is
concentration, X is distance, and subscripts A and B indicate Components A and B, respectively.
The negative sign in this relationship indicates that particles flow from regions of higher to lower
concentration (Bird et al., 2002). Steady state diffusion takes place at a constant rate; that is, the
number of molecules crossing a given interface is constant with time. In other words, throughout
the system dC/dx = constant and dC/dt = 0, where t is time (Cussler, 2007).

In a binary mixture of A and B, where substance A is diffusing in one direction through substance
B and vice versa, and also if the volume change upon mixing is negligible (regular solution), then
(Cran and Hartle, 1949; Bearman, 1960):

Jax = Jbx (2.3)
For this condition to be satisfied, then (Crank, 1975; Oballa and Butler, 1989):
Dyp = Dpy (2.4)

Hence, the behavior of a binary system with no volume change upon mixing can be described
using a single mutual diffusivity which is a function of the composition of each component,

temperature, and pressure (Crank, 1975; Oballa and Butler, 1989).

Steady diffusion across a thin film is considered in this thesis and is illustrated in Figure 2.1. On
each side of the film interface, 0 < x <L, there is a well-mixed solution of a solvent (Component
B) and one solute (Component A). Both of these solutions are dilute but have a different solute
concentration. The solute diffuses from the fixed higher concentration located at x < 0 on the left-
hand side of the film into the fixed less concentrated solution located at x > L on the right-hand
side (Cussler, 2007). If there is no material accumulation in the film, combining a mass balance

with Fick’s First Law gives the following equation (Cussler, 2007):

2
0 =Dyp % (29)
Equation 2.5 is integrated with the following boundary conditions:
x=0, c¢c4=cC1a (2.6)
XxX=0L, Ccy=Cyy (2.7)

to obtain the following concentration profile (Cussler, 2007):



x
c=Cat (Ca— ClA)Z (2.8)

The flux is found by differentiating this profile (Cussler, 2007) with the following result:

D 2.9
]=%(C1A_C2A) (2.9)

The flux is constant because the system is in steady state. Based on the definition of flux, Eq. 2.9
can be rewritten to obtain the mass diffused as follows:

my = T(Cm — Ca4)

where m is the mass diffused, A is the cross sectional area, and L is the film thickness.

(2.10)

l |

x=0 x=1

Figure 2.1. lllustration of steady state diffusion through a film between two solutions of a solute
(A) in a solvent (B). Adapted from Cussler (2007).

2.1.2 Unsteady State Diffusion (Fick’s Second Law)

If mass transfer of Component A through Component B is governed by unsteady state diffusion,
then the concentration gradient of A in the film will be a function of time, as shown in Figure 2.2.
In this thesis, the unsteady state solution was required to estimate the time for the solvent to reach
the bitumen through the water layer. This situation is equivalent to diffusion through a semi-

infinite slab.
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For a dilute liquid solution (constant diffusivity coefficient and density), a mass balance is
performed on a control volume and the mass flux term by diffusion is replaced by Fick’s First Law

to obtain the following continuity equation (Bird et al., 2002):

ow,
p(a—tA) = ,DDABVZWA (211)

where w is the mass fraction and p is the density of the mixture in g/cm3. If diffusion occurs in one
direction, then Eq. 2.11 simplifies to Fick’s Second Law, given by (Bird et al., 2002):

ac, 92C,
=Dyt (2.12)

x=0

Figure 2.2. lllustration of unsteady state diffusion of a solute (A) in a semi-infinite slab. Adapted
from Cussler (2007).

Analytical solutions for Eq. 2.12 can be obtained as long as the diffusivity is assumed to be
constant (i.e., independent of concentration) and there is no volume change upon mixing. These
two conditions apply in dilute systems (Grimaldos, 2018). Eq. 2.13 is a second order partial
differential equation and is solvable by using the combination of variables method where the

following integration factor, y, is introduced (Bird et al., 2002; Cussler, 2007):
X
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The integration factor is substituted for t and x in Eq, 2.12 to obtain the following expression
(Cussler, 2007):

d*C, dCy,
2 = 2.14
o2 Ty 0 (2.14)
The general solution to Eq. 2.12 is (Bird et al., 2002):
y
CA = K1 f eXp(—)_lz) dy + KZ (215)

0
where y is the independent variable, K; and K, are the integration constants, whose values depend
on the initial and boundary conditions.

The solution of relevance for this thesis is for diffusion of a solute (A) into a semi-infinite solution
with a solvent (B). In this case, the initial condition is the concentration of the solute in the solution
given by:

Ca(x>0,t =0) = Cypo (2.16)
where C,p, is the initial concentration of Solute A in Solvent B and can have any value from zero
to the solubility of A in B.

Two boundary conditions are required to solve Eq. 2.15. The first boundary condition is applied
at the interface of A and B (x=0 in Figure 2.2) and is given by (Richardson, 2017; Etminan, 2014):
Ca(x = 0,t) = Cyeq (2.17)
where Cy4q is the solubility of the diffusing Solute A in Solvent B at the system pressure and
temperature (Richardson, 2017). At short times when Solute A has not reached the end of the slab,
the following infinite acting boundary condition can be applied (Richardson, 2017; Crank, 1975):
Cyo(x > 00,t) =0 (2.18)
Once Solute A has reached the end of the slab, the following finite acting boundary condition is
applied (Grimaldos, 2018):

dC, (2.19)
=0
dx x=p

where L is the distance from the interface to the end of the slab.
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Dilute Systems: Infinite Acting Solution
The infinite acting solution for dilute systems is given by

Cs = Capo + (Cheq — CABO)eTfC<

X

m) (2.20)
where erfc is the complementary error function. When the concentration of A in B is zero at t=0,
Eq. 2.20 simplifies to the following expression (Crank, 1975b):

Cy = Cyeqerfc <L> (2.21)

V4Dt

Eq. 2.21 is valid for isothermal, isobaric one-dimensional diffusion in a dilute isotropic medium
(constant diffusivity) without reaction and bulk flow, with no volume change upon mixing, and
where the diffusing substance has not reached the bottom of the liquid column; that is, at early
time (Grimaldos, 2018). Eq. 2.24 can be used to plot the concentration profile of A in B during the
unsteady state period before A reaches B. Solutions for liquid-liquid systems with concentration
dependent diffusivity (non-dilute systems) and swelling require numerical models and are outside

the scope of this thesis.

2.2 Mass Transfer through Water Films in Carbon Dioxide/Bitumen Systems

Liquid-liquid mass transfer experiments in hydrocarbon/water/bitumen systems have not been
reported in the literature. However, a similar phenomenon known as water blocking can occur
during miscible flooding where the oil may be prevented from direct contact with a gas (rich in
CO2) by a water barrier, Water blocking has been widely studied experimentally using
micromodels, analytically, and numerically (Grogan and Pinczewski, 1987; Muller and Lake,
2007; Grogan et al. 2007; Mirazimi et al. 2017; Bijeljic et al., 2003; Shu et al., 2017; Fayazi and
Kantzas, 2018; Lin and Huang, 2007; Ghoroori et al., 2017; Vali et al., 2011).

Water blocking affects the microscopic displacement efficiency of reservoirs during application
of tertiary CO- injection after a waterflood. The bulk of the residual oil is left behind the CO>
displacement front, trapped by water, and therefore inaccessible to flowing CO. channels.
Eventually, CO> diffuses through the water barrier progressively swelling both the oil and water
phases. If the oil swelling displaces the blocking water completely, direct contact between solvent

and oil can be achieved which results in high oil recovery.
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Campbell and Orr (1985) studied the recovery of oil with and without the presence of water barriers
shielding the oil. They performed a visual experiment with a micromodel in which a mixture of Cq
through Cqy3 branched alkanes in a dead-end pore shielded by water was recovered by CO3, as
shown in Figure 2.3. They confirmed that the CO. diffused through the water, swelled the residual
oil, and displaced the water barrier. They also showed that the efficiency of both first contact and
multiple contact miscible displacements were much higher in the absence of water (Campbell and
Orr, 1985; Mirazimi et al., 2017).

CO2 — CO2 — CO2—

N
Water

Water

Oil

Figure 2.3. Schematic diagram of miscible displacement with CO, performed by Campbell and
Orr (1985). From left to right: start of CO2 injection; position of water barrier after 18 h; and
position of water barrier after 26.5 h. Adapted from Mirazimi et al. (2017).

Although water blocking reduces the displacement efficiency in micromodels, the time for water-
blocking during carbon dioxide injection at the pore level is relatively short, approximately 1 day
for a 100 um thick water film. The process is relatively rapid because CO2 has a high solubility
in water and diffuses rapidly through the water film. Hence, it appears that water blocking is
relatively unimportant for oil recovery via CO: injection over the time-scales of a typical recovery
scheme of years (Muller and Lake, 2007; Grogan et al. 2007; Campbell and Orr, 2007; Grogan
and Pinczewski, 1987; Bijeljic et al., 2003).

The mathematical modeling of this diffusion process has been investigated by a number of authors
usually by coupling differential equations derived from Fick’s laws, the continuity equation, and

a moving water/oil interface to simulate the oil swelling. In most cases, an equilibrium CO
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concentration at the solvent/water interface is set equal to the solubility of CO in water. The
concentration of CO2 on the oil side of the interface is determined through a partition coefficient,
Kpc, as follows: Ccoz.0 = kpeCrozw (Where Ceoz,0 and Ceoz,w are the CO2 concentrations in the oil
phase and water phase, respectively). Hence, the concentration of CO> at the oil/water interface
has a step change governed by the value of the partition coefficient as shown in Figure 2.4 (Grogan
and Pinczewski, 1987; Do et al., 1993; Fayazi and Kantzas, 2018; Muller and Lake, 2007; Riazi
et al., 2011; Shu et al,. 2017). A variety of methods have been used to solve the mass transfer

process and are summarized below.
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Figure 2.4. Schematic representation of the CO2 concentration profile in the Fayazi and Kantzas
model. Adapted from Fayazi and Kantzas (2018).

Grogan and Pinczewski (1987) proposed a 1-D numerical model that simulated the swelling of
residual oil blobs by CO: diffusion through a blocking water phase. Their model resulted in a set
of coupled highly nonlinear partial-differential equations that constituted a boundary value
problem for which the position of the oil/water interface was determined by a numerical solution.
They found that the transport of CO2 through the water phase is the rate-controlling step in swelling
the residual oil. They also observed convective mixing and instabilities at both interfaces
(COz/water and water/oil) as was also observed by Campbell and Orr, these instabilities are most
likely the explanation of the enhancement of the mass transfer rate and the high diffusion

coefficients reported in their studies.
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Muller and Lake (1991) developed a 1-D pore level model simulating diffusion of CO- into oil
separated by a water film. They calculated the mass flux between the flowing CO> and stagnant
oil. They used water film thickness as a matching parameter to match the laboratory miscible flood
experiments. The results of their model showed that the two dimensionless parameters affecting
production of oil in the presence of water blocking are the ratio of the stagnant water/oil volumes
and the solvent equilibrium constants at the phase boundaries. They concluded that the diffusivity
coefficient of the solvent had little effect on the results.

Do et al. (1995) used a system of coupled ordinary differential equations to describe the
concentration profiles of CO> in oil and water phases. They demonstrated that the water film
produced the major mass transfer resistance. They neglected volume changes from mixing of CO»
with water and oil. Later studies demonstrated that accounted for non-ideal mixing improved the
accuracy of this mass transfer model (Mirazimi et al. 2017).

Bijelic et al. (2003) developed a 1-D diffusion based pore model to simulate the volume change
of the oil due to multicomponent mass transfer from the gas phase in the presence of water. They
assumed ideal mixing between the gas and the oil and that the hydrocarbon concentrations in the
water film were sufficiently low for Fick’s first law to be valid. Consequently, they assumed that
the concentration profiles within the water were linear and that diffusion was due to concentration
gradients only. They found that the rupture times increased with a decrease in the ratio between
the initial oil to the initial water film thicknesses and they proved that the rupture time increased
with the square of initial length of the water layer. The main advantage of this model is that it does
not require a partition coefficient at the water/oil interface. The inputs are pressure, temperature,
and fluid composition. Miriazmi et al. (2017) later improved the accuracy of this model by
accounting for the changes in the partial molar volumes of oil and gas components using the Peng
Robinson and Soave-Redlich-Kwong equations of state and considering mass transfer from the

surrounding water on the pore body into the shielded oil.

Riazi et al. (2011) developed a mathematical model at the pore level to simulate the dynamic
process of the oil swelling for two scenarios: oil is separated from a CO2 source by a water layer,

and oil is in direct contact with carbonated water. Water barriers initially prevented the production
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of the oil, but swelling of oil ruptured the water layer at later times, which then led to shrinkage of
the oil as a result of the extraction of oil components by the CO; and the displacement of oil by a

film flow mechanism.

Vali et al. (2011) proposed a moving mesh method to solve a moving interface method applied to
residual oil blobs swelling by CO: diffusion through a blocking water phase. They compared the
model results with the experimental data froma 2-D glass micromodel and found a good agreement

between numerical and experimental results.

Fayazi and Kantzas (2018) used the model developed by Vali et al. (2011), extending its
application to predict water film rupture times for typical oil and water thicknesses and trapped oil
recovery as a function of contact time. They considered a moving interface between oil and water

and validated their model against the experimental results obtained by Campbell and Orr (1985).

2.3 Emulsions

Emulsions are almost always formed during crude oil production (Dehghanpour et al., 2014;
Ezeuko et al.,, 2012; Mohammadzadeh and Chatzis, 2009). This section summarizes the
fundamentals of emulsions and a phenomena that appears in the tests done in this work,

spontaneous emulsification.

2.3.1 Fundamentals of Emulsions
An emulsion is a mixture of at least two immiscible liquids, such as oil and water, in which one
liquid is dispersed in the other as droplets. For example, in an oil-in-water (O/W) emulsion, oil
droplets are dispersed in a continuous water phase. In a water-in-oil (W/O) emulsion, water
droplets are dispersed in a continuous oil phase (Kabalnov, 1998; Tadros, 2009; Schramm, 1992;
Becher, 1966; Summer, 1954). Emulsions can be classified as follows (Tadros 2009; Schramm,
1992; Shaw, 1980; Lake, 1989; Becher, 1966; Summer, 1954):
e macroemulsions: these usually have a droplet size range of 0.1-5 pm, averaging 1-2 um.
e nanoemulsions: these usually have a droplet size range of 20-100 nm. Similar to

macroemulsions, they are only kinetically stable.
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e micellar emulsions or microemulsions: these have droplets usually in the size range 5-50
nm. They are thermodynamically stable. They are usually formed by the addition of a
surfactant to the system which can drop the interfacial tension to values on the order of 10
3to 10 mN/m.

e Double and multiple emulsions: these are emulsions-of-emulsions (W/O/W and O/W/O).

e Mixed emulsions: these are systems consisting of two different dispersed droplet phases

that do not mix in a continuous medium.

Emulsification creates an interface between the oil and water phases. The free energy of the
interface is given by (Koretsky, 2004; Fingas et al., 1993; Kabalnov, 1998):
dG® = —S°dT + Ady + Z ndy; (2.22)

where G is the Gibbs free energy, S is the entropy, T is the temperature, A is the surface area, y is
the mean interfacial tension and n; is the number of moles of component i with chemical potential

U;. At constant temperature and composition, Eq. 2.22 simplifies to the following expression:

dG° = Ady (2.23)
= (86") 2.24
Y - aA ', ( ' )

A stable interface has a positive y; that is, if the interfacial area increases, then G? increases. A
positive interfacial tension and positive free energy indicate that work is required to create the

interface.

Consider the system shown in Figure 2.5. A large oil drop of area A; is immersed in water (1),
which then divides into a large number of smaller droplets (I1) with total area A2 (such that
A>>>A1) (Fingas et al., 1993; Tadros and Vincent, 1983; Schramm, 1992; Shaw, 1980). The
change in free energy in going from state I to 11 is made from two contributions: a surface energy
term (positive) that is equal to AAdy;, (Where AA=A>-A:) and an entropy of dispersions term
which is also positive (since the production of a large number of droplets is accompanied by an

increase in configurational entropy) and is equal to TAS€°™ (Tadros and Vincent, 1983).
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Figure 2.5. Schematic representation of emulsion formation and breakdown. Adapted from Tadros
(1987).

From the second law of thermodynamics (Kabalnov, 1998; Moilliet, 1960; Tadros, 2013):
AGSo™ = AAy,, — TAS™ (2.25)

where AAy;, is the work done to increase the interfacial area of AA, T is the absolute temperature
and AS is the entropy change due to the system configuration (Silva et al., 2017a; Tadros, 2013).
In most cases, AAy;, > —TAS°™ meaning that the energy to expand the interface, AAy,,, is
large and positive and cannot be compensated by the small positive entropy of dispersion,
TAS™  Hence, AG/°"™™ is positive; that is, the formation of an emulsion is nonspontaneous and
the system is thermodynamically unstable and external energy input (such as mechanical or
thermal) is required to achieve emulsification (Shahidzadeh et al., 2002; Silva et al., 2017a;
Schramm, 1992; Fingas et al., 1993; Isaacs and Chow, 1992). For an emulsion to form
spontaneously,—TAS°™ > AAy,, , which means that AG/°™™ must be negative. In general, the
addition of a surfactant or a mixture of surfactants is required to reduce the interfacial tension
sufficiently for spontaneous emulsification and microemulsion formation (Tadros, 2013;
Schramm, 1992; Fingas et al., 1993; Isaacs and Chow, 1992).

While most emulsions are thermodynamically unstable, they can persist for a long time in a
metastable state. Nonetheless, emulsion can break or be broken, where breaking refers to the return
to separate bulk liquid phases. The mechanisms that govern the breaking process are coalescence,
flocculation, creaming and sedimentation, phase inversion, and Ostwald ripening (Araujo et al.,
2017; Fingas et al., 1993; Langevin et al., 2004; Moilliet, 1960; Sztukowski and Yarranton, 2005;
Schramm, 1992; Becher, 1966; Summer, 1954). Coalescence is the merging of two droplets into

one and is usually required for complete bulk phase separation. Flocculation is the aggregation of
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droplets. Creaming and sedimentation are the accumulation of droplets at the top or bottom of the
emulsion drive by gravity separation. Flocculation, creaming and sedimentation bringing the
droplets into closer contact where coalescence is more likely. Phase inversion is the flipping of
one type of emulsion to another; for example, O/W to W/O, and can lead to more rapid phase
separation if the second type of emulsion is less stable. Ostwald ripening is a mass transfer process
where the contents of small droplets diffuse towards larger droplets eventually creating a
population of large unstable droplets that can easily coalesce. These breaking mechanisms are not

relevant for this thesis and not discussed further.

2.3.2 Spontaneous Emulsification

Spontaneous Emulsification at Ultralow Interfacial Tension

As mentioned earlier, negative values of Gibbs free energy lead to spontaneous emulsification
(Tadros, 2013; Schramm, 1992; Fingas et al., 1993; Isaacs and Chow, 1992). As stated by Gibbs
(1878) and can be seen from Eq. 2.25, a negative free energy can be achieved by four different
mechanisms: 1) an increase in temperature; 2) an increase the entropy; 3) a reduction in the surface
area, and; 4) a reduction in the interfacial tension (IFT). This last mechanism has been widely
applied to create water-in-oil emulsions by the addition of surfactants, for example, in enhanced
oil recovery (Dawe 1981; Egbogahb and Dawe 1985; Santana-Solano et al., 2012; Schechter et
al., 1975; N. Shahidzadeh et al., 1997; Silva et al., 2017a; Lake, 1989). The addition of a
cosurfactant to an oil-water-surfactant system can drop the IFT to values on the order of 107 to
10*% mN/m (Schramm, 1992). This dramatic reduction of the IFT facilitates the spontaneous

formation of very small water droplets in the oil phase (10 nm or smaller).

Ultralow interfacial tensions (i.e., on the order of 10° mN/m) have been observed in
oil/water/surfactant systems where the emulsion formed spontaneously (Aoki et al. 2009; Dawe
1981; Egbogahb and Dawe 1985; Santana-Solano et al. 2012; Schechter et al. 1975; Shahidzadeh
et al., 1997; Shahidzadeh et al. 2000; Wu et al. 2018). These systems are generally characterized
by dispersed droplet diameters less than 10 nm, indicating a microemulsion (Acevedo et al., 2001;
Aoki et al., 2009; Santana-Solano et al., 2012; Shahidzadeh et al., 2002; Silva et al., 2017b; Wu
et al., 2018). Here the required energy to form the emulsion may be derived from the energy of

sorption of the surface-active agent at the interface, as well as the energy of solubilization by the
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hydrocarbon in the aqueous surfactant micelles (Dawe, 1981). Miller and Scriven (1970) believed
that there were other factors besides the ultralow interfacial tension criterion as a mechanism for
spontaneous emulsification (e.g., electrical forces in double layers) which can significantly

influence stability when the IFT is less than about 1 mN/m.

Lee and Tadros (1982) studied the spontaneous emulsification of emulsifiable concentrates into
water at different surfactant concentrations and they found that a minimum of 1% surfactant was
necessary to begin emulsification. The lowest IFT they measured was 0.5 mN/m with a surfactant
concentration of 2%. They concluded that interfacial instability may occur when the IFT reaches
values near of 0.5 mN/m (average droplet size of 3 um), probably due to the mass transfer of

surfactant molecules across the interface.

Silva et al. 2017 investigated the spontaneous formation of water droplets in kerosene with the
presence of an oil soluble surfactant at concentrations above the critical micelle concentration. The
IFT was above 4 mN/m for all the experiments with an average water droplet size of 0.25 pum,
proving that there was no need to achieve ultralow IFT to produce spontaneous emulsification.
This condition of spontaneous emulsification with IFT values much higher than typical values
reported for microemulsions was first discovered by Shinoda and Kunieda (1972) and they called

these types of emulsion “swollen micellar solutions.”

In the 1990s, mathematical modelling of spontaneous emulsification in an oil/water system in the
presence of a surfactant intensified and these studies concluded from a pure mathematical point of
view that Rayleigh-Taylor instabilities might be a mechanism for spontaneous formation of water
droplets in oil. For example, Granek et al., (1993) developed a mathematical model for
spontaneous emulsification which predicted transient negative values of interfacial tension
between water and oil in the presence of a surfactant. Long fingers of one phase in the other
developed prior to the breakup of the surface and water droplets formed spontaneously. Later, Hu
and Granek (1996) found from their mathematical analysis that spontaneous curvature of oil/water
interfaces allowed the formation and stability of long fingers (typical Rayleigh-like instabilities)
at positive IFTs. Hence, this mechanism may also account for spontaneous emulsification at higher
IFT.
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Theissen and Gompper (1999) studied the mathematics of spontaneous emulsification using the
Lattice-Boltzmann method of an initially flat 2-D oil/water interface and then added surfactant.
From their analysis they concluded that the driving force for the emulsification was the diffusion
of surfactants at the interface leading to convective transport of oil and water induced by viscous
stresses. Their results agreed with Granek et al. (1993) that finger-like structures form and grow
with a constant velocity.

Spontaneous Emulsification Above Ultralow Interfacial Tension
Spontaneous emulsification can also occur at higher IFT values (Rehbinder, 1957; Silva et al.,
2017a). There are at least two mechanisms for spontaneous emulsification above low IFT (Davies

and Rideal, 1961): interfacial turbulence and diffusion and stranding.

Interfacial Turbulence: The interfacial turbulence mechanism has been reviewed by Lopez-
Montilla et al. (2002) and Sterling and Scriven (1959). According to Davies and Rideal (1961),

spontaneous emulsification produced by interfacial turbulence arises from the mechanical breakup
of the interface, which varies according to the intensity of the turbulence. Sterling and Scriven
(1959) described the interfacial turbulence as “the agitation of the interface between two
unequilibria liquids,” which in turn is caused by the Marangoni effect. This phenomena consists
of the movement and/or fluctuation of the interface between two immiscible liquids caused by
longitudinal differences in the IFT. It was first observed by Thomson (1855) and then formalized
by Marangoni (1869).

Marangoni instabilities are caused by local interfacial tension gradients and the presence of
unstable density gradients that produce gravitational instabilities (Castor and Somerton, 1977;
Mendes-Tatsis and Ortiz, 1992; Slavtchev and Mendes, 2004; Marangoni, 1869; Thomson, 1855;
Lord Rayleigh, 1883). The interfacial tension gradients may be created by changes in interfacial
concentrations, temperature, or electrostatic charges. The density gradients may be due to
variations in temperature caused mainly by heats of solution (Ortiz and Sawistowski, 1973) or
volume contraction on mixing (Mendes-Tatsis and Ortiz, 1992). Sgrensen (1978) proved from his

mathematical analysis that Marangoni instabilities can be coupled with Rayleigh-Taylor
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instabilities only when the wavelength of the two instabilities are very closely situated. When the
wavelengths coincide, the amplitude of the instability is enhanced. The instability creates

interfacial turbulence.

Spontaneous emulsification due to interfacial turbulence was first reported by Ouincke in 1879.
The system he studied was lauric acid in oil and he observed that when this solution was placed
on top of an aqueous alkali solution, there was spontaneous formation of aqueous droplets on the
oil side (Ouincke, 1879). Hutchinson (1947) showed that the diffusion of different alcohols (n-
propyl, n-butyl, n-ethyl and n-amyl alcohols) across an unstirred benzene-water interface caused
convection that led to turbulence at the interface in all cases. He also added a surface active
material to the interface that minimized the turbulence and slowed the mass transfer rates. Davies
and Wiggill (1959) studied the mass transfer on diluted acetic acid and benzene in static conditions
with and without the presence surface active agents. They observed spontaneous emulsification of
acid on benzene dispersed by interfacial turbulence through the interface on the surfactant-free
system. However for the case of added surfactant, the droplets formed a more coherent and
homogeneous layer near the interface, as was also found by Davies and Haydon (1957). Davies
and Wiggill also analyzed the acetic acid/water/toluene system and observed spontaneous
emulsification of water droplets principally on the toluene side. A similar system (toluene over
diluted butyric acid) was evaluated by Ward and Brooks (1952). They reported that if pure toluene
was placed over the acid solution, strong mixing on the interface occurred and there was

spontaneous emulsification of aqueous droplets on the toluene side.

Sterling and Scriven (1959) developed a hydrodynamic mathematical model to analyze the
stability mechanisms of this phenomena. They considered two semi-infinite, static fluid phases in
contact along a planar interphase in thermal equilibrium with a low concentration of a solute that
transferred between the phases. They concluded that the presence or absence of a solute in a liquid-
liquid system, the nature of this solute, and the direction through which it flowed (the turbulence
is more intense if the solute transfers from the organic to the aqueous phase) strongly influenced
the magnitude of the turbulence. This observation is consistent with experimental results from

McBain and Woo (1937) who found that if a solution of 10% methanol in toluene was placed over
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water, water droplets appeared spontaneously in the organic phase; however, no emulsification

occurred if pure toluene was placed over water containing methanol.

However, interfacial turbulence does not explain all spontaneous emulsification above ultralow
IFT. Wei (1955) examined a number of different liquids and observed spontaneous emulsification
without turbulent activity at the interface when neither phase contained a solute. Similarly, Davies
and Haydon (1957) showed that spontaneous emulsification of water in a 0.135 M solution of
acetone in petroleum ether occurred even if a surfactant was added to the system to suppress
interfacial turbulence. Davies and Haydon also showed that if a solution of ethanol/toluene is
placed over water, strong interfacial turbulence and spontaneous emulsification occurred, and if a
surfactant was added to the system to suppress the turbulence, emulsification still happened but
water droplets formed closer to the interface and not as dispersed as the free-surfactant system.
Spontaneous emulsification with surfactant suppressed turbulence has been confirmed by several
researchers (Ostrovskii et al. , 1970; Sherwood and Wei, 1957; Olander and Reddy, 1964; Bakker
et al., 1966, 1967; Davies and Wiggill, 1959; Ruckenstein and Berbente, 1963)

Diffusion and Stranding: Diffusion and stranding involves a chemical instability instead of a

mechanical one. Davies and Rideal (1961) originally described this mechanism as regions of local
supersaturation of the solute in one of the solvents produced by diffusion and emulsion droplets
are formed due to phase transformation in these regions. This mechanism can explain spontaneous

emulsification in the previously discussed systems with suppressed interfacial turbulence.

Ruschak and Miller (1972) derived a mathematical solution of the diffusion equations in a ternary
system assuming semi-infinite phases (polar co-solvent/water/oil system). This theory assumes
that the diffusivity coefficients are the same for all phases and the set of compositions in the system
is independent of time. It predicts the occurrence or not of spontaneous emulsification and in which
phase it occurs. Ruschak and Miller validated this theory with data from three different ternary
mixtures: ethanol/toluene/water, propionic acid/toluene/water, and propanol/toluene/water. They
demonstrated that spontaneous emulsification occurred when diffusion caused a supersaturated
region near the interface. The authors proposed two possible mechanisms for the spontaneous

formation of droplets: 1) phase transformation in a supersaturated region where new droplets are
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created either by nucleation and growth or spinodal decomposition; 2) transport-induced breakup
of the interface where small perturbations at the interface change the composition, fluxes, and
velocity in the vicinity of the interface. If an increase in the amplitude of the perturbations satisfies
the moving boundary condition and Fick’s second law, it increases until the interface destabilizes
and breaks up. The authors also noted that the emulsification rate increased considerably when
there was diffusion of a solute from the phase in which it was less soluble into the phase in which
it was more soluble. The validity of the diffusion path theory was tested successfully by Miller
(2006) for water/alcohol/oil systems and also for systems containing surfactants. Note that when
the diffusion and stranding mechanism is acting, any contribution of interfacial turbulence
considerably increases the rate of emulsification by increasing rates of mass transfer near the
interface (Davies and Rideal, 1962; Ruschak and Miller, 1972; Miller, 2006).

Friberg (2013) and Bozeya et al. (2013) analyzed water/ethanol/benzene systems. They found that
when this solution was close to the plait point and was placed over water without mixing,
spontaneous emulsification happened in both phases, principally in the aqueous phase, forming an
emulsion layer. They found that Ruschak and Miller’s model successfully predicted the occurrence
of spontaneous emulsification for the first stage of the test (minutes), which is characterized by a
fast emulsification rate that increases proportionally to the square root of time. The second stage
(several days) was characterized by a very small additional emulsification and could not be

modeled.

2.3.3 Spontaneous Emulsification in Crude Oil/Water Systems

Crude oils contain surface active species, most notably asphaltenes, that can stabilize emulsions
and potentially contribute to spontaneous emulsification. Asphaltenes are fraction of the oil that is
soluble in an aromatic solvent such as toluene but is insoluble in a paraffinic solvent such as n-
heptane. Asphaltenes are a mixture of hundreds of thousands of species and are the densest, highest
molecular weight, most aromatic, most polar, and most heteroatomic fraction of the oil. They have
hydrophobic polynuclear aromatic structures containing hydrophilic heteroatomic functional
groups. This combination makes them surface active. Asphaltenes are considered responsible for
the high stability of water-in-crude oil emulsions, mainly because of their capacity to form a stable

rigid film at the water droplet-oil interface (Alvarez et al., 2009; Czarnecki et al., 2013; Mclean
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and Kilpatrick, 1997; Rane et al., 2012; Tan et al., 2009; Gafonova and Yarranton, 2001;
Yarranton et al., 2000). Also, several studies have established the importance of other components
of crude oils, such as resins, waxes, solids and naphthenic acids on the stability of emulsions
(Alvarez et al., 2009; Czarnecki, 2009; Czarnecki et al., 2013; McLean and Kilpatrick, 1997;
Varadaraj and Cornelius, 2012; Gafonova and Yarranton, 2001).

de Araujo et al. (2017) studied spontaneous emulsification in a water/asphaltene/toluene system
using a spinning disk confocal microscope. They observed formation of micro-sized asphaltene-
laden water droplets on the oil side of the interface with droplet radius 1 to 10 um. Oil droplets
on the water side were also observed, but in a considerably lower amount than the water droplets
(99.7% were water droplets). The emulsification rate increased significantly with time as the
droplets accumulated at the center of the meniscus of the oil/water interface due to gravitational
settling, suggesting that these droplets were the denser phase. Some degree of coalescence
occurred in this region. The droplets far from the center were not sufficiently close and avoided
coalescence. The number of spontaneously emulsified droplets increased with higher asphaltene
concentration (Araujo et al. 2017). They found that, in the early stages of the process, the time for
coalescence to occur increased with aging. They attributed the aging effect to the formation of a

strong viscoelastic network at the interface (see Figure 2.6).

i — Asphaltenes
\ng disorptlon

Toluene

Spontaneous
emulsification

Water

Figure 2.6. Schematic representation of the model by de Araujo et al., showing the spontaneous
formation of water droplets at the oil side of the interface. Adapted from de Araujo et al. (2017).
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Rudin and Wasan (1992) studied spontaneous emulsification on alkali-acidic oil systems with and
without the presence of a petroleum sulfonate. They concluded that the addition of a surfactant
created an interfacial resistance to mass transfer and made the interface more rigid. They also
found that for these systems, interfacial turbulence was necessary but not a sufficient condition for
spontaneous emulsification; it was also necessary to achieve low IFTs. However, spontaneous
emulsification has been observed in diluted heavy oil/water systems at IFT values above 1 mN/m
(Acevedo et al., 2001; Yeung el al., 1999; De Araujo et al., 2017).

As mentioned previously, crude oil has natural components such as asphaltenes which are surface
active and will tend to adsorb on the oil-water interface (Cyr et al. 1987). Acevedo et al. (2001)
showed that natural surfactant concentrations in a Venezuelan bitumen were high enough to
produce very low interfacial tension values (in the order of 102 mN/m) versus water. Spontaneous
emulsification of water droplets was observed for this bitumen. However, for most water/bitumen
systems, the interfacial tension is between 20 to 40 mN/m (Chaverot et al., 2008; Jafary et al.,

2019) and ultralow interfacial tension is not a likely mechanism for spontaneous emulsification.

Yeung el al. (1999) observed spontaneous emulsification of water into bitumen at interfacial
tensions below 10 mN/m. Here the IFT reduction and emulsification was due to area contraction.
They used a micropipette technique to analyze the interfacial properties of micrometer-sized water
droplets in various concentration of bitumen diluted in 1:1 heptol (1:1 n-heptane:toluene). They
found that at high bitumen concentration (10 vol%), micrometer-sized droplets formed
spontaneously from the surface of the original droplet and eventually detached irreversibly. They
noticed that after several minutes the initially clear oil became full of 1 um water droplets. Dabros
(1999) proposed a “budding” mechanism hypothesizing that the compressed irreversibly adsorbed
interfacial film crumpled and folded under compression, creating small pockets of water that

became emulsion droplets.

2.4 Gravity Instability in Liquid-Liquid Systems

Several studies have shown the presence of instabilities in the form of viscous fingers at the edge
of the steam chamber during the application of the SAGD method (Gotawala and Gates, 2008;
Hejazi and Azaiez, 2012; Irani et al., 2014; Ito and Ipek, 2005). Etminan et al. (2011) showed that
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instabilities at the gas-bitumen interface enhance mass transfer between the solvent-carrying vapor
and oil phase. Gatawala and Gates (2008) demonstrated using a numerical model that Rayleigh-
Taylor instabilities (see Section 2.7.1) existed at the edge of the steam chamber when the steam

quality was greater than a threshold value.

Instability occurs when a disturbance of the external or internal forces acting on a fluid or a system
of fluids causes an unbounded change the fluid flow; that is, the fluid does not return to its original
steady state after the disturbance (Friedlander and Yudovich, 1962). Instability in fluid dynamics
and meteorology has been widely studied in the literature and several types exist depending on the
physical phenomena involved (Benard, 1901; Lord Rayleigh, 1900; Taylor, 1950; Brouillette,
2002; Vujinovi and Kranj, 2015). For example, the Kelvin-Helmholtz instability occurs when there
is a velocity difference across the interphase or when a shock wave accelerates the fluids
(Richtmyer-Meshkov instability). The Rayleigh-Benard (confining plate on the top surface) and
Benard-Marangoni convection (no confining plate) occur when there is a heating source from
below and cooling source from above (Koschmieder, 1974; Benard, 1901; Brouillette 2002;
Vujinovi and Kranj, 2015; Richtmyer, 1960; Meshkov, 1969; Lord Rayleigh, 1890). The

instabilities relevant for this thesis is the Rayleigh-Taylor instability.

The Rayleigh-Taylor instability applies to the higher temperature diffusion experiments in this
thesis where water is placed over bitumen with a lower density than the water. Rayleigh-Taylor
instability is a fingering instability at an interface between two fluids of different densities. It
occurs when the light fluid is pushing against the heavy fluid; for example, water placed on top of
oil (Lord Rayleigh, 1900; G. Taylor, 1950; Baker et al., 1993). If the binary fluid system is left
completely undisturbed, a condition of an unstable equilibrium exists. However, if the interface is

initially perturbed, the perturbation grows exponentially with time, giving rise to an instability.

Mathematical modeling of the Rayleigh-Taylor instability has been attempted by several authors
(Weir Lawrie, 2009; Mailybaev, 2018; Popil, 1979; Waddell et al., 2012). The growth rate of each
instability can be determined with a linear stability analysis on a binary system of incompressible
fluids initially separated by a planar interface. It is assumed that the fluids are initially stationary

and that the pressures of both liquids are equal at the interface. The Laplace equation (which relates
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surface energy to curvature and interfacial tension) is combined with Bernoulli’s law (which
governs fluid velocity) to derive the following expression for the growth rate of the instability
(Baker et al., 1993; Weir Lawrie, 2009):

k3
o= \/GAk— Y (2.26)

p1t P2
where o is the growth rate, k is the wavenumber (k = 2w /1), A is the wavelength of the periodic
instability, A is the Atwood number (A = %), p» is the density of upper fluid, p, is the density

of the lower fluid, y is the interfacial tension, and G is the apparent gravity. If the fluids are
miscible, Eq. 2.26 reduces to (Mailybaev, 2018; Waddell et al., 2012):

o =VGAk (2.27)

For small amplitude perturbations of wavelength, A is the key factor governing the growth rate.
For values of A close to 0 (such as bitumen and water), Rayleigh-Taylor instability flow takes the
form of symmetric fingers of fluid (Waddell et al., 2012). For A close to 1, the much lighter fluid
“below” the heavier fluid takes the form of larger bubble-like plumes. Negative values of A
indicate a stable interface. The system is unstable if the heavy fluid is above the lighter fluid (o is
real) and stable if the lighter fluid is above the heavy fluid (o is imaginary) (Plesset and Whipple,
1974; Waddell et al., 2012).
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CHAPTER THREE: EXPERIMENTAL METHODS

This chapter summarizes the materials and experimental methods used in this thesis. The
methodology for setting up the hydrocarbon/water/bitumen diffusion tests is described, as well as
the procedure for processing and analyzing the data from which the solvent mass transfer rate and

the water content in bitumen can be determined.

3.1 Materials

Two different Western Canadian bitumen samples were used in this thesis. The first, WC-B-A3
bitumen, was provided by CNOOC International Ltd. and was obtained from a SAGD project. The
second, WC-B-B5, was a well-head sample from a SAGD project. Both samples were dewatered
prior to delivery. Properties from the WC-B-A3 sample were taken from Grimaldos (2018) and
properties from WC-B-B5 were taken from Perez (2019). The viscosity, water content and the

results of the SARA assay are provided in Table 3.1.

Table 3.1. Properties of WC-B-A3 and WC-B-B5 bitumen samples (Grimaldos, 2018; Perez,
2019; Baydak, 2019). nd refers to not done.

Property WC-B-A3 WC-B-B5
Viscosity at 50°C and 0.1 MPa, cP 5540 7590
Distillables, wt% 27.1 19.5
Saturates, wt% 9.6 1.7
Aromatics, wt% 26.9 29.8
Resins, wt% 18.4 18.9
C5-asphaltenes, wt% 17.7 23.5
Water Content, wt% 1.8 2.6

The following hydrocarbons were used in the mass transfer experiments: cyclohexane (OmniSolyv,
>99.9% purity) purchased from VWR International LLC; toluene (>99.5% purity), n-pentane
(Reagent grade >98% purity) and n-heptane (technical) all from Fisher Chemical and purchased
from Fisher Scientific. The following hydrocarbons were used for the emulsion experiments:
toluene (OmniSolv, purity >99.9%) and n-heptane (OmniSolv, purity >99.5%) both from VWR
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International LLC. Reverse osmosis water was used in all cases and was provided by the University
of Calgary physical plant.

A bitumen sample with a reduced content of natural surfactants was required for one of the mass
transfer experiments. Surfactants were removed by emulsifying water into the bitumen and then
separating out the water. Surfactants accumulate at the water/oil interface due to their surface
active nature and the adsorbed surfactants are removed when the emulsified water is removed. The
procedure does not necessarily remove all of the surface active material from the bitumen but will
tend to remove the most surface active or most strongly adsorbed components. To prepare this
sample, raw bitumen was diluted with high purity toluene and n-heptane and emulsified with
reverse osmosis water using a CAT5 Homogenizer. The mixture of n-heptane and toluene formed
emulsions that were sufficiently stable but settled easily to provide enough supernatant to recover
the treated bitumen. The bitumen:water ratio selected for the emulsion preparation was 1:1. The
hydrocarbon dilution level was selected by trial and error until an emulsion was formed that, after
1.5 hours of settling, yielded two distinct phases: supernatant and stable emulsion. Combinations
where water settled were immediately rejected. The final combination of components for the
emulsions was 10.8 g bitumen, 180 mL of 25/75 Heptol (45 mL n-heptane, 135 mL toluene), and
10.8 g water.

The supernatant was decanted and centrifuged in a Heraeus Megafuge equipped with a TX-200
rotor to remove any remaining emulsified water. The centrifuge conditions were 3000 rpm for 6
min for the WC-B-B5 bitumen and 3400 rpm for 6 min for the WC-B-A3 bitumen. The supernatant
was viewed under the microscope to verify that all visible emulsion had been removed. The
supernatant from several batches were accumulated in a jar and the solvents were evaporated off
in a fume hood for 2 weeks. The residue was dried in a 60°C vacuum for several weeks until its

mass was constant. These procedures were carried out by Baydak (2019).

3.2 Mass Transfer Experiments
A schematic of the mass transfer experiments is provided in Figure 3.1. Layers of solvent over
water over bitumen (or water over bitumen) were prepared in a 30 mL glass vial (diameter = 22.2

mm) and the height of each layer was monitored over time using a Mitutoyo cathetometer with
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+0.01 mm precision. The change in layer heights was used to determine the mass of solvent and
water transferred to the bitumen layer, as will be discussed later. For experiments performed above
room temperature, a VWR water bath was used to maintain a set temperature to within £0.1°C.

K=

' 8 = measurement

solvent

cathetometer
+0.01 mm

Figure 3.1. Schematic of a mass transfer experiment for a solvent/water bitumen system showing
how the height of the interface is measured; toluene/water/WC-B-A3 bitumen, 0.35 cm water
layer, 20°C.

To prepare a vial for a solvent/water/bitumen mass transfer experiment, the bitumen, water, and
hydrocarbon were added sequentially as follows:

e 7.5 gof bitumen was weighed exactly into the bottom of a vial using a 5 mL syringe, being
careful not to get bitumen on the glass walls.

e The vial was placed in a 60°C oven for 24 h and then in an ultrasonic bath for 1 hour to
remove any bubbles present in the bitumen.

e The vial was placed in a freezer for 1 h in order to create a stable flat bitumen surface. The
decrease in the bitumen temperature reduced its viscosity so that the interface did not
deform when water was added to the vial.

e Immediately after taking the sample from the freezer, the desired mass of water (1 to 8 g)

was weighed exactly and added gently on the top of the bitumen using a plastic pipette.
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e An excess of hydrocarbon solvent was gently added above the water layer using a plastic
pipette until the vial was nearly full.
e The vial was fitted with a Teflon seal to prevent evaporation.
The water phase was prepared in two ways: either unsaturated or presaturated. Unsaturated water
was simply degassed reverse osmosis water whereas presaturated water was degassed reverse

osmosis water that had been exposed to the hydrocarbon of interest for 24 hours.

Once the three phases were placed in the vial, the time of day was recorded and an initial
measurement (t = 0) of the water and bitumen heights was taken with the cathetometer. The vial
was either left to sit at room temperature or was placed into a water bath controlled at either 60 or
80°C. The height of each layer was measured periodically (weekly for the room temperature tests
and daily for those at 60 and 80°C). For the above room temperature experiments, the vial was
taken out of the bath for approximately 5 minutes for each height measurement. Photographs of
the vials were taken every time a measurement was done immediately after taking out the sample
from the bath. The experiment was terminated after a designated time or if the bitumen became

unstable and connected with the solvent.

The procedure for a water/bitumen mass transfer experiment was exactly the same as above except
that no solvent was added. In addition, at the end of the experiment, the bitumen layer was isolated
for further analysis. To isolate the bitumen layer from the water, the water layer was gently and
slowly removed with a pipette and then with a syringe/needle if there was encapsulation of visible
droplets by the bitumen. Any droplets of water adhering to the glass walls were also removed.
Samples of the bitumen were collected with a pipette and placed on a microscope slide were taken
to observe any emulsified water. Photomicrographs were taken using a Zeiss Axiovert S100
inverted optical microscope equipped with an Axiocam CRT camera. Images were captured used
AxioVision SE64 software. A Karl Fischer titration was performed on the whole of the remaining
bitumen to determine a water content. The sampling and analysis was performed by Baydak
(2019).
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3.3 Processing of Data from Mass Transfer Experiment

3.3.1 Calculation of Water and Bitumen Volumes

The volumes of the water and bitumen are determined from the heights of the top of the bitumen
and the top of the water and the known cross-sectional area of the vial. Since the interfaces are
curved, both the edge and midpoint heights were measured, as shown in Figure 3.1. The edge
height of the bitumen was not the same at all points on the perimeter and therefore the left and
right edge heights were measured. The edge height of the water was uniform and only one point
was measured. A reference point on the bottom of the vial was also measured and all heights were

determined relative to this reference.

Flat Water/Bitumen Interface
At room temperature, particularly at early times, the bitumen/water interface tended to be flat or
slightly curved downwards (concave) at the center. The average thickness of the bitumen layer

was calculated as follows:

Flat interface hy, + hy+h
Ahb‘avg — bl ;T bc (31)
Concave interface (hy + hyy)
~ bl br /2 + hye (32)
Ahb,avg - 2

where hy, hor, and hye are the uncorrected, left, right and center heights, respectively, of the top of
the bitumen layer and Ah,, 4, is the average thickness of the bitumen layer. The bitumen layer
volume at each time is simply given by:

Vb.avg = ADhp aig (3.3)
where Vpavg is the bitumen layer volume based on the uncorrected average height and A is the

cross-sectional area of the vial.

The bitumen layer volumes were corrected based on the difference between the volume from the
initial measured height and the volume based on the known mass of bitumen as follows:

Vo = Vhavg + Ep (3.4)
where Vy is the corrected average bitumen layer volume and the correction factor Ey is given by:

E, = Vb,t=0 - Vbo (3-5)
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and Vp =0 is the initial bitumen layer volume and V;? is the mass-based bitumen layer volume given
by:

— mb
o
where my is the measured mass of bitumen and is p, the density of the bitumen. At room

Vo (3.6)

temperature, the bitumen correction factor was typically within £0.05 cm?3 (£0.7%) of the bitumen

layer volume.

The upper water interface was flat at all conditions except for the meniscus. The thicknesses of the
edge and center of the water layer were determined from the difference between the height of the

upper water interface and the height of the bitumen layer as follows.

Ahye = hye — hpc (3.7)
hy,+h
Ahye = hye — % (3.8)

where hwe and hye are, respectively, the edge, and center heights of the top of the water layer, and
Ahwc and Ahye are, respectively, the edge, and center thicknesses of the water layer. The average
thickness of the water layer was calculated as follows:

Ah,e + Ah
ARy vy = %

where Ahw,avg IS the average thickness of the water layer. The water layer volume at each time is

(3.9)

simply given by:
Vw,avg = AAhw,avg (3-10)

where Vw,avg i the water layer volume based on the uncorrected average height.

The water layer volumes were corrected based on the difference between the volume from the
initial measured height and the volume based on the known mass of water as follows:
Vo = Vwavg + Ew (3.12)
where Vy, is the corrected average water layer volume and the correction factor Ey is given by:
Ey =Vyi=o— V) (3.12)

and V=0 is the initial water layer volume and V. is the mass-based water layer volume given by:

m
yo=— (3.13)

w
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where my, is the measured mass of water and p,, is the density of the water. At room temperature,
the water correction factor was typically within £0.07 cm3 (£5%) of the water layer volume.

Initial Interface Height above Room Temperature

The height (and volume) measurements at t=0 for the tests at 60 and 80°C were taken at room
temperature. After the sample was placed in the water bath the system reached thermal equilibrium
and all subsequent volume measurements were at the experimental temperature. Hence, the initial
bitumen density was higher (lower volume) than the subsequent densities and the volumes could
not be corrected based on the initial volume measurement. Instead, the measured volumes were
linearly extrapolated to time zero to determine the expected initial volume at the experimental
temperature, as shown in Figure 3.2. Then, the extrapolated volumes were used in Egs. 3.5 and
3.12 instead of the initial measured volumes. Above room temperature, the bitumen and water
correction factors were typically within £0.4 cm? (£5.2%) and £0.2 cm?3 (£4%) of the bitumen and

water layer volumes, respectively.
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Figure 3.2. Extrapolation of uncorrected average bitumen layer height and top water height over
time to determine initial heights (cyclohexane/water/WC-B-A3 bitumen, 1 cm water layer, 60°C).
Note that the initial bitumen volume was higher than the later values because the temperature had
not yet reached 60°C.
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Domed Bitumen Interface

A dome (convex interface) formed at the bitumen/water interface for some mass transfer tests
performed at room temperature and for all experiments performed at 60 and 80°C, as shown in
Figure 3.3. In this case, the volume of the bitumen at each time is given by:

Vo = Vb.avg + Eb + Vaome (3.14)
where Vp.avgt+Ep is the volume of the bitumen column below the dome and Vgome is the volume of
the dome. The volume of the water layer is given by:

Vie = Vivavg + Ew — Vaome (3.15)

where Vy.avg+Ew is the volume of the water column excluding the dome.

The dome volume was determined using a numerical approach. A photograph of the dome profile
was taken and digitized using GetData Graph Digitalizer™ software. An example of a photo of a
dome with its axes and mapped coordinates is shown in Figure 3.4. The coordinates were exported
to Curve Expert Professional™ software for analysis. This software was used to find a
mathematical equation that best fit the contour coordinates. It was found that the following
function (Eq. 3.16) fit the dome profiles for all of the mass transfer tests done in this thesis (see
Appendix B):
r=a+brY +cy (3.16)

where r is the radial location, y is the height of the curved segment, and a, b, and c are fitting

parameters.



37

Figure 3.3. Photograph of a dome on a toluene/1.5 cm water/bitumen test at t=72 h.
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Figure 3.4. Photograph of a dome on a toluene/1.5 cm water/bitumen test at t=48 h.

The fitted profile equation was discretized into layers each with a fixed thickness of Ah and a
radius equal to the value of the function evaluated at different each value of y (see Figure 3.4).
Each layer is a disc and the volume of the dome is equal to the summation of the disc volumes

given by:

n

Vaome = ) [f ) Bk (3.17)

=1
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This method for calculating the volume of the bitumen assumes that the dome is symmetrical with
respect to the y-axis. In fact, the domes were not perfectly symmetrical likely due to wettability
variations at the glass surface. The uncertainty in the volumes from a lack of symmetry ranged
from 5 to 15%, as discussed in Appendix A. The highest uncertainty from asymmetry was with
toluene (highest solubility in water), possibly because the interfacial tension of bitumen and
toluene is lower than with bitumen and the other solvents (Tsamantakis et al. 2005). A lower
interfacial tension provides less resistance to the increase of surface area caused by the asymmetry.

The bitumen dome was formed immediately (t=0) for a few of the water/bitumen and
solvent/water/bitumen tests. These tests were used to determine the deviation of the bitumen
volume calculated using Eq. 3.14 versus the more accurate volume determined from the initial
mass of the bitumen. The average deviation of the bitumen volume at t=0 ranged from 0.1 to 0.3
cm?® (£1-3 %). Similarly, the average deviation of the water volume at t=0 ranged between +0.4 to
0.6 cm? (£6-9 %). The higher errors on the water volume are most likely due to the shape of the
solvent/water interface which is slightly concave whereas this methodology assumes a horizontal

interface.

The calculated bitumen and bitumen+water volumes for repeat runs were consistent until gravity
instability occurred, as shown in Figure 3.5. The gravity instability manifested as a single bitumen
finger that elongated through the water layer and eventually connected with the solvent above. The
repeatability of the bitumen and total volume measurements before the instability is summarized
in Table 3.2 and details are provided in Appendix B. The repeatabilities were 5% or less in all
cases. The repeatability is less than the uncertainty due to asymmetry suggesting that asymmetry

is the main source of error in the volume measurements.

Table 3.2. Average uncertainty of the bitumen and total volumes at 60°C for the evaluated
systems.

Bitumen Volume  Total Volume
System

cm3 (%) cm3 (%)
Toluene/water/bitumen +0.06 (£6.0) +0.004 (+0.4)
Cyclohexane/water/bitumen +0.04 (x4.0) +0.007 (£0.7)

n-Heptane/water/bitumen +0.003 (£0.3) +0.002 (£0.2)
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Figure 3.5. Change in bitumen and bitumen+water volumes for three runs of toluene/saturated
water/WC-B-A3 bitumen experiment with a water layer thickness of 1.5 cm at 60°C.

3.2.3 Water Content in Bitumen

Changes in the water layer volume could be caused by mass transfer of the solvent or bitumen into
the water, mass transfer of water into the bitumen and solvent layers, and evaporation of the water.
The solubility of bitumen in water is very low (10 to 10®° g/cm3, Chapter 4) and the solvent and
bitumen masses in the water layer were negligible compared to the observed change in volume.
The solubility of water in solvent is also very low, on the order of 10 to 10° g/cm? (IUPAC-NIST
solubility data series) and the amount of water lost to diffusion into the solvent layer was assumed
to be negligible compared to the observed change in volume. The vials were sealed and therefore
evaporation into air was also assumed to be negligible. It was further assumed that at the excess
volumes of mixing were negligible at these very dilute conditions. Therefore, any change in the
volume of the water layer was attributed solely to the transfer of water to the bitumen, as shown
in Figure 3.6. As will be discussed later, the solubility of water in bitumen is very low and this

mass is transferred via spontaneous emulsification.
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Figure 3.6. Interpretation of change in bitumen and total volume versus time; toluene/water/WC-
B-A3 bitumen with a 0.35 cm water layer at 20°C.

The change in the water layer volume is given by:

AV, =V, =V =0 (3.18)
The increase in the bitumen layer volume due to water transfer is then —AV,, and the water content
in bitumen is given by:

— —AVy, pw
(Vb + AVw)pb — AWy pw
where wiy is the mass fraction of water in the bitumen layer. Note that V;, is the volume of the

w,, (3.19)

bitumen layer and includes the water and solvent volumes within the layer. The solvent volumes

are assumed to be negligible prior to gravity instability.

For the water/bitumen systems, the repeatability of the water contents was +0.15 and +0.52 wt%
at 20 and 60°C, respectively, based on a 90% confidence interval. Some possible sources of error

that affect the repeatability of the measurements are:

e the bitumen dome is not perfectly symmetrical around the y-axis.

¢ the inside edge of the bottom of the vials is curved so that they are not perfect cylinders.
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e there were small variations on the time to make the measurements for the tests at high
temperature (between 5-7 minutes).
e the system is disturbed every time the vial is moved to take a measurement. Since the vial

could not be seen inside the bath this movement was unavoidable.

For the solvent/water/bitumen systems, the repeatability of the water contents was +0.55 wt% and
between +0.05 to 2.3 wt% at 20 and 60°C, respectively. The higher uncertainty for the systems
with solvent may be linked to the variation in the time to gravity instability, as shown in Figure
3.7. The water content increases more rapidly when the system becomes gravity stable more
rapidly. The variation in the time to instability is discussed later. The repeatability analysis is
provided in Appendix B.
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Figure 3.7. Water content in bitumen versus time for three runs of toluene/saturated water/WC-
B-A3 bitumen experiment with a water layer thickness of 1 cm at 60°C.

3.2.4 Solvent Content in Bitumen

Changes in the combined volume of the bitumen and water layers volume could be caused by mass
transfer of the solvent into the water or bitumen layers and mass transfer of bitumen into the solvent
layers. As noted above, the solubility of solvent in water is very low and the mass of solvent

transferred to the water was assumed to be negligible. Mass transfer of bitumen through the water
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to the solvent is expected to be very slow and there was no discoloration of the solvent layer in the
experiments. Therefore, the mass transfer of bitumen through the water into the solvent layer was
also assumed to be negligible. Hence, the change in the combined bitumen and water layer volumes
was attributed solely to the mass transfer of solvent into the bitumen layer, as shown in Figure 3.5.

It was again assumed that there was no excess volume of mixing.

The volume change of the combined bitumen and water layers is given by:

Vs =V = Vir=o (3.20)
where V; ;¢ is the volume of the total column at t=0. The mass of solvent in bitumen at each time
was calculated as follows:

ms = psV (3.21)
where p; is the solvent density. The mass transfer rate is determined from the slope of the mass of

diffused solvent versus time.

The repeatability of the solvent mass transfer measurements is summarized in Table 3.3. At 20°C,
the uncertainty arises from the sources of error mentioned previously and is approximately £0.02
cmi. The percentage error is higher for the n-pentane and cyclohexane systems because the
solubility is lower; that is, the absolute error is divided by a smaller number. At 60°C, the
percentage error in toluene is higher and may be linked to the elapsed time to gravity instability;
the mass transfer rate is higher when the instability occurs sooner as shown in Figure 3.8. It is not
obvious if the instability causes the increases in mass transfer or vice versa. The reason for the
higher variations in the time to instability at 60°C is not known but could be caused by disturbances
when taking measurements as discussed in the next section. Note, the gravity instability occurred
much later in the other solvents and did not significantly impact their measurements; the error for
these solvents is comparable to the error at 20°C. The repeatability analysis is provided in

Appendix B.

Table 3.3. Average uncertainty of the solvent transferred to the bitumen layer at 20 and 60°C for
the evaluated systems.

Solvent Transfer
cm? (%)
Toluene/water/bitumen at 20°C +0.038 (£22)

System




n-Pentane/water/bitumen at 20°C
Toluene/water/bitumen at 60°C

Cyclohexane/water/bitumen at 60°C
n-Heptane/water/bitumen at 60°C

43

+0.067 (+34)
+0.057 (£35)
+0.022 (+30)
+0.015 (+3.4)
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Figure 3.8. Toluene into bitumen versus time for three runs of toluene/saturated water/WC-B-A3
bitumen experiment with a water layer thickness of 1 cm at 60°C.

3.3 Convection Test

One of the possible sources of error during the height measurements at 60 and 80°C was that the
vials have to be moved from the warm water bath to the room temperature cathetometer. Although
the vials were moved very gently, it was possible that this motion accelerated the emulsification
rate and/or the solvent mass transfer rate. In addition, the temperature gradients from the transient

temperature changes during this measurement could cause convection.

To investigate this effect, a set of six identical tests of the toluene/water/WC-B-A3 bitumen system
with a 1.5 cm unsaturated water layer thickness were performed at 60°C. Each test was performed

for a different time and the layer heights were measured only once at the end of the test. The results
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were compared to three repetitions performed with the same fluids using the standard procedure
(multiple layer height measurements during the test).

Figures 3.9a and 3.9b show that the toluene content and water content in the bitumen, respectively,
for the convection test are within the scatter of the three repeats with the conventional method. The
toluene content was at the high end of the range of scatter while the water content was at the low
end. Hence, it appears that the transfer of vials for the height measurements was not the main
source of the scatter prior to gravity instability. Interestingly, no gravity instability was observed
in the duration of the convection test. It is possible that the transfer of the vials contributed to the
uncertainty in the time to gravity instability.
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Figure 3.9. Results of the convection tests and three identical runs did with toluene/1.5 cm of
unsaturated water/ WC-B-A3 bitumen: a) toluene into bitumen versus time; b) water content in
bitumen versus time.
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CHAPTER FOUR: RESULTS AND DISCUSSION

This chapter presents the results from the liquid-liquid solvent/water/bitumen diffusion
experiments and the water/bitumen diffusion tests. First, the fluid properties required to interpret
the diffusion experiments are presented. Then, the results of water/bitumen tests are discussed.
Next, the steady state diffusion model used to model the experimental results for the solvent
diffusion rate is explained and the results for the solvent/water/bitumen diffusion tests are
discussed. Finally, some correlations for the emulsification rate, solvent transfer rate, time to

instability and water height are presented.

4.1 Fluid Properties
The fluid properties required to interpret the diffusion experiments are the densities of the bitumen,
water, and solvent, the solubility and diffusivity of the solvent in water, and the solubility of water

in bitumen, all at the temperatures of interest (20 to 80°C).

4.1.1 Fluid Densities

Densities of solvent and water at 0.1 MPa were taken from the NIST Chemistry Book (2018).
Experimentally measured densities of WC-B-A3 and WC-B-B5 bitumen at 50, 75 and 100°C were
taken from Grimaldos (2018) and Perez (2019), respectively, and are provided in Table 4.1. The
experimental data for density was extrapolated to lower temperatures using the following empirical
correlation fitted to the higher temperature data (Saryazdi et al., 2013):
pp = (A" = B*T) exp{[F* exp(D"T)1(P — 0.1)} (4.1)

where p,, is the density of the bitumen in kg/m3, P is the pressure in MPa, T is the temperature in
K, and A*, B* F* and D*are fitting parameters. The fitted parameters are provided in Table 4.2 and
the fitted densities used in this study are provided in Table 4.3. Eq. 4.1 fit the density of bitumen

with a maximum absolute deviation of 1.2-10"* g/cm.

The fitted bitumen densities and the water and solvent density values are provided in Table 4.3.

Figure 4.1 compares the density of the two bitumens and water at different temperatures. There is
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a neutral buoyancy point between water and WC-B-A3 bitumen at 60°C. The WC-B-B5 bitumen
is approximately 0.01 g/cm?® denser than water over the range of temperatures of interest. Hence,
a layer of WC-B-B5 bitumen under water will be gravity stable. The WC-B-A3 bitumen is denser
than water up to approximately 60°C but then becomes slightly denser than water at higher
temperatures. A layer of WC-B-A3 bitumen under water may be gravity unstable above 60°C.

Table 4.1. Measured densities of WC-B-A3 and WC-B-B5 bitumen at 0.1 MPa and 50, 75 and
100°C; data from Grimaldos (2018) and Perez (2019).

Fluid Density at Density at Density at
50°C, g/cm? 75°C, g/cm3 100°C, g/cm?

WC-B-A3 0.9902 0.9744 0.9584

WC-B-B5 1.0010 0.9851 0.9694

Table 4.2. Parameters for the bitumen density equation.

Component A" B* F* D*
kg/m3 kg/(m3K) 1/MPa 1/K

WC-B-A3 1196.2 0.63743 0.00014 0.00433

WC-B-B5 1211.3 0.65085 0.00018 0.00455

Table 4.3. Fitted densities of WC-B-A3, WC-B-B5, reverse osmosis water, toluene, cyclohexane,
n-heptane and n-pentane at 0.1 MPa and 20, 60 and 80°C.

Fluid Density at Density at Density at
20°C, g/cm? 60°C, g/cm3 80°C, g/cm3
WC-B-A3 1.0094 0.9838 0.9711
WC-B-B5 1.0207 0.9944 0.9814
Water 0.9982 0.9832 0.9718
Toluene 0.8669 0.8292 0.8098
Cyclohexane 0.7786 0.7402 0.7202
n-Heptane 0.6838 0.6494 0.6314

n-Pentane 0.6257 - -
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Figure 4.1. Densities of water, WC-B-B5 and WC-B-A3 bitumen versus temperature. Bitumen

data from Grimaldos (2018) and Perez (2019).

4.1.2 Solubility and Diffusivity of Solvents in Water

Values for the diffusivity coefficient and solubility of the evaluated solvents in water were found

in the literature and are listed in Table 4.4.
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Table 4.4. Solubility and diffusivity coefficients of toluene, cyclohexane, n-heptane and n-pentane
in water at 0.1 MPa and 20, 60 and 800C. Diffusivity data taken from: a) Bonoli and Witherspoon,
(1969), b) Landolt-Bornstein (1990); c) Zou et al. (2007). Solubility data taken from NIST

solubility database (2008).

Solvent Temperature Solubility in Water  Diffusivity in Water
°C g/lcm? cmz/h
202 0.00059 0.0306
Toluene 602 0.00086 0.0774
80P 0.00317 0.1037
202 0.000085 0.0335
Cyclohexane 602 0.00017 0.0785
80P 0.00026 0.1010
n-Heotane 60°¢ 0.0000033 0.0613
P 80" 0.000004 0.0855
n-Pentane 208 0.00004 0.0302

4.1.3 Solubility of Water in Bitumen

The solubility of water in WC-B-A3 and WC-B-B5 bitumen at temperatures between 20 and 80°C

was determined using a correlation (Satyro et al., 2013). Details are provided in Appendix C. The

solubilities are provided in Table 4.5. The solubility of water in both bitumen samples at 80°C is

less than 0.06 wt%.

Table 4.5. Solubility of water in WC-B-A3 and WC-B-B5 bitumen samples versus temperature;
calculated from Satyro et al. (2013) correlation.

Temperature Water in WC-B-A3  Water in WC-B-B5
°C wt% wt%
20 0.013 0.014
40 0.021 0.022
60 0.034 0.036
80 0.055 0.057
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4.2 Water/Bitumen Systems

Before considering the mass transfer of solvent through water into bitumen, the behavior of water
of bitumen was examined at the same conditions (20, 60, and 80°C) to determine if there were any
interactions between the bitumen and water that could affect the mass transfer measurements with
solvent. Both the WC-B-A3 and WC-B-A5 bitumens initially contained some emulsified water:
1.8 wt% in WC-B-A3 and 2.6 wt% in WC-B-B5, as measured Elaine Baydak using the Karl
Fischer method. Figure 4.2 shows that the water was dispersed as water droplets with diameters

less than 1 um and 3 pum diameter, respectively.

10 ym

(a) (b)

Figure 4.2. Micrographs of bitumen before contact with water layer: a) WC-B-A3 (initially 1.8
wt% water content); b) WC-B-B5 bitumen (initially 2.6 wt% water content).

4.2.1 Water/WC-B-A3 Bitumen

Figure 4.3 shows photographs of a typical water/WC-B-A3 bitumen experiment at 20 and 60°C.
The bitumen density was initial lower than that of water at 80°C and therefore 80°C was not
examined. At 60°C, the bitumen layer formed a dome, consistent with a meniscus between two
similar density fluids confined by a water-wet surface. The dome increased over time. As noted
below, a significant amount of water was emulsified into the bitumen at 60°C and this water must
lower the local density of the bitumen and reduce the density difference between the bitumen and
water, leading to a larger meniscus height (larger dome). At 20°C, the dome only appeared after
1000 h when the water content in bitumen became significant (discussed below). It is not clear

why no dome formed initially. The water phase remained clear and colorless for the duration of
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the experiments, suggesting that no oil-in-water (O/W) emulsification occurred, this was
confirmed with a micrograph to the water phase for a test at 60°C as shown in figure 4.4.

=0 t=161h t=407h t=1164h

t=264h t=308 h t=503 h t=842 h

Figure 4.3. Photographs of water/WC-B-A3 bitumen with 1 cm of unsaturated water at 20 and
60°C.

Figure 4.4. Micrograph of the water phase of a water/WC-B-A3 bitumen test at 60°C after 842
hours.
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The volume of the bitumen layer increased, indicating that water was entering the bitumen. Figure
4.5 shows the change in water content over time in WC-B-A3 bitumen at 20 and 60°C for water
layer heights of 1, 1.5 and 2 cm. The initial water content was subtracted from the actual measured
water content. The open symbols are the water contents determined from the volume change of
the bitumen layer in the images provided in Appendix B. For this binary system, any increase in
the bitumen volume is equal to the volume of water entering into the bitumen. These water contents
were within experimental error (£0.6 wt%) of all but one of the water contents measured with the
Karl Fischer method at 60°C (solid symbols). The water content increased significantly over time,
reaching a plateau value of approximately 5 wt%. The emulsification rate was higher at higher
temperature. The water contents are far above the solubility of water in bitumen (< 0.06 wt%,
Table 4.5) and suggest that water had become emulsified into the bitumen over time.
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Figure 4.5. Incremental water content in WC-B-A3 bitumen over time for different water layer

heights at: a) 20°C; b) 60°C. Open symbols from volume change method; closed symbols from
Karl Fischer.

Figures 4.6a and 4.6b are micrographs of the very top of the bitumen layer and the approximate
middle of the layer of a water/bitumen test at 20°C and 1200 hours. The size and number of
droplets is significantly higher than in the bitumen at the start of the experiment, confirming

emulsification. Most of the water droplets are concentrated on the top of the bitumen layer and
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mainly have diameters between 1 and 3 um with a few droplets with diameters up 8 um. In the
middle layer water droplets are considerably less frequent and range from 1 to 5 pm in diameter.
This water droplet diameter range is characteristic of water in oil macroemulsions (Tadros 2009;
Schramm, 1992; Shaw, 1981; Lake, 1989; Becher, 1966; Summer, 1954). The results are
consistent with a spontaneous emulsification study by De Araujo et al., (2017). They observed
spontaneously formed water droplets of 2 um of diameter in a toluene/asphaltene solution at 20°C
and noted that the water droplets were considerably more concentrated in the center of the

meniscus.

Figure 4.6. Micrographs of bitumen (1 cm unsaturated water/WC-B-A3 bitumen at 20°C) after
1200 hours: a) top of the bitumen layer; b) middle of the bitumen layer.

Figures 4.7a and 4.7b show two micrographs of the top of the bitumen layer and the middle of the
bitumen layer of a water/bitumen test at 60°C after 650 hours. At this temperature water droplets
(1 to 5 um diameter) are not concentrated on the top as they were at 20°C; the movement to lower
into the bitumen phase might be due to bitumen having lower viscosity at 60°C which facilitates

the settling of the water droplets.



53

10 ym

Figure 4.7. Micrographs of bitumen (1 cm unsaturated water/WC-B-A3 bitumen at 60°C) after
650 hours: a) top of the bitumen layer; b) middle of the bitumen layer.

The emulsification rate was required to aid in the interpretation of the solvent/water/bitumen mass
transfer experiments. The water content data in Figure 4.5 were fitted with the following
correlation:
Wi = Wimax (1 — exp(—kt)) (4.1)

where wy, may IS the maximum value of the water content in bitumen, t is time in hours, and k is a
fitting parameter in 1/h which depends on the temperature and type of bitumen. The fitted equation
is shown in Figure 4.5 and the fitted parameters are listed in Table 4.6. Equation 4.1 fit the data
with an average deviation of 0.17 and 0.35 wt% for the tests at 20 and 60°C, respectively, less than
the experimental error of 0.24 and 0.68 wt%.

Table 4.6. Fitting parameters of the water content in bitumen equation.

System Wy max» Wt %0 K, 1/h
WC-B-A3/water at 20°C 4.9 0.0011
WC-B-A3/water at 60°C 5.1 0.0090
WC-B-B5/water at 60°C 5.1 0.0006

W(C-B-B5/water at 80°C 6.1 0.0050
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4.2.2 Water/WC-B-B5 Bitumen

Figure 4.8 shows photographs of a typical water/WC-B-B5 bitumen experiment at 20, 60 and
80°C. In this case, the bitumen layer formed a dome even at 20°C, consistent with the formation
of a meniscus. At 20°C, the water phase remained clear and there was no evidence of O/W
emulsification. However, at 60 and 80°C, the water developed a brownish tinge and micrographs
indicated the presence of emulsified oil. Figure 4.9 is a micrograph of the brown colored water
phase for water/WC-B-B5 bitumen at 60°C and shows the presence of an oil-in-water emulsion

with oil droplets of 1 to 5 pm in diameter.



t=230 h

Figure 4.8. Photographs of water/WC-B-B5 bitumen with 1 cm of unsaturated water at 20, 60 and
80°C.
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Figure 4.9. Micrograph of the water phase of a water/WC-B-B5 bitumen test at 60°C after 503
hours.

As observed with the water/WC-B-A3 system, the volume of bitumen layer increased over time
indicating that water was entering the bitumen. Figure 4.10 shows micrographs of the top and
middle of the bitumen phase for water/WC-B-B5 bitumen at 60°C where the water droplets in the
bitumen were 1 to 10 um in diameter, indicating presence of a macroemulsion. Figure 4.11 shows
the water content in bitumen for both WC-B-A3 and WC-B-B5 bitumen samples at 20 and 60°C
and for WC-B-B5 bitumen at 80°C. The water layer height was 1 cm for the three temperatures
and both bitumen samples. In general, the rate of W/O emulsification for the WC-B-B5 bitumen
was less than for WC-B-A3 bitumen. Possible explanations are that: 1) the WC-B-B5 bitumen
contains less surface active components capable of stabilizing emulsions; 2) the formation of an
O/W emulsion may have depleted the available surface active components in the WC-B-B5
bitumen; 3) the formation of the O/W emulsion mechanically interfered with the formation of the

W/O emulsion.

At 60 and 80°C, water was emulsified into the bitumen and bitumen was emulsified into the water.
The transfer of bitumen to the water in not accounted for so the volume based water contents may
be too high. At 60°C the Karl Fischer titration measurement for the water in WC-B-B5 bitumen
matched the volumetric calculation, indicating that the mass of oil transferred to the water at this

temperature after 400 hours was not significant. However, at 80°C, the Karl Fischer titration
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measurements are 2 to 3 wt% lower than the volumetric measurements, suggesting there a

significant amount of bitumen emulsifying into the water.

10 pm 10 pm

Figure 4.10. Micrographs of bitumen (1 cm unsaturated water/WC-B-B5 bitumen at 60°C) after
842 hours: a) top of the bitumen layer; b) middle of the bitumen layer.
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4.2.3 Effect of Removing Natural Surfactants

There is spontaneous emulsification of water into bitumen for both WC-B-B5 and WC-B-A3

bitumen samples and there is also spontaneous emulsification of bitumen into water for WC-B-B5
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bitumen. As discussed in Section 2.3.2, spontaneous emulsification is likely attributable to
naturally present surface active agents in the bitumen. These can reduce the interfacial tension
enough (although not necessarily to the ultralow IFT values) that water droplets will form
spontaneously on the bitumen and/or vice versa (Yeung el al., 1999). Other mechanisms such as
interfacial turbulence and diffusion and stranding likely contribute to emulsification. To prove that
natural surfactants were responsible for the spontaneous emulsification, both bitumen samples
were partially stripped of natural surfactants (see Section 3.1). Then the water/bitumen tests were
repeated with the stripped bitumen at 20 and 60°C and compared with the original water/bitumen

tests.

Water/WC-B-A3 Bitumen

Photographs of the water/bitumen tests at 20 and 60°C for the original and stripped WC-B-A3
bitumen are provided in Appendix D. Figure 4.12 shows the water content in the original and
stripped WC-B-A3 bitumen at 20 and 60°C. The water content in the stripped WC-B-A3 was
below 0.4 wt% at both temperatures, in contrast to the 3.7 and 5.2 wt% water in the original
bitumen at 20 and 60°C, respectively. Figure 4.13 shows micrographs of the top and middle layer
of the stripped WC-B-A3 bitumen at 60°C after 1000 hours. Similar to the original bitumen, the
water droplet diameters ranged from 1 to 5 um (macroemulsion) but the concentration of water
droplets was considerably lower than in the original bitumen (see Figure 4.7). It appears that the
stripping procedure removed most of the surface active components responsible for spontaneous

emulsification and that without these components spontaneous emulsification does not occur.
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Figure 4.13. Micrographs of stripped bitumen (1 cm unsaturated water/WC-B-A3 bitumen at
60°C) after 1000 hours: a) top of the bitumen layer; b) middle of the bitumen layer.

Water/WC-B-B5 Bitumen

Photographs of the water/bitumen tests at 20 and 60°C for the original and stripped WC-B-B5

bitumen are provided in Appendix D. No discoloration was observed in the stripped bitumen tests

indicating that no O/W emulsion formed. Figure 4.14 shows the water content in the original and

stripped WC-B-B5 bitumen at 20 and 60°C. The water content in the stripped WC-B-B5 was below
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0.6 wt% at both temperatures. There is no significant difference from the water content of the
original bitumen test at 20°C because negligible emulsion formed in either case. However, the
water content of the stripped bitumen is lower than that the 1.7 wt% the original bitumen at 60°C.
Figure 4.15 shows micrographs of the top and middle layer of the stripped WC-B-A3 bitumen at
60°C after 1000 hours. The water droplet diameters for the top and middle of the bitumen layer
ranged from 1 to 2 um and 0.5 to 1 um, respectively, indicating the presence of a macroemulsion.
However this range of diameters is lower than that of the original bitumen (1 — 10 um) and the
concentration of water droplets in the SR middle bitumen layer is less than that of the original
bitumen. It again appears that the stripping procedure removed most of the surface active
components responsible for spontaneous emulsification and that without these components neither
spontaneous W/O or O/W emulsification occurred.
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Figure 4.14. Incremental water content in WC-B-B5 bitumen for the original and stripped bitumen

samples at: a) 20°C; b) 60°C. Open symbols from volume change method; closed symbols from
Karl Fischer.
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(a ) 10 pm

Figure 4.15. Micrographs of stripped bitumen (1 cm unsaturated water/WC-B-B5 bitumen at
60°C) after 1000 hours: a) top of the bitumen layer; b) middle of the bitumen layer.

4.3 Solvent/Water/Bitumen Systems

The expected effect of a layer of water on the mass transfer of solvent to bitumen is illustrated in
Figure 4.16. The solvent has a low solubility in water and establishes that solubility at the interface
between the solvent and water. The solvent is miscible in the bitumen and is expected to rapidly
diffuse into the bitumen leaving a very low concentration in the water immediately above the
bitumen layer. Since the solubility of the solvent in the water is low, the concentration gradient is
low, and the solvent mass transfer rate through the water is expected to be low. The steady state
solution for the mass transfer of solvent through the water layer is presented below. Then the
experimental results at 20°C, where this mass transfer model was found to apply, are discussed.
Finally, the results at higher temperatures, where other factors altered the mass transfer rate, are

discussed.
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Figure 4.16. Schematic of the solvent mass transfer into bitumen through a water layer.

4.3.1 Solvent Mass Transfer Model
Solvent mass transfer on the solvent/water/bitumen tests was modeled using Fick’s first law. Only
mass transfer through the water layer was evaluated; the mass transfer into and through the bitumen

was not modeled. The following assumptions are made to obtain a solution:

One Dimensional Diffusion: The vials used in the experiments have a diameter of 2.2 cm, far

greater than the path length for diffusion. Therefore, it was assumed that wall effects were
negligible. The solvent/water interface was flat in all experiments. The water/bitumen interface
was initially flat at 20°C but formed domes after sufficient mass transfer of solvent into the
bitumen and at higher temperatures. With a flat interface, there is no radial concentration gradient
and mass transfer is expected to be one dimensional in the axial direction. When a dome forms,
radial diffusion can occur but in most experiments would only affect a fraction of the axial
diffusion profile and was neglected. In general, the dome was less than 13% of the thickness of

the water layer before reaching instability.

Isothermal System: The experiments at room temperature were placed in a fume hood at a

temperature of 20 £0.1°C. The tests at 60 and 80°C were placed in a water bath with temperature
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variation £0.1°C. Therefore the system was considered to be isothermal. However, small
temperature gradients may exist in the temperature bath causing convection as will be discussed
later.

No Chemical Reactions: The solvents used in this thesis do not react with water and bitumen at

the evaluated temperatures. Reactions may occur above 250°C (Gray 2015). Hence, chemical

reactions were not included in the model.

No Natural Convection: The experiments were set up such that there was no density driven
convection in the system from the beginning of the test because the solvent density was less than
the water density which in turn was less than the bitumen density. At higher temperatures, the
bitumen density exceeded the water density but interfacial forces held the bitumen in place.
Therefore, it was assumed that there was no natural convection. Eventually, when sufficient
solvent diffuses into the bitumen, the bitumen density was reduced enough to cause convection.

The model was only applied to gravity stable data.

No Forced Convection: Two potential sources of forced convection were identified: 1) moving the

vials to the cathetometer; 2) temperature gradients in the water bath. The convection test (see
Section 3.3) showed that the transfer of vials for the height measurements did not accelerate the
mass transfer rate and therefore was not considered to be a convection source. As will be discussed
later, the mass transfer rates at higher temperatures were faster than expected from steady state
mass transfer and it is possible that some natural convection occurred. For modeling purposes,

natural convection was neglected.

Constant Diffusivity: A constant diffusivity of solvent in water was assumed because the

concentrations of the solvents evaluated in water are extremely low (see Table 4.4) and approach

the infinite dilution condition.

Negligible Solvent Concentration Above Water/Bitumen Interface: It was assumed that the solvent

partitioned highly to the bitumen at the water/bitumen interface such that the concentration of

solvent in the water above the interface was near zero. The solvent partitions strongly to the
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bitumen because it is far more soluble in the bitumen than in water. Toluene is completely miscible
in bitumen at the conditions evaluated in this thesis, 80°C and 0.1 MPa (Forte and Taylor, 2015;
Motahhari et al. 2011; Yarranton et al., 2010). n-Pentane and n-heptane are partially miscible in
bitumen. They are miscible until reaching a solvent concentration in the bitumen between 40 and
50 wt% where the onset of asphaltene precipitation occurs (Akbarzadeh et al., 2003; Johnston et
al., 2017). They remain miscible with the light phase and simply reject more asphaltenes at higher

solvent contents.

Steady State: The mass transfer was assumed to be at a steady state condition; that is, the time to
establish a steady state was assumed to be negligible compared with the duration of the
experiments. The time for a solvent molecule to reach the bitumen phase (i.e., penetration time)
was calculated using the infinite acting solution for dilute systems (see Eq. 2.21). This solution
assumes a semi-infinite water layer so it is valid until the solvent reaches the bitumen.
Concentration profiles of the solvent in water for the systems evaluated in this thesis are shown in
Appendix E. Results of the penetration time for the minimum and maximum water layer heights
and the time scale duration of the corresponding systems are shown in Table 4.7. Experimental
time scales for the tests at 20 and 60°C were on average 5000 and 150 times greater than the
penetration time, respectively. Therefore, the penetration time was neglected and the steady state

solution was applied from the beginning of the experiment.

Table 4.7. Solvent penetration time of the solvent/water/bitumen systems evaluated in this thesis.

Penetration Time  Experiment Duration

System h h
Toluene/water/bitumen at 20°C

hw, min = 0.45 cm, hw, max = 0.85 cm 0.18-22 2000 —4000
Cyclohexane/water/bitumen at 20°C

hw, min = 0.25 cm, hw, max = 0.45 cm 0.2-0.7 1000 —4000
n-Pentane/water/bitumen at 20°C

hw, min = 0.25 ¢m, hw, max = 0.45 cm 0.2-07 3000 - 4000
Toluene/water/bitumen at 60°C 126 80 _ 200
hw, min=1 cm, hw, max =2 cm

Cyclohexane/water/bitumen at 60°C 15 158 200 — 500

hw, min=1 cm, hw, max =2 cm
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n-Heptane/water/bitumen at 60°C

hw, min=10.5 cm, hw, max =1 cm 04-1.7 1000 - 1300

The general solution of Fick’s first law for steady state, non-reaction, one-dimensional isothermal
diffusion was provided in Chapter 2 (Eq. 2.10) and is repeated here for convenience:

my = I

where m is the mass of component A diffused through Component B, A is the cross sectional area,

(2.10)

(C1a — C24)

t is time, Dag is the diffusivity of Component A in B, L is the film thickness, and Ci1a and Coa are
the concentrations of A at the boundaries. The boundary conditions for the experiments in this
thesis were shown in Figure 4.16. The vertical coordinate, z, ranges from 0 at the water interface
to hw at the water/bitumen interface, where hy is the thickness of the water layer. At the
solvent/water interface (z=0), the concentration of solvent is equal to the solubility of solvent in
water (a Dirichlet equilibrium boundary condition) given by:
cs(z=0,t) = C;), (4.2)

where Cjﬁv is the solubility of solvent in water. At the water/bitumen interface (z=hw), the
concentration at the water side of the water/bitumen interface is negligible compared to ij, and

is approximated by:

cs(z=h,,t) =0 (4.3)
After applying these boundary conditions, Eq 2.10 can be written as follows:
Con (4.4)
mg = AtDg,, —=
hy

where mg is the mass of solvent diffused to the bitumen, D, is the diffusivity coefficient of solvent
in water, and A is the surface area of the bitumen. The volume of solvent diffused to the bitumen
is given by:

AtDy, CoY, (4.5)
B pshy
where pg is the solvent density. At steady state, the flux of solvent through the water and entering

N

the bitumen is constant; that is, the mass and volume of the bitumen layer are expected to increase
linearly over time assuming negligible excess volume of mixing. Since the solubility of the solvent
in the water is very low, the water volume remains nearly constant; hence, the increase in the

water+bitumen volume is expected to equal the increase in the bitumen volume.
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4.3.2 Solvent/Water/Bitumen Systems at 20°C

Experiments were performed with initially pure water and water pre-saturated with solvent. The
observed solvent mass transfer and water content in bitumen varied considerably for some cases
from experiment to experiment and the variations did not correlate to the water saturation condition
(see Appendix F). In addition, pre-saturation would only affect the initial non-steady state mass
transfer which was already established to be negligible compared with the duration of the
experiment. Therefore, the saturation condition is not discussed further.

4.3.2.1 Toluene/Water/WC-B-A3 Bitumen

Figure 4.17 shows photographs of typical toluene/water/bitumen diffusion experiments for the
WC-B-A3 bitumen. Two distinct and seemingly random behaviors were observed: flat interfaces
throughout the experiment and domed interfaces that formed gradually over time. The domed
interfaces corresponded to experiments where spontaneous emulsification was observed, as shown
in Figure 4.18. It is possible that the emulsified water accumulated under the water/bitumen
interface, increasing the local density closer to that of water, causing a meniscus to grow. It is not
known why emulsification occurred in some experiments and not others. It is possible that the

content of surface active components is not consistent between the bitumen samples.
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Figure 4.17. Photographs of two experiments performed with same procedure for
toluene/water/WC-B-A3 bitumen with a 0.45 cm water layer at 20°C: top) no emulsion observed;
bottom) spontaneous emulsification observed.
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Figure 4.18. Incremental water content in bitumen layer over time for toluene/water/WC-B-A3
bitumen systems at 20°C. Solid symbols indicated a domed interface formed and open symbols
indicate a flat interface persisted.
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Mass Transfer without Spontaneous Emulsification

First consider the experiments where no spontaneous emulsification occurred. Figures 4.19a and
4.19b show the volume of toluene entering the bitumen over time for a toluene/water/WC-B-A3
bitumen system at 20°C with water layer thicknesses of 0.25 and 0.35 cm, respectively. After a lag
time of approximately 250 hours, the toluene volume increases linearly over time as predicted by
the steady state diffusion model. The predicted slope (volume transfer rate for a 0.25 cm of water
layer height) of 2.8 x 10 cm3/h was within 7.5% of the measured slope of 2.6 x 10 cm3/h.

The reason for the lag time is unknown but it is possible that asphaltenes adsorb at the
water/bitumen interface and create a barrier to mass transfer. Interfacial barriers have been
proposed as a potential factor for delaying mass transfer of a solute through the interface of a
binary and partially miscible liquid — liquid system, e.g., alcohol/water/oil (Hutchinson, 1947;
Blocker, 1957; Hennenberg et al., 1979). It is not clear why the barrier would disappear or be
overcome after the lag time. It is possible that the solvent gradually penetrates and alters the
structure of the barrier. Lag times varied considerably and will be discussed in more detail later.
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Figure 4.19. Measured and modeled volume of toluene entering bitumen layer for a
toluene/water/WC-B-A3 bitumen system at 20°C for water layer heights of: a) 0.25 cm; b) 0.35
cm. Note, there was some experimental error for the 0.25 cm case and the measured height was
slightly higher than 0.25 cm.
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Figure 4.20a shows the volume of toluene entering the bitumen over time at three different water
layer thicknesses. The data were adjusted (shifted left) to remove the lag time. Lag times ranged
from 250 to 400 hours for the toluene systems with no emulsification. The volume transfer rate
decreased as the layer thickness increased (giving a lower concentration gradient) as predicted by
the steady state mass transfer model. Hence, in the absence of spontaneous emulsification, steady
state, one-dimensional mass transfer of solvent through the water layer was established after a lag

time.
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Figure 4.20. Effect of water layer thickness on volume of toluene entering bitumen layer over time
for a toluene/water/WC-B-A3 bitumen system at 20°C: a) no spontaneous emulsification and lag
time removed; b) with spontaneous emulsification and no lag time adjustment.

Mass Transfer with Spontaneous Emulsification

Figures 4.21a and 4.21b show the volume of toluene entering the bitumen over time and the change
in water content in the bitumen layer over time, respectively, for three runs with a water layer
height of 0.45 cm. Run 1 did not exhibit any emulsification and the toluene volume transfer rate
was as predicted. Runs 2 and 3 exhibited high emulsification rates and reached a water content in
bitumen between 6 and 7 wt%. There was no lag in the commencement of mass transfer when
spontaneous emulsification occurred suggesting that either the emulsification process prevented

the formation of a mass transfer barrier or the mass transfer barrier prevented emulsification.
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Figure 4.21. Comparison of three toluene/water/WC-B-A3 bitumen runs at 20°C with a water
layer height of 0.45 cm: a) toluene volume entering bitumen layer; b) and incremental water
content in the bitumen layer. The times for Run 1 (R1) were adjusted to remove the lag time.

Figure 4.21a shows that the toluene volume transfer rate was higher than predicted for the runs
with spontaneous emulsification for a 0.45 cm water layer thickness. Figure 4.20b shows the same
effect at other water layer thicknesses. The reason for the enhanced mass transfer rate is not known.
One hypothesis is that the dome shaped interface that occurs when emulsion form accelerates mass
transfer. A dome shaped interface gives shorter distances for mass transfer distance and creates
two-dimensional diffusion pathways. Both factors would increase the mass transfer rate. The
problem with this hypothesis is that the dome effect is localized to the region near the dome and,
therefore, should be more significant for thinner water layers. In fact, the dome effect is
independent of the water layer thickness. An alternative hypothesis is that some of the light oil
components diffuse into water layer and form an O/W emulsion. Perhaps water emulsification
creates a disturbance at the interface that promotes light component diffusion. The emulsified oil
droplets could create gravity convection and enhance mass transfer. A problem with this
hypothesis is that no evidence of oil emulsification was observed for the WC-B-A3 bitumen and
the toluene volume transfer rate was lower for the WC-B-B5 bitumen which formed both a W/O

and an O/W emulsion at 60°C (discussed later). Note that in all cases only some of the water and
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bitumen emulsified and the three phases (bitumen, water, solvent) persisted throughout the
experients unless gravity instability occurred.

Figure 4.21b shows that the extent of spontaneous emulsification was greater than observed in the
water/bitumen systems at 20°C. It is possible that the presence of solvent reduced the interfacial
viscosity allowing for more rapid emulsification. Another possibility is that the enhanced solvent
mass transfer rate reduced the bitumen viscosity faster than mass transfer that follows a steady
state model, allowing the natural surfactants in the bitumen to migrate to the water/bitumen
interface more rapidly.

4.3.2.2 Cyclohexane/Water/WC-B-A3 Bitumen

Figure 4.22 shows that, as with toluene, in some experiments no emulsification occurred and the
interface remained flat while in other experiments, spontaneous emulsification occurred and a
domed interface formed gradually over time. Similarly, lag times were observed when there was
no emulsification but did not occur when there was emulsification. The reason for these differences
is not known but it is possible that different bitumen samples contained different amounts of

surface active components leading to the differences in emulsification.
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Figure 4.22. Photographs of two experiments performed with same procedure for
cyclohexane/water/WC-B-A3 bitumen with a 0.35 cm water layer at 20°C: top) no emulsion
observed; bottom) spontaneous emulsification observed.
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Mass Transfer Without Spontaneous Emulsification

Figure 4.23a shows the volume of cyclohexane transferred to the bitumen over time in a
cyclohexane/water/WC-B-A3 bitumen system at 20°C for different water layer heights. Figure
4.23b shows the same data adjusted to remove the lag time. The measured volume transfer rates
after the lag time range from 2.1 x 107 to 4.0 x 10° cm?/h depending on the water layer thickness.
The predicted volume transfer rates are within 28% of the measured rates. The volume transfer
rate is much lower in cyclohexane than in toluene (3.5 x 10° cmd/h cyclohexane versus 2.6 x 10*
cm?h toluene for a 0.25 cm water layer thickness) because the solubility of cyclohexane in water

is lower.

The lag times ranged from 1000 to 2000 hours, considerably greater than the 250 hours for
toluene/water/bitumen. The longer lag times can be attributed to the slower mass transfer rate such
that more time is needed to accumulate enough solvent to penetrate and disrupt the interfacial

barrier and begin solvent mass transfer to the bitumen.
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Figure 4.23. Volume of cyclohexane entering bitumen layer over time for a
cyclohexane/water/WC-B-A3 bitumen systems at 20°C with no spontaneous emulsification: a) as
measured; b) data shifted to remove lag time.
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Mass Transfer With Spontaneous Emulsification

Figures 4.24a and 4.24b show the volume of cyclohexane entering the bitumen layer and the
change in water content in the bitumen layer over time, respectively, for cyclohexane/water/WC-
B-A3 bitumen systems. The maximum amount of emulsified water is approximately 2.5 wt%, less
than the maximum of approximately 6 wt% observed in toluene. It is not clear why the maximum
values differ. Similar to the toluene systems, the lag time was negligible in the cyclohexane
systems when spontaneous emulsification occurred and the emulsification correlated to an

enhanced cyclohexane mass transfer rate.
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Figure 4.24. Effect of water layer thickness for a cyclohexane/water/WC-B-A3 bitumen system
at 20°C with spontaneous emulsification: a) volume of cyclohexane entering bitumen layer; b)
incremental water content of bitumen layer.

4.3.2.3 n-Pentane/Water/Bitumen

A small number of mass transfer experiments were performed with n-pentane sufficient to compare
with the other solvents. Photographs of the n-pentane/water/bitumen experiments were similar to
the cyclohexane/water/bitumen photographs and are provided in Appendix B. Figures 4.25a and
4.25b show the volume of n-pentane entering bitumen layer and the change in water content over
time for two n-pentane/water/WC-B-A3 bitumen systems. The first system was with a 0.25 cm

layer, the interface remained flat, and there was a no spontaneous emulsification. The lag time was
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negligible; the only experiment with no emulsification where this was the case. The reason for this
discrepancy is unknown. The predicted volume transfer rate was within 15% of the measured rate
of 2.6 x 10®° cm?/h. The volume transfer rate is lower in n-pentane than in cyclohexane (2.6 x 10
cm3/h n-pentane versus 3.5 x 10° cm3/h cm3/h cyclohexane for a 0.25 cm water layer thickness)
because the solubility of n-pentane in water is lower. The second system was with a 0.30 cm layer
and spontaneous emulsification did occur. Again, there was a correlation between enhanced

solvent mass transfer and the emulsification of water into the bitumen.
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Figure 4.25. Comparison of two mass transfer experiments (0.25 cm and 0.30 cm water layer
thickness) with n-pentane/water/WC-B-A3 bitumen at 20°C: a) volume of n-pentane entering the
bitumen layer; b) incremental water content in the bitumen layer. Spontaneous emulsification
occurred in the 0.30 cm experiment but not in the 0.25 cm experiment. There was negligible lag
time in both cases.

4.3.2.4 Toluene/Water/WC-B-B5 Bitumen

Figures 4.26a and 4.26b compare the volume of toluene entering the bitumen layer and the change
in water content in the bitumen layer over time, respectively, for toluene/water/WC-B-A3 bitumen
and toluene/water/WC-B-B5 bitumen, both at 20°C with a water layer height of 0.65 cm. In both
cases, a domed interface was formed and spontaneous emulsification of water into the bitumen

occurred. There was no O/W emulsification at 20°C.
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The emulsification rate was significantly lower for the WC-B-B5 bitumen than the WC-B-A3
bitumen suggesting that the WC-B-B5 bitumen contains less surface active components capable
of stabilizing emulsions. Unlike the WC-B-A3 bitumen, spontaneous emulsification in the WC-B-
B5 bitumen had little impact on the toluene mass transfer rate likely because the emulsification
rate was low. The WC-B-A3 tests with low emulsification rates also had little enhancement of the
mass transfer rate.
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Figure 4.26. Comparison of mass transfer experiment with WC-B-B5 and WC-B-A3 bitumen for
toluene/water/bitumen system at 20°C with a 0.65 cm water layer: a) volume of toluene entering
bitumen layer; b) incremental water content in bitumen layer.

4.3.2.5 Summary for Solvent/Water/Bitumen Systems at 20°C
The following observations were made for the solvent/water/bitumen systems at 20°C:

e Spontaneous emulsification occurred in some runs and not in others; the occurrence of
emulsification appeared random and may indicate that the natural surfactants in the
bitumen varied from sample to sample

e When no spontaneous emulsification occurred, there was a lag of hundreds to thousands of
hours, depending on the solvent, before steady state mass transfer was established; the lag

suggests that a barrier to mass transfer was established at the water/bitumen interface that
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was penetrated/disrupted over time. Lag time appears to be inversely proportional to the
solvent volume transfer rate but there is considerable scatter, as shown in Figure 4.27.

e A steady state mass transfer model predicted the mass transfer data after the lag time

e The mass transfer rate was proportion to the solubility of the solvent in water and therefore
was fastest in toluene and lowest in n-pentane as shown in Figure 4.28.

e When spontaneous emulsification occurred, the water/bitumen interfaces became dome
shaped, there was no lag time, and the mass transfer rate was enhanced; the enhanced mass
transfer may arise because the dome shaped interface reduces the distance for mass transfer
and allows for two-dimensional mass transfer.

e The solvent volume transfer rate and the emulsification rate may be correlated, as shown
in Figure 4.29. The correlation is not clear at the low mass transfer rates where the scatter

in the measured mass transfer rate is relatively high.
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Figure 4.27. Cross plot of lag time versus solvent volume transfer rate for the solvent/water/\WC-
B-A3 bitumen systems at 20°C with different water layer thicknesses. T=toluene,
CH=cyclohexane, B=bitumen, and W=water.
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Figure 4.28. Comparison of mass transfer experiments with toluene, cyclohexane, and n-pentane
for solvent/water/WC-B-A3 bitumen systems at 20°C with 0.25 cm water layer and no W/O
emulsification.

0.024
[ | eT/BIW
0.02 [ B CH/B/W
< [ | acCs5/B/W .
X
2 0.016 G
(]
ol [
@ I
s 0.012 |
©
Q [ L 2
% 0.008 |
Z I
S
Lu -
0.004 | &
L. A
[ )
O 1 1 1 1 1 T | 1 1 1 1 1 11 1
0.00001 0.0001 0.001

Solvent Transfer Rate, cm3/h

Figure 4.29. Correlation of emulsification rate to solvent volume transfer rate for the
solvent/water/WC-B-A3 bitumen systems at 20°C with water layer heights of 0.35 cm. T=toluene,
CH=cyclohexane, C5=n-pentane, B=bitumen, and W=water.
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The mass transfer rate for each solvent was modeled for each layer thickness and the results are
compared with the measured rates in Table 4.8. The experimental error for the measured rates was
12% based on three repetitions. For toluene and cyclohexane, the ARD ranges from 1 to 16% and
n-pentane ARD goes up to 45%. This high deviation for the n-pentane results is attributed to a

higher uncertainty in the measurements because the mass transfer rate was very low.

Table 4.8. Average relative deviations (ARD) for the measured and predicted solvent mass transfer
rates at 20°C. Only data unaffected by spontaneous emulsification included.

System Water Layer Measured Predicted ARD
cm g/h g/h %
0.25 0.00026 0.00028 8
0.35 0.00021 0.00023 12
T/W/B 0.45 0.00018 0.00021 15
0.65 0.00013 0.00013 1
0.85 0.00011 0.00009 16
0.25 0.000046 0.000053 16
0.35 0.000032 0.000037 15
CHW/B 0.45 0.000030 0.000029 4
0.55 0.000026 0.000023 12
0.25 0.000021 0.000029 37
C5/W/B 0.30 0.000031 0.000029 6
0.35 0.000045 0.000025 45

4.3.3 Solvent/Water/Bitumen Systems at 60°C

4.3.3.1 Toluene/Water/WC-B-A3 Bitumen

Figure 4.30 shows photographs of typical toluene/water/bitumen diffusion experiments for the
WC-B-A3 bitumen at 60°C. Figures 4.31a and 4.31b show the volume of toluene entering the
bitumen layer and the change in water content of the bitumen layer over time, respectively for
three runs for toluene/water/WC-B-A3 bitumen systems at 60°C with a water layer thickness of

1.5 cm. The results for the other water layer thicknesses were similar (see Appendix B).
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There were significant differences from the tests performed at 20°C. Dome shaped interfaces,
spontaneous emulsification, and negligible lag times were observed in all cases. Gravity instability
(pronounced elongation of water/bitumen interface and eventual contact with the solvent layer)
occurred after 50 to 150 hours (see Figure 4.30). Once the bitumen bypassed the water and touched
the solvent, some of the bitumen mixed with the solvent and then the water/bitumen interface
returned approximately to its initial condition. The whole process repeated until all of the bitumen

had mixed with the solvent.

The initial emulsification rate was initially similar to the water/bitumen average but increased as
the system became gravity unstable. The volume of toluene in bitumen needed to decrease the
density of the oil layer below the density of water is 0.05 cm3. This toluene volume in bitumen was
achieved at the time that coincided with the rapid increase in the water content in bitumen. The

rapid increase may be related to increase in the interfacial area when the dome becomes unstable.

The W/O emulsification rate varied considerably from test to test. As discussed in Chapter 3, small
differences in the wettability of the vials may cause local variations in the water/glass/bitumen
contact angle. These variations may affect the growth rate and shape of the bitumen dome. These
effects would be more noticeable for more rapidly growing domes; i.e., at higher temperature.
Gravity instability is closely related to the shape of the dome and the time to instability similarly
varied considerably from test to test. The solvent mass transfer rate also varied considerably but
in general was significantly enhanced, up to 10 times faster than predicted by the steady state
model. This enhancement may be partly caused by the more prominent bitumen dome giving a
greater surface area and shorter distance for mass transfer, and more potential for two-dimensional
diffusion. However, the enhanced mass transfer rate did not correlated to the water layer thickness
and the mass transfer rates tended to be high well before the dome became prominent, both
suggesting that another mechanism is at play. It is possible that small temperature gradients within
the temperature bath caused convection and accelerated the mass transfer. Since the rates were
enhanced and varied considerably, the steady state model under-predicted the mass transfer as

shown in Figure 4.32.



81

t

0 t=41h t=100h  t=137h

Run 1: Toluene + 1.5 em unsat water + bitumen

t t=18h t=39h t=65h

=0

Fo 2R
Run 2: Toluene + 1.5 cm unsat water + bitumen
=0

t t=40h  t=100h t=161h
R EEE

Run 3: Toluene + 1.5 cm unsat water + bitumen

Figure 4.30. Photographs of three experiments performed with same procedure for
toluene/water/WC-B-A3 bitumen with a 1.5 cm water layer at 60°C.
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Figure 4.31. Comparison of three toluene/water/WC-B-A3 bitumen runs at 60°C with a water
layer height of 1.5 cm: a) toluene volume entering bitumen layer; b) and incremental water content

in the bitumen layer.
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Figure 4.32. Toluene volume transfer rate versus water layer thickness for all of the experiments
performed on toluene/water/WC-B-A3 bitumen systems at 60°C.
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4.3.3.2 Cyclohexane/Water/Bitumen

Photographs of the cyclohexane/water/bitumen experiments were similar to the
toluene/water/bitumen photographs and are provided in Appendix B. Figures 4.33a and 4.33b
show the volume of cyclohexane entering the bitumen layer and the change in water content of the
bitumen layer over time, respectively, for cyclohexane/water/WC-B-A3 bitumen systems at 60°C
with a water layer height of 1.0 cm. The results for these tests are similar to the results for the
toluene/water/bitumen systems.
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Figure 4.33. Comparison of two cyclohexane/water/WC-B-A3 bitumen runs at 60°C with a water
layer height of 1.0 cm: a) cyclohexane volume entering bitumen layer; b) and incremental water
content in the bitumen layer.

Some of the tests with cyclohexane exhibited a different behavior. For example, Figures 4.34a and
4.34b show the volume of cyclohexane entering the bitumen layer and the change in water content
of the bitumen layer over time, respectively, for cyclohexane/water/WC-B-A3 bitumen systems at
60°C with a water layer height of 1.5 cm. In this case, the cyclohexane mass transfer rate is initially
near the steady state model prediction but transitions to high mass transfer rates happened at
approximately 200 hours. Similar results were observed for a layer thickness of 2.0 cm. The reason
for the transition is unknown but it is possible that the temperature gradients in the bath changed

due to unknown factors (i.e. change in room conditions) or that the location of the vial in the
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temperature bath (and therefore the local temperature gradients) shifted after the layer heights were

measured. A change in the temperature gradients could trigger convection.
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Figure 4.34. Comparison of two cyclohexane/water/WC-B-A3 bitumen runs at 60°C with a water
layer height of 1.5 cm: a) cyclohexane volume entering bitumen layer; b) and incremental water
content in the bitumen layer.

4.3.3.3 n-Heptane/Water/Bitumen

Photographs of the n-heptane/water/bitumen experiments were similar to the
cyclohexane/water/bitumen photographs and are provided in Appendix B. Figures 4.35a and 4.35b
show the volume of n-heptane entering the bitumen layer and the change in water content of the
bitumen layer over time, respectively, for n-heptane/water/WC-B-A3 bitumen systems at 60°C
with a water layer height of 0.5 cm. The results are qualitatively similar to the cyclohexane systems

with the transition to higher mass transfer rates.
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Figure 4.35. Comparison of two n-heptane/water/WC-B-A3 bitumen runs at 60°C with a water
layer height of 0.5 cm: a) n-heptane volume entering bitumen layer; b) and incremental water

content in the bitumen layer.

4.3.3.4 Toluene/Water/WC-B-B5 Bitumen

Figures 4.36a and 4.36b compare the volume of toluene entering the bitumen layer and the change

in water content in the bitumen layer over time, respectively, for toluene/water/WC-B-A3 bitumen

and toluene/water/WC-B-B5 bitumen, both at 60°C with a water layer height of 1.0 cm. In all

cases, there was spontaneous W/O emulsification and enhancement mass transfer. There was no
significant difference between the WC-B-A3 and WC-B-B5 bitumen results.
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Figure 4.36. Comparison of mass transfer experiment with WC-B-B5 and WC-B-A3 bitumen for
toluene/water/bitumen system at 60°C with a 1.0 cm water layer: a) volume of toluene entering
bitumen layer; b) incremental water content in bitumen layer.

4.3.3.5 Effect of Removing Natural Surfactants

Figures 4.37a and 4.37b compare the volume of toluene entering the bitumen layer and the
incremental water content of the bitumen layer, respectively, for toluene/water/bitumen systems
(at 60°C with a water layer height of 1.5 cm) prepared with the original unmodified WC-B-A3
bitumen and the WC-B-A3 bitumen partially stripped of natural surfactants. Photographs of the
experiments are provided in Appendix D. The stripped bitumen did not form a spontaneous
emulsion (water content did not change) and the time to gravity instability increased substantially
(500 hours compared with 75 to 150 hours for the original bitumen). The longer time to instability
could reflect a change in interfacial tension after removing surface active material. Higher
interfacial tension would provide more resistance to the gravity forces. Finally, the mass transfer
rate is similar to that of the original bitumen. This similarity indicates that the emulsion does not
enhance mass transfer. The most likely explanation for the enhanced mass transfer is convection

from temperature gradients in the water bath.
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Figure 4.37. Comparison of mass transfer experiments with original and stripped WC-B-A3
bitumen for toluene/water/bitumen systems at 60°C with 1.5 cm water layer: a) volume of toluene
entering bitumen layer; b) incremental water content of bitumen layer.

Figures 4.38 shows the same kind of data for toluene/water/bitumen systems (at 60°C with a water
layer height of 1.5 cm) prepared with the original and stripped WC-B-B5 bitumen. In this case,
the spontaneous emulsion still occurred albeit at a lower rate, indicating that not all of the natural
surfactants had been removed. The water layer remained colorless (see Appendix D) suggesting
that little or no O/W emulsion formed. As observed with the WC-B-A3 bitumen, the time to
instability was relatively high (900 hours) and the mass transfer rate was significantly greater than
the steady state prediction. Note that the experiment for the original bitumen stopped at 150 hours
because the O/W made it impossible to take measurements. It is concluded that natural surfactants
are responsible for spontaneous emulsification but neither they nor emulsion formation are

responsible for enhanced mass transfer.
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Figure 4.38. Comparison of mass transfer experiments with original and stripped WC-B-B5
bitumen for toluene/water/bitumen systems at 60°C with 1.5 cm water layer: a) volume of toluene
entering bitumen layer; b) incremental water content of bitumen layer.

4.3.3.6 Summary for Solvent/Water/Bitumen Systems at 60°C

The following observations were made for the solvent/water/bitumen systems at 60°C:

e Spontaneous emulsification occurred in all runs with unmodified bitumen; stripping out
natural surfactants eliminated the spontaneous emulsification

e There was no lag before mass transfer started.

e The interface was dome shaped and became gravity unstable over time in all cases.

e The mass transfer rates were higher than predicted from the steady state mass transfer
model; it is hypothesized that the enhanced mass transfer is caused by convection induced
by small temperature gradients in the water bath.

e The mass transfer rate was still approximately proportion to the solubility of the solvent in
water and therefore was fastest in toluene and lowest in n-heptane as shown in Figure 4.39a.

e The emulsification rate was highest in the toluene systems (highest mass transfer rate) and
lowest in the n-heptane systems as shown in Figure 4.39b; it appears that the emulsification

rate correlates to the mass transfer rate as shown in Figure 4.40.
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e The time to gravity instability also correlated to the mass transfer rate as shown in Figure
4.41; this correlation is expected because the instability depends on the density difference
between the bitumen dome and water and the decrease in the density of the bitumen dome
depends on the mass transfer rate.
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Figure 4.39. Comparison of mass transfer experiments with toluene, cyclohexane, and n-heptane
for solvent/water/bitumen systems at 60°C with 1.0 cm water layer: a) volume of toluene entering
bitumen layer; b) incremental water content of bitumen layer. T=toluene, CH=cyclohexane, C7=n-
heptane, B=bitumen, and W=water.
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Figure 4.40. Correlation of emulsification rate to solvent volume transfer rate for the
solvent/water/WC-B-A3 bitumen systems at 60°C with water layer heights of 1.0 cm. T=toluene,
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Figure 4.41. Correlation of time to instability to solvent volume transfer rate for the
solvent/water/WC-B-A3 bitumen systems at 60°C with water layer heights of 1.0 cm. T=toluene,

CH=cyclohexane, C7=n-heptane, B=bitumen,

and W=water.



91

The mass transfer rates, water into bitumen (W/O) emulsification rates, and time to instability for
the data collected at 60°C are summarized in Table 4.9. The average relative deviations (ARD) for
the measured and predicted solvent mass transfer rates for the evaluated systems at 60°C are

provided in Tables 4.10 to 4.12 for toluene, cyclohexane, and n-heptane, respectively.

Table 4.9. Average volume and mass transfer rates, W/O emulsification rates, and time to
instability for solvent/water/WC-B-A3 bitumen systems at 60°C.

W/O Time to
Transfer Rate e . .
Solvent cmi/h above. a/h below Emulsification Rate Instability
9 Wt%/h h

Toluene 0.0009 +0.0004
hw = 1.0, 1.5 and 2.0 cm 0.0008 +0.0003 0.09£0.10 120 £90
Cyclohexane 0.00072 +0.00073
hw = 1.0 ¢m 0.00053 +0.00054 0.04£0.03 280 £170
Cyclohexane 0.00006 +0.00001
hw = 1.5 and 2.0 cm 0.00004 +0.00001 0.023 £0.04 400 +120
n-heptane 0.000007 +0.000003
hw=0.5and 1.0 cm 0.00053 +0.00054 0.04 £0.03 1300 + 100

Table 4.10. Measured and modeled mass transfer rates for the toluene/water/WC-B-A3 bitumen
systems at 60°C.

Layer Thickness Measured Predicted ARD
cm x10* g/h x10* g/h %
1.0 10.1 2.5 75.2
1.5 13.5 1.7 87.4
2.0 15.5 1.3 91.6

Table 4.11. Measured and modeled mass transfer rates for the cyclohexane/water/WC-B-A3
bitumen systems at 60°C.

Layer Thickness Measured Predicted ARD
cm x10* g/h x10** g/h %
1.0 5.3 0.45 91.5
1.5 0.5 0.30 40.0

2.0 0.4 0.23 42.5




92

Table 4.12. Measured and modeled mass transfer rates for the n-heptane/water/WC-B-A3 bitumen
systems at 60°C.

Layer Thickness Measured Predicted ARD
Cm x10* g/h x10* g/h %
0.5 0.057 0.017 70.1
1.0 0.034 0.008 76.4

4.3.3.7 Implications for In Situ Processes

The results obtained in this thesis suggest that while a water layer creates a barrier to mass transfer
at low temperatures (below 60°C), the barrier may break down at higher temperatures due to
gravity instability and spontaneous emulsification. Gravity instability causes the bitumen to
elongate, finger, and bypass the water layer, allowing early contact between bitumen and solvent,
promoting mass transfer and dilution. Spontaneous emulsification may enhance the mass transfer
rate. Thermal gradients which are likely in solvent-assisted steam processes also enhance the mass

transfer rate.

Gravity instability will be enhanced at higher temperatures and for solvents with higher solubility
in water. Highly water soluble solvents such as aromatics will likely achieve connection times
between solvent and bitumen of hours or even minutes at typical SA-SAGD operating conditions.
Alkanes, which are more commonly implemented, have very low solubilities in water however at
the expected bitumen/vapor interface temperatures (100 to 150°C) can also achieve connection
times of hours or minutes. These processes will likely be accompanied by W/O and/or O/W
spontaneous emulsification and the emulsification degree will increase with the temperature and
the solvent solubility in water. Hence, solvent-assisted in situ recovery processes are not likely to
be significantly impacted by a water-layer barrier and emulsion formation may occur in the

reservoir.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIOS

This thesis aimed to: 1) measure solvent mass transfer rates into bitumen through a water layer at

different temperatures, water layer heights, types of bitumen and solvent, 2) model the solvent

mass transfer data with a liquid-liquid diffusion model and 3) measure and investigate spontaneous

emulsification of water into bitumen and bitumen into water. The results are intended to provide a

better understanding of the physical phenomena during the application of an SA-SAGD method.

This chapter lists the main contributions and conclusions of this thesis and the recommendations

for future work in the same area.

5.1 Contributions

The main contributions from this thesis are:

1.

The development of a new practical methodology to measure solvent mass transfer and
emulsification rates in a liquid-liquid solvent/water/bitumen system up to 80°C and 0.1
MPa.

Measurements of solvent mass transfer rates and emulsification rates for three families of
solvents (aromatic, n-alkanes and a cyclic alkane), different water layer heights, two
Western Canadian Bitumen and three temperatures (20, 60 and 80°C).

Confirmation that at 20°C in the absence of water-in-oil emulsification, the mass transfer
of solvent through the water layer followed one dimension steady state model diffusion.
Experimental evidence of gravity instability of bitumen in a solvent/water/bitumen system.
Gravity instability occurred faster at higher temperatures and for solvents with higher
solubility in water, leading to earlier bitumen/solvent mixing.

Experimental evidence of spontaneous emulsification of water into bitumen and bitumen
into water for two different Western Canadian Bitumen by volumetric measurements, Karl
Fischer titrations and micrography of the bitumen while performing water/bitumen tests at
temperatures up to 80°C.

Confirmation that natural surfactants are responsible for spontaneous emulsification of
water into bitumen and bitumen into water for both Western Canadian Bitumen samples

used in this thesis.
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7. Experimental evidence that gravity instability and likely convection enhanced the solvent
mass transfer at 60°C. The emulsification rate and time to gravity instability were found to
correlate to the mass transfer rate. These results strongly suggest that water will provide
little barrier to mass transfer at steam temperature due to gravity instability and convection.
The results also suggest that spontaneous emulsification in the reservoir is likely.

5.2 Conclusions

5.2.1 Experimental Methodology

The experimental methodology developed to measure solvent mass transfer and emulsification
rates consisted of layering a solvent/water/bitumen system in a glass vial and measuring the water
and bitumen volume changes using a cathetometer. Tests performed at temperatures higher than
20°C were performed in a water bath. Data before the system started destabilizing via gravity
instability was used for the analysis. Volumetric measurements of the water content in bitumen for
water/bitumen tests (no solvent) using this methodology were validated by Karl Fischer titrations.

The difference between the two results was within experimental error.

The main source of error in the experiments is likely convection which will increase the mass
transfer from diffusion alone. The effect of convection while transferring the vial from the water
bath to the cathetometer shown to be negligible. However, there are likely small local thermal
gradients within the temperature bath which could enhance mass transfer and reduce the

repeatability of the measurements.

5.2.2 Water/Bitumen Results

Spontaneous emulsification of water bitumen was observed for both WC-B-A3 and WC-B-B5
bitumen. The emulsification was validated by Karl Fischer titrations and micrography. The drop
sizes ranged from 1 to 10 um. Spontaneous emulsification of bitumen into the water was observed
only for the WC-B-B5 bitumen. The bitumen-in-water emulsion gradually turned the water brown

and its presence was confirmed with micrographs.
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The W/O emulsification rate increased with increasing temperature. The amount of emulsified
water eventually reached a plateau suggesting that the emulsification depended on a limited supply
of natural surfactants. No emulsification was observed in bitumen partially stripped of surface
active components confirming that natural surfactants were responsible for the spontaneous
emulsification. The extent of emulsification was lower in the WC-B-B5 bitumen likely because
the bitumen had less natural surfactants or because some of the natural surfactants partitioned to
the O/W limiting the supply available for the W/O emulsions.

5.2.3 Solvent/Water/Bitumen Results

In all cases, there was no significant difference in the mass transfer rates and emulsification rates
measured with unsaturated and water pre-saturated with solvent. The reason is that the solvent
penetrates the water layer and establishes a steady state conditions within hours while the duration
of the mass transfer experiment is hundreds of hours. Hence, the unsaturated and pre-saturated

experimental conditions are the same for the majority of the measurement time.

The following conclusions were drawn for the solvent/water/bitumen systems at 20°C:

e The occurrence of spontaneous emulsification appeared to be random suggesting that the
natural surfactants in the bitumen varied from sample to sample

e When no spontaneous emulsification occurred, there was a lag of hundreds to thousands of
hours, depending on the solvent, before steady state mass transfer was established. The lag
suggests that a barrier to mass transfer was established at the water/bitumen interface that
was penetrated/disrupted over time

e The mass transfer after the lag time was diffusion controlled and followed the predicted
one-dimension steady state diffusive mass transfer rate.

e The mass transfer rate was proportion to the solubility of the solvent in water and therefore
was fastest in toluene and lowest in n-heptane.

e When spontaneous emulsification occurred, the water/bitumen interfaces became dome
shaped, there was no lag time, and the mass transfer rate was enhanced. The enhanced mass
transfer may arise because the dome shaped interface reduces the distance for mass transfer

and allows for two-dimensional mass transfer.
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The following observations were made for the solvent/water/bitumen systems at 60°C:

Spontaneous emulsification occurred in all runs with unmodified bitumen. Stripping out
natural surfactants eliminated the spontaneous emulsification confirming that natural
surfactants were required for spontaneous emulsification to occur.

There was no lag before mass transfer started. It is possible that spontaneous emulsification
prevented a mass transfer barrier from forming.

The interface was dome shaped and became gravity unstable over time in all cases.

The mass transfer rates were higher than predicted from the steady state mass transfer
model. It is hypothesized that the enhanced mass transfer is caused by convection induced
by small temperature gradients in the water bath.

The mass transfer rate was still approximately proportion to the solubility of the solvent in
water and therefore was fastest in toluene and lowest in n-heptane.

The emulsification rate was highest in the toluene systems (highest mass transfer rate) and
lowest in the n-heptane systems. The emulsification rate correlates to the mass transfer rate.
The time to gravity instability also correlated to the mass transfer rate. This correlation is
expected because the instability depends on the density difference between the bitumen
dome and water and the decrease in the density of the bitumen dome depends on the mass

transfer rate.

5.3 Recommendations

Recommendations for future studies are provided below.

1. Evaluate mass transfer through the water layer using different diameter vials to assess the

impact of wall effects and capillary forces.

Use a larger temperature bath in the experimental methodology developed in this thesis to
create more exact isothermal conditions in order to minimize forced thermal convection.
Modify the proposed steady state mass transfer model to include 2D diffusion for the
experiments with domed interfaces.

Perform gravity drainage experiments in a Hele-Shaw cell for a layered
solvent/water/bitumen system at ambient conditions with inclined interfaces and measure

the bitumen production rate for different types of solvent, types of bitumen and water layer
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thicknesses. Study quantitatively the emulsification rates by measuring the water content
in bitumen with the Karl Fischer titration test and qualitatively by taking micrographs to
the bitumen phase. Take photographs to the interfaces to study any gravity instability that
can accelerate the solvent/bitumen mixing.

Perform the experiments outlined in Point 3 at higher temperatures and pressures. To do
so, it will be necessary to design a Hele-Shaw set up that: 1) allows photographs of the
interface to be taken inside the oven used to control the temperature; 2) minimizes
temperature gradients in the Hele-Shaw cell; 3) has a transparent wall to observe the
bitumen profiles that can withstand the experimental pressure.
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APPENDIX A: BITUMEN DOME FITTED FUNCTION AND SYMMETRY TEST ON A
SOLVENT/WATER/BITUMEN TEST AT 60°C

A toluene/water/bitumen (Figure Al top) and a cyclohexane/water/bitumen system (Figure Al
bottom) both at 60°C were selected for a symmetry test of the bitumen dome. Photographs were
taken at 0, 90°, 180° and 270° of each test at a single time. Then, the procedure from Section 3.3.1
was implemented to find the fitting correlation for the dome at each angle and calculate its volume.
Results of the fitting correlation at each angle for both tests are shown in Figure Al. The dome
volume for both tests at the four angles are provided in Table Al. The 95% confidence intervals
for a single measurement in each case (the potential error from a non-representative profile) was
determined from the standard deviation assuming a normal distribution and were +0.09 cm3
(x15%) for the toluene/water/bitumen system and +0.018 cm3 (¥5%) for the

cyclohexane/water/bitumen system.

Table Al. Dome volumes at 0, 90°, 180° and 270° for a toluene/ water/WC-B-A3 bitumen and a
cyclohexane/ water/WC-B-A3 bitumen system each with a 1 cm unsaturated water layer at 60°C.

Dome Volume, cm3

Angle T/W/B CH/W/B
0° 0.531 0.349
90° 0.571 0.361
180° 0.640 0.353
270° 0.601 0.370
Mean 0.586 0.358

Standard Deviation 0.046 0.009
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Figure Al. Photographs for a toluene/water/WC-B-A3 bitumen system with a 1.0 cm unsaturated
water layer at 60°C and 209 hours (top) and a cyclohexane/ water/WC-B-A3 bitumen test with a
1.0 cm unsaturated water layer at 60°C and 306 hours (bottom).Each vial was rotated at 90°
intervals to test the symmetry of the dome around the y-axis.
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Figure A2. Contour points (closed symbols) and fitting correlation (dashed lines) of the bitumen
dome at 0, 90°, 180° and 270° for (a) toluene/unsaturated water/WC-B-A3 bitumen at 60°C and

(b) cyclohexane/unsaturated water/WC-B-A3 bitumen at 60°C.
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APPENDIX B: REPEATABILITY OF WATER CONTENT
AND MASS TRANSFER MEASUREMENTS

Water/Bitumen

Repeat experiments were performed for the water/WC-B-A3 bitumen system at the following
conditions:
e unsaturated water, 1 cm water layer, 20°C; Figures B1 and B2a
e toluene saturated water, 1 cm water layer, 20°C; Figure B2b
e unsaturated water, 2 cm water layer, 20°C; Figure B3a
e toluene saturated water, 2 cm water layer, 20°C; Figure B3b
e unsaturated water, 1 cm water layer, 60°C; Figures B4 and B5a
e toluene saturated water, 1 cm water layer, 60°C; Figure B5b
e unsaturated water, 1.5 cm water layer, 60°C; Figure B6ab
e toluene saturated water, 1.5 cm water layer, 60°C; Figure B6b
e unsaturated water, 2 cm water layer, 60°C; Figure B7a

e toluene saturated water, 2 cm water layer, 60°C; Figure B7b

At 80°C, density of WC-B-A3 was lower than the density of water and the system was gravity
unstable from the beginning of the test. Therefore, at this temperature, the repeatability was
assessed for the WC-B-B5 bitumen instead; its density was approximately 0.01 g/cm?3 greater than
the density of water. The following repeat experiment was done at this temperature:

e unsaturated water, 2 cm water layer, 80°C, Figure B8

The repeatability of the water contents was assessed. It was found that the runs at 20°C had a
similar scatter to each other and that the runs at 60°C had a similar scatter to each other that was
higher than the scatter at 20°C. Therefore, the confidence interval at 20°C was assessed from all
of the deviations at 20°C together. The confidence interval at 60°C was assessed from all of the

deviations at 60°C together.

The confidence interval was calculated from the paired measurements as follows. First, the average

or sample mean of a set of measurements is defined as:
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i=1 X (B.1)
n
where x; is each measurement in the sample and n is the number of measurements. The degree of

X =

scattering in the measurements is described by the sample variance defined as:

Lita (i = 0° (B2)
n—1

The standard deviation is the square root of the sample variance. The confidence interval for the

st =

average of the measurements is given by:

S B.3
CI = it(a/z,v) \/—T_L ( )

where X is the correct mean, v =n — 1 and a is the significance level. The t-value can be found
with a t-distribution table using the appropriate significance level and n - 1 degrees of freedom.
For this thesis, a/2 = 0.05 and thus the confidence level is 90%. The confidence interval for a
single run was determined assuming a normal distribution with n = 1. In this case, the 90%
confidence interval is given by:
Cl = +1.64s (B.4)

The repeatabilities at 20°C and 60°C for the water/bitumen systems were £0.24 wt% and 0.68
wt%, respectively. The confidence intervals for individual runs of water/bitumen tests at 20 and

60°C are plotted as error bars on Figures B2a to B7b.
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Figure B1. Photographs of repeated water/WC-B-A3 bitumen tests with 1 cm of unsaturated
water at 20°C.
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Figure B2. Water content in WC-B-A3 bitumen versus time for repeat water/bitumen runs at 20°C
with a 1 cm water layer: a) unsaturated water; b) toluene saturated water.
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20°C with a 2 cm water layer: a) unsaturated water; b) toluene saturated water.
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Figure B4. Photographs of repeated water/WC-B-A3 bitumen tests with 1.5 cm of unsaturated
water at 60°C.
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Solvent/Water/Bitumen

Repeat experiments were performed for the solvent/water/WC-B-A3 bitumen system at the
following conditions:

e unsaturated water, toluene/0.45 cm water layer, 20°C, Figure B9

unsaturated water, n-pentane/0.3 cm water layer, 20°C, Figure B10 and B11.

e unsaturated water, toluene/1 cm water layer, 60°C; Figure B12a and B13.

e saturated water, toluene/1.5 cm water layer, 60°C; Figure B12b and B14.

e unsaturated water, toluene/2 cm water layer, 60°C; Figure B15.

e unsaturated water, cyclohexane/2 cm water layer, 60°C; Figure B16, B17 and B18.

e unsaturated water, n-heptane/0.5 cm water layer, 60°C; Figure B19, B20 and B21.

Repeatability analysis was done for the calculated bitumen and total volumes and for the solvent
mass transfer rate and water content in bitumen. The calculated volumes, solvent and water content
in bitumen for times on which the bitumen dome starts destabilizing were omitted for the statistical
analysis due to a high uncertainty on these measurements. Average values for the volumes
repeatability before instability for each system were calculated using Eq B.3 and are reported in
table B1. Variations on the total volume repeatability for the evaluated systems are associated with
the solvent solubility in water; any rise on the total volume is proportional to the solubility in water,
lower repeatability values for n-heptane are associated with its lower solubility in water, which is

260 times lower than that of toluene.

Table B1. Uncertainty of the bitumen and total volumes at 60°C for the evaluated systems.

Bitumen Volume  Total Volume

System cm3 (%) cm3 (%)

Toluene/water/bitumen +0.06 (£6.0) +0.004 (£0.4)
Cyclohexane/water/bitumen +0.04 (x4.0) +0.007 (£0.7)
n-Heptane/water/bitumen +0.003 (£0.3) +0.002 (+0.2)

The average repeatability of the solvent/water/bitumen tests at 20 and 60°C for the evaluated

systems is reported in Table B2. The repeatability of the solvent transferred is reported as an
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absolute uncertainty (cm3) because for the low solubility experiments the uncertainty is related to
the absolute measurement error. The relative uncertainty (percentage unit) is also presented
because, at higher solubilities, the difference in solvent transfer in each repeat arises from a
difference in the transfer rate. The repeatability of the water content is reported as an absolute

uncertainty (wt%) because the deviations were not proportional to the measured value.

Table B2. Average uncertainty of the solvent transferred and water content in bitumen at 20 and
60°C for the evaluated systems.

Solvent Transfer Water Content

System cm? (%) wt%
Toluene/water/bitumen at 20°C +0.038 (x22) +0.18
n-Pentane/water/bitumen at 20°C +0.067 (£34) +1.35
Toluene/water/bitumen at 60°C +0.057 (£35) +4.25
Cyclohexane/water/bitumen at 60°C +0.022 (£30) +0.55
n-Heptane/water/bitumen at 60°C +0.015 (£3.4) +0.15
0.4 8.0
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Figure B9. Toluene content (a) and water content (b) in bitumen over time for a
toluene/water/WC-B-A3 bitumen system with a 0.45 cm unsaturated water layer at 20°C.



126

=921 h =315 k t=480h t=697h t=937h t=1006 h

Bi o Lo Bl

| IR R O DA
Run 1: n-pentane + 0.3 cm unsat water + bitumen
o | 3‘ il = Sl

il (B R ] RN 4
Run 2: n-pentane + 0.3 cm unsat water + bitumen
,: : | ll .
'-'. - : = i : ‘1‘\

Figure B10. Photographs of repeated n-pentane/water/WC-B-A3 bitumen system tests with 0.3
cm of unsaturated water at 20°C.
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Figure B11. n-Pentane content (a) and water content (b) in bitumen over time for an n-
pentane/water/WC-B-A3 bitumen system with a 0.3 cm unsaturated water layer at 20°C.
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Figure B13. Toluene content (a) and water content (b) in bitumen over time for a
toluene/water/WC-B-A3 bitumen system with a 1.0 cm unsaturated water layer at 60°C.
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Figure B15. Toluene content (a) and water content (b) in bitumen over time for a
toluene/water/WC-B-A3 bitumen system with a 2.0 cm unsaturated water layer at 60°C.
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Figure B16. Photographs of repeated cyclohexane/water/WC-B-A3 bitumen tests with 2 cm of
unsaturated water at 60°C.
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Figure B17. Bitumen volume and total volume over time for a cyclohexane/unsaturated

water/WC-B-A3 bitumen system with a 2.0 cm unsaturated water layer at 60°C.
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Figure B18. Cyclohexane content (a) and water content (b) in bitumen over time for a

cyclohexane/water/WC-B-A3 bitumen system with a 2.0 cm unsaturated water layer at 60°C.
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Figure B19. Photographs of repeated n-heptane/water/WC-B-A3 bitumen tests with 1 cm of
unsaturated water at 60°C.
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Figure B20. Bitumen volume and total volume over time for a n-heptane/unsaturated water/WWC-
B-A3 bitumen system with a 0.5 cm unsaturated water layer at 60°C.
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Figure B21. (a) n-heptane into bitumen versus time and (b) water content in bitumen versus time
for a n-heptane /0.5 cm unsaturated water/WC-B-A3 bitumen at 60°C.



133

APPENDIX C: SOLUBILITY OF WATER IN BITUMEN

The procedure for estimating the solubility of water in bitumen by the method of Satyro et al.,

(2013) is as follows:

1. Calculate the Watson-K (W, ) factor of the bitumen using the following equation:

(C.1)

where Ty is the average boiling point of the bitumen in °R and SG is the bitumen specific

gravity. In this thesis, the boiling point temperature was assumed to be the same as that of the
Athabasca bitumen reported by Satyro et al, (2013); that is, 1408.14°R.

Calculate the interaction parameters (a; s, b; s, ¢; s, @;s and t;) as a function of the specific

gravity of the oil, Watson-K factor, and the NRTL model parameters, which are provided in

Table C.1.

Table C1. NRTL model interaction parameters.

s = ay5+ay56 + az Wy

bi,S = bl,S + bZ,SSG + b3,SWk

Cis = C1s T 255G + c3 Wy

al'ls = dl,S + dZ,SSG + dS,SWk

Tg; = €15t e,56 + ez W

(C.2)
(C.3)
(C.4)
(C.5)
(C.6)

Parameter 1 2 3
a 80.55 10.05 -4.332
b -1393 -2966 391.9
c -6.912 -7.097 0.9115
d -0.0189  -0.01282 0.001026
e -57.47 74.82 -3.841
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3. Calculate the interaction parameter between the water and bitumen (z ;).
(C.7)

_ bis
Tis = Qjg + ? + Cl'slnT

where T is the temperature in K.

4. Calculate the infinite dilution activity coefficient of water in bitumen (y;°) using the NRTL
model, given by:
ln)/ioo = Tise_aistis + Tsi (C8)

5. Calculate the solubility of water in the bitumen. The solubility of sparingly soluble mixtures
can be estimated as the inverse of the infinite dilution activity coefficient and the solubility of
water in bitumen expressed as a mole fraction (x;) is then given by:

1 (C.9)
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APPENDIX D: PHOTOGRAPHS OF WATER/BITUMEN AND
SOLVENT/WATER/BITUMEN MASS TRANSFER EXPERIMENTS FOR THE
ORIGINAL AND STRIPPED BITUMEN

t=0 t=100 h t=289 h t=427 h t=748 h

Figure D1. Photographs of water/WC-B-A3 and water/SR WC-B-A3 bitumen tests with 1.0 cm
of unsaturated water at 20°C. (SR: Surfactant Reduced).

t=0 t=100h  t=289 h t=427 h t=748 h  t=1253 h

WC-B-B5 Bitumen
1 cm water
W )

SR WC-B-B5 Bitumen
—— 1 cm water —

Figure D2. Photographs of water/WC-B-B5 and water/SR WC-B-B5 bitumen tests with 1.0 cm
of unsaturated water at 20°C. (SR: Surfactant Reduced).
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Figure D3. Photographs of water/WC-B-A3 and water/SR WC-B-A3 bitumen tests with 1.0 cm
of unsaturated water at 60°C. (SR: Surfactant Reduced).
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Figure D4. Photographs of water/WC-B-B5 and water/SR WC-B-B5 bitumen tests with 1.0 cm
of unsaturated water at 60°C. (SR: Surfactant Reduced).
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Figure D5. Photographs of toluene/water/WC-B-A3 and toluene/water/SR WC-B-A3 bitumen
tests with 1.5 cm of unsaturated water at 60°C. (SR: Surfactant Reduced).
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Figure D6. Photographs of toluene/water/WC-B-B5 and toluene/water/SR WC-B-B5 bitumen
tests with 1.5 cm of unsaturated water at 60°C. (SR: Surfactant Reduced).
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The solvent concentration profiles in water for the minimum (a) and maximum (b) water layer

thickness are shown for the systems considered in this thesis in Figures E1 to E6.
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Figure E1. Solvent concentration profile in the water layer for a toluene/water/bitumen system at
20°C for water layer thicknesses of: a) 0.45 cm; b) 0.85 cm.
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Figure E2. Solvent concentration profile in the water layer for a cyclohexane/water/bitumen

system at 20°C for water layer thicknesses of: a) 0.25 cm; b) 0.45 cm.



0.00005

0.00004 -

Concentration, g/cm3

0.00001 |

0.00003 |

0.00002

0 0.05

== 1=0.2h

0.1 0.15 0.2
Distance, cm

0.00005

0.00004

0.00003

0.00002

Concentration, g/cm3

0.00001

140

0 0.1

== 1=0.7 h

0.2 0.3

Distance, cm

0.4

Figure E3. Solvent concentration profile in the water layer for a n-pentane/water/bitumen system
at 20°C for water layer thicknesses of: a) 0.25 cm; b) 0.45 cm.
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Figure E4. Solvent concentration profile in the water layer for a toluene/water/bitumen system at
60°C for water layer thicknesses of: a) 1.0 cm; b) 2.0 cm.
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Figure E5. Solvent concentration profile in the water layer for a cyclohexane/water/bitumen
system at 60°C for water layer thicknesses of: a) 1.0 cm; b) 2.0 cm.
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Figure E6. Solvent concentration profile in the water layer for a n-heptane/water/bitumen system
at 60°C for water layer thicknesses of: a) 0.5 cm; b) 1.0 cm.
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APPENDIX F: COMPARISON OF RESULTS FOR UNSATURATED AND
SATURATED WATER FOR A TOLUENE/WATER/BITUMEN SYSTEM

Figures Fla and F1b compare the volume of toluene entering the bitumen and the incremental
water content of the bitumen over time, respectively, for the toluene/water/WC-B-A3 bitumen
systems prepared with saturate and unsaturated water at 20°C for a water layer thicknesses of 0.35.
Figure F2 shows the same comparisons for a water layer height of 0.45 cm. The results with
saturated and unsaturated water are the same within experimental error. Similar comparisons were
observed at all other conditions considered in this thesis; that is, the difference between runs with
saturated and unsaturated water were non-systematic and were well within the error of the
measurements. Therefore, the initial saturation condition of the water was considered to have

negligible effect on the experiments.
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Figure F1. Comparison of results with saturated and unsaturated water for toluene/water/WC-B-
A3 bitumen at 20°C with a water layer height of 0.35 cm: a) toluene volume entering bitumen
layer; b) and incremental water content in the bitumen layer.
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Figure F2. Comparison of results with saturated and unsaturated water for toluene/water/\WWC-B-
A3 bitumen at 20°C with a water layer height of 0.45 cm: a) toluene volume entering bitumen

layer; b) and incremental water content in the bitumen layer.



