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Abstract

Non-aqueous extraction (NAE) process was explored as an alternative to the Clark hot
water extraction process (CHWE) to recover bitumen from Alberta oil sands. The upshot
of the NAE process is that it eliminates the latter’s environmental issues concerning high
fresh water and energy consumptions. Significant efforts have been devoted to improving
the performance of NAE over the past several decades. However, the inability to remove
fine mineral solids from bitumen to produce a refinery-ready bitumen product remains one

of the major challenges that prevent the NAE process from being commercially viable.

A novel approach to address this challenge involves using an external electric field to
remove fine solids from NAE bitumen product. However, there is limited research on this
concept, and fundamental questions regarding the charging mechanism of fine mineral
particles in nonpolar organic solvents with dissolved bitumen remain largely unanswered.
In this work, we focused on kaolinite, a representative clay mineral, to investigate its
charging mechanism in cyclohexane suspension with the presence of bitumen by
electrophoretic deposition experiments and several analytical methods, including phase
analysis light scattering (PALS) zeta potential measurement, Fourier transform infrared
(FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and electrochemical quartz

crystal microbalance with dissipation (EQCM-D) measurements.

Electrophoretic deposition and zeta potential measurement showed that kaolinite particles
remained uncharged in cyclohexane but acquired charges when coated with bitumen. FTIR
spectra of the deposited films on the electrodes showed that carboxyl groups were the

primary contributor to the negative charges of kaolinite deposited on the anode. XPS



analyses showed that the deposited organic-coated kaolinite films on the cathode had a
higher nitrogen content, and the films deposited on the anode showed carbon and sulfur

species with higher oxidation states that were associated with oxygen.

Subsequently, we conducted experiments to investigate the charging of kaolinite in
cyclohexane with the addition of bitumen and compared it with adding a surfactant Span
80. It turned out pristine kaolinite suspended in cyclohexane remained uncharged, but the
addition of bitumen induced negative charges and the addition of Span 80 caused positive
charges on kaolinite. The removal of Span 80 eliminated the positive charges, suggesting
that Span 80 stabilized negative charges by reverse micelles and made kaolinite positively
charged. This is consistent with classical charging mechanism in nonpolar solvents.
Notably, removing bitumen did not affect the negative charge on kaolinite, indicating that
it is the coated bitumen rather than dissolved bitumen that made kaolinite get charged in

cyclohexane.

Analysis of the kaolinite deposited on the cathode after filtering the cyclohexane-bitumen-
kaolinite suspension and re-pulping kaolinite showed that it contained a lower carbon
content than the kaolinite dispersed in the suspension before electrophoretic deposition.
This implied that it was the desorption of a small fraction of adsorbed bitumen on kaolinite
surface that caused the kaolinite to carry a net negative charge. Indeed, when the bitumen-
coated kaolinite was dispersed in toluene, which is a stronger solvent than cyclohexane,
more kaolinite was found to deposit on the anode than from cyclohexane. In contrast, when
the bitumen-coated kaolinite was dispersed in n-pentane, which is a weaker solvent than
cyclohexane, much less kaolinite was found to deposit on the anode. EQCM-D

measurement showed that an applied external electric field could indeed induce bitumen



desorption from the bitumen layer previously adsorbed on kaolinite surface.

The findings from this work provided a new perspective on fine particles charging
mechanism in nonpolar liquid, revealed the functions of bitumen in kaolinite charging
when it is suspended in cyclohexane, and could guide the development of electric field-

enhanced fine solids removal technology for nonaqueous extraction of oil sands.
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Chapter 1 Introduction
1.1 Background
1.1.1 Oil sands

Oil sands are natural sedimentary mixture of crude bitumen, rock matrix, other associated
minerals, and water [1], and they are a non-conventional petroleum source. Canada has the
largest oil sands resource in the world, which is also one of the largest proven crude oil
reserves in the world [2, 3]. Canada’s oil sands are mainly present in the northeastern part
of the province of Alberta in three areas: Athabasca Wabiskaw-McMurray, Cold Lake
Clearwater, and Peace River Bluesky-Gething [1]. According to the 2020-2021 annual
report from Alberta Energy Regulator (AER) [4], the proven crude oil reserves from

Alberta oil sands are 161 billion barrels.

1.1.2 Bitumen recovery from oil sands

Surface mining and in-situ are two main bitumen recovery methods used in commercial
operations based on the overburden thickness of oil sands ore. In 2018, an average of 1.35
million barrels of bitumen per day were produced from surface mining, and 1.56 million
barrels of bitumen per day were produced from in-situ production [5]. In-situ method is
used for deep buried deposit. Steam assisted gravity drainage (SAGD) is the dominant in-
situ bitumen recovery method. In this method, pairs of horizontal wells are drilled into the
lower part of an oil sands formation with different depth. Steam is injected into the upper
well to heat the surrounding oil sands formation and reduce the viscosity of bitumen. The
bitumen then drains into the lower well and is pumped to the surface. Surface mining is

used for shallow oil sands formations that are less than 75 m deep [6]. For economic
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reasons, only the deposits containing more than 7 wt. % bitumen are extracted in current
commercial surface mining operations [7]. Typically, surface mined oil sands in Alberta
contain about 9-13 wt.% bitumen, 84-89 wt.% mineral solids (mainly clays and quartz
sands), and 3-7 wt.% water [7, 8]. Bitumen is extracted from the surface mined oil sands
using water-based extraction method, schematically shown in Figure 1.1. The mined oil
sands are crushed and mixed with warm water and caustic soda (NaOH). Bitumen is
released from the sands and clay by the turbulent agitation in mixers and hydrotransport
pipelines, and the entrained air bubbles attach to the bitumen droplets. When the slurry
reaches the primary separation vessels in extraction plant, the aerated bitumen droplets
float to the pulp surface to form bitumen froth that typically contains 60 wt.% bitumen, 30
wt.% water, and 10 wt.% fine solids and clay [9]. Most of the solids in the oil sands settle
to the bottom and form primary tailings that are sent to tailing ponds. The bitumen froth is
sent to a froth treatment plant where it is diluted with solvents to remove fine solids and

water. The cleaned bitumen is sent to upgrading and/or refinery plants for further

-—- Upgrading & Refinery

processing to produce final oil products [10].

Warm water

Air & Chemicals

Tailings

Figure 1.1 Simplified scheme for surface mined oil sands processing using water-based

extraction method.



Numerous petroleum products have been produced from the bitumen that is extracted from
surface mined oil sands by water-based bitumen extraction process in the past several
decades; and the water-based extraction process itself has undergone many technological
changes and achieved great improvement in efficiency, economics, and environmental
performance. However, there are still problems with water-based extraction process due to
the inherent issues of this extraction process. For example, large amounts of warm fresh
water are needed in the water-based extraction process. Although about three quarters of
process water are recycled, it takes about 3 barrels of fresh river water to produce 1 barrel
of oil, for the extraction process runs at 17 to 21 barrels of water per barrel of bitumen [11,
12]. In addition to the high energy consumption for heating up this large amount of water
(to about 50°C to meet the requirement of the process [13]), the enormous demand of fresh
water makes the oil production to be limited by the water supply capacity of the water
source [13]. High energy consumption also brings environmental problems such as high
greenhouse gas emissions. Besides, a large portion of the process water is trapped in the
slow-settling mature fine tailings (MFT) in the tailings ponds. It is estimated that several
decades are needed to release the trapped process water from MFT [3]. With increasing oil
sands production, the tailings ponds area has been steadily increasing, causing all sorts of

environmental problems and concerns [14].

The non-aqueous extraction (NAE) process has been proposed to overcome the issues of
water-based bitumen extraction by partially or completely replacing water with organic
solvents. As illustrated in Figure 1.2, in an NAE process, surface mined oil sands ore is
crushed and mixed with an organic solvent to dissolve bitumen. After a follow up solid-
liquid separation, a bitumen product stream and a dry stackable extraction solid waste
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stream are generated. No water is needed, thus eliminating the inherent issues associated
with the water-based bitumen extraction process. NAE of Alberta oil sands has been
studied since the 1960s [15, 16] and has been on and off in lockstep with changing political,
economic, and environmental climate of the industry over the past 50 years. To this day,
there has not been a commercial NAE process. In addition to the non-technical factors that
are difficult to predict or control, the NAE process has two technical challenges that need
to be overcome before it can be seriously considered. One is the recovery of organic
solvent from the extraction solid waste, and the other is the clean-up of the generated

bitumen product so that it meets market specs regarding water and mineral solids content

[17, 18].
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Figure 1.2 Simplified schematic flow diagram for an NAE process (adapted from Chen

and Liu [19]).

For economic and environmental reasons, the solvent contained in the NAE solid waste

stream as well as in the bitumen product needs to be recovered and re-used. The solvent is
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more valuable than bitumen so that its loss to the solid waste should be avoided.
Unrecovered solvent in the solid waste also poses an environmental hazard. Solvent
migration, diffusion, and evaporation from fines-dominated NAE extraction solid waste
that also contains residual bitumen are challenging scientific problems, so that although
complete solvent recovery by a high temperature under vacuum is technically possible,

how to make the process economical and less energy-intensive is a major challenge [20].

The bitumen product from an NAE process will unavoidably contain water (e.g., from oil
sands connate water) and fine clay solids. The bitumen product needs to be cleaned to
contain less than 0.5 wt.% combined solids and water to be transported by pipelines and
less than 0.03 wt.% solids to be used as direct feed to high conversion refineries [17, 18].
However, fine solids in NAE bitumen products are very difficult to remove because the
particle sizes are small, ranging from 10 nm to 10 um [17, 20, 21]. These small sized
particles in NAE bitumen are susceptible to Brownian motion [22]. Therefore, the fine
particles can remain suspended indefinitely in solvent-diluted bitumen. To make matters
worse, the fine mineral particles in NAE bitumen are mostly coated by organic matters
(mainly asphaltenes) [23]. This can occur before mining or during nonaqueous extraction
of the mined oil sands. The organic layer coated on mineral solid surfaces can extend
outward in good solvents of asphaltenes, leading to a steric repulsion which prevents

particles from aggregating [3, 24].

1.1.3 Fine particles removal from NAE bitumen products

In order to reduce the mineral solids content of NAE bitumen product, many fine solids

removal methods have been studied, which are based on the physical, chemical, and



physicochemical properties of the solvent-bitumen-fines system. These methods can be
divided into two categories. One category of the methods aims at directly obtaining
bitumen product with low solids content by modifying the NAE process. These modified
NAE processes mainly include so-called solvent extraction spherical agglomeration
(SESA) process, ionic liquid assisted solvent extraction (ILAS) process, and switchable
hydrophilicity solvent extraction (SHSE) process, which have been reviewed in detail in

our previous published review paper [13] (attached in Appendix).

Another category of the methods is to remove the fine solid particles from the solvent-
diluted-bitumen-product (abbreviated as dilbit following industry convention from this
point onward) after the NAE extraction. Since the usual industrial solid-liquid separation
methods such as filtration and centrifugation are only suitable for slurries with particle size
larger than about 100 pm [25], and since the organic coating keeps the fine particles
dispersed in dilbit, these methods are ineffective in removing the fine solids from dilbit
unless the suspended fine solids can be destabilized to form aggregates, or other forces
(e.g. electrostatic force, magnetic force, etc.) are applied to assist with the solid-liquid
separation. Therefore, these post extraction fine solids removal methods focus on
improving solid-liquid separation efficiency by adding chemical additives to form
aggregates in combination with the application of novel solid-liquid physical separation
techniques. Adding polymer flocculants, antisolvent, and small amount of water droplets
can help the fine solids in NAE bitumen form aggregates that can be more readily removed.
In addition, the fine solids in NAE bitumen product can also be removed by filtration after
hydrothermal treatment or filtration in a magnetic or an electric field. This research is
motivated by the electrostatic filtration method to remove fine solids from dilbit. It has
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been described in a recent patent by Cullinane et al. [26]. In this process (Figure 1.3), the
dilbit is passed through a coarse filter. The filtrate from the filter is pumped to an
electrostatic separator where the fine solids in the dilbit can be removed. The electrostatic
separator is a hollow container that is filled with glass beads. The electric field is applied
by a pair of electrodes, with one electrode located in the center while the counter electrode
surrounds the shell of the container. During the separation process, the potential difference
between the electrodes can be maintained across the glass beads bed and/or the separation
volume, which can lead to a spatially varying electric field because of the dielectric
character of the glass beads [27]. When the NAE dilbit flows through this electric field,
the dispersed fine solids, which are assumed charged, would be retained by the glass beads
and removed from the flow. After the electrostatic separation, the clean bitumen with 0.1
wt.% fine solids content is sent for solvent recovery. Heat exchanges are used to control
the temperature during the process. When the filter media reaches its maximum capacity,
the applied voltage is turned off and the filter media are flushed with solvent. Inert fluid
(such as nitrogen) can be used to purge the residue from the electrostatic separator between

filtration and wash cycles in order to avoid product and solvent loss.
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Figure 1.3 Flowsheet of fine solids removal process from NAE bitumen by electrostatic

filtration patented by Cullinane et al. [26].

Using an external electrostatic field to enhance fine solids removal from NAE bitumen
product is a novel concept but reported work is scarce. Many questions remain. One of the
fundamental questions concerns the development of charges on the surface of fine solids
in NAE bitumen product. Unlike in an aqueous suspension, how mineral particles become
charged in organic solvents with very low dielectric constants, and how do dissolved
species in such solvents affect the charge are still poorly understood subjects. Therefore, a
detailed investigation on the development of surface charges on fine solids in solvent-
diluted NAE bitumen and on how the dissolved bitumen affects these charges is required

to answer these questions.

1.2 Research Objective and Approach

The main objective of this research is to investigate the development of fine solids surface

charges in an organic solvent with dissolved bitumen, analyze the charging mechanism,
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and explore the influencing factors. Kaolinite, the dominant clay mineral in NAE bitumen
[18], was used to represent the fine solids. Cyclohexane was used as the organic solvent
because it has been reported as the most promising solvent for NAE process due to its high
efficiency in both bitumen and solvent recovery and in the quality of the extracted bitumen
product [ 18]. Bitumen or bitumen subfractions (asphaltene and maltene) were added to the

kaolinite-cyclohexane system to simulate the NAE bitumen product.

The charges carried by kaolinite particles in cyclohexane suspension were detected by
electrophoretic deposition under a DC voltage of 1500 V. At a fixed deposition time, the
amount of kaolinite deposited on either the anode or the cathode not only revealed the
signs but also the magnitude of the surface charges carried by kaolinite. The composition
of the kaolinite-cyclohexane suspension was changed to examine the effects of the
different additives, and kaolinite was either used directly or previously coated with
bitumen. The kaolinite surface charges in cyclohexane were also quantified by zeta
potential measurement. Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) were used to study the chemical composition of the
kaolinite before and after electrophoretic deposition, which helped to explore the charging

mechanism of kaolinite in cyclohexane suspensions.

1.3 Thesis Organization

This thesis is organized into five chapters:

Chapter 1 provides a general introduction to the background, motivation, objectives, and

organization of the thesis.



Chapter 2 reviews the relevant literature concerning nonaqueous extraction (NAE) of oil
sands, NAE bitumen product quality, past studies about particle charging in nonpolar
solvents, and electrophoretic deposition. Part of this chapter has been published in the
journal Fuel: Zhang H, Tan X, Liu Q. 2021. Fine solids removal from non-aqueous
extraction bitumen: A literature review. Fuel. 288:119727. A copy of the published paper

is attached in the Appendix.

Chapter 3 investigates the electrophoretic deposition of bitumen-, asphaltene-, and
maltene-coated kaolinite from cyclohexane suspensions. Fourier transform infrared
spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) were used to analyze
the chemical composition of the coating layer on the kaolinite particles that were
electrophoretic deposited both on the anode and the cathode. The relations between the
chemical composition of the coating layer and particle surface charge in cyclohexane were
explored. This chapter has been published in the journal Fuel: Zhang H, Tan X, Wang K,
Liu Q. 2022. Electrodeposition of bitumen-, asphaltene-, or maltene-coated kaolinite from

cyclohexane suspensions. Fuel. 311:122582.

Chapter 4 analyzes the influence of the addition of bitumen and a surfactant, Span 80
(sorbitan monooleate), on the surface charges of fresh kaolinite particles suspended in
cyclohexane. The results showed that, with the addition of bitumen, the main contributor
to kaolinite surface charge in cyclohexane is the bitumen that adsorbed on kaolinite surface,
rather than the bitumen dissolved in the solution. The results of CHNS elemental
composition analysis and electrochemical QCM-D measurement indicated that the
selective dissolution of charge-carrying species from the bitumen coating layer induced by

an external electric field was responsible for kaolinite particles charge in cyclohexane.
10



Span 80, on the other hand, induced kaolinite surface charges by forming reverse micelles
which stabilized counter charges. Therefore, when Span 80 was removed from the solution,
the kaolinite surface charges disappeared, but when bitumen was removed from the
solution, the kaolinite surface charges remained in the electrophoretic deposition
experiment. This chapter has been submitted to Chemical Engineering Journal as a
research paper and is currently under review: Zhang H, Wang K, Wang D, Li J, Xiang B,
Tan X, Liu Q. Kaolinite surface charges developed in cyclohexane suspension with

dissolved Span 80 or bitumen: electrodeposition and adsorption/desorption studies.

Chapter 5 contains the conclusion of this thesis work, the overall discussion of the

research results, original contributions, and the proposed future work.
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Chapter 2 Literature Review
2.1 The Composition of Nonaqueous Extracted Dilbit

In the nonaqueous extraction (NAE) process, water is replaced by solvents to extract
bitumen from oil sands. In addition to conventional solvents, such as cyclohexane, toluene,
and n-pentane, some new synthetic solvents are also used in NAE process. For example,
ionic liquid (IL) has been reported used themselves or together with conventional solvents
to recover bitumen from oil sands [1-3]; and switchable hydrophilicity solvents (SHS)
were also used to extract bitumen as reported in literature [1, 4]. Since there has been no
commercial NAE operation, the NAE bitumen products mentioned in this review are all
from the laboratories. Figure 2.1 shows a schematic of IL enhanced NAE process. IL is
mixed with oil sands to extract bitumen. In most laboratorial practices, organic solvent is
also added as co-solvent to the oil sands. The mixture forms distinct layers after stirring
and centrifugation that consists of bitumen and solvent at the top, middle layer of IL and
bottom layer of sands. The dilbit can be collected by centrifugation and decantation, and
the IL both at middle and bottom layer can be recovered using water. In the dilbit,
obviously bitumen and solvent are the most important component and have the most
content. Small amounts of IL have been reported to be present in the dilbit due to
experimental manipulation [5, 6]. The solids content in dilbit various in different reports.
According to Painter’s et al. [5] and Li’s et al. reports, there were no Fourier transform
infrared (FTIR) detectable solids contained in dilbit. However, Tourvieille et al. [7] argued
that there should be about 0.9 wt.% solids containing in the dilbit according to the result
of their work. Since they all used 1-ethyl-3-metyl-imidazolium tetrafluoroborate
([Emim][BF4]) as one of the ILs in their works and Touryieille et al. followed the same
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reagents and conditions used by Painter et al. It may be the difference between oil sands
samples that causes the difference in solids content (Touryieille’s et al. work was published
in 2017, the oil sands ore used in their work was sampled in 2008 and kept in a sealed
container. The ore has most likely undergone aging, which made it much more difficult to
process). The detailed mineral composition of the solids and the content of potential water
in dilbits were not mentioned in the literature. In addition to the IL assisted NAE process
with solvent additives, there are laboratorial practices extracting bitumen from oil sands
using ionic liquid without solvent additives although rarely reported [2, 8, 9]. In those
processes, only ionic liquid is mixed with oil sands. Bitumen is separated from oil sands
together with ionic liquid. Berton et al. [9] used different ILs and ILs mixture with various
amounts extract bitumen from oil sands. Under the best conditions, the solids content in
dilbit can be less than 1 wt.%. In addition, the dilbit contained considerable amount of IL,

only 75 % of the IL was recovered from dilbit.
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Figure 2.1 A schematic of ionic liquid promoted bitumen extraction from oil sands. It
should be noted that in some reports no “solvent” was used in addition to ionic liquid [8,

9] (adapted and reproduced from Joshi and Kundu [3])
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Compared with IL, SHS is relatively less used for NAE process. Figure 2.2 shows a
process for extracting bitumen from oil sands using a COs-responsive SHS
cyclohexyldimethylamine (CyNMe»). As shown in Figure 2.2, Holland et al. [10] used
CyNMe: in its hydrophobic form to extract bitumen from oil sands. Solids and bitumen/
CyNMe: mixture were separated by decanting. The solids were washed with CyNMe; and
carbonated water. The bitumen/ CyNMe; mixture was treated with water and CO; to
extract the CyNMe: by converting it to the hydrophilic form bicarbonate salt [CyNMe>H]
[HCO3]. The washed bitumen was then collected by decantation. CO; was removed from
the bicarbonate salt solution by heating and treating with either N or air, so the bicarbonate
salt converted to hydrophobic CyNMe: and can be separated from water. The results of
their large-scale tests (using 500 g samples of oil sands) showed that the dilbit contained
74 wt.% bitumen, 12 wt.% SHS, and 14 wt.% water. No solids were found in the dilbit
according to their report. Similar to IL assisted NAE process, there is also different opinion
on the solids content in dilbit. Sui et al. [11] used three different SHS (triethylamine,
CyNMe,, and N,N-dimethylbenzylamine) together with toluene extract bitumen from oil
sands. It was found that the effect of the amine structure on dilbit quality was negligible,
and the solids content in dilbit was about 0.12 mg/mL. That is to say, although toxic [12,
13] IL and SHS can improve the performance of NAE process, there is no consensus in
the literature that the use of these synthetic solvents in NAE process can produce dilbit
without solids. In addition, the cost problem brings great obstacles to the industrial
application of IL and SHS in NAE process [10, 14]. For now, the possibility that IL assisted
solvent extraction and SHS extraction can be applied in industry is much lower than the

NAE process using conventional solvents. Therefore, this review mainly focuses on the
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composition of dilbit from “conventional” NAE processes, i.e., extraction processes in

which conventional solvents are used.
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Figure 2.2 Schematic of a process for extracting bitumen from oil sands using CO»-
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responsive SHS CyNMe: (adapted from Holland et al. [10]).

The composition of dilbit from conventional NAE process depends on the oil sands ore,
solvent, experimental protocol, and other factors. Prior to solvent recovery from the NAE
dilbit, the main component of the product should be the solvent that is used, and its content
depends on the dosage of the solvent used in extraction. Over the past decade or so the
Institute for Oil Sands Innovation (IOSI) has funded many projects to study NAE processes.
Figure 2.3 shows a typical NAE extraction flowsheet that has been developed from these
studies. In this flowsheet, the “I®" supernatant” and the “Centrifuge supernatant” are
considered the NAE bitumen product. Since the oil sands ore to solvent ratio is typically
kept at 60: 40 (15-19), the solvent content in the final NAE bitumen product usually ranges

from 82 wt.% to 88 wt.% [18].
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Figure 2.3 A typical flowsheet of NAE process used in laboratory (adapted from

Nikakhtari et al. [17]).

After removing the solvent by rotary evaporation, the NAE bitumen product contains
about 95 wt.% bitumen, varying somewhat depending on the grade of the oil sands ore,
solvent used, and solvent-to-bitumen ratio. The remaining mass in the bitumen product is
made up of fine solids and water. Understandably, the higher the oil sands ore grade, the
higher the bitumen content and the lower the fine solids and water content in the NAE
bitumen product. The type of solvent also has a significant effect on the bitumen content
in the product. According to reported studies [15, 18, 20], the bitumen content in the
product is higher when using ethylbenzene, isoprene, cyclohexane and cyclopentane as
solvent than using methylcyclopentane and n-pentane as solvent. In addition to bitumen
content, another important performance index is bitumen recovery. Previous studies [17,
21] have shown cyclohexane to be a suitable solvent to use in NAE extraction of Alberta

oil sands due to high bitumen recovery, high bitumen content and low fine solids content
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in product bitumen, as well as high solvent recovery rate from the NAE extraction gangue.

Although fine solids and water are the minor components in NAE bitumen, they are
deleterious to the quality of the bitumen product. Few studies have focused on the study
of water in NAE bitumen, and it is simply recognized as a harmful component and its
content, combined with fine solids in bitumen product, should be less than 0.5 wt.% to
meet pipeline transport requirement [15, 17, 22]. On the other hand, the fine solids in NAE
bitumen have attracted more attention. Studies have been carried out to investigate the
content, particle size distribution, mineralogical composition, and aggregate structure of
fine solids in NAE bitumen product. The focus of those studies is to remove the fine solids
from the bitumen product. The fine solids contents in NAE bitumen product are typically
between 0.5 wt.% and 3 wt.%. Although “fine solids” in oil sands industry generally refer
to mineral solids with diameters less than 45 pum, the fine solids in NAE bitumen that are
problematic to remove are usually much smaller than 45 um. They normally have particle

sizes ranging from 10 nm to 10 um [19, 22].

Table 2.1 shows the mineralogical composition of the fine solids in NAE bitumen from a
specific oil sands ore. In reality, the composition will be different depending on the source
of the ore, the extraction-separation equipment and specific operating parameters used in
the operation, and the solvent used in the process [15, 17, 20, 23-26)]. Yet it has been
widely accepted that the fine solids are mainly comprised of quartz, kaolinite and illite
clays together with significant amounts of organic materials and trace amounts of siderite,
pyrite, calcite and chlorite. Mixed layer swelling clays, such as illite-smectite and
kaolinite-smectite, have not been extensively studied in NAE bitumen but are believed to

be present in low quantities. The detection and study of these swelling clays are more
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complicated than conventional powder X-ray diffraction analysis (XRD). The presence of
these swelling clays could be problematic due to their unique high cation exchange
capacity, high charge density and high specific surface areas [1, 17, 19, 27-29]. Nikakhtari
and coworkers [17] extracted bitumen from Alberta oil sands using the NAE process
described in Figure 2.3, and they did a comprehensive study of fine solids in the bitumen
product. They reported that the fine solids in NAE bitumen product had a relatively high
organic material content, at about 25 wt.%. The fine solids were also highly hydrophobic
with an average contact angle of 80 — 88°, indicating that the fine solids were coated by an
organic layer. However, the coating layer did not cover all the surface of fine solids,
because strong signals of silicon and aluminum were detected on the surface of fine solids
by XPS measurement, and this indicated there were exposed inorganic minerals on the

surface.

Table 2.1 Mineralogical composition of fine solids in NAE bitumen product from an

Alberta oil sands (adapted from Nikakhtari et al. [17]).

Mineral Weight % (normalized)
Non-clays

Quartz 38.6
Potassium feldspar 8.0
Calcite 2.4
Dolomite 0.8
Siderite 3.2
Pyrite 0.7
Hematite 0.2
Anatase 0.2
Total non-clays 54.1
Clays

Kaolinite (disordered) 27.2
Ilite 16.8
Chlorite 1.8
Total clays 45.9
Total 100
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Nikakhtari and coworkers [17] concluded that the fine solids that were coated by organic
matters were possibly natural Janus particles [30], with one side coated by organic matters
while the other side uncoated; or the organic coating may be more randomly distributed
rather than uniformly distributed on the fine solids surface. This hypothesis of incomplete
coverage is plausible, and it has also been proven by other researchers [31-33]. Clearly, to
account for the high carbon content and incomplete surface coverage at the same time, the
organic coating layer must be patchy and very thick. The organic matters may also form
aggregates with mineral fine solids [19] or exist independently in the system as insoluble

organic particles.

2.2 Fine Solids Removal Methods from NAE Dilbit

Many methods have been attempted to remove fine solids from NAE dilbit. One of them
1s to aggregate suspended fine solids in NAE dilbit by adding polymer flocculants and then
remove the fine solids with mechanical separation processes [22]. Polymer flocculants
have been widely used to remove fine particles in wastewater treatment, pulp and paper
industry [34]. In the oil sands industry, they have been used in the treatment of fluid fine
tailings (FFT) and mature fine tailings (MFT) [35]. Dixon et al. [36] reported their study
about fine solids removal from NAE dilbit by polymer flocculants. In their work, several
polymers were selected and screened for flocculation behavior using kaolinite suspended
in toluene solution of bitumen. Sedimentation experiments were carried out to observe the
performance of the flocculants. They suggested that in order to improve the effectiveness
of separation of solids from bitumen and to reduce the energy consumption of the
following physical separation, the polymer flocculants should be hydrophobic for

improving solubility in oil and should contain polar or charged groups for bonding to fine
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solids. However, the sedimentation results showed that the addition of the polymers did
not significantly enhance fine solids removal. This highlighted the challenges of polymer
selection. Up to now, there is no report of fine solids removal method using polymer
flocculants that achieves a good performance of removing solids from NAE dilbit. More
studies are needed to select or develop new polymers to remove fine solids from NAE
dilbit efficiently. A fundamental understanding of how polymer flocculants would
behavior in complex mixture of bitumen, solvent, and solids would also help improve the

fine solids removal method.

Antisolvent (i.e., refers to a poor solvent of asphaltene, which can precipitate asphaltene
from solution) has also been used to aggregate and remove solids from NAE dilbit [25].
With the addition of antisolvent in dilbit, asphaltene molecules tend to bind together and
therefore form “network” structured aggregates [37]. This process can trap and collect fine
solids, which can be removed together with the precipitated asphaltene [38]. The
suspended fine solids can also function as nuclei for asphaltene precipitation when an
antisolvent is added [39]. The precipitation and aggregation of asphaltene by an antisolvent
has been used in the treatment of bitumen froth generated by the CHWE process to remove
water and fine solids from the bitumen. The process is called paraffinic froth treatment
(PFT) [40]. PFT performances well in froth treatment and can result in virtually solids free
bitumen product [41]. However, the disadvantage of lower bitumen recovery caused by
the precipitation of asphaltene is an unavoidable issue of PFT. Graham et al. [25] used a
similar process to remove fine solids from NAE extracted bitumen. Pentane was used to
precipitate asphaltenes and remove fine solids from heptane extracted bitumen.
Unfortunately, this process failed to meet the ideal requirement for fine solids content of
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the bitumen product. In addition, using one solvent for bitumen extraction while another

for fine solids removal would bring complication for industrial application.

In addition to polymer flocculants and antisolvents, water can also be used in fine solids
removal from NAE dilbit. When water is added to the dilbit, it will disperse into water
droplets under agitation. The water droplets can collect the fine particles and form large
aggregates that are easier to settle. Alquist et al. were awarded a patent for a bitumen
extraction process from oil sands using organic solvents in 1980 [42], in which the fine
solids suspended in dilbit were removed by added water containing a cationic surfactant.
According to the patent, the solids content in final dilbit can be reduced to about 0.2 wt.%
under the optimal conditions. However, Farnand et al. [38] suggested that surfactant
usually led to the formation of stable water-in-oil emulsions which were detrimental to the
separation of fine solids particles. In contrast, water-soluble organic compounds with low
molecular weight, such as resorcinol, formic acid, catechol, and chloral hydrate, can
modify the surface wettability of the bitumen-coated particles suspended in diluted
bitumen, making these particles amenable for collection by water droplets which can then
be readily separated. The water-soluble low molecular weight organic compounds
performed well in assisting water droplets to collect fine particles, but the concentrations
of these compounds needed to be extremely high (>50 wt%) in the aqueous solution in
order to achieve satisfactory degree of fine solids removal. Farnand et al.’s work also
proposed a combination technique of using the water-soluble additive and antisolvent,
which showed a dramatic improvement in settling rate of the fine solids at much lower
reagent dosages. The solids content in bitumen product decreased to 0.1 wt.% [38].

However, such a process would require a two-solvent system as the authors used naphtha
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in the NAE process and an antisolvent in the fine solids removal process. Liu et al. [43]
explored this method and put forward a two-stage agglomeration process to separate fine
bitumen-coated silica particles from cyclohexane by modifying the particle’s surface using
the amphiphilic polymer poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol), i.e., PEG-PPG-PEG, and then adding small amount of water to
collect the surface modified particles to form large aggregates. The two-stage method
required small amount of the amphiphilic polymer and performed better than one-stage
addition of only the polymer or only water. Since the system was cyclohexane suspension
of bitumen-coated silica without extra bitumen added, the solids content in the supernatant
after treatment can be lowered to 100 ppm. Malladi [44] studied the influence of velocity
and size of the collector (water) droplets on particle capture efficiency using a microfluidic
aspiration device. Although the particles used in the research, hollow glass beads, were
different from bitumen-coated particles, the results provided reference for an
understanding of influencing factors on the performance of the water droplets collection

process.

The other method for removing fine solids from NAE dilbit is filtration in an electric field.
This method has been introduced in Chapter 1 of this thesis and the process in a recent
patent was described in Figure 1.3. This research is motivated by the method of fine solids
removal from NAE dilbit using external electric field. We tried to explore the charging
mechanism of particles in nonpolar solvent by investigating cyclohexane suspension of
kaolinite in the presence of bitumen. A fundamental understanding of why and how
particles get charged in nonpolar media in the presence of bitumen could benefit the
electrostatic filtration method to remove fine solids from dilbit.
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2.3 Charging Mechanism of Particles in Nonpolar Solvents

Particles carry charges in most cases when they are dispersed in water, and the charging
mechanisms have been analyzed extensively. However, when particles are dispersed in
nonpolar solvents, the situation is more complicated. Before reviewing previous studies
on the charging mechanism of particles in nonpolar solvents, it is advantageous to briefly

review the mechanisms by which particles are charged in water.

The widely accepted mechanisms for particles to acquire surface charges in water include
unequal dissolution of lattice-forming ions, hydrolysis of broken surface bonds,
isomorphic substitution in the crystal lattice (mostly with clays), and adsorption from
solution [45]. One example of the unequal dissolution of lattice-forming ions is silver
iodide (Agl) particle, a sparingly soluble salt (the solubility product in water is 8.5 x 10"
17y, If Ag" and I" are dissolved unequally due to the influence of the solvent environment,
the Agl particles would carry charges consistent with the ion that is dissolved less. For
example, Agl is usually synthesized from silver nitrate (AgNO3) and potassium iodide (KI).
With excess AgNOs during the synthesis, the additional Ag” would inhibit the dissolution
of Ag" from Agl, resulting in more I' than Ag" dissolving from Agl. In this case, Agl
particles would carry positive charges. In contrast, if more KI is added during synthesis,
then Agl particles would carry negative charges. Figure 2.4 shows that when more I" is

dissolved, Agl carries positive charges.
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Figure 2.4 A schematic diagram of Agl particle acquiring a net charge in water by unequal

dissolution of lattice-forming ions (adapted from Cosgrove et al. [45]).

Figure 2.5 shows the process of silica surface acquiring charges in water by hydrolysis of
broken surface bonds. The broken silica can react with water and form hydroxyl groups
(silanol groups) at the surface. Subsequent reaction of the silanol groups with H/OH™ in
water would lead to net surface charges. It becomes positively charged by obtaining H' in
water when the water is acidic and there are abundant H" (for silica specifically, the pH
value should be less than 2 [46]). At above pH 2, the silanol groups tend to react with OH"

to form H,O by losing H" and thus leaving the silica negatively charged.
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Figure 2.5 Schematic diagram showing the hydrolysis of broken silica surface bonds. (a)
breakage of silica surface and interaction with water; (b) positive charge of the hydrated
surface at high acidity; (c) negative charge of the hydrated surface at high alkalinity

(Drawn based on the description in reference [46]).

The isomorphic substitution is the substitution of lattice ions of clay by a similar sized
cations but with a different valence. It generally leads to a negative charge on the basal
plane of clay due to lower valence substitution, such as the substitution of Si*" by AI**,

and the substitution of AI** by Mg?*, Zn?', or Fe?" [45].

Particles can also become charged in water by adsorbing large macromolecular organic
matter [47] or ionic surfactants [48] with charges from solution. For example, ink particles
are carbon black, which is hydrophobic, but they can acquire anionic charge due to the

adsorption of anionic surfactants and thus disperse in water.

With a particle charged in water, the counter ions will surround the particle surface and

27



form a so-called electric double layer (EDL). Figure 2.6 is a diagram of an EDL with a
negatively charged core particle. As can be seen, the EDL consists of Stern layer and
diffuse layer that surround a charged particle. The Stern layer consists of counter ions
(positive ions in the figure) attracted to the particles surface and closely attached to it by
the electrostatic force. Diffuse layer is a water film that contains free ions with a higher
concentration of the counter ions. These ions are affected by the electrostatic force of the
charged particle. In addition, when the charged particle moves in water (the dispersion
medium), a layer of the surrounding liquid remains attached to the particle. The boundary
of this layer is slipping plane. Zeta potential is the value of electric potential at the slipping

plane.
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Figure 2.6 Diagram of electric double layer (adapted and reproduced from Park and Seo

[49]).
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When particles are suspended in a nonpolar solvent, the solvent molecules are incapable
of “solvating” ions or ionic compounds due to their low dielectric constant. Therefore,
particles are unlikely to acquire charges by unequal dissolution or through “solvolysis” of
surface groups. On the other hand, the other two particle charging mechanisms in water,
namely the isomorphic substitution in the crystal lattice and adsorption from solution,
could lead to particle surface charge in nonpolar solvents. The isomorphic substitution in
the crystal lattice of clay has nothing to do with the suspending solvents in which they are
submerged. If particles can absorb charged components from the nonpolar solvents, they
obviously would be charged. However, even though the particles could acquire charges by
isomorphic substitution and adsorption, it is still an open question whether they are able

to keep the net charges without being neutralized by the counter charges and counter ions.

As mentioned earlier, in an aqueous solution the counter ions are stabilized by hydration
due to the high dielectric constant of water. Table 2.2 shows the dielectric constants of
water and some common nonpolar organic solvents. As can be seen the dielectric constants
of the nonpolar organic solvents are much lower than water, therefore they do not have a
strong affinity to ions and ionic species like water, and would not be able to stabilize the
ions and ionic compounds to maintain the net charge of the particles. This can be
understood by calculating the Bjerrum length (4z), which is defined as the distance at
which the Coulombic energy between two elementary charges is equal to thermal energy
(ksT) [50]. If the distance between two opposite elementary charges is less than the
Bjerrum length, the thermal energy would not be able to overcome the electrostatic
attraction between the charges, so that the two elementary charges would associate with
each other to form a neutral entity. Therefore, the distance between two opposite
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elementary charges must always be maintained at larger than the Bjerrum length to keep

them both charged. Bjerrum length is given by [51]:

o2
Ag = —— 2.1)
AmegErkgT
where ¢, is the relative dielectric constant of the solvent, and 7 is the absolute temperature
in Kelvin. The other parameters are constant: e is the elementary charge (= 1.602x10 "1°C),
g0 is the vacuum dielectric constant (= 8.85x1071? F-m™), and & is the Boltzmann constant
(= 1.38x10-23 J-K'!). According to the data in Table 2.2, the Bjerrum length /5 in water
(e- = 80) is about 0.7 nm when the temperature is 293.2 K, a distance that can be easily
achieved by the hydration shell of monovalent ions. For example, although influenced by

various factors [52], the thickness of hydration shell of monovalent ions such as Na" and

K" are commonly about 0.35 nm [53]. Therefore, the counter ions surrounding charged

particles in water can be kept in the EDL rather than collapsing on the particles surface to
neutralize the charge. In comparison, the Az in a nonpolar solvent such as cyclohexane (&
~ 2) is about 28 nm, much larger than the 4z in water. Therefore, the hydration shell of
charged species in water can prevent them from neutralizing each other by electrostatic
attraction. In nonpolar solvents with low dielectric constants, on the other hand, it is
difficult to keep the oppositely charged species apart beyond the required Bjerrum length
due to the lack of “solvation”. It is possible that charges could develop on particle surfaces
in nonpolar solvents, but they would immediately re-associate with the oppositely charged
species to form neutral entities [54]. Therefore, the presence of stable solvated free ions or
charged species is the most important precondition for particles to acquire a net charge in

nonpolar solvent. For charged species that are not large enough to keep the charges beyond
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the Bjerrum length from opposite charges, it is possible to stabilize the charged species
through “large charged structural entities” formed by “dielectric molecules™ that contain
dipole moments displaced far away from the geometrical center, as proposed by Kraus et
al. in 1930s [55, 56]. The “large charged structural entities” are reverse micelles formed
by surfactants in nonpolar solvents. Kraus and coworkers just stopped short of linking the

“large charged structural entities” to reverse micelles.

Table 2.2 Relative dielectric constant of common solvents at 293.2 K (adapted from

Wohlfarth et al. [57]).

Solvent Relative dielectric constant
Hexane 1.887
Heptane 1.921
Octane 1.948
Decane 1.985
Dodecane 2.012
Cyclohexane 2.024
Hexadecane 2.046
1,4-Dioxane 2.219
Bezene 2.283
Toluene 2.379
Water 80.100

Reverse micelle is an aggregate formed by surfactant molecules in nonpolar solvents.
Surfactants are amphiphilic molecules with “hydrophilic head group” and hydrophobic
“tail” as described in Figure 2.7 [58]. When surfactant molecules with high enough
concentration are dissolved in nonpolar solvents, the hydrophilic head groups are
concentrated in the core and the hydrophobic tail groups point outward to keep the
hydrophilic groups away from the nonpolar solvent. The surfactant aggregates formed in
this way have a reverse structure to surfactant micelles formed in water (with hydrocarbon
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tails gathering inside and hydrophilic heads pointing outward), so that they are called
“reverse micelles”. Figure 2.8 shows simplified depictions of micelles and reverse

micelles.

Hydrophilic
head group

Hydrophobic tail

Figure 2.7 Schematic diagram of the basic surfactant molecule structure (adapted from

Myers [58]).
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Figure 2.8 Schematic representation of a reverse micelle (left) formed in nonpolar solvents

and a micelle (right) formed in water (adapted from Baruwati et al. [59]).
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As shown in Figure 2.8, if reverse micelles can hold a charge in their center to form
charged reverse micelles, the long hydrophobic tails could be able to keep the distance
between the encapsulated charge and countercharges larger than Bjerrum length in the
nonpolar solvent. This eliminates the re-association and neutralization of the charges.
Sometimes the reverse micelles cannot completely eliminate the re-association of opposite
charges when their size is below the Bjerrum length. In this case the reverse micelles can
reduce electrostatic attraction between the opposite charges to form “ion-pairs”. These
“ion pairs” can dissociate to release “free ions” so that an equilibrium is established

between the neutral ion pair and the free ions [54].

These functions of reverse micelles will allow the presence of “electrolyte” or free
ions/charges in nonpolar solvents, thus providing conditions for the particles to carry net
charges. The early studies on reverse micelles were mainly focused on neutral reverse
micelle formation [60-62]. When charged reverse micelles gained more interest, they
became accepted as the favored types of species to stabilize free charges in nonpolar
solvents [63]. Indeed, charging of particles in nonpolar solvents in the presence of
surfactants has been studied extensively afterwards. Ponto et al. [64] plotted a typical
charging curve of particles in nonpolar solvents showing the influence of surfactant
concentration on particles’ electrophoretic mobility (Figure 2.9) based on the reported
research work in literature [65-68]. These studies indicated, according to the investigation
of electrophoretic mobility, particles are not charged in nonpolar solvents until the
concentration of surfactant reaches a certain value. This value is called critical micelle
concentration (CMC). Reverse micelle is thought to be formed in nonpolar solvents when
the surfactant concentration is higher than CMC. There are some controversies regarding
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CMC of surfactants in nonpolar solvents, which will be discussed in the next paragraph.
When CMC is exceeded, particles charging increases with the increase of surfactant
concentration and reaches a maximum. After that, the particle surface charges begin to
decrease because of electrostatic screening caused by the increase in the charge-carrying

reverse micelle concentration [69-73].
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Figure 2.9 Typical charging curve for particles in nonpolar solvents with the addition of

surfactants (adapted from Ponto et al. [64]).

However, different from the concept of critical micelle concentration (CMC) in water at
which the micelles start to form [74], the formation of reverse micelles in nonpolar solvents
does not always appear to start at a distinct concentration [70, 75, 76]. The existence of
CMC is controversial for surfactants in nonpolar solvents. In aqueous solutions, when the
concentration of a surfactant is increased, many physical properties of the aqueous solution

(such as surface tension, turbidity, molar conductivity) change sharply over a narrow range
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of concentration [23]. However, the solution properties of the nonpolar system always
change gradually with the surfactant concentration [76]. There are also reports that
aggregates of surfactant molecules in nonpolar solvents form at low concentrations in the
form of doublets, triplets, and “pre-micellar” aggregates [75, 77-80]. In addition, the
analysis about CMC of reverse micelles was also related to a small amount of water in
their systems by many researchers. Eicke and Christen [81] analyzed the formation of
sodium di-2-ethylhexylsulfosuccinate (AOT) reverse micelles in H.O/AOT/i-CgHis
system using infrared and vapor pressure osmometric measurements. The result suggested
that water should be a pre-requisite for the micellization of surfactant in nonpolar solvents,
and the CMC depended on the amount of added water. To enable the measurement of
reverse micelles’ properties by adding water or other polar solvents is a common method
in many reports [82-86]. These nonpolar systems with the addition of water should be more
accurately described as microemulsions. In this thesis, no water was intentionally added.
Although the nonaqueous systems may be in contact with water vapor when the surface is
in contact with air, there should be only trace amount of water in the systems, so that only

the reported studies using systems with a minimal amount of water are suitable references.

When the charged reverse micelles are present in a nonpolar solvent in the form of “free
ions” or ionizable “ion pairs”, solid particles suspended in this nonpolar solvent may carry
charges in the system (As described in Figure 2.9, the reverse micelles formed by
surfactant can indeed make particles charged in nonpolar solvents, and the electrophoretic
mobility depends on surfactant concentration). Many studies have focused on the charging
mechanism of particles in solvent-surfactant suspensions. One of the reported charging
mechanisms is preferential adsorption. Roberts and coworkers [87] studied the charge of
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poly(methyl methacrylate) (PMMA) spheres dispersed in nonpolar solvents (decane and
dodecane) solutions of AOT and zirconyl 2-ethyl hexanoate (Zr(Oct)>). They concluded
that the particle charges were developed by the competitive adsorption of both positively
and negatively charged reverse micelles, as shown in Figure 2.10. If the positively charged
reverse micelles are preferentially adsorbed on particle surface, the particle will be
positively charged due to excess of positive charges on surface. If the particle adsorbs more
negatively charged reverse micelles, it will be negatively charged. Preferential adsorption
mechanism provides one way to explain why the particle potential, after reaching the
maximum value, decreases with the increase of surfactant concentration. Cao et al.
investigated the charging of polystyrene particles suspended in dodecane with the addition
of different concentrations of AOT. Figure 2.11 provides a schematic description about
the influence of surfactant concentration on particle surface charges. At low surfactant
concentrations (but still above the concentration to form reverse micelle), polystyrene
particles tend to adsorb preferentially negatively charged reverse micelles compared with
positively charged reverse micelles, so the particles carry net negative charges; At high
surfactant concentrations, more reverse micelles are present, and the particles that carry
negative charges would adsorb more positively charged reverse micelles under this
condition. This will decrease the particle surface charge and may even neutralize the
charges. The preferential adsorption mechanism is also used to explain the charging of
nonpolar media suspensions of silica, alumina, titania, and carbon black with the addition

of surfactants [63, 88-92].
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Figure 2.10 Schematic diagram of particles obtain different charges by competitive

adsorption of oppositely charged micelles (adapted from Roberts et al. [87]).
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Figure 2.11 Schematic diagram of preferential adsorption of charged reverse micelles on
particle surface in an organic solvent at (a) low surfactant concentration, where the
negative reverse micelles are preferentially adsorbed, and (b) high surfactant concentration,

where positively charged reverse micelles are preferentially adsorbed (adapted from Cao

et al. [89]).

Briscoe and Horn [93] suggested another charging mechanism of particles in nonpolar

38



solvents with dissolved surfactants. They measured the surface forces between charged
mica in n-decane solution of AOT using modified surface force apparatus and analyzed
the charging mechanisms. According to their investigation and analysis, there was always
a very small amount of water in the nonpolar liquid even when procedures were taken to
avoid introducing water into the system. During their experiment, the trace amount of
water in the system would accumulate at the hydrophilic mica surface and form aggregates
with the adsorbed AOT. This very small amount of water could provide a hydration
environment for K ions from the mica surface. The hydration of K' reduces its
electrostatic attraction to the negative lattice charge of mica so the hydrated K™ ions may
dissociate from mica lattice to form surface aggregates. Indeed, reverse micelles in
nonpolar media have been shown to be exchangeable ions [94-97]. Briscoe and Horn
suggested that the same ion change could happen between surface aggregates and reverse
micelles in the bulk. This would lead to K* being solubilized into the nonpolar solution,
leaving mica negatively charged. Mica has a more complex chemical structure than the
oxides and carbon black mentioned previously. This surface dissolution mechanism
involving a small amount of water is not suitable to explain the charging of silica, titania,

alumina, and carbon black particles in nonpolar solvents.

The most widely accepted charging mechanism of particles in nonpolar solvents is the
acid-base interaction mechanism introduced by Fowkes [98]. Acid-base interactions are
originally defined in aqueous system. Acid was defined as anything that can increase the
concentration of hydronium H”, whereas base was identified as anything that can increase
the concentration of hydroxyl OH™ in the solution [99]. The definition of acid and base was
extended beyond the restriction of their relationship with water by Brensted [100] and
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Lowry independently [101] in 1923. Acid was defined as something that can donate
protons during an interaction, whereas base was defined as a substance that can accept
protons. The acid (or base) defined in this system was called Brensted-Lowry acid (base)
or proton acid (base). A further extension of the acid and base definition was introduced
by Lewis in the same year in 1923 [102]. The Lewis acid was something that could act as
an electron-pair accepter and the Lewis base was an electron-pair donor. This extension of
definition removed the limitation of proton transfer during acid-base interaction. Bronsted-
Lowry definition of acid-base interaction is very convenient in aqueous system, while

Lewis description is more universally applicable [103, 104].

With regards to the characterization and ranking of acids and bases, the isoelectric point
(IEP) is the most widely used parameter for acid-base properties characterization of
mineral particles [64, 104]. Mineral particles acquire charges in aqueous suspensions, and
the extent of the charge can be determined by zeta potential measurement. The
concentration of ions that make the zeta potential equal to zero is the IEP. In aqueous
solutions, H" and OH" are recognized as potential determining ions, so the IEP is expressed
in terms of pH value, which is determined by zeta potential measurements at different pH.
A similar quantity that is often used together with or in place of IEP is the point of zero
charge (PZC), which is the concentration of potential determining ions (not limited to H"
and OH ions) making particles surface charge to equal zero. PZC is usually determined
by titration. Usually the PZC and IEP are not equal. When mineral particles are dispersed
in water, the PZC would equal to IEP if no specific adsorption of other species exists except
H' and OH ions. The PZC of kaolinite is commonly believed to be between pH 6 and pH
6.5, although the reported PZC range of kaolinite is wide [105-109]. The difference of

40



reported kaolinite PZC or IEP may arise from the differences in composition of samples

of different origins [106, 107].

The surfactants’ acid-base property can be quantified by the empirical effective pH (pHg#)
[64], which is determined using different minerals covering a wide range of PZC or IEP.
Figure 2.12 describes how the pHesr of a specific surfactant is determined. The maximum
particle charges of the different minerals (with known PZC or IEP) are measured in an
organic solvent in the presence of reverse micelles formed by the surfactant to be tested.
The empirical pHg#r of the surfactant is identified as the PZC or IEP of the mineral whose
maximum surface charge is zero. Sorbitan monooleate (Span 80), AOT, and
polyisobutylene succinimide (OLOA 11000) are most commonly reported oil soluble
surfactants in the study of particle charging in nonpolar solvent. The pHgs of Span 80,
AOT, and OLOA 11000, according to relevant reports [64, 67, 70], are 0, 5, and 9,
respectively. Gacek and Berg [67] reported that the pHesr of a given surfactant appears to
be unique when the relative dielectric constant of the dispersing nonpolar solvent is around
2 and the content of trace water is very low (< 100 ppm). Therefore, in nonpolar solvents,
such as cyclohexane, that contains very small amount of water, the acid-base property of
surfactants and mineral particles can be determined accurately and directly by comparing

the surfactants’ pHgsr to the mineral’s measured PZC or IEP.
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The maximum particle charging

PZC or IEP of particles in water

Figure 2.12 A schematic illustration of how empirical effective pH (pHesr) of a specific
surfactant is identified. The x-axis is the PZC or IEP expressed in terms of pH value, the
y-axis shows the maximum charges of particles with different IEPs with a given reverse-
micelle-forming surfactant. The pHe# of this surfactant is the x-intercept of the trend line

(adapted from Ponto and Berg [64]).

With the comparable relative acidity and basicity of the surfactant and mineral, acid-base
mechanism can be used to explain how particles acquire charges in nonpolar suspensions
with the addition of a surfactant. As shown in Figure 2.13, the mineral particles acquire
charges through a process involving three steps: first, the polar head of a neutral surfactant
molecule adsorbs onto particle surface to form an acid-base adduct. Then in the second
step, charge transfer occurs between the surfactant molecule and particle surface according

to their acid-base properties. The direction of charge transfer depends on the relative
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acidity (or basicity) of the surfactant and the mineral, indicated by their pHgrr and IEP,
respectively. For example, if the surfactant’s pHgrr is lower than the mineral’s IEP, then
the surfactant would be a stronger acid than the mineral, and the charge transfer would
happen by moving negative charges (electron donors) from mineral surface to the
surfactant. Finally, in the third step, the charged surfactant molecule desorbs from mineral
surface and is stabilized by reverse micelles, leaving the mineral particle to carry a net

opposite charge [63, 64, 70, 98, 110].
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Figure 2.13 A schematic diagram that shows the process of particles acquiring charges by

acid-base mechanism (adapted from Ponto and Berg [64]).

2.3 Electrophoretic Deposition

Electrophoretic deposition is a process of depositing charged particles onto oppositely
charged electrodes under an applied DC electric field [111, 112]. As described in Figure

2.14, if the particles are positively charged, they will deposit on the cathode during the
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electrophoretic deposition. Similarly, the negatively charged particles will deposit on the
anode. This phenomenon has been known for more than 200 years since clay particle
movement induced by an electric field in water was observed by Russian scientist Ruess
in 1808. The first description of the practical use of electrophoretic deposition technology
was in the production of emitters for vacuum electron tube by depositing thoria particles
on platinum cathode patented in 1933 [112]. Electrophoretic deposition is also called
electrodeposition in general [113, 114], although the latter often refers to electroplating
[115, 116]. Technically speaking, electrophoretic deposition is different from

electroplating, and Table 2.3 presents the distinction between them.
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Figure 2.14 A schematic diagram that shows electrophoretic deposition process. (a)
positively charged particles depositing on the cathode, (b) negatively charged particles

depositing on the anode (adapted from Besra and Liu [112]).
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Table 2.3 The distinction between electrophoretic deposition and electroplating (adapted

from Besra and Liu [112] with modification).

Property Electrophoretic Electroplating
deposition
Moving species Particles, droplets Ions
Charge transfer on None Ion reduction, ion oxidation
deposition
Required conductance of  Low High
liquid medium
Preferred liquid Organic Water

Electrophoretic deposition is recognized as a materials processing technique and has been
successfully used for preparing thick films of modified silica [117], carbon nanotube film
[118], oxide nanorods [118], nano-size zeolite membrane [119], luminescent materials
[120-122], gas diffusion electrodes [123], and superconductors [124, 125]. This technique
has also been used to coat hydroxyapatite on metal substrate for biomedical applications
[126, 127], produce biofilms [128], manipulate biological entities [129], and develop
advanced biomaterial structures [130]. The most extensive application of electrophoretic
deposition is in the field of processing of advanced materials [112]. In addition, some
researchers used electrophoretic deposition method to investigate the deposition of
asphaltene particles from model oils (synthetic oils) and analyze asphaltene surface
charges in oil. One of the apparatuses for asphaltene electrophoretic deposition is shown
in Figure 2.15. Two electrodes are placed parallel to each other and about half of the
electrodes are submerged in the model oil with suspended asphaltene. The charges of
asphaltene in different oils can be analyzed by changing the model oils and changing the

method of loading samples.
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Figure 2.15 Schematic illustration of an electrophoretic deposition apparatus used for
analyzing asphaltene charging in different model oils (adapted from Khvostichenko and

Andersen [114]).

2.4 Quartz Crystal Microbalance with Dissipation to Study Bitumen Adsorption

Quartz crystal microbalance with dissipation (QCM-D) is an ultrasensitive technique that
can measure mass changes at the nanogram scale. It has been widely used to monitor the
adsorption and desorption process in real-time [131]. The working principle of QCM-D is
based on the piezoelectric property of its quartz crystal sensor. The quartz crystal sensor
oscillates when an alternating electric potential is applied. Under a given condition, the
oscillation is influenced by the substance that adsorbs on the sensor. The mass variation

on the sensor surface can be determined by monitoring the frequency and dissipation
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changes on a quartz crystal sensor [132]. QCM-D has been widely used in the adsorption
and desorption of polymers, DNA, and proteins on various substrates in liquid [133-137].
After Ekholm et al. first applied QCM-D to investigate the adsorption of asphaltenes and
resins extracted from a North Sea crude oil on gold surface in 2001 [138], an increasing
number of research groups have been studying the adsorption and desorption of crude oils
and sub-components on various surfaces using QCM-D. Abudu and Goual [139] measured
the adsorption of crude oil on gold, silica, stainless steel, and hydrophobic polystyrene
surface in solvents with different degrees of asphaltene solubility using QCM-D. Xiang et
al. [140] analyzed the desorption of bitumen from silica influenced by sodium citrate and
sodium hydroxide using QCM-D. The results of QCM-D experiments indicated that
bitumen desorption was significantly enhanced with the combined addition of sodium
citrate and sodium hydroxide. Goual et al. used QCM-D to determine the electrophoretic
deposited mass of bitumen compounds and model compounds (alcohol, acid, and amine)
in toluene-based system with an external electric field. The nature of the charge carriers
present in bitumen was identified in their work. Based on these studies, QCM-D is
expected to measure the minute mass changes of bitumen that have been adsorbed onto

the substrate surface.
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Chapter 3 Electrophoretic Deposition of Bitumen-, Asphaltene-, or Maltene-

Coated Kaolinite from Cyclohexane Suspensions

3.1 Introduction

Kaolinite is the most abundant clay mineral in the oil sands deposits of Alberta, Canada
[1]. Kaolinite is difficult to remove from oil sands bitumen products because its small size,
especially bitumen products generated from a non-aqueous extraction (NAE) process. The
NAE process was first explored in the 1960s [2] as an alternative to the Clark hot water
extraction process (CHWE) with the aim of replacing the latter thus eliminating the latter’s
environmental issues, such as high fresh water and energy consumptions, high greenhouse
gas emissions, and the accumulation of tailings ponds[3]. Extensive research efforts have
been devoted to improving the NAE process performance and many modifications have
been proposed to the original NAE process over the past several decades [4, 5]. However,
the difficulty of removing fine mineral solids from the bitumen product remains one of the

major issues that prevent the NAE process from being commercially viable [6].

The fine mineral solids in NAE bitumen products are mostly coated by organic matters
(bitumen or bitumen subfractions) and dispersed in organic solvents that are “good
solvents” for the bitumen and bitumen subfractions [7]. The coating has been identified as
one of the reasons why they are difficult to remove [8]. Various methods have been
investigated to remove the fine mineral solids from NAE bitumen products [9-12]. Among
them, using an electrostatic field to enhance fine mineral solids removal from NAE
bitumen is a novel concept where reported work is scarce. Fundamental questions such as
whether the mineral particles are charged when they are coated by organic matters and

dispersed in NAE bitumen product in an organic solvent, and the associated charging
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characteristics and influencing factors have not been studied, much less clearly-understood.

In this study, the charging characteristics of kaolinite coated by bitumen and bitumen sub-
fractions (asphaltene and maltene) suspended in cyclohexane were studied to understand
its charge in the NAE bitumen product. Cyclohexane was reported as the most promising
solvent for NAE process because of its high efficiency in both bitumen and solvent
recovery and in the quality of the extracted bitumen product [6]. It is well known that
particles acquire surface charges in an aqueous suspension by unequal dissolution of lattice
ions, hydrolysis of surface functional groups, adsorption from aqueous solutions, and
isomorphic substitution in the crystal lattice (mostly for clays) [13]. All of the above cause
a distribution of counterions around the particle and form the so-called electrical double
layer in aqueous suspensions. Colloidal particles in nonpolar solvents, on the other hand,
are thought to be difficult to acquire charges due to the low dielectric permittivity of
nonpolar solvents [14]. This can be understood by calculating the Bjerrum length Az. The
Bjerrum length is the distance at which the attractive electrostatic interaction between two
elementary charges is balanced by thermal energy (xsT). If the distance between two
opposite elementary charges is less than the Bjerrum length, the thermal energy would not
be sufficient to prevent the charges from associating with each other to form a neutral
entity under the electrostatic attraction. Therefore, the distance between two opposite
elementary charges must always be maintained at larger than the Bjerrum length to allow
them to remain charged. The Bjerrum length is given by Az = &’/(4meseoxsT), where ¢, is
the relative dielectric permittivity of the medium, 7 is the absolute temperature, and the
other parameters are all constant: e the elementary charge (= 1.602x107 C), &9 the vacuum
permittivity (= 8.85x10"2 F-m™), and x5 the Boltzmann constant (=~ 1.38x10"2 J-K™!) [15].
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Assuming 7' =300 K, the Bjerrum length Az in water (¢, = 80) is about 0.7 nm, a distance
that can be easily achieved by the hydration shell of monovalent ions. In comparison, the
Bjerrum length in an organic medium such as cyclohexane (&~ 2) is about 28 nm. It would
be difficult to maintain such large distances between two oppositely charged ions in
cyclohexane. Therefore, particles would normally not carry net charges in nonpolar
solvents unless the charges are housed within supramolecular structures. Studies suggested
that such supramolecular structures can be reverse micelles for instance, which can keep
the charges separate beyond the Bjerrum length, so that the charges are stable in nonpolar
solvents [14, 16, 17]. Particles can be charged in an organic solvent in this case by the
interactions between the surfactants and the functional groups or ionic species on the
particle surface, preferential adsorption of the micellar ions, ionization of the surface
functional groups, or the combination and interplay of those mechanisms [14, 17-20]. The
system of kaolinite coated by bitumen and/or bitumen subfractions dispersed in
cyclohexane is different from the systems studied and reported in the literature. In the
cyclohexane suspensions of bitumen-coated kaolinite system, no surfactant was added.
Although bitumen is known to release surfactants in the warm water extraction process,
whether it releases surfactants in an organic media such as cyclohexane is largely unknown.
Even if it does, the critical micelle concentration (CMC) would be difficult to reach based
on the small amount that may be dissolved from the coating layer. Therefore, reverse

micelles may not have played a role in particle charge in such a system.

In this work, the charges carried by coated kaolinite in cyclohexane were investigated

through electrophoretic deposition, and the deposited films were characterized by
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analytical methods such as Fourier transform infrared (FTIR) spectroscopy and X-ray

photoelectron spectroscopy (XPS) to decipher the chemistry basis of the charges.

3.2 Materials and Methods
3.2.1 Materials

The bitumen sample used in this work was collected from an oil sands operator in the Fort
McMurray region in northern Alberta, Canada. A high purity ASP 600 kaolinite sample
with a vendor specified brightness of 85% and average particle size of 0.6 um was
purchased from BASF. The chemical composition of the kaolinite was analyzed by a
Bruker CTX800 X-ray fluorescence analyzer (XRF) and given in Table 3.1. X-ray
diffraction analysis of the ASP 600 kaolinite sample was previously carried out by other
researchers in our group and it showed the sample to be high purity kaolinite with minor
amount of quartz. Organic solvents including cyclohexane (> 99%), toluene (> 99.9%),
and n-heptane (> 95%) were purchased from Fisher Scientific. All solvents were used as

received without further purification.

Table 3.1 Chemical composition of kaolinite sample measured by a Bruker CTX800 X-

ray fluorescence analyzer.

Chemical composition Weight (%)
SiO2 45.56
Al>O3 32.86
MgO 0.82
K20 0.14
Ti 0.91
Fe 0.52
Ca 0.04
Cr 0.02
P 0.02
7n 0.01
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3.2.2 Preparation of solids-free-bitumen subfractions

The as-received bitumen sample was purified to remove any contained fine mineral solids
that could interfere with the study. To purify the bitumen sample, toluene was used to dilute
the as-received bitumen at a 1:1 weight ratio. The diluted bitumen was centrifuged at
13,000 RCF for 1 h. The solids-free-bitumen was obtained by collecting the supernatant
and evaporating toluene by a rotary evaporator. Asphaltene and maltene were extracted
from the solids-free-bitumen by the following process: (i) The solids-free-bitumen was
mixed with n-heptane at a 1:40 volume ratio with magnetic stirring (2 h) and ultrasonic
treatment (45 min). The mixture was left to stand for 24 h to allow asphaltene to precipitate.
(i1) The precipitated asphaltene was separated from the maltene by vacuum filtration using
a 0.22 pum pore size PVDF membrane filter. (iii) The separated asphaltene was washed
repeatedly with n-heptane and then collected after air drying in a fume hood. (iv) The
maltene was obtained by removing n-heptane from the filtrate using a rotary evaporator.
The elemental compositions of the bitumen, asphaltene, and maltene samples were
measured by a Flash 2000 CHNS/ O elemental analyzer and the results are shown in Table

3.2

Table 3.2 Elemental compositions of bitumen, asphaltene, and maltene samples measured

by Flash 2000 CHNS/O Elemental Analyzer.

Sample Cwt.%) HWt%) OWwt%) NwWt%) S wt.%)
Bitumen 80.92 9.92 1.18 0.72 5.44
Asphaltene 79.46 7.96 1.96 1.25 8.29
Maltene 82.45 11.12 0.71 0.41 4.44
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3.2.3 Preparation of organic-coated kaolinite

Kaolinite samples were first heated at 400°C for 6 h to remove free water in a muffle
furnace. The dry kaolinite sample was cooled to room temperature and stored in a drying
desiccator for later use. Bitumen, asphaltene, and maltene samples were each diluted in
toluene at a 1:3 mass ratio and used to treat the kaolinite. Bitumen-coated kaolinite (BCK)
was prepared by mixing 5 g dry kaolinite with 100 mL toluene-diluted bitumen and stirred
for 24 h. Four times ultrasonic treatments (1 min each) were performed during the stirring.
The treated kaolinite was collected by filtration and washed repeatedly by toluene until the
filtrate was colorless. The obtained BCK sample was dispersed in cyclohexane for later
use. Asphaltene-coated kaolinite (ACK) and maltene-coated kaolinite (MCK) were
prepared by the same process except that bitumen was replaced by asphaltene and maltene,
respectively. The particle size distribution of these three organic-coated kaolinite was
measured by a Malvern Mastersizer 3000 particle size analyzer and given in Table 3.3.
The zeta potentials of BCK, ACK, and MCK suspensions in cyclohexane were measured
by phase analysis light scattering (PALS) using a Brookhaven ZetaPALS zeta potential
analyzer. The concentration of each sample in cyclohexane for zeta potential measurement
was 100 mg/L. To avoid electric field-induced charging effects, the measurements were
made at several applied voltages and the mobility was extrapolated to zero field strength
[21]. After concluding that charging effects were not significant for these samples under
the measurement conditions, each measurement was performed with an applied sinusoidal

voltage of 130 V and a frequency of 10 Hz.
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Table 3.3. Particle size distribution of BCK, ACK, and MCK measured by a Malvern

Mastersizer 3000 particle size analyzer.

Sample Dx (10) (um) Dx (50) (um) Dx (90) (um)
BCK 0.44 0.84 1.81
ACK 0.47 0.91 2.02
MCK 0.46 0.84 1.80

3.2.4 Electrophoretic deposition experiments

The electrophoretic deposition experiments were carried out in a 10x40x40 mm?

rectangular cell (16 mL volume). Two 40x40 mm? copper foils, 25 um in thickness, that
functioned as electrodes were placed parallel in the cell and the distance between the
surfaces of the copper sheets was 10 mm. A 1500 V direct current (DC) voltage was applied
between the copper electrodes by a Thermo EC 3000 XL power supply during
electrophoretic deposition experiments. Two series of electrophoretic deposition
experiments were performed. In the first series, cyclohexane suspension of kaolinite as
well as solutions of bitumen, asphaltene, and maltene in cyclohexane were prepared at a
concentration of 2 g/L, treated in an ultrasonic bath, and added to the cell for
electrophoretic deposition. The duration of each deposition was 2 min. As control blank
tests, the samples (kaolinite, bitumen, asphaltene, and maltene) were suspended or
dissolved in cyclohexane and added to the cell but without applying voltage. The resulting
electrodes were observed and photographed to judge the charges carried by the kaolinite,
bitumen, asphaltene, and maltene samples. The second series of experiments were carried
out to investigate the influence of sample concentration and electrophoretic deposition

duration on the amount of the material electrodeposited on the electrodes from BCK, ACK,
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and MCK suspensions in cyclohexane. The samples were dispersed in cyclohexane at
concentrations of 1 g/L, 2 g/L, and 4 g/L. After 5 min ultrasonic treatment and 15 min
standing, a 4 mL sample was added to the cell and electrophoretic deposited at the 1500 V
DC electric field for different time periods (30 s, 1 min, 2 min, 3 min, 5 min, and 10 min)
for each test. The deposited mass of each test was measured by an analytical balance with
a capacity of 220 g and a readability of 0.1 mg. The electrodes after 2 min electrophoretic
deposition of the three samples with 2 g/L particle concentration were also photographed.
As control blank tests, the copper electrodes were also photographed after they were
contacted with the 2 g/L organic-coated kaolinite samples in the cell for 2 min but without

applying a voltage.

3.2.5 Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of BCK, ACK, and MCK that were deposited on the anode and cathode were
acquired using a Bruker Alpha FTIR spectrometer. The deposited samples for FTIR
analyses were from the 2 min electrophoretic deposition tests with a particle concentration
of 2 g/L in the deposition cell. The sample that was deposited on the 25 pm thick copper
foil was measured directly by pressing the foil against an ATR crystal made of diamond
crystal that was brazed into tungsten carbide. The high mechanical strength of the crystal
allowed the application of a high pressure on the sample and therefore making a tight
contact between the copper foil (thus the deposited sample) and the ATR crystal. Every
sample was given 128 scans at a resolution of 4 cm™'. To highlight the organic components
that adsorbed on the kaolinite, the peaks of kaolinite were subtracted by spectrum
subtraction. The spectrum subtraction was performed by S = 4 — kB, where S is the result

of spectrum subtraction, 4 the spectrum of the samples, £ a multiplier for spectrum
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subtraction, and B the spectrum of kaolinite. Different multipliers (k) were used for

different regions of interest (4000-3500, 3500-1300, and 1300-750 cm™).

3.2.6 X-ray photoelectron spectroscopy (XPS)

XPS analyses of kaolinite, BCK, ACK, and MCK particle samples as well as
electrophoretic deposited films from cyclohexane suspensions of the three organic-coated
samples were performed using a Kratos Axis (Ultra) XPS spectrometer with
monochromatized Al Ka X-ray. The samples electrophoretic deposited on the copper
electrodes were measured directly and the powder samples (kaolinite, BCK, ACK, and
MCK) were glued to Al foils for measurement. The spectrometer was calibrated by the
binding energy of Au 417/2 (84.0 eV) with reference to Fermi level. The pressure of the
analysis chamber during measurements was lower than 5x107'° Torr. Survey spectra of
samples were collected at an analyzer pass energy of 160 eV within a binding energy range
from 0 to 1100 eV while high-resolution peaks of C 1s, O 1s, N 1s, and S 2p were measured
at the pass energy of 20 eV to investigate chemical bonding from their core electron-
binding energies. XPS scans were performed on a sample area of 2 mm by 1 mm. Since
the particle size of the kaolinite was less than 2 pm, the collected data was considered

statistically representative.
3.3 Results and Discussion

3.3.1 Images of deposited films of kaolinite, bitumen, asphaltene, and maltene

Electrophoretic deposition experiments and control experiments of kaolinite, bitumen,
asphaltene, and maltene samples in cyclohexane (the first series of electrophoretic

deposition experiments) were conducted and the images of the electrodes after deposition
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are shown in Figure 3.1. As can be seen, kaolinite generally did not deposit on the
electrodes with or without applied voltage and if anything, there were probably some very
sporadic deposits on the anode when voltage was applied. The subtle difference between
deposition with or without voltage suggests that although kaolinite particles may be
negatively charged due to isomorphic substitution in the crystal lattice, in this system, there
were no supramolecular structures in the suspension to maintain the distance between the
negatively charged kaolinite and positively charged counterions at longer than the Bjerrum
length in cyclohexane (~28 nm at 300 K). Therefore, kaolinite particles in cyclohexane
were almost electrical-neutral. Asphaltene showed significantly different deposition
behaviors with or without applied voltage. No asphaltene was found to deposit on either
electrode when no voltage was applied. After electrophoretic deposition in cyclohexane
under a 1500 V electric field, asphaltene was found to be deposited on the cathode, which
indicates that the asphaltene supramolecules that dissolved in cyclohexane were ionized
and mainly carried positive charges. In contrast, the application of voltage did not appear
to significantly increase the amount of bitumen and maltene deposited on either electrode.
Just slightly more intense coloration on both anode and cathode was observed when the
1500 V voltage was applied (comparing Figures 3.1(b) with 3.1(f), and Figures 3.1(d)
with 3.1(h)). This indicates that bitumen and maltene in cyclohexane may contain a very
small amount of charge carriers. Overall, it appeared that in the cyclohexane solutions of
bitumen, asphaltene, and maltene, supramolecular structures may exist that were able to
give the charged species the required distances to exceed the Bjerrum length in

cyclohexane. But the quantity of such charged entities was very small.
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Figure 3.1 Photographs of electrodes after 2 min deposition/electrophoretic deposition.
The upper panel shows the electrodes submerged in cyclohexane suspensions of (a)
kaolinite, (b) bitumen, (c) asphaltene, and (d) maltene without applied voltage. The bottom
panel shows the electrophoretic deposition from cyclohexane suspensions of (e) kaolinite,
(f) bitumen, (g) asphaltene, and (h) maltene under 1500 V DC electric field. In each image
panel, the cathode (-) is on the left and the anode (+) is on the right. The test cell was filled
to about one-third of the depth so the deposition only occurred at the bottom portion of the

electrodes.

3.3.2 Fraction of surface coverage and zeta potential of the organic-coated kaolinite

For the BCK, ACK, and MCK samples, the fraction of surface coverage 6 of bitumen,

asphaltene, and maltene on the kaolinite surface was estimated according to Eq. (3.1) [22]:

0 — Ccoated—Co (3 1)
Chuik—Co '

where Ceoarea 1S the atomic concentration of carbon on the surface of samples BCK, ACK,
or MCK measured by XPS; Cy is the atomic concentration of carbon on kaolinite surface

(XPS measurement showed that the kaolinite sample contained 3.68 at.% C on the surface,
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which may be contamination from atmosphere.); Cpu is the carbon atomic concentration

of bitumen, asphaltene, or maltene calculated from the composition data in Table 3.2.

The measured surface coverage of organic matter and the zeta potential of BCK, ACK, and
MCK in cyclohexane are shown in Table 3.4. As can be seen, kaolinite surface was not
completely coated by bitumen and bitumen subfractions. Compared with bitumen and
maltene, asphaltene had a slightly higher surface coverage on the kaolinite. All three
coated kaolinite samples showed negative zeta potentials in cyclohexane, indicating that
the kaolinite coated by bitumen, asphaltene, or maltene was negatively charged in
cyclohexane. The reason may be that the adsorbed organic layer could keep the charged
kaolinite particles apart at a distance larger than the Bjerrum lengths [8, 23]. At the same
time, part of the coating layer may dissolve or dislodge from the surface and form
supramolecular structures that could “sequester” the balancing counterions from the
inherently negatively charged kaolinite. The magnitude of zeta potentials followed the
order MCK > BCK > ACK, suggesting that, within the tested range, the degree of surface
coverage was not directly correlated to the charges of coated kaolinite in cyclohexane, and

the main influencing factor was the type of organic coating.

Table 3.4 Surface coverage of bitumen, asphaltene, or maltene on kaolinite (BCK, ACK,

and MCK) and the corresponding zeta potentials of the coated kaolinite.

Sample Surface coverage (%) Zeta potential (mV)
BCK 35.0 -20.1

ACK 41.2 -12.4

MCK 34.5 -28.1

Un-coated kaolinite 0 0
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3.3.3 Electrophoretic deposition of the organic-coated kaolinite samples

Figure 3.2 shows photographs of copper electrodes after deposition in cyclohexane
suspensions of BCK, ACK, and MCK with or without the application of a 1500 V DC
electric field. As can be seen from Figures 3.2(a-c), the organic-coated kaolinite particles
were not deposited on the copper electrodes without the application of the voltage.
Therefore, the deposits collected on the electrodes with the application of the voltage
should be due to the electrophoretic deposition rather than natural adsorption at this
particle concentration (2 g/L). In addition, photographs of electrodes after electrophoretic
deposition (Figures 3.2(d-f)) show that BCK and MCK particles were mainly
electrophoretic deposited on the anode and only a very small amount of particles were
electrophoretic deposited on the cathode, indicating that BCK and MCK particles were
mainly negatively charged in cyclohexane. ACK particles, on the other hand, were
electrophoretic deposited on both anode and cathode with similar amount as shown in
Figure 3.2(e). This indicated that some ACK particles dispersed in cyclohexane were
positively charged while others were negatively charged. According to the zeta potential
data shown in Table 3.4, the deposition amount on the anode should be higher, but an

accurate comparison could not be made with the information from the photograph.

Figure 3.3 shows the influence of particle concentration and electrophoretic deposition
time on electrophoretic deposition amount of BCK, MCK on the anode and the amount of
ACK on both anode and cathode. The electrophoretic deposition amount of BCK and
MCK on the cathode were not presented by Figure 3.3 due to the very low value as can
be seen in Figures 3.2(d) and (f). It can be clearly seen from Figure 3.3 that the deposition

amount of ACK on the anode was larger than on the cathode. Therefore, consistent with
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the zeta potential data, the particles of these three samples dispersed in cyclohexane were
mainly negatively charged, and the deposited amounts on the anodes followed the same
order as the magnitude of zeta potential, MCK > BCK > ACK. Figure 3.3 also indicates
that the mass of deposits increased with the increase of the concentration of the particles
and the electrophoretic deposition time. The mass of the deposits seemed to reach a
maximum after around 5 min of electrophoretic deposition. This was true for all three
samples. The reason why the deposit mass did not further increase after about 5 min was
not the deposited film stopped more kaolinite from depositing. The reason the deposition
stopped was because the charge kaolinite was exhausted. Otherwise, the maximum
deposition amounts of the three samples should be close, not the observed MCK >
BCK >ACK. In addition, since 4 mL of particle suspensions were added to the cell for
each test, there were 16 mg, 8 mg, and 4 mg kaolinite particles in suspensions at the
concentrations of 4 g/L, 2 g/L, and 1 g/L, respectively. Not all particles were deposited
under the test conditions even with extended deposition time. It is possible that not all the
particles were charged, and the deposited amount was limited by the available amount of

charged particles but not by the surface area of the electrodes.
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Figure 3.2 Photographs of electrodes after 2 min deposition/electrophoretic deposition
experiments of organic-coated kaolinite suspended in cyclohexane with a concentration of
2 g/L. The upper panel shows the deposition from cyclohexane suspensions of (a) BCK,
(b) ACK, and (c) MCK without applied voltage. The lower panel shows the electrophoretic
deposition from cyclohexane suspensions of (d) BCK, (e) ACK, and (f) MCK under a 1500
V DC electric field. In each image panel, the cathode (-) is on the left and the anode (+) is
on the right. The test cell was filled to about one-third of the depth so the deposition only

occurred at the bottom portion of the electrodes.
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Figure 3.3 The amount of organic-coated kaolinite deposited from cyclohexane
suspensions at 1500 V DC electric field at different particle concentrations and
electrophoretic deposition time. (a) BCK on the anode, (b) MCK on the anode, (c) ACK
on the anode, (d) ACK on the cathode. The deposited amounts on the cathode from BCK
and MCK were not shown here due to the very low value as can be seen in Figure 3.2.

Error bars represent standard deviations of three repeat tests under the same conditions.

3.3.4 Elemental composition of the electrophoretic deposited films

Table 3.5 shows the atomic concentration of C, O, N, S, Al, and Si of the anode and

cathode films electrophoretic deposited from BCK, ACK, and MCK suspensions. The data
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were obtained through XPS measurement. For all the samples, the atomic concentrations
of Si were higher in the anode films and the atomic concentrations of Al were higher in
the cathode films. This may be caused by the impurity minerals in the kaolinite sample,
and indicated that the Si component tends to be negatively charged in cyclohexane, while
the Al component tends to be positively charged in cyclohexane. It is reported that SiO»
has a much stronger Lewis acidity than Al>O3 [24]. When minerals were dispersed in
aprotic liquid cyclohexane, it is possible that Lewis acid-base interactions happened
between SiOz, cyclohexane, and AlO3; which led to charge transfer. The Si component
accepted electrons and became negatively charged, while Al component was positively
charged after donating electrons. It is important to emphasize that XPS measurement
retrieved data from a depth of only a few nanometers beneath the surface. The presence of

Si and Al in the XPS results suggested that the coating was patchy and discontinuous.

Although BCK, ACK, and MCK samples in cyclohexane were all negatively charged as
shown by zeta potential data (Table 3.4), their deposits on the cathode may include not
only “positively charged counterions” that were dislodged from the coating layer, but also
positively charged coated kaolinite particles. Based on the fact that the atomic
concentration of elements measured by XPS has an accuracy of about 0.1 %, it can be seen
that the ACK particles deposited on the anode and cathode have similar heteroatom content,
while for BCK and MCK particles, the deposited anode films were high in sulfur and the
very thin cathode films were high in nitrogen. Therefore, Nitrogen-containing components
may be mainly positively charged, and sulfur-containing components mostly negatively
charged. More sulfur was electrophoretic deposited on both anode and cathode from ACK
than from MCK. This trend was consistent with data in Table 3.2 that shows that
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asphaltene contained more sulfur than maltene. The heteroatom content data here,
combined with the surface coverage data and elemental analysis of bitumen, asphaltene,
and maltene, seemed to indicate that the asphaltene coating on kaolinite (ACK) was more
difficult to dislodge from the surface than kaolinites that were coated by bitumen (BCK)
and maltene (MCK). Indeed, asphaltene has been reported to possess larger molecular
weights and higher polarity than maltene and bitumen, leading to stronger affinity with

kaolinite surface through polar and chemical interactions [25, 26].

Table 3.5 The elemental concentration of electrophoretic deposited films on anode and
cathode from cyclohexane suspensions of BCK, ACK, and MCK samples obtained from

2 min electrophoretic deposition with 2 g/L particle concentration.

Elements BCK (atomic %) ACK (atomic %) MCK (atomic %)
Anode Cathode Anode Cathode  Anode Cathode

C 34.92 36.54 57.69 57.09 34.36 27.72

@) 46.03 44.05 27.86 27.26 43.63 49.28

N 0.58 0.96 0.73 0.71 0.29 0.49

S 0.87 0.72 1.39 1.46 0.36 ~0

Al 7.07 8.12 5.25 7.91 8.81 14.03

Si 10.52 9.61 7.08 5.56 12.55 8.48

3.3.5 FTIR spectra of the electrophoretic deposition films

Figure 3.4 shows the FTIR spectra of the electrophoretic deposited films from
cyclohexane suspensions of BCK. The deposited films on both anodes and cathodes
showed the presence of complex functional groups. Peaks in the wavenumber range
between 2500 cm™ and 2000 cm™!, which corresponded to the stretching of triple bonds
and/or consecutive double bonds, were observed in the spectra on both electrodes. This

possibly indicated that alkyne, cyanide, and cumulene may be contained in the BCK
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deposited films. Alkyne, cyanide, and cumulene were reported to be present in the Alberta
oil sands bitumen [27]. Many spectrum features representing aromatic hydrocarbons were
observed in the spectra. These included the peak at 3030 cm™! representing =CH stretching
in aromatics, and the peaks between 1600 cm™ and 1500 cm™ showing C=C vibration in
aromatics. This indicated that there were certain amounts of aromatic hydrocarbons in the
deposited films on both anode and cathode. In contrast, the content of carboxyl groups
showed obvious difference between the films on anode and cathode. More specifically,
peaks around 1750 cm™! showed C=0 stretching and its shifted positions implied different
attributions (1820-1720 cm™! for ester, 1740-1650 cm™ for carboxyl, and 1700-1630 cm’!
for ketone). The -OH in-plane (~1430 cm™) and out-of-plane (950-900 cm™) bending
vibrations together with peaks around 1750 cm™! described the presence of carboxyl groups
in the deposited films. These peaks were much stronger on the anode films than on the
cathode films, clearly due to the anionic nature of the carboxyl groups. The spectra also

reveal some heteroatom groups such as S=0 and C-N as marked in the graph.
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Figure 3.4 FTIR spectra of the electrophoretic deposited films on both anodes and
cathodes from cyclohexane suspensions of BCK obtained from 2 min electrophoretic

deposition with 2 g/L particle concentration.

79



Figure 3.5 presents the FTIR spectra of the electrophoretic deposited films from
cyclohexane suspensions of ACK. Similar to BCK, the FTIR spectra also suggested the
presence of triple bonds and consecutive double bonds moieties in the ACK films. The
content of aromatic hydrocarbons seemed to be lower in ACK films than in BCK films.
The content of carboxyl group suggested by the combination of C=O stretching vibration,
-OH in-plane and out-of-plane bending vibration was significantly lower in ACK films
than BCK films. Since ACK particles suspended in cyclohexane had a lower measured
zeta potential and a lower electrophoretic deposition amount than the other two organic-
coated particle samples, it can be concluded that the anionic carboxyl groups were
important negative charge carriers and primary contributors to the charges of the organic-
coated kaolinite suspended in cyclohexane. The lack of (anionic) carboxyl groups in
asphaltene was one of the reasons why asphaltene deposited readily on the cathodes
(Figure 3.1 (g)). In addition, the S=0 peak in ACK was significantly stronger than in BCK

films, which is consistent with the analysis of element concentrations in the deposited films

determined by XPS.
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Figure 3.5 FTIR spectra of the electrophoretic deposited films on both anodes and
cathodes from cyclohexane suspensions of ACK obtained from 2 min electrophoretic

deposition with 2 g/L particle concentration.
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Figure 3.6 shows the FTIR spectra of the electrophoretic deposited films from
cyclohexane suspensions of MCK. The MCK spectra were similar to the BCK spectra,
with more aromatic hydrocarbons and carboxyl groups and much less S=O groups than
ACK films. The carboxyl contents were also much higher in the electrophoretic deposition
films on the anode than on the cathode. Regarding the aromatics, the splitting of peaks
between 1600 cm™ and 1500 cm™! indicated that the aromatic rings may be conjugated with
C=0, C=C, NOg, or S. This splitting was most evident in MCK spectra, since the lack of
heteroatoms compared with the ACK and BCK particles, the aromatics in deposited films

form cyclohexane suspensions of MCK should be mainly conjugated with C=0 and C=C.
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Figure 3.6 FTIR spectra of the electrophoretic deposited films on both anodes and
cathodes from cyclohexane suspensions of MCK obtained from 2 min electrophoretic

deposition with 2 g/L particle concentration.

Overall, the FTIR spectra of the electrophoretic deposited films from cyclohexane
suspensions of these three coated kaolinite samples indicated that all three samples had
complex functional group composition, and the films deposited on both anode and cathode
appeared to be composed of similar functional groups, although variations existed in the

quantity of the same functional groups and between different coated-kaolinite samples.
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ACK had more heteroatoms and less aromatics than the other two samples, and particularly,
carboxyl content in ACK deposited films was much lower than in BCK and MCK
deposited films. Carboxyl groups were found to be an important factor that contributed to
the negative charges when combining the FTIR data and previous results (zeta potential

and deposition amount).

3.3.6 XPS spectra of the electrophoretic deposited films

Figures 3.7, 3.8, and 3.9 show the C, O, N, and S high-resolution XPS raw and
deconvoluted spectra of electrophoretic deposited anode and cathode films from BCK,
ACK, and MCK cyclohexane suspensions. For films deposited from BCK sample (Figure
3.7), the C and O elements on both anode and cathode films had relevant simple chemical
states. Among them the C=0O double bond was found in the cathode film but absent in the
anode film. The spectrum of N 1s electron in the cathode film was deconvoluted into two
peaks representing -N-O and -C-N bonds, while the spectrum of N 1s in the anode film
mainly showed -C-N bond (Figure 3.7). This indicates that besides the higher
concentration of N in the cathode film, the N-bearing species in the cathode film were
more complex compared with that of the anode film. In contrast, the S in the deposits on
the two electrodes showed the opposite trend. As can be seen from Figure 3.7, the
spectrum of S 2s electron of the anode film was deconvoluted into -S-H and -C-S-C- bonds,

while that of the cathode film was mainly -S-H.

For films deposited from ACK sample suspended in cyclohexane, the nature of O and N
elements in both the anode and cathode films were similar (Figure 3.8). However, both

the C and S elements in the anode film showed more chemical states than those in the
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cathode film. More specifically, the C and S in the anode film clearly showed a higher
degree of association with oxygen, such as ether oxygen -C-O-C-, alcohol -C-OH, and
sulfoxy -SO (Figure 3.8), despite the lower carboxyl contents revealed from the FTIR

spectra in ACK (Figure 3.5).

For films deposited from MCK sample suspended in cyclohexane (Figure 3.9), the
contents of N and S were clearly much lower than those from the films deposited from
BCK and ACK. There was in fact no detectable S element in the cathode film, and barely
any N in the anode film. The spectra of S 2p electron in the anode film and the N 1s electron
in the cathode film both showed that they existed in a single chemical state, as -S-H and -
C-N. In addition, the chemical states of the C and O elements in both the anode and cathode
films were essentially the same (Figure 3.9) and if anything, the C in the anode showed

one more chemical state (O-C=0).

In summary, the organic-coated kaolinite particles that deposited on the anode had lower
concentration of N than the particles deposited on the cathode. The N-bearing species were
more complex in the cathode films while the S-bearing species were more complex in the
anode films. The anode films showed C and S species with higher oxidation states that
were associated with oxygen. Besides, Na Auger peaks were found from the deposited
films of BCK and MCK. In addition, maltene contained more chemical species that are
readily soluble in cyclohexane than asphaltene. We speculate that more maltene might be
desorbed from the MCK particle surface when they were suspended in cyclohexane, and
the dissolved maltene would be more likely to act as charge-stabilizing supramolecular
entities, contributing to the deposition on both anode and cathode with essentially similar

organic compositions.
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Figure 3.7 XPS high-resolution spectra of C 1s, O 1s, N s, and S 2p binding energies
with deconvoluted peaks for films deposited from BCK sample on (a) anode, and (b)

cathode obtained from 2 min electrophoretic deposition with 2 g/L particle concentration.
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Figure 3.8 XPS high-resolution spectra of C 1s, O 1s, N 1s, and S 2p binding energies

with deconvoluted peaks for films deposited from ACK sample on (a) anode, and (b)

cathode obtained from 2 min electrophoretic deposition with 2 g/L particle concentration.
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Figure 3.9 XPS high-resolution spectra of C 1s, O 1s, N 1Is, and S 2p binding energies
with deconvoluted peaks for films deposited from MCK sample on (a) anode, and (b)

cathode obtained from 2 min electrophoretic deposition with 2 g/L particle conc5entration.
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3.4 Conclusions

The charges carried by kaolinite particles, with or without an organic coating of bitumen,
asphaltene, or maltene, suspended in an organic solvent, cyclohexane, were studied in this
work by electrophoretic deposition at an applied voltage of 1500 V DC. The
electrophoretic deposited films on both anode and cathode were characterized by Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS)
analyses, in addition to the determination of the influence of particle concentration and
electrophoretic deposition time on deposition amount. The major observations and

conclusions are:

1). Bare kaolinite particles did not carry a net charge in cyclohexane as they did not deposit
on either anode or cathode under the 1500 V DC electric field. This was probably due to
the instability of any charges that may develop. In the absence of dissolved species in
cyclohexane, there were no supramolecular structures in the suspension to keep the charge
carriers at a distance larger than the required Bjerrum lengths in cyclohexane. Thus, any

developed net charges would have likely associated into neutral species.

2). The kaolinite sample was coated by hydrocarbon compounds through treatment in a
toluene solution with dissolved bitumen, asphaltene, or maltene. The resulting samples
were denoted BCK, ACK, and MCK. XPS surface elemental concentration analysis
showed that the treated samples had fractional surface organic coverage, with BCK and
MCK both at about 0.35 while ACK at 0.41. Zeta potential measurement in a cyclohexane
medium showed zeta potential of -20.1 mV (BCK), -12.4 mV (ACK), -28.1 mV (MCK),

and 0 mV (bare kaolinite).
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3). BCK and MCK particles mainly deposit on the anode, and ACK deposited on both
anode and cathode when their suspensions in cyclohexane were freshly prepared. The
deposited amount increased with kaolinite concentration and deposition time and levelled

off after 5 min of electrophoretic deposition.

4). FTIR spectra showed that the films electrophoretic deposited on the anode from BCK
and MCK contained much higher concentrations of carboxyl groups than the anode films
deposited from ACK. The presence of carboxyl groups seemed to be a defining character
that contributed to the negative charges. In fact, the carboxyl-group-deficient asphaltene

was found to deposit mostly to the cathode when it was dissolved in cyclohexane.

5). XPS electron binding energy spectra and surface elemental concentration analyses of
the electrophoretic deposited films on both anodes and cathodes showed that, generally,
the cathode films had a higher N content, and the anode films showed C and S species with

higher oxidation states that were associated with oxygen.
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Chapter 4 Kaolinite Surface Charges Developed in Cyclohexane Suspensions with
Dissolved Span 80 or Bitumen: Electrophoretic  Deposition and

Adsorption/Desorption Studies

4.1 Introduction

The Canadian oil sands resource in northern Alberta is one of the largest proven crude oil
reserves in the world [1, 2]. Bitumen, an extra heavy crude oil, is the hydrocarbon
embedded in the oil sands [3]. Currently, a warm-water extraction process is used to
recover bitumen from the surface-mined oil sands. The warm-water extraction process has
some inherent shortcomings, such as high energy consumption and high greenhouse gas
emissions caused by heating fresh river water to around 50°C, and the accumulation of

environmentally harmful, slow-settling fluid fine tailings [4, 5].

Non-aqueous extraction (NAE) [6] technology is one of the alternatives to solve the
inherent issues of the warm-water extraction process. In an NAE process, bitumen is
extracted from oil sands by an organic solvent instead of warm water. Therefore, the NAE
technology has the potential to eliminate the use of fresh water in bitumen recovery from
oil sands. However, the NAE technology is not commercially viable currently. One of the
major technological hurdles is the high mineral solids content in the bitumen products [7,
8]. These fine solids are difficult to remove, lowering the quality of bitumen and preventing
it from being directly used as a feed to high-conversion refineries. Sending the NAE
bitumen to an upgrader prior to high-conversion refineries is out of the question due to the
high capital investment and energy consumption of the upgrader. The challenge is
therefore to develop an effective, economic and environmentally-friendly technique to

remove the fine mineral solids from NAE bitumen.
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It is reported that an external electric field can enhance fine mineral solids removal from
NAE bitumen [9]. Nevertheless, how the fine mineral solids acquire a charge in a nonpolar
liquid such as NAE bitumen is poorly understood. Most studies on particle charging in a
nonpolar organic liquid attribute the charges to the added surfactants through a reverse-
micelle-charge-stabilization mechanism [10-15], which acts like hydrated counter ions to
electrical double layer in an aqueous suspension. However, particle charging in a nonpolar
organic medium in the presence of bitumen is understandably more complex. In the
previous chapter, we reported the charging behaviors of kaolinite that was previously-
coated by bitumen or bitumen subfractions (asphaltene or maltene) and then suspended in
cyclohexane through electrophoretic deposition experiments [16]. We found that the
pristine kaolinite particles were electrical-neutral in cyclohexane, but they carried a charge
when previously coated by bitumen or bitumen subfractions and then suspended in
cyclohexane. During electrophoretic deposition, most of the bitumen- or bitumen-
subfraction-coated kaolinite particles deposited on the anode and only a small portion of
the particles deposited on the cathode [16]. Higher carboxyl group contents were observed
on particles that were deposited on the anode, while particles deposited on the cathode had
higher N content [16]. In the previous chapter, the kaolinite was coated with bitumen or
bitumen subfractions, followed by drying and re-suspension in clean cyclohexane. There
was therefore a very limited amount of dissolved organic species in cyclohexane. In this
chapter, the charging mechanism of pristine kaolinite in cyclohexane with dissolved
bitumen was studied through electrophoretic deposition and instrumental analysis. To
further elucidate the charging mechanisms of kaolinite in cyclohexane influenced by

bitumen, a common surfactant, sorbitan monooleate (Span 80), which is widely used as an
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adjuvant in the analysis of particle charging in nonpolar media, was also introduced to
better understand the charging mechanism. The effects of bitumen on kaolinite charging

in cyclohexane were compared with those of Span 80.

4.2 Materials and Methods
4.2.1 Materials

The kaolinite sample used in this work was ASP 600 kaolinite obtained from BASF, which
had a median particle size of 0.6 um. The chemical composition of the kaolinite sample
was determined by a Bruker CTX800 X-ray fluorescence analyzer (XRF) and the result
has been given in Table 3.1 (Chapter 3). The bitumen sample was obtained from an oil
sands operator in the Fort McMurray region in Alberta, Canada. The as-received bitumen
sample contained fine mineral solids that may interfere with the study. Therefore, a
Beckman Avanti J-301 high speed centrifuge was used to remove the fine mineral solids
from the bitumen sample. The as-received bitumen sample was first diluted in toluene at a
1:1 mass ratio. The diluted bitumen was then centrifuged at 13000 RCF for 1 h. The solids-
free-bitumen was obtained by collecting the supernatant and evaporating toluene by a
rotary evaporator. The solvents used in this work, including cyclohexane (purity > 99%)),
toluene (purity > 99.9 %), and n-pentane (purity > 99.5), were purchased from Fisher
Scientific Canada. The surfactant Span 80 used in this work was purchased from Sigma
Aldrich with a product number of S6760, whose molecular structure is shown in Figure
4.1. It has a vendor-specified purity of 60% based on the content of oleic acid measured
by gas chromatography. Other ingredients in this Span 80 sample mainly include linoleic,

linolenic, and palmitic acids.
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CH3

Figure 4.1. The molecular structure of Span 80 from Sigma Aldrich (product number

36760).

4.2.2 Electrophoretic deposition

A rectangular cell with an inner dimension of 10x40x40 mm?® was used to perform the
electrophoretic deposition. The schematic of the cell and electrode set up is shown in
Figure 4.2. Two copper electrodes were placed against the two walls (40x40 mm?) of the
cell, so the electrodes were parallel and about 10 mm apart. During electrophoretic
deposition, 1500 V direct current (DC) voltage was applied using a Thermo EC 3000 XL

power supply, and 4 mL sample was used for each test.
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Figure 4.2. Schematic representation of the electrophoretic deposition cell.

The electrophoretic deposition study was designed to investigate the effects of Span 80 or
bitumen on the charging states of kaolinite suspended in cyclohexane. First, kaolinite was
electrodeposited without any additive, i.e., 4 mL of a 2 g/L kaolinite-cyclohexane
suspension was electrodeposited for 5 min at 1500 V DC, which served as control. To
study the effects of Span 80 or bitumen, 0.1 mL of a cyclohexane solution of Span 80 or
bitumen was added to the 4 mL 2 g/L kaolinite-cyclohexane suspension, and the mixture
was then electrodeposited under the same condition (5 min at 1500 V DC). The
concentrations of the 0.1 mL additive-cyclohexane solutions varied at 0.01, 0.1, 1, 10, and
100 g/L, to set the amount of the Span 80 or bitumen in the kaolinite-cyclohexane
suspension at 2.5x10™, 2.5x10, 2.5x102, 0.25, and 2.5 g/L, respectively because of the
40 times dilution. After electrophoretic deposition, the electrodes were photographed, and
the deposited masses were weighed by an analytical balance with a resolution of 0.1 mg.

As control blank tests, these slurry samples were also added to the cell for 5 min without
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applying a voltage to see if they could naturally deposit on the electrodes without an

external electrical field.

In order to determine whether the charges on kaolinite were due to Span 80 or bitumen
solubilized in cyclohexane or due to the additives that were adsorbed on the kaolinite
surface, the 4 mL 2 g/L kaolinite-cyclohexane suspension that was treated with the
presence of 0.25 g/L bitumen, or 0.25 g/L Span 80 was filtered, and the filter cake (kaolinite)
was washed repeatedly with cyclohexane until the filtrate was colorless (the same number
of washing steps was used for the case of Span 80). The obtained filter cakes were referred
to as KB and KS, representing kaolinite that was treated with bitumen or Span 80,
respectively. The filter cake was re-dispersed in fresh cyclohexane at a concentration of 2
g/L (several batches of filtration were performed in order to obtain sufficient quantity of
the filter cakes to make a new 4-mL 2 g/L suspension). After re-dispersion, 4 mL of the
KB or KS suspensions were electrodeposited for 5 min under 1500 V DC. The KB particles
were also re-dispersed in n-pentane and toluene to make 4-mL 2 g/L suspensions for the
electrophoretic deposition tests at the same condition. The weights of the deposits on the
electrodes were measured using the analytical balance. The deposits were also scraped off,

dried and analyzed for CHNS elemental compositions.

In order to determine if any residual bitumen or Span 80 were present in the re-suspended
KB or KS, the re-dispersed cyclohexane suspension of KB or KS was also filtered. The
filtrate was analyzed by a UV-Vis spectrophotometer. The filter cake was subjected to
CHNS elemental analysis, and the results were compared with CHNS elemental
composition of the deposited particles scraped off from electrodes, if any. In addition, zeta

potentials of kaolinite suspended in cyclohexane with different concentrations of Span 80
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were measured and correlated to electrophoretic deposition. The isoelectric point (IEP) of
kaolinite in aqueous suspension was determined by measuring the zeta potentials of

kaolinite in aqueous suspensions at different pH value.

4.2.3 Analytical methods

The filtrates of KB and KS suspensions in cyclohexane were analyzed by a Perkin-Elmer
Lambda 365 UV-Vis spectrophotometer. Standard calibration curves were obtained by
measuring the absorbance of cyclohexane solution of bitumen or Span 80 with
concentrations of 0.001, 0.005, and 0.01 g/L. The wavelength range was 300-700 nm when
measuring the filtrates of KB suspension in cyclohexane and 200-700 nm when measuring

KS filtrate. The resolution of the UV-Vis spectrophotometer was 1 nm.

A Brookhaven ZetaPALS zeta potential analyzer was used to measure the zeta potential of
kaolinite in cyclohexane at different Span 80 concentrations, or in water as a function of
pH. The concentrations of Span 80 in cyclohexane were varied at 2.5x10%, 2.5x107,
2.5x1072, 0.25, and 2.5 g/L, corresponding to the electrophoretic deposition experiments.
Phase analysis light scattering (PALS) was used to measure the zeta potential of kaolinite
in nonpolar system (cyclohexane) and the Hiickel equation was used to convert
electrophoretic mobility to zeta potential. The concentration of kaolinite in cyclohexane
was 0.1 g/L in zeta potential measurement rather than 2 g/L as used in electrophoretic
deposition because the measurement would be inaccurate if the concentration was too high.
Four different voltages (70 V, 100 V, 130 V, and 160 V) were initially tested for the zeta
potential measurement with the purpose to extrapolate the field-dependent electrophoretic

mobility to zero field strength. However, the results did not show a specific effect of

97



voltage on the measured zeta potential. Therefore, the subsequent zeta potential
measurements for kaolinite in cyclohexane were all performed with an applied sinusoidal
voltage of 130 V and a frequency of 10 Hz as in a previous work (16). For the zeta potential
measurements in water, Smoluchouski’s equation was used to convert electrophoretic
mobility to zeta potential. Kaolinite was dispersed in water at a concentration of 0.25 g/L
with 1 mM KCI as supporting electrolyte. The pH was adjusted by KOH and HCI. The

measurements in aqueous system were preformed with automatic voltage and frequency.

A Flash 2000 CHNS/O Elemental Analyzer was used to determine the CHNS elemental
compositions of the filter cakes from the cyclohexane suspensions of KB, and the deposits
obtained from the KB cyclohexane suspensions. Kaolinite sample, i.e., dried filter cake
from kaolinite-cyclohexane suspension, was used as control in the CHNS elemental

composition analyses.

4.2.4 Real-time monitoring bitumen desorption from kaolinite surfaces under applied

electric fields

A Q-sense E4 Quartz Crystal Microbalance with Dissipation (QCM-D, Biolin Scientific,
Sweden) was used and paired with the QEM 401 chamber to monitor the adsorption of
bitumen on kaolinite surface and the desorption of bitumen from the surface under applied
electric field in real-time. The At-cut quartz crystal sensor with kaolinite coating on the
top surface (referred to as kaolinite sensor) was custom-made by nanoScience Instruments.
Using the piezoelectric property of quartz, the QCM-D device can detect the sensor’s
oscillation when an alternating electric potential is applied. The change in frequency and

dissipation of the sensor oscillation can be utilized to calculate the mass variation on the
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kaolinite sensor surface. The frequency decrease is caused by adsorption and increase by
desorption. The dissipation of the adsorbed film reflects its viscoelastic property [17].
Typically, in the case of a rigid and uniformly adsorbed layer, the mass change (4m) on
the sensor surface can be calculated from frequency shift (4f) using the Sauerbrey model.
In the case of loose and soft coating layer, the dissipation change 4D is larger than 107 for
a 10 Hz frequency, and viscoelastic model is commonly used to estimate the mass change

[17-19].

An electrochemical workstation (Metrohm Autolab, Netherlands) was used to provide
external electric field by connecting the QCM-D chamber in the form of a three-electrode
cell, and the voltage between the working electrode (gold sensor with coated kaolinite)
and counter electrode (platinum) was controlled by the electrochemical workstation.
Before each measurement, any possible contaminants on the kaolinite sensor were
removed by rinsing with toluene and acetone and then exposure to UV-Ozone for 10
minutes. After rinsing with Milli-Q water and drying under purified nitrogen gas, the
sensor was exposed to UV-Ozone for 10 minutes again. A two-step QCM-D experiment
was designed to investigate the effect of the applied electric field on desorbing bitumen
from kaolinite surface. In the first stage, a cyclohexane solution of bitumen was used to
deposit a bitumen film on the kaolinite surface. After introducing cyclohexane into the
QCM-D chamber to establish a baseline, 0.1 g/L bitumen-in-cyclohexane solution was
injected till the adsorption of bitumen on kaolinite sensor surface reached equilibrium.
Afterwards, cyclohexane was re-introduced to the chamber to “wash” the loosely-held
bitumen from kaolinite surface. A DC electric field (5 and 10 V) was then applied in
sequence and the mass change of the kaolinite sensor in real-time was analyzed.
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4.3 Results and Discussion
4.3.1 Electrophoretic deposition of kaolinite with the addition of bitumen or Span 80

Figure 4.3 shows the photographs of electrodes obtained from the first series of
electrophoretic deposition and the control blank tests (the concentration of bitumen or
Span 80 in the kaolinite-cyclohexane suspension was 0.25 g/L). As can be seen from the
top panels (a), (b), and (c), no particles were deposited on the copper electrodes without
an applied electric field. The bottom panels (d), (e), and (f) show the image of the
electrodes when 1500 V DC was applied. Since the cell was not fully filled by the slurry
sample, any deposits were only visible at the bottom portion of the electrodes. Image (d)
in Figure 4.3 shows that no deposits were visible from kaolinite-cyclohexane suspension
on either electrode, indicating that kaolinite did not carry a net electrical charge. However,
when bitumen or Span 80 was added to the kaolinite-cyclohexane suspension, deposits
were observed on some electrodes as shown in panels (e) and (f) in Figure 4.3, respectively.
With the addition of bitumen, image (e) shows that deposits were mainly observed on the
anode, there were almost no deposits on the cathode, indicating that kaolinite carried
negative charges in cyclohexane with added bitumen. With the addition of Span 80, on the
other hand, image (f) shows that the particles were mainly electrodeposited on the cathode
and only a very small amount of particles were electrodeposited on the anode, indicating

that the addition of Span 80 made kaolinite particles positively charged in cyclohexane.

The images in Figure 4.3 show that the presence of bitumen or the surfactant Span 80
could make kaolinite particles to carry a net charge in cyclohexane. The amounts of the
deposits were weighed at different additive concentrations and the weights are plotted as

a function of the concentration of the bitumen or Span 80 in Figure 4.4. From Figure
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4.4(a), it can be seen that only a small amount of particles were deposited on both anode
and cathode when the bitumen concentration was lower than 2.5x102 g/L. At higher
bitumen concentrations (i.e., 0.25 g/L and 2.5 g/L), no particles were deposited on the
cathode, but the deposited amount on the anode increased significantly, from around 0.8
mg to 5.5 mg when the concentration of bitumen increased from 2.5x107 to 0.25 g/L.
Another 10-fold increase in bitumen concentration (to 2.5 g/L) did not significantly
increase the deposited amount further on the anode. Since the total amount of kaolinite in
the 4 mL of 2 g/L suspension was about 8 mg, it can be seen that the majority of the
kaolinite (about 70%) was deposited at the two highest bitumen concentrations. Therefore,
1 mg bitumen (4 mL of 0.25 g/L bitumen) could make about 5.5 mg kaolinite to carry
sufficient negative surface charges in cyclohexane to be driven under a 1500 V/cm voltage

gradient.

(d) (D

Figure 4.3. Photographs of electrodes after 5 min deposition/electrophoretic deposition
from cyclohexane suspensions of kaolinite with and without 0.25 g/L bitumen or Span 80.

Upper panel: no electric field. Bottom panel: 1500 V DC. (a) and (d): kaolinite in
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cyclohexane. (b) and (e) kaolinite in cyclohexane with added bitumen. (c) and (f): kaolinite
in cyclohexane with added Span 80. In each image, cathode (-) is on the left and anode (+)

is on the right.

When Span 80 was added to the kaolinite-cyclohexane suspension, Figure 4.4(b) shows
that kaolinite particles were not electrodeposited when the amount of additive was low
(2.5%10* g/L). When the Span 80 concentration was 2.5x1073, 2.5x102, and 0.25 g/L,
particles were found to electrodeposit on the cathode and the deposited amount increased
from about 1 mg to more than 5.5 mg. Interestingly, another 10-fold increase in Span 80
concentration, to 2.5 g/L, caused the amount of electrodeposited kaolinite on the cathode
to drop to zero. At all Span 80 concentrations, the deposited amount of kaolinite on the
anode was very low or zero. This indicated that the addition of an appropriate amount of

surfactant Span 80 made kaolinite primarily carry positive charges.
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Figure 4.4. The amount of kaolinite electrophoretic deposited from 4 mL 2 g/L kaolinite-
cyclohexane suspensions after adding cyclohexane solutions to give different
concentrations of (a) bitumen, and (b) Span 80. The concentrations shown in the figures
was the actual concentration of bitumen or Span 80 in the electrophoretic deposition bath
rather than the concentration of the stock solution of them. Error bars represent standard
deviations of three repeat tests under the same conditions. Electrophoretic deposition at

1500 V DC for 5 min.
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4.3.2 Kaolinite charging mechanism in cyclohexane with added Span 80

Reports in the literature [11, 20-23] show that when a surfactant is added to a mineral
particle suspension of a nonpolar solvent, the polar head of the surfactant can adsorb to the
solid particle surface while the nonpolar tail of the surfactant protrude into the solvent. The
adsorbed surfactant molecule may form an acid-base adduct with particle surface
functional groups. It is possible for charge transfer to occur between the surfactant
molecule and the particle surface when the acid-base adducts separate. The charge transfer
direction is dependent on the relative acid-base properties of the surfactant and the particle
surface. If the surfactant molecule is more acidic than the particle surface, it tends to carry
away negative charges during the acid-base adduct separation. The acid-base property of
solid particles can be quantified using their point of zero charge (PZC) or isoelectric point
(IEP) in aqueous suspensions. The lower the PZC or IEP, the more acidic the mineral. For
surfactant that forms reverse micelles in a nonpolar solvent, such as Span 80, its acid-base
property is quantified by the so-called effective pH (pHg#), which is determined using
different types of minerals with different PZCs or IEPs. This is illustrated in Figure 4.5
[11], where the maximum particle charges in a nonpolar solvent in the presence of a
specific surfactant is plotted as a function of the PZC or IEP of the solids. In this case, the
maximum particle charges of different solids with known PZC or IEP are measured in the
nonpolar solvent in the presence of reverse micelles formed by the specific surfactant. The
pHesr of the surfactant is the PZC or IEP of the mineral whose maximum particle charge is
zero. It has been reported that when dispersed in organic media with dielectric constant
around 2, the pHEs of a specific surfactant is unique [24, 25]. Therefore, the acid-base

properties of a surfactant and solid particles can be compared using the pHesr of the
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surfactant and solid particle’s measured PZC or IEP. The empirical pHg# value of Span 80
was reported to be approximately 0 [23] according to the method mentioned above, which
was lower than the IEP of kaolinite used in this work (about 1.8 as shown in Figure 4.6).
Therefore, Span 80 is more acidic than kaolinite, so that the kaolinite-Span 80 acid-base
interaction and the subsequent adduct separation between kaolinite and Span 80 would see
Span 80 carrying away negative charges when its concentration was sufficiently high to
form reverse micelles, leaving kaolinite positively charged. This is consistent with the

results shown in Figure 4.4(b).

The maximum particle charging

PZC or IEP of particles in water

Figure 4.5. Schematic diagram to determine the empirical effective pH (pHgs) of a
surfactant by measuring the maximum particle charges in nonpolar media. The maximum
charges of different solids with different PZC or IEP are measured in a nonpolar media in
the presence of a specific surfactant. The pHesr corresponds to the PZC or IEP of the solid

in aqueous suspension (adapted from Ponto et al. [11]).
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Figure 4.6. Zeta potential of kaolinite in water with different pH value. The pH value at
which the zeta potential transitions from positive to negative is the IEP of kaolinite, which

1s approximately 1.8.

It should be noted that the probabilities for both the separation of acid-base adduct and the
charge transfer are usually low, and it should be very infrequent for the charged surfactant
molecular ions to escape from the particle surface to the bulk. It has been reported that a
charged surfactant molecular ion is far more probable to escape from particle surface if it
can be incorporated into a nearby reverse micelle [23]. If a particle is charged in a
suspension, there must be counter charges (with opposite signs) in the suspension to
maintain electric charge neutrality. The charged particle will attract oppositely charged

species to resume electrical neutrality if the distance between them is sufficiently close.
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The critical distance for opposite charges to associate with each other can be calculated by
Bjerrum length (4z) which has been introduced in Chapter 3. The Az in cyclohexane is
about 28 nm at 300 K. This value is much larger than the A3 in water, which is 0.7 nm at
300 K, a distance that can be easily surpassed by the hydration shells of the ions. Therefore,
oppositely charged ions could easily co-exist in water; but it is more difficult to keep
oppositely charged ions apart beyond the Bjerrum length in a nonpolar organic solvent like
cyclohexane. For cyclohexane suspension of kaolinite with the addition of Span 80, if the
negatively charged Span 80 monomer formed by acid-base interaction with kaolinite
surface could be incorporated into a reverse micelle, the reverse micelle would provide

steric stabilization of charges with its extended tails.

According to above analysis, kaolinite did not carry charges in cyclohexane (Figure 4.3
(d)). With the addition of Span 80, some kaolinite particles acquired positive charges due
to the acid-base interaction. The concentration of Span 80 had significant influence on
kaolinite surface charges. High concentrations of Span 80 would make it more likely to
form reverse micelles and result in an increase in the amount of charged kaolinite particles.
This is consistent with the result shown in Figure 4.3 (b). The electrodeposited amount of
kaolinite particles on the cathode increased significantly when the Span 80 concentration
was increased from 2.5x10 to 0.25 g/L. However, when the concentration of Span 80 in
the electrophoretic deposition experimental system was increased to 2.5 g/L, no kaolinite
particles were found to electrodeposit on either electrode (Figure 4.4(b)). This was likely
due to the screening and/or neutralization effect caused by the presence of excessive
amount of charge-carrying reverse micelles [23, 26], akin to the compression of electrical
double layer in an aqueous system by counter-ions.
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The zeta potential of kaolinite was measured in cyclohexane with the addition of Span 80,
at concentrations of 2.5x104, 2.5x1073, 2.5x102, 0.25, and 2.5 g/L. The results are shown
in Figure 4.7. As can be seen, the zeta potential of kaolinite increased from approximately
0 to about 30 mV when the Span 80 concentration was increased from 2.5x10* to 0.25
g/L. When the concentration of Span 80 was further increased to 2.5 g/L, the zeta potential
rapidly decreased to around 0. This is consistent with the trend of the amount of
electrodeposited kaolinite particles on the cathode shown in Figure 4.4(b). In addition, the
zeta potential of kaolinite was consistently positive when Span 80 concentration was
between 2.5x107 and 0.25 g/L, which was in agreement with the results of the

electrophoretic deposition experiments shown in Figure 4.4(b).
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4.3.3 Kaolinite charging mechanism in cyclohexane with added bitumen

Figure 4.4 shows that the addition of a surfactant (Span 80) or bitumen could make the
electrical-neutral kaolinite carry charges in cyclohexane. However, the charges were
significantly different depending on which additive was used. The kaolinite charging
behavior caused by Span 80 was clearly different from that caused by bitumen. Not only
was the sign of the charge different (Span 80 made kaolinite predominantly positively
charged whereas bitumen made kaolinite negatively charged), but the effects caused by a
change in additive concentration were also different. In the case of Span 80, no deposit
was formed on either anode or cathode when its concentration was too low (2.5%10™ g/L)
or too high (2.5 g/L). But in the case of bitumen, deposits were formed at all concentrations.
Judging from the deposited amounts, Span 80 predominantly made kaolinite positively
charged, and the amount of negatively charged kaolinite was very small. However, when
bitumen was added, similar amounts of kaolinite were electrodeposited on both the
cathode and the anode when the concentrations of the added bitumen were low (2.5x10*
and 2.5x103 g/L). Only at high concentrations did the bitumen make kaolinite
predominantly negatively charged. Therefore, the charging mechanism of kaolinite
particles in cyclohexane induced by the addition of bitumen was different from that
induced by Span 80. It was possible that factors other than reverse micelles operated in the
case of kaolinite particle charging in cyclohexane when bitumen was added. To investigate
these phenomena further, we attempted to remove the bitumen or Span 80 from the
suspensions (cyclohexane suspensions of kaolinite with the addition of bitumen or Span
80) using filtration. The collected filter cakes were re-dispersed in fresh cyclohexane. The

starting suspension was 4 mL 2 g/L kaolinite-in-cyclohexane suspension after the addition
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of 0.1 mL cyclohexane solution containing 10 g/L bitumen, or Span 80, respectively (i.e.,
the actual concentration of these additives in the suspension was 0.25 g/L). It was filtered
and repeatedly washed, and the filter cake (labeled as KB, or KS to represent kaolinite that
was treated with bitumen or Span 80, respectively) was re-dispersed in fresh cyclohexane
at a concentration of 2 g/L. and used for electrophoretic deposition at the established
conditions (5 min at 1500 V DC). To verify that the re-dispersed cyclohexane suspensions
contained minimal amount of bitumen or Span 80, the suspensions were also filtered, and
the concentrations of bitumen or Span 80 in the filtrates were measured using UV-Vis
spectroscopy. Cyclohexane solutions of bitumen and Span 80 at different concentrations
(0.001, 0.005, and 0.01 g/L) were used to obtain calibration spectra for the quantitative
UV-Vis spectroscopic analysis. Figure 4.8 shows the UV-Vis absorbance spectra of both
standard solutions and the filtrates from cyclohexane suspensions of KB or KS. As can be
seen in Figure 4.8(a), the absorption peaks at the wavelength of around 400 nm can be
used to determine the concentration of bitumen in the filtrate collected from a cyclohexane
suspension of KB. As can be seen, the absorbance of the filtrate at 400 nm was very close
to the absorbance of the 0.001 g/L bitumen-in-cyclohexane standard solution at 400 nm
wavelength, suggesting that the bitumen concentration in the filtrate should be very low.
Similarly, in Figure 4.8(b), the absorption peaks at around 235 nm can be used to
determine the concentration of Span 80 in the filtrate collected from a cyclohexane
suspension of KS. As can be seen, the absorbance of the filtrate at 235 nm was lower than
that of a 0.001 g/L Span 80-in-cyclohexane standard solution, indicating that there was
almost no detectable Span 80 in the filtrate from cyclohexane suspension of KS. In

summary, the bitumen or Span 80 from the cyclohexane suspensions of kaolinite could be
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effectively eliminated through filtration and repeated washing. Upon re-dispersing the

filter cake (kaolinite) in fresh cyclohexane solvent, the amount of bitumen or Span 80 in

the suspensions was negligible.
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Figure 4.8. The UV-Vis absorbance spectra of (a) bitumen in cyclohexane standard

solutions and filtrate from cyclohexane suspension of KB, and (b) Span 80 in cyclohexane

standard solutions and cyclohexane suspension of KS.
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Figure 4.9 shows the electrophoretic deposited amounts from the cyclohexane suspensions
of KB and KS. These results are compared with the electrophoretic deposition results of
the original kaolinite-cyclohexane suspensions (with 0.25 g/L bitumen or Span 80) before
filtration. As can be seen, when bitumen was added in the original suspension, the
deposited amounts from re-dispersed KB-in-cyclohexane suspension was only slightly
lower than the amounts deposited from the original suspension. However, when Span 80
was added in the original suspension, the deposited amount from the re-dispersed KS-in-
cyclohexane suspension was significantly reduced, to close to zero. The major difference
between the cyclohexane suspensions of kaolinite-Span 80 mixture and KS was that the
suspension of KS contained almost no free Span 80, whereas Span 80 was present in
abundant quantities (i.e., the cyclohexane suspension of kaolinite-Span 80 mixture) before
filtration. This indicates that Span 80 (and its reverse micelles) was important for the
charging of kaolinite particles in cyclohexane. When the Span 80 was removed by filtration
and repeated washing, the kaolinite particles were unable to acquire net charges, resulting
in a significantly reduced electrodeposited amount. However, even after removing almost
all the free bitumen, the majority of the KB that was re-dispersed in cyclohexane seemed
to have largely retained the net charges. Therefore, the reasons why kaolinite particles
carried net charges in cyclohexane after adding bitumen did not appear to be the same as
adding Span 80. In the case of Span 80, it was likely the reverse micelles of Span 80 in
cyclohexane stabilized opposite charges to enable a net surface charge of kaolinite. We
hypothesize that in the case of adding bitumen, it was the adsorbed bitumen on the

kaolinite surface that was responsible for the net charges of kaolinite in cyclohexane.

112



6 [ Ancde
. [ Cathode

Amount of deposition (mg)

Kaolinite-bitumen
mixture
(a)

@
1

] Anode
[ Cathode

£ 4]
1 1

Amount of deposition (mg)
w
1

Kaolinite-Span 80 KS
nmixture (b)

Figure 4.9. Comparison of the electrodeposited amounts of kaolinite from cyclohexane
suspensions of (a) kaolinite-bitumen mixture, and KB, (b) kaolinite-Span 80 mixture, and
KS on the anode (orange bars) and cathode (blue bars). Error bars represent standard
deviations of three repeat tests under the same conditions. The “kaolinite-bitumen mixture”
and “kaolinite-Span 80 mixture” were the original suspensions of kaolinite dispersed in
the bitumen and Span 80 solutions. The “KB” and “KS” were suspensions of cyclohexane

with the filtered and washed kaolinite that originated from the “kaolinite-bitumen mixture”

and “kaolinite-Span 80 mixture”, respectively.
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The elemental compositions of KB particles before and after electrophoretic deposition
were measured, and the carbon contents were used to compare the bitumen content of the
KB and the deposited KB particles. The results are shown in Table 4.1. The carbon content
of the untreated kaolinite was also measured and served as control. As can be seen, the
kaolinite sample used in this work contained about 0.03 wt.% carbon. The carbon content
of particles from cyclohexane suspension of KB was about 4.43 wt.%. Since KB was
obtained by adding bitumen in the cyclohexane suspension of kaolinite followed by
filtration, the much higher carbon content (than untreated kaolinite) was clearly due to the
adsorption of bitumen. When the KB was re-dispersed in cyclohexane and
electrodeposited, the majority of the particles were deposited on the anode, indicating
predominantly net negative charges. The carbon content of particles deposited on the
anode, as shown in Table 4.1, was slightly lower than the carbon content of the KB before
re-dispersion in cyclohexane. This indicated that a small fraction of adsorbed bitumen on
KB had desorbed from kaolinite particles which led to their electrophoretic deposition to
the anode. The desorbed fractions probably carried positive charges, leaving the particles

negatively charged.

Table 4.1. The carbon contents of kaolinite, and KB particles from cyclohexane
suspensions and from deposited film on the anode. Error ranges represent standard

deviations of three repeat tests under the same conditions.

Carbon content (wt.%)

Sample Particles from Particles deposited on
cyclohexane suspension the anode
Kaolinite 0.03+0.002 /
KB 4.43+0.013 4.21+£0.009
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At this point, there was a question about whether the desorption of positively charged
bitumen species from the KB surfaces occurred immediately upon re-suspension in
cyclohexane, or whether the desorption only occurred under the influence of an external
electrical field. QCM-D measurement was carried out to monitor the possible desorption
of bitumen from the surface of kaolinite sensor (At-cut quartz crystal sensor with kaolinite
coating on the top surface) under the influence of an external electric field in real-time.
Figure 4.10 shows the change in frequency (4f) and dissipation (4D) with time at 7%
overtone during the QCM-D measurement. As can be seen, the dissipation change 4D was
larger than 10 for a 10 Hz frequency, indicating that the bitumen did not form a
homogeneous rigid coating layer on the surface of kaolinite sensor [17, 19, 27, 28]. In this
case, the Sauerbrey module would not be valid to estimate the mass change. The mass
change was therefore calculated according to the Voigt model using Q-Tools software. The
mass of adsorbed bitumen on kaolinite sensor surface at different stages of QCM-D
measurement was also illustrated in Figure 4.10. As can be seen, after the bitumen was
adsorbed on kaolinite sensor by injecting 0.1 g/L bitumen-in-cyclohexane solution through
the QCM-D chamber, the mass of bitumen adsorbed on each square centimeter of the
kaolinite sensor surface maintained at around 429 ng. With the application of a 5 V external
electric field, the value decreased to about 413 ng. When the voltage was increased to 10
V, the mass did not show significant change. This indicated that in cyclohexane suspension,
the application of an external electric field can induce the desorption of a small amount of
adsorbed bitumen from kaolinite surface. An external electrical voltage of 5 V was
sufficient to induce the desorption, and a doubling of the applied voltage did not seem to

cause more desorption. Since our electrochemical QCM-D setup could not be ramped to
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higher voltages, it was unclear if even higher voltages, such as 1500 V used in the
electrophoretic deposition in this work, would desorb more bitumen from the kaolinite
surface. However, it was clear that the application of an external electrical field could cause
further dissolution of bitumen from bitumen-coated kaolinite surface when it was

suspended in cyclohexane.
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Figure 4.10. Representative frequency and dissipation changes with time (from the 7%
overtone measurements) during the QCM-D measurements for the adsorption and
desorption of bitumen from 0.1 g/L bitumen-in-cyclohexane solution on kaolinite sensor
at different stages: (1) fluid switched to 0.1 g/L bitumen-in-cyclohexane, (2) fluid switched
to pure cyclohexane, (3) kept cyclohexane flow and applied 5 V potential, (4) kept

cyclohexane flow and applied 10 V potential.

Figure 4.11 shows the amount of electrophoretic deposited KB (i.e., the filter cake

obtained from 2 g/L kaolinite-cyclohexane suspension that was treated with 0.25 g/L
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bitumen) particles from suspensions of cyclohexane, n-pentane, and toluene. As can be
seen, when the KB particles were dispersed in cyclohexane, about 4.6 mg kaolinite
particles were deposited on the anode and about 0.5 mg particles were deposited on the
cathode, suggesting that the KB particles were mainly negatively charged when dispersed
in cyclohexane. When the particles were dispersed in n-pentane, only about 0.5 mg
particles were deposited on the anode and almost no particles were deposited on the
cathode. This indicated that the KB particles did not carry net charges or very small
fractions may carry negative charges when dispersed in n-pentane. KB particle was
bitumen-coated kaolinite prepared in cyclohexane, and n-pentane is a weaker solvent for
bitumen than cyclohexane. If the desorption of the bitumen was responsible for the
charging of KB, then it was not surprising to observe almost no electrophoretic deposition
of KB in n-pentane. When the KB particles were dispersed in a stronger solvent, toluene,
it can be seen that the deposited amount on the anode was higher than from cyclohexane.
This further supported the hypothesis that the desorption of bitumen from the kaolinite

surface was an important cause of bitumen-coated kaolinite charging in nonpolar solvents.
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Figure 4.11. The amount of particles electrodeposited from 4 mL 2 g/L n-pentane,
cyclohexane, and toluene suspensions of KB on the anode (orange bars) and cathode (blue
bars). Error bars represent standard deviations of three repeat tests under the same

conditions.

4.4 Conclusions

In this study, the development of kaolinite surface charges in cyclohexane with the addition
of bitumen was studied by electrophoretic deposition, and the results were contrasted with
the addition of a surfactant Span 80. Kaolinite particles were found to carry no net charges
in cyclohexane when no bitumen or Span 80 were added, for the kaolinite particles did not
electrodeposit on either anode or cathode. The addition of either Span 80 or bitumen made
the kaolinite particles charged in cyclohexane, but the mechanism how the charges were

developed were different.

With the addition of Span 80, kaolinite particles became positively charged, possibly

caused by the acid-base interaction between Span 80 and kaolinite surface which allowed
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the Span 80 to sequester anionic species from kaolinite surface and stabilize them by Span
80 reverse micelles in cyclohexane. Both electrophoretic deposition and zeta potential
measurements showed that the kaolinite surface charges were significantly influenced by
the presence or absence, and the concentration of Span 80. The amount of deposited
kaolinite on the cathode increased from 0 to about 5.5 mg when Span 80 concentration
was increased form 2.5%107 to 0.25 g/L, and then decreased to 0 when the concentration
of Span 80 was further increased to 2.5 g/L. Similarly, the zeta potential of kaolinite in
cyclohexane increased from approximately 0 to about +30 mV when Span 80
concentration was increased from 2.5x10* to 0.25 g/L. When Span 80 concentration was
2.5 g/L, the zeta potential of kaolinite dropped to around 0. The reason for the initial
increase in electrodeposited amount and zeta potential with an increase in Span 80
concentration was likely because higher Span 80 concentration could provide more charge-
carrying reverse micelles formed by Span 80. The decrease in the amount of
electrodeposited kaolinite and in the kaolinite zeta potential at 2.5 g/L Span 80 was likely
due to the screening and/or neutralization effect caused by the presence of high
concentrations of the reverse micelles carrying opposite charges, akin to electrical double

layer compression by counter-ions in an aqueous suspension.

The development of kaolinite surface charges in cyclohexane in the presence of bitumen
was different from that caused by Span 80. At low concentrations of the added bitumen
(2.5%10 and 2.5x10 g/L), similar low amounts of kaolinite were electrodeposited on
both the cathode and the anode. At high concentrations, the added bitumen made kaolinite
predominantly negatively charged. When the bitumen concentration increased to 0.25 g/L,

no particles were found deposited on the cathode while about 5.5 mg particles deposited
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on the anode. A further 10-fold increase in bitumen concentration to 2.5 g/L did not
influence the deposition amount significantly, but it did not reduce the deposited amount

to zero like Span 80 did.

Removal of the additives (bitumen or Span 80) from the kaolinite-cyclohexane suspension
also had significantly different consequences on the charges of kaolinite. The removal of
Span 80 by filtration and re-suspension in fresh cyclohexane resulted in a significant
decrease in the electrophoretic deposition amount of kaolinite. This was likely caused by
the removal of any potentially charge-stabilizing Span 80 reverse micelles. However,
removing bitumen by filtration and re-suspension had no significant effect on the
electrophoretic deposition amount of kaolinite. CHNS elemental analysis and QCM-D
measurements showed that an external electric field could induce the desorption of small
amounts of positively charged bitumen species from kaolinite surface, so that the bitumen-
coated kaolinite could still be electrodeposited to the anode after filtration and re-
suspension in cyclohexane. Indeed, when the bitumen-coated kaolinite was filtered and re-
suspended in n-pentane, the kaolinite could no longer be electrodeposited, clearly due to
the lower dissolving power of the solvent. On the contrary, when the bitumen-coated
kaolinite was filtered and re-suspended in toluene, the electrodeposited amount was on par
and slightly more than from cyclohexane. This research revealed the charging mechanism
for clay particles such as kaolinite in a nonpolar solvent in the presence of bitumen, which
was different from the prevailing reverse micelle theory, and the revealed mechanism may
have useful implications in removing fine clays from bitumen and other heavy crude by

using electrostatic means.
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Chapter 5 Conclusions, Contributions, and Recommendations
5.1 Summary and Conclusions

In this thesis research, the charging mechanism of kaolinite in cyclohexane was
investigated. The driver behind this research was to use an external electric field to assist
with the removal of fine mineral particles from nonaqueous extracted (NAE) bitumen from
Alberta oil sands. Cyclohexane was used as the organic nonpolar solvent because it had
been shown to be one of the most promising solvents for NAE process. Kaolinite was
chosen as a representative mineral because it is the dominant clay not only in the oil sands

ores but also in NAE bitumen.

Bitumen and bitumen subfractions (asphaltene, maltene) were either added into the
cyclohexane suspensions of kaolinite or previously coated onto kaolinite surface to
investigate their effects on particle charging. A common surfactant, Span 80, was studied
to compare with bitumen. It was confirmed that the bitumen coating layer, rather than
dissolved bitumen, was responsible for kaolinite charging. Conversely, when Span 80 was
used, kaolinite surface charge was developed by the presence of dissolved Span 80 that
formed reverse micelles in cyclohexane. Span 80 may have adsorbed on kaolinite but it

did not contribute to the kaolinite surface charge in cyclohexane.

Such a deeper understanding of the charging mechanisms of kaolinite (and by extension,
other minerals) in a nonpolar organic solvent opens a range of possible applications of

solid-liquid separation in nonaqueous systems.

The main conclusions of this study were:
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(1) Kaolinite did not carry a net charge in cyclohexane without any other additives. This
was probably due to the instability of charges in such a system. In the absence of
charge-stabilizing supramolecular structures in cyclohexane, the charge carriers could

not be kept at a distance beyond the Bjerrum length to avoid mutual neutralization.

(2) After being coated by bitumen, asphaltene, or maltene, kaolinite was found to carry
net charges in cyclohexane inside an electric field, even when the suspension did not
contain any other additives. Thus, bitumen-coated-kaolinite (BCK) and maltene-
coated-kaolinite (MCK) were electrophoretic deposited on the anode, and asphaltene-
coated-kaolinite (ACK) predominantly deposited on the anode but also deposited on
the cathode. The deposited amount increased with kaolinite concentration and

deposition time and levelled off after 5 min of electrophoretic deposition.

(3) FTIR spectra showed that the films electrophoretic deposited on the anode from BCK
and MCK contained much higher concentrations of carboxyl groups than the anode
films deposited from ACK. The presence of carboxyl groups seemed to be the defining
character that contributed to the negative charges. In fact, the carboxyl-group-deficient
asphaltene was found to deposit mostly to the cathode when it was dissolved in
cyclohexane. XPS electron binding energy spectra and surface elemental concentration
analyses of the electrodeposited films on both anodes and cathodes showed that,
generally, the cathode films had a higher N content, and the anode films showed C and

S species with higher oxidation states that were associated with oxygen.

The charging of pristine kaolinite (not previously coated) in cyclohexane was also

studied by adding either bitumen or Span 80. It was found that the presence of high
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concentrations of Span 80 in the kaolinite-cyclohexane suspension was the pre-
requisite for kaolinite to carry positive charges. When the Span 80 was removed, the
charges on kaolinite disappeared. This was attributed to the charge-stabilizing function
of the Span 80 reverse micelles. When Span 80 was adsorbed on kaolinite, the higher
acidity of Span 80 caused it to extract negative charged species (electron donors) from
kaolinite surface. The subsequent desorption of the Span 80 removes the negative
charge from kaolinite surface, which was stabilized by the Span 80 reverse micelles in

the system, thus leaving kaolinite positively charged.

However, the charges developed on pristine kaolinite by adding bitumen to
cyclohexane were completely different. Not only was the kaolinite negatively charged
after adding bitumen, but the negative charges were resumed when bitumen was
removed and the kaolinite re-suspended in fresh cyclohexane. We hypothesize that this
was due to the adsorbed bitumen layer on the kaolinite surface. Under the action of an
external electric field, part of the adsorbed bitumen layer could desorb, carrying
positively charged species. This gave kaolinite a negative surface charge. Therefore,
kaolinite surface charge in cyclohexane only depended on the presence of a bitumen

coating, but did not depend on whether bitumen was dissolved in cyclohexane or not.

5.2 Original Contributions

The work reported in this thesis contributes to the fundamental understanding of the

charging mechanism of clay particles, represented by kaolinite, in NAE bitumen product

that was simulated by cyclohexane suspension with the addition of bitumen or bitumen

subfractions (asphaltene, maltene). The influence of bitumen and/or bitumen subfractions
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on the charging of kaolinite particles and the charging mechanism of kaolinite with
adsorbed bitumen components were analyzed. This research was built on accumulated
knowledge of particle charging in nonpolar media reported in the open literature over the
past several decades. Based on the author’s understanding of the relevant literature, the

original contributions of this work can be summarized as follows:

(1) The charging mechanism of fine clay minerals such as kaolinite in nonpolar systems
such as cyclohexane in the presence of bitumen or bitumen subfractions (asphaltene,

maltene) was studied by electrophoretic deposition for the first time.

(2) This research revealed that bitumen adsorbed on kaolinite surface, rather than
dissolved bitumen, was responsible for kaolinite charging in cyclohexane. This was
different from the widely accepted conventional charging mechanism of fine particles
in nonpolar media, which states that in such media, particles become charged due to

the formation of reverse micelles from dissolved surfactants.

(3) This research postulated that bitumen-coated kaolinite carries charges in cyclohexane
because of the selective dissolution of charge-carrying species from the kaolinite
surface. This selective dissolution was induced by an external electric field and could
be influenced by the type of solvents, i.e., replacing cyclohexane by a weaker solvent
n-pentane or a stronger solvent toluene significantly changed the magnitude of the
kaolinite surface charges (lower charges in n-pentane and higher charges in toluene).

The observation lent support to the selective dissolution hypothesis.

(4) Demonstrated that most bitumen-, or bitumen subfractions-coated kaolinite were

charged in cyclohexane without the presence of dissolved species. The coating of
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asphaltene could make a portion of the kaolinite carry net positive charges and another
portion net negative charges, while the coating of maltene and bitumen made kaolinite
particles carry negative charges. Overall, asphaltene-, maltene-, and bitumen-coated
kaolinite were all predominantly negatively charged, mostly originated from the

carboxyl groups and C and S species with high oxidation states.

5.3 Suggestion for Future Work

This work revealed the charging mechanism of fine particle (kaolinite) in nonpolar
medium (cyclohexane) in the presence of bitumen or bitumen subfractions. The research
into mechanism is expected to help solve the problem of fine solids removal from NAE
bitumen product assisted by electric-enhanced fine solids removal techniques. With the
understanding of the mechanism revealed by this study, future research could analyze the
factors influencing the charging of fine particles in nonpolar media, as well as explore the
optimal conditions for particle removal with an applied electric field. In addition, future
research could develop an in-situ fine particle removal process using an applied electric

field for NAE technique.

Although all the tests for this work were carried out in nonpolar (non-aqueous) system, the
“nonpolar” medium and all the materials used in this research were probably not absolutely
free of water. Actually, the presence of water may have influence on fine particles charging
in nonpolar media. Future research may explore the role of the trace amount of water in
fine particles charging in nonpolar media. Studies on absolutely water-free systems may
yield interesting discoveries as well. Besides, the charging characterization of fine particles

in other solvents, in addition to cyclohexane, is also worth exploring in future works.
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Appendix: Publication related to this thesis work”

A literature review has been published during the author’s Ph.D. study, which provided
much of the background information related to this thesis work. The following is a copy

of the published paper.

Fine Solids Removal from Nonaqueous Extraction Bitumen: A Literature Review

Decreasing fine mineral solids content in bitumen product generated from nonaqueous
extraction (NAE) of oil sands is an important requirement to ensure that the product quality
meets the downstream process requirements. Two approaches may be used, one is to
remove the fine solids from bitumen product after NAE extraction, and the other is to try
to directly obtain low-solid-content bitumen during NAE extraction. The post NAE
extraction clean-up methods include the use of polymers, antisolvents, water, surface
functionalized magnetic particles with or without an electric field, a magnetic field, and a
hydrothermal treatment. Methods that may be able to directly yield clean bitumen product
during NAE extraction include the use of small amount of water or ionic liquid, or the use

of wettability-switchable solvents. Directions for future research are proposed.

1 Introduction

Nonaqueous extraction (NAE) process to recover bitumen from the Alberta oil sands,
which has been studied since the 1960s [1, 2], is an alternative to the commercial Clark

hot water extraction (CHWE) process [3]. The CHWE process was patented by Karl Clark

* Zhang H, Tan X, Liu Q. Fine solids removal from non-aqueous extraction bitumen: A
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in the 1920s [4], and after years of laboratory and field tests, has been used in commercial
bitumen extraction since 1960s. After decades of development, the CHEW process has
been significantly improved and continues to be used today [5]. However, the CHWE
process has an inherent issue that becomes increasingly problematic. The issue is that after
recovering bitumen, the CHWE process generates a tailings stream containing sands and
most of the fine clays together with a large quantity of process water and a small amount
of residual bitumen. This tailings stream is extremely difficult to dewater, creating the two
most pressing problems associated with the commercial hot water extraction process today:
large tailings ponds, and high fresh water and energy consumption [6,7]. Large tailings
ponds are required to contain the slow-settling tailings, posing serious long-term risks to
migrating birds and ecological system [6-8]. Since the process water locked in the slow-
settling tailings cannot be recycled, large amount of fresh river water needs to be heated
to the required temperature of about 50°C and used in the extraction, leading to high energy

consumption and greenhouse gas emissions [9].

The process to extract bitumen from oil sands by nonaqueous solvents instead of hot water,
1.e., the NAE process, holds the potential to overcome these problems. In an NAE process,
schematically shown in Fig. 1, surface mined oil sands ore is crushed and mixed with a
nonaqueous solvent to extract bitumen. After a follow-up solid-liquid separation, a
solvent-diluted-bitumen stream and a dry stackable extraction tailings stream can be
produced. No water is needed in this process, thus eliminating the inherent issue associated

with the CHWE process.
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Fig. 1. Schematic flow diagram of a nonaqueous extraction (NAE) process.

Although the study on NAE of Alberta oil sands was initiated more than 50 years ago, it
has been on and off in lockstep with changing political, economic and environmental
climate of the industry, and has not gained serious traction. To this day, there has not been
a commercial NAE process. While the non-technical factors are difficult to predict or
control, the NAE process does have two technical challenges that need to be overcome
before it can be seriously considered. One is the solvent recovery from the extraction
tailings, and the other is the clean-up of the generated bitumen product so that it meets

market specs regarding water and mineral solids content [10, 11].

For economic and environmental reasons, the solvent contained in the NAE tailings stream
needs to be recovered and re-used. The solvent is most likely more valuable than bitumen
so that its loss to the tailings is not desirable. Unrecovered solvent in the tailings also poses
environmental hazard. Since there has not been a NAE plant, there is yet no regulation
regarding solvent content in NAE tailings. If the regulations on the solvent concentrations

in oil sands froth treatment tailings in the CHWE process can be used as a reference, then
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it is specified that for every 1000 units of recovered bitumen, 4 units of solvent are allowed
to be trapped in the tailings [12]. By this standard, assuming a medium grade ore that
contains about 13 wt% bitumen, the maximum concentration of solvent in the extraction
tailings cannot exceed 260 g/t, or 260 ppm. Solvent migration, diffusion, and evaporation
from fines-dominated NAE extraction tailings that also contain residual bitumen are
challenging scientific problems, so that although complete solvent recovery by a high
temperature under vacuum is doable, how to make the process economical and less energy-

intensive is a major challenge [13].

The solvent-diluted-bitumen product after the solid-liquid separation in an NAE process
will unavoidably contain water (from oil sands connate water) and fine clay solids.
Pipeline transport of the bitumen requires that it contains less than 0.5 wt% of water+solids
combined. To sell the bitumen to a high conversion refinery, it needs to contain less than
0.03 wt% solids [10, 11]. If the mineral solids content is higher than 0.03 wt%, the bitumen
needs to be cleaned/upgraded in an upgrader. The use of an upgrader would make the NAE
process unattractive due to the high capital and operating costs of the upgrader as well as
the high energy consumption and greenhouse gas emissions. In order to reduce the
suspended mineral solids content of NAE bitumen product, many fine solids removal
processes were studied based on the physical, chemical and physicochemical properties of

the solvent-bitumen-fines system.

It is to be noted that the CHWE process generates a “bitumen froth” product that also needs
to be cleaned to remove water and fine solids before transport and sale to market. There
are currently two such bitumen froth treatment processes: the naphthenic froth treatment

(NFT) process, and the paraftinic froth treatment (PFT) process. NFT is a process in which
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naphtha is used to dilute the bitumen froth to lower its viscosity, followed by gravity and
centrifugal separation to remove mineral solids and water from the bitumen froth. The final
bitumen product of NFT typically contains about 0.5 wt% fine solids and 1-2 wt% water
[14], therefore it does not meet market specs and needs to be upgraded. On the other hand,
in PFT a paraffinic solvent such as hexane or pentane is used to dilute the bitumen froth
and at the right solvent-to-bitumen (S/B) ratio, the paraffinic solvent triggers asphaltene
precipitation, and the precipitated asphaltene agglomerates with fine solids and water and
settles out from the diluted bitumen. As a result, the PFT process generates a much cleaner
bitumen product that can be used directly as a high conversion refinery feed, but at a lower
bitumen recovery due to the precipitation and removal of about 50% of the asphaltenes

[14].

It will be seen in this review that some of the proposed or studied fine solids removal
methods from NAE bitumen are similar to or based on methods that are used in NFT or
PFT. In fact, the possible differences in the properties of the constituents in bitumen froth

and NAE bitumen, and their effects on the clean-up process, remain obscure.

2 Mineral Particles in NAE Bitumen

Nikakhtari et al. [11] reported the mineralogical composition of the suspended fine solids
after NAE extraction of an oil sands ore sample. The sample was a low-fines Alberta oil
sands ore sample. The solvent used in the process was cyclohexane. The oil sands sample
was mixed with the solvent for 10 min and then settled for 30 min. Afterwards, the
sediment was treated by the solvent again. The coarse solids (larger than 45 pum) was

removed by a 45 pum aperture sieve. The fine solids suspended in the product bitumen
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solution (the undersize product from the sieve) was collected by centrifugation (4000 RCF,
1 h). Table 1 shows the composition of collected centrifuge solids. As can be seen, the

suspended fine solids were dominated by fine quartz, kaolinite, illite and feldspar.

Table 1. Composition of fine solids of NAE bitumen. Reproduced from reference [11]

with permission from American Chemical Society.

Mineral Weight % (normalized)
Nonclays

Quartz 38.6
Potassium feldspar 8.0
Calcite 2.4
Dolomite 0.8
Siderite 3.2
Pyrite 0.7
Hematite 0.2
Anatase 0.2
Total nonclays 54.1
Clays

Kaolinite (disordered) 27.2
Ilite 16.8
Chlorite 1.8
Total clays 45.9
Total 100.0

Table 1 shows the mineralogical composition of the fine solids in NAE bitumen from a
specific oil sands ore. In reality, the composition will be different depending on the source
of crude ore (ore grade, fine solids content, water content of the ore), the extraction-
separation equipment and specific operating parameters used in the operation, and the
solvent used in the process [5, 7, 10, 11, 13, 15, 16]. Yet it has been widely accepted that
the fine solids are mainly comprised of quartz, kaolinite and illite clays, with trace amount
of siderite, pyrite, calcite and chlorite. In addition, the mixed layer swelling clays, such as

illite-smectite and kaolinite-smectite, are also important even when present in low
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quantities due to their unique properties such as high cation exchange capacity, high charge

density and high specific surface areas [9, 11, 12, 17-19].

Although “fine solids” in oil sands industry generally refer to mineral solids with diameters
less than 45 pm, the fine solids in NAE bitumen that are problematic to remove are usually
much smaller than 45 um. They normally have particle sizes ranging from 10 nm to 10 pm
[9-11, 13]. These small sized particles in NAE bitumen are susceptible to Brownian motion
[20]. Therefore, the fine particles can remain suspended indefinitely, or settle at
undetectable low velocity in solvents. This is one of the reasons that the fine particles are

difficult to remove from NAE bitumen.

A more important reason is that the fine mineral particles in NAE bitumen are mostly
coated by organic matters (mainly asphaltenes) [21]. Much of the mineral particles in oil
sands ore have been coated by organic matters before mining. During NAE process, the
mineral particles are exposed to an organic solution containing dissolved bitumen
components, and can adsorb these components to form a surface coating [22-24]. As a
result, the solids are rendered hydrophobic which increases the possibility for them to
remain stabilized in NAE bitumen product. In addition to surface hydrophobization, the
coated organic layer can extend outward in good solvents of asphaltenes, leading to a steric
repulsion which prevents particles from aggregating [25, 26]. Since the usual industrial
solid-liquid separation methods such as filtration and centrifugation are only suitable for
slurries with particle size larger than about 100 um [18], and the organic coating keeps
the particles dispersed in solvent-diluted-bitumen with sizes ranging from 10 nm to 10 pum,
these methods are ineffective in removing the fine solids from the bitumen product unless

the suspended fine solids can be destabilized to form aggregates, or other forces (e.g.,
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electrostatic force or magnetic force) are applied to help the solid-liquid separation.

3 Fine Solids Removal Methods from NAE Bitumen Product

3.1 Polymer flocculation

A direct way to aggregate suspended fine solids is by adding polymer flocculants. The
effects of polymers on the stability of a dispersion is schematically described in Fig. 2 [27].
At low polymer concentration (lower than saturation adsorption), bridging flocculation is
the main function of the polymer [27, 28]. Since most fine solid partilces in NAE bitumen
are usually coated by bitumen components (mainly asphaltene), bridging
heteroflocculation, i.e., particles that have been coated with organic matters that are
flocculated together by another polymer [27], is an important form of bridging flocculation.
At high concentration of the polymer flocculants, particle surface can reach saturation
adsorption leading to steric repulsion in a good solvent [25-27]. In a poor solvent, if the
sterically stabilizing coating layer is thin, the short-range van der Waals interaction
between the particles may result in weak coagulation [26, 27]. In an aqueous suspension,
strong coagulation may occur when an electrolyte is added to the system to cause particle
surface charge neutralization [27, 29]. Finally, non-adsorbing polymers may lead to
depletion flocculation at high concentration, both for bare particles and coated particles

which are stabilized by steric repulsion [27, 30].
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Fig. 2. Schematic of polymer’s influences on the stability of disperse system.

Reproduced from reference [27] with permission from Elsevier.

Bridging flocculation and electrostatic effects are the main mechanism for polymer
flocculation. During bridging flocculation process, the polymer adsorbs on the surface of
a particle, the tail and loop of the adsorbed polymer extend into the solution and adsorb to
other particle(s) [28]. There should be unoccupied sites on particles’ surfaces in order to
adsorb polymers attached to other particles. That is why low polymer concentration (thus
low particle surface coverage) is required. Bridging flocculation promotes the formation

of flocs that settle faster than the discrete particles. Electrostatic effects include charge
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neutralization and electrostatic patching. Although electrostatic effects are prominent
mainly in aqueous suspensions, they play a role in nonaqueous system as well [31].
Relevant details of electrostatic effects of polymer flocculation are available in Szilagyi et

al.’s review [29], which will not be discussed here.

Polymer flocculants have been widely used to remove fine particles in wastewater
treatment, pulp and paper industry [32]. In oil sands industry, they have been used in the
treatment of fluid fine tailings (FFT) and mature fine tailings (MFT) [33]. Dixon et al. [34]
reported their study about fine solids removal from NAE bitumen by polymer flocculants.
They agreed with Mowla and Naderi [35] regarding the selection of polymer flocculants.
The desired polymers should have a molecular weight greater than 10° g/mol, and soluble
in oil (organic solvent) [34, 35]. Furthermore, the oil-soluble polymers should contain
some polar end groups or blocks in order to adsorb to fine particles [34]. Ngnie et al. [36]
took organic coated kaolinite and dry MFT as models of fine solids in bitumen product,
and suspended them in cyclohexane. They reported that polyethylene glycol (PEGio00) was
able to aggregate the fine solids. Although the flocculation process did not reach the low
solids content required by the industry, it was a good starting point of research on fine
solids removal from NAE bitumen. NAE bitumen is a unique system, it is organic coated
particles suspended in nonpolar medium. Future research could focus on the mechanism
of formation of bridging flocculation/heteroflocculation between polymers and organic
coated particles. In addition, more efficient, commercially availble, and environmentally

friendly polymers should be sought.

3.2 Aggregation by antisolvent
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Antisolvent here refers to a poor solvent of asphaltenes, which can precipitate asphaltenes
from solution. Asphaltene is the largest, densest, and most polar component in bitumen
[37]. Its concentration in heavy crude varies from source to source and is up to 19 wt% in
Canadian oil sands bitumen [38]. Many studies have shown that asphaltene is stabilized
by resin, which is thought to bind to asphaltene by van der Waals interaction. Asphaltenes
therefore stabilize in oil in the form of an emulsion or dispersion rather than a true solution
[38-41], even in a good solvent such as toluene. This form of asphaltene is capable of
stabilizing suspended fine solids. When an antisolvent (poor solvent of asphaltenes) is
added, bonds between asphaltene and resin will break and the polyaromatic clusters in
asphaltene molecules tend to bind together via n-w interaction and therefore form “network”
structured aggregates” [38, 42, 43]. This process can trap and collect fine solids, which are
removed together with the precipitated and aggregated asphaltenes [12, 38, 44]. The
suspended fine solids particles can also function as nuclei for asphaltene precipitation
when an antisolvent is added. In this case, the asphaltenes adsorb on the surface of the
particles that act as nucleation centres [45, 46]. This will enhance mineral solids removal
by increasing the particle size [47] and forming bonding bridges between particles,
resulting in the formation of large asphaltene-solid flocs [48]. In addition, when asphaltene
is precipitated by antisolvent from diluted bitumen, the viscosity of the solution will
decrease. This can cause an increase in the settling velocity of fine solids, which is helpful

for fine solids removal [47].

The precipitation and aggregation of asphaltenes by an antisolvent is used in one of the

" The resins also dissolve in a good solvent such as toluene. But the strong solvating effect of toluene to

asphaltenes would keep the asphaltenes dispersed.
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two methods, called paraffinic froth treatment (PFT), in the treatment of bitumen froth
generated by the CHWE process to remove water and fine solids from the bitumen froth
[49]. PFT performances well in froth treatment and can result in virtually solids free
bitumen product [50]. However, the disadvantage of lower bitumen recovery caused by
the precipitation of asphaltene is an unavoidable issue of PFT. Graham et al. [15] used a
similar process to remove fine solids from NAE extracted bitumen. Pentane was used to
precipitate asphaltenes and remove fine solids from heptane extracted bitumen.
Unfortunately, this process failed to meet the ideal requirement for fine solids content of
the bitumen product. In addition, using one solvent for bitumen extraction while another

for fine solids removal would bring complication for industrial application.

Subsequent studies analyzed related process parameters in order to improve the fine solids
removal performance. The influence of carbon number of solvents, S/B ratio, mixing
temperature, and mixing speed were discussed. The selected antisolvents were mainly
aliphatic hydrocarbons alone or in combination, such as pentane, hexane, heptane or their
mixture at S/B ratio higher than a certain value depending on the type of solvent and
operating conditions. It was found that a light alkane performed better on the settling of
suspended fine solids than a heavier alkane at the same S/B ratio [14, 49, 51]. Usually the
bitumen solution in light alkane had a relatively low density and viscosity, which could
improve settling performance. However, the comparison between experimental results of
settling rate and the calculated effects of medium density and viscosity indicated that the
density and viscosity were not the main driving force for sedimentation in this case. The
lighter alkane precipitated more asphaltenes, and more asphaltene precipitation always led
to better fine solids removal performance [51]. The influence of S/B ratio also showed
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similar peculiarity in that higher S/B ratio led to more asphaltene precipitation, which
resulted in better fine solids removal performance [49, 51, 52]. More precipitated
asphaltenes seemed to cause the aggregates to settle more quickly, while the reason behind
was still unclear. Based on the Stokes law, the settling rate of aggregates formed by
precipitated asphaltenes and fine solids in diluted bitumen, a laminar flow regime, can be
evaluated according to eq. (1) [51]:

gApD?
187

Uy = (H

where g is the gravitational constant, Ap the effective density difference between the
aggregates and medium, D the diameter of the aggregates, and 7 the viscosity of medium.
More asphaltene precipitation was likely to result in changes in aggregates structure,
increasing their size and density. This point was proven by relevant studies [51, 53].
Further studies investigated the influence of solvent-diluted bitumen mixing temperature
and mixing speed (energy input) on settling. The influence of temperature on the
precipitation amount of asphaltene was not obvious, but a high mixing temperature caused
the formation of large aggregates, thus increasing the sedimentation efficiency [54]. Unlike
the influence of mixing temperature, mixing energy could not enlarge aggregates size. In
contrast, the aggregate size would become smaller at higher mixing energy input, although
high energy input could significantly increase the density of the asphaltene aggregates,

which was helpful for fine solids removal [55].

Many developments have been achieved on fine particles removal from diluted bitumen

by the controlled use of antisolvent, albeit mostly in the bitumen froth treatment area rather
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than NAE bitumen. However, there are still the needs for further study. While precipitated
asphaltenes can form a network structure and collect fine particles from NAE bitumen,
which sub-fraction of asphaltenes works for this process is unclear. Exploring the function
of sub-fractions of asphaltenes on this process separately should be an interesting direction
for future research. On the technological side, relevant parameters like carbon number of
solvents, S/B ratio, mixing temperature and energy input have been investigated, but these
findings are not enough to achieve the purpose of removing the fine solids without losing
too much bitumen due to asphaltene precipitation. Adding process aids to precipitate
asphaltene together with the antisolvent is also likely to improve the fine solids removal
performance. The use of suitable process aids may also reduce the dosage of antisolvent
required for asphaltene precipitation, and remove all fine mineral solids without the need
to precipitate all asphaltenes, thus lowering bitumen loss. These process aids could be a
polymer, an inorganic additive, or CO2 gas to enhance aggregation of fine particles. Using
oil-soluble polymers could be considered as a combination of antisolvent with polymer
flocculation, discussed in previous section. Inorganic additives such as NaOH would be a
choice with reference to the bitumen froth treatment process [56]. CO2 is known to
promote asphaltene precipitation in enhanced oil recovery (EOR) processes, which may

be useful in combination with an antisolvent for fine solids removal process [57-59].

3.3 Agglomeration by water-in-oil emulsion droplets

This is a process of using water droplets with dissolved additives to remove fine particles
from NAE bitumen product. When water is added to the solvent diluted bitumen
suspension, it will disperse into water droplets under agitation. The water droplets can

collect the fine particles and form large aggregates that are easier to settle. A schematic
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description of the collection of fine solids particles by water droplets is shown in Fig. 3.
Hydrophilic particles may be absorbed into the water droplets by penetration through the
solvent-water interface [60], while amphiphilic particles tend to remain at the solvent-
water interface [44]. If the water droplet contains a dissolved surfactant, the hydrocarbon
tail of the surfactant will extend into the solvent. The suspended hydrophobic particles (e.g.
particles coated by bitumen component) could be collected by the hydrocarbon tail of
surfactant molecules and thus remain at the solvent-water interface [61]. Another approach
for enhancing the collection of hydrophobic particles is to modify their surface and make

it hydrophilic before the addition of water droplets [62].
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Fig. 3. Schematic diagram of how a water droplet traps fine particles.

Alquist et al. were awarded a patent for a bitumen extraction process from oil sands using

organic solvents in 1978 [61], in which the fine solids suspended in diluted bitumen were
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removed by added water containing a cationic surfactant. Their process is schematically
shown in Fig. 4 [61]. As can be seen, crushed oil sands ore and organic solvent (toluene
and xylene were preferred in this patent) were mixed and transported to settling zone,
where the mixture was separated into a coarse particle phase and a diluted bitumen phase
containing fine solid particles. The coarse particle phase was removed, and the diluted
bitumen phase was collected for next step of treatment where the fine particles were
removed by mixing with water containing a cationic surfactant. The mixture was fully
agitated and then transferred to the settler, where the mixture was separated into three
phases, an aqueous phase at the bottom, a diluted bitumen phase at the top, and the fine
particles concentrated between these two layers. Water was collected for recycle, the fine
particles were withdrawn for disposal or further treatment, and the diluted bitumen would
be pumped to recover solvent. This patent also described the appropriate concentration of
the cationic surfactant and the recommended operating temperature. Under the optimal

conditions, the solids content in final bitumen product was reduced to about 0.2 wt%.
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Fig. 4. Flowsheet of a NAE process and fine solids removal from NAE bitumen by aqueous
solution of cationic surfactant, patented by Alquist et al. [61]. The diagrams and texts

shown in red is the fine solids removal process.

However, Farnand et al. [44] suggested that surfactant usually led to the formation of stable
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water-in-oil emulsions which were detrimental to the separation of fine solids particles. In
contrast, water-soluble organic compounds with low molecular weight, such as resorcinol,
formic acid, catechol, and chloral hydrate, can modify the surface wettability of the
bitumen-coated particles suspended in diluted bitumen, making these particles amenable
for collection by water droplets which can then be readily separated. It should be noted
that Alquist’s patent [61] also mentioned that the surfactant should be carefully selected.
Nonionic and anionic surfactant were not effective for removing the fine solids from
diluted bitumen [61, 63]. On this point, there seemed to be no contradiction between
Alquist et al.’s patent and Farnand et al.’s approaches. The water-soluble low molecular
weight organic compounds performed well in assisting water droplets to collect fine
particles, but the concentrations of these compounds needed to be extremely high (>50
wt%) in the aqueous solution in order to achieve satisfactory degree of fine solids removal.
Farnand et al.’s work also proposed a combination technique of using the water-soluble
additive and antisolvent, which showed a dramatic improvement in settling rate of the fine
solids at much lower reagent dosages. The solids content in bitumen product was decreased
to 0.1 wt% [44]. However, such a process would require a two-solvent system as the
authors used naphtha in the NAE process and an antisolvent in the fine solids removal
process. Liu et al. [62] explored this method and put forward a two-stage agglomeration
process to separate bitumen-coated fine particles from cyclohexane by modifying the
particle’s surface wusing the amphiphilic polymer poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol), i.e., PEG-PPG-PEG, and then adding
small amount of water to collect the surface modified particles to form large aggregates.

The tow-stage method required small amount of the amphiphilic polymer and performed
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better than one-stage addition of only the polymer or only water. The solids content in
bitumen product of this two-stage method could be lowered to 0.01 wt% under laboratory
conditions for a very dilute cyclohexane solution of bitumen. Malladi [60] studied the
influence of velocity and size of the collector (water) droplets on particle capture efficiency
using a microfluidic aspiration device. Although the particles used in the research, hollow
glass beads, were different from bitumen-coated particles, the results provided reference
for an understanding of influencing factors on the performance of the water droplets

collection process.

There are many factors that affect the performance of this process. For example, the degree
of mixing, the operating temperature, water chemistry (surfactant/polymer/salt
concentrations and pH), drop and suspending fluid viscosities, and the interfacial tension
between the water drop and the suspending phase. They all worth further investigation.
There is also the opportunity to combine the uses of antisolvent and water droplets with

water-soluble additives to remove the fine solids from NAE bitumen.

3.4 Filtration in an electric field

Electrostatic interaction has long been used to separate fine particles from a fluid phase.
Experiments using electric field to remove suspended particles from air were reported as
early as 1800s [64, 65]. The electrostatic filtration process using glass bead bed to remove
fine particles from oil medium was described in a recent patent by Fritsche et al. [66]. The
glass beads were packed into a hollow container where electric field was applied by a pair
of electrodes, with one clectrode located in the center while the counter electrode

surrounded the shell of the container. During the separation process, the potential
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difference between the electrodes can be maintained across the glass beads bed and/or the
separation volume, which can lead to a spatially varying electric field because of the
dielectric character of the glass beads [67]. When oil flew through this electric field, the
dispersed fine particles, which were assumed charged [68, 69], would be retained by the

glass beads and removed from oil.

Cullinane et al. [70] received a patent about removing fine particle form NAE bitumen
using electrostatic filtration in 2017. The process was similar to Fritsche’s work [66] and
it introduced the separation and filter media regeneration process as depicted in Fig. 5[70].
The raw material, bitumen product of NAE process, was passed through a coarse filter.
The filtrate from the filter was then pumped to an electrostatic separator where the fine
sands in the bitumen could be adsorbed by the glass beads in the separator. Afterwards, the
clean bitumen with 0.1 wt% fine solids content was sent for solvent recovery. Heat
exchangers were used to control the temperature during the process. When the filter media
reached its maximum capacity, the applied voltage was turned off and the filter media were
flushed with solvent. Inert fluid (such as nitrogen) could be used to purge the residue from
the electrostatic separator between filtration and wash cycles in order to avoid product and

solvent loss.

161



Coarse filter

Pump

Diluted bitumen ey — Vaporized solvent

Valve [J
4 <]

Teater 3 W | L Concentrated slurry
nert fluid 4®—H ]_/.1< |

Iiletrostatic
separator

Cooler

&
Ko

Vapeorized selvent

Low pressure

|
container i N !
. ! - ! C +—— Wash solvent
Mixer ; v i

Bitumen product +—FGode—;

Diluent
Fig. 5. Flowsheet of fine solids removal process from NAE bitumen by electrostatic

filtration patented by Cullinane et al. [70].

Using electrostatic filtration to remove fine solids from NAE bitumen is a novel concept,
although the process has been successfully applied in other systems. To make the
electrostatic filtration cleaning of NAE bitumen feasible, future research can focus on the
relevant properties of the components in the system, for example, to reveal why and how
fine mineral particles acquire charges in NAE process, to understand the influence of
applied electric field on particles in NAE bitumen, both for motion and electrification, and
to find out ways to increase the particle charges in NAE bitumen in order to improve the

fine solids removal performance.

3.5 Filtration after hydrothermal treatment

Removing fine solids from bitumen by filtration after hydrothermal treatment has been
tested on bitumen froth samples from CHWE process [71]. Although there is not yet any

report of this method on the treatment of NAE bitumen, the sufficient similarity between
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these two systems makes it reasonable to discuss this method here. In this process,
hydrothermal treatment at a moderate temperature and pressure is required to make
bitumen amenable to filtration [72, 73]. At high temperature and pressure, many properties
of water change significantly compared with at ambient conditions. For example, the
dielectric constant of water at ambient conditions is about 80 while this number becomes
about 5 at water’s critical point (Tc = 374°C, P.= 22.1 MPa) [74], which means that the
high temperature and pressure can increase water’s dissolution ability for nonpolar organic
compounds. In addition, water has higher concentrations of H" and OH  at high
temperature and pressure than at ambient conditions [75]. This can promote chemical
reactions in water like hydrolysis and hydration. These favorable properties of water at
high temperature and pressure make hydrothermal technology useful in the treatment of
hydrocarbon resources such as coal [76], heavy oil [77], oil shale [78] and oil sands
bitumen [71]. In the application of treating bitumen froth, hydrothermal treatment made
the wettability of fine particles in bitumen froth more uniform, which was shown to

improve the filterability of the fine particles [73].

Chen et al. [71] used the combination of hydrothermal treatment and hot filtration to treat
bitumen froth. As shown in Fig. 6 [71], bitumen froth was treated in an autoclave. After
the treatment, the vapors were vented off and separated into gas and water. Fine particles
in the remaining bitumen solution were removed by hot filtration. During their research,
the temperature and pressure of hydrothermal treatment were 300-420°C and 8.6-19.3 MPa,
respectively. The vapors were vented out from the hydrothermal reactor at 270°C and the
hot filtration was performed at 200°C. It was found that this combination process was
feasible to remove fine particles from bitumen froth. The solids content in the bitumen
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product was lowered to 0.08 wt%.
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Fig. 6. Schematics of the combination of hydrothermal treatment and hot filtration of

bitumen froth. Reproduced from reference [71] with permission from Elsevier.

As mentioned earlier, the fine particles removal from NAE bitumen has a lot of similarities
with bitumen froth treatment from both system composition and the fundamental sciences
that it entails. Therefore, filtration after hydrothermal treatment is also a promising method
to remove fine particles from NAE bitumen, but it is worth noting that usually NAE
bitumen contains less water than bitumen froth product of CHWE, which means the
hydrothermal treatment for NAE bitumen may require the addition of water. Similar
methods such as direct thermal treatment, and thermal treatment with (supercritical)

carbon dioxide are also worth investigating.

3.6 Collecting fine solids by surface functionalized particles

Surface functionalized particles are the particles coated by polymers or chemicals with

specific functional groups. When the surface properties of the particles are suitably
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modified, these surface functionalized particles can collect the fine solids suspended in
bitumen solution due to the attractive interactions between the surface functionalized
particles and the suspended fine solids. As the fine solids particles are now piggy-backed
on the larger functionalized particles, they can be removed together by filtration,
gravitational settling, centrifugation, magnetic separator (if the functionalized particles are

magnetic), or skimming (if the density of the particles is lower than the liquid).

Berg et al. [79] first used surface functionalized particles to remove fine solids from oil
sands tailings generated from the CHWE process. The fine particles that were difficult to
separate from the tailings were coated by bitumen components and had a very small size,
similar to the fine solids in NAE bitumen. Therefore, this method was a valuable reference
for fine solids removal from NAE bitumen. In the patent, Berg et al. suggested that the
particles suitable for modification can include organic (such as starch, modified starch,
solid or hollow polymeric spheres and the like) or inorganic particles (such as kaolin, silica
and sand recovered from the bitumen extraction process itself), or their mixtures. The size
of the particles can range from nanometers to few hundred microns, and the density of the
particles can be larger than the fluids or less than the fluids. The surface modifier should
contain at least one amine functional group. Lupamin, chitosan, branched
polyethyleneimine (BPEI), and poly diallyldimethylammonium chloride (PDAC) were
some recommended options. In addition, an activation treatment of the fine particles in oil
sands tailings was needed. The “activation” step was to treat the suspended fine solids in
the tailings by an activating material, such as flocculants or other polymeric substances, to
promote the attractive interactions between the surface functionalized particles and the
suspended fine solids. In the fine solids removal practice of this patent, an oil sands tailings

165



sample (containing 7 wt% solids) was first activated by Magnafloc LT30, then mixed with
the surface functionalized particles, which were sea sands coated by PDAC. After agitation,
the solids were removed by filtration and the fine solids content of the liquid product was
reduced to less than 1 wt%. The patented process was similar to a flocculation process,
except that larger pre-treated particles were used to aggregate the fine solids in the tailings,

making the subsequent filtration more effective.

When taking this method to treat NAE bitumen, it should be noted that the main
component of continuous phase of oil sands tailings is water, while the medium of NAE
bitumen is an organic solvent. The operating conditions should be adjusted according to
the properties of the media. In addition, future research can also consider using surface
functionalized magnetic particles to collect and remove fine solids from NAE bitumen
product. External magnetic field can be applied when magnetic particles are introduced.
Removing suspended particles by external magnetic field is more selective, efficient, and
often much faster than centrifugation or filtration [80, 81]. This technology has been
widely used as a value recovery and pollutant removal process in many environmental,
biomedical and industrial applications, such as the recovery of magnetic minerals,
remediation of ground water contamination, removal of yeast from process streams,
purification of drinking water [82]. It is also widely used in the extraction of coronavirus
RNA for subsequent identification and analysis. It is reasonable that this method would be

promising for removing fine particles from NAE bitumen.

The fine solids removal methods discussed above are additional process steps that need to
be appended to a NAE process. These methods are suitable for the solvent-alone extraction

(SAE) process, which is a traditional NAE process that use organic solvent or solvent
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mixture alone to extract bitumen from oil sands. If NAE process can be modified to obtain
the product with low fine solids content directly, the additional fine solids removal process
step may be avoided to reduce costs and process complexity. These modified NAE

processes are discussed below.

4 Fine Solids Removal by Modified NAE Processes

4.1 Solvent extraction spherical agglomeration

Solvent extraction spherical agglomeration (SESA) process is one of the common
modified NAE processes. It uses a solvent to extract bitumen followed by agglomeration
of the fine particles in order to improve solid-liquid separation performance [83, 84]. In
the SESA process, bitumen is extracted by a nonaqueous solvent, a second liquid, which
is immiscible with the nonaqueous solvent and which can displace the organic solvent
from the surface of suspended fine particles is added to treat the fine particles [17]. Water
meets both requirements and has the advantages of low cost and no pollution, and is
therefore the best choice of the second liquid. It is worth noting that SESA process is
different from aqueous-nonaqueous hybrid extraction process, which consumes a large
amount of water [85]. The aqueous-nonaqueous hybrid extraction process is not
technically a NAE process, it cannot reduce fresh water consumption and save energy
usage [86]. Therefore, the detail of aqueous-nonaqueous hybrid extraction process will be

not discussed in this review.

The reason why SESA process perform well in fine solids removal is when the small
amount of water is added in the extraction process, the resulting oil-water interface

network can trap fine particles and the water droplets can form liquid bridge between the
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suspended fine particles during agitation [17]. The effectiveness of fine solids collection
is influenced by the wettability of the fine solids, which can be adjusted by the wetting
agent addition. The trapped fine particles and water droplets can form loose three-
dimensional structures which will collapse and become dense solid-water spherical
agglomerates by strong capillary forces [12]. The spherical agglomerates can further grow
by the coalescence of individual agglomerates and the adsorption of fine particles on the
surfaces of agglomerates, further reducing the difficulty of solids removal. Therefore,
SESA has the advantages in fine solids removal and is especially suitable for treating oil

sands with high fine solids content [17, 87].

Sparks et al. [88] described a SESA process of oil sands extraction. As shown in Fig. 7
[88], the crushed oil sands ore sample was fed into the extractor, where it was mixed with
a small amount of water and recycled dilute bitumen solution. The fine particles that were
suspended in the oil sands agglomerated under the action of the small amount of water in
the extractor. Then the agglomerated solids were removed via solid-liquid separation.
Afterwards, the solvent was recovered from both liquid phase and solid phase and reused
to the extraction process. According to Sparks et al., naphtha fractions from bitumen
upgrading was the suitable solvent for bitumen extraction. The amount of solvent should
make the content of the oil sands ore sample in mixture in the range of 40 to 60 wt%, i.e.,
that the mass ratio of solvent to oil sands ore is around 1:1. The mass ratio of the added
water and solids was selected in the range of 0.08 to 0.15, and the desirable pH of the
added water was about 8 to 10. The fine solids can form removable agglomerates with the
size of about 0.1 mm to 2 mm during the extraction. After extraction, the solids content,
based on the extracted bitumen in solution, was less than 2 wt%. The solids content in the
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product was lower than that of SAE product, but still far from meeting the requirement of
less than 0.03 wt%. Reports showed that the agglomeration occurring in SESA process
benefited solid-liquid separation, which increased bitumen recovery together with a
decrease in the fine solids content in bitumen product [17, 86, 89, 90]. However, most
reported work mainly focused on bitumen recovery. The factors that influenced bitumen
recovery have been analyzed by many reports. The feedstock properties and operating
parameter which influence solids content in bitumen product worth further investigation

in future research.
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Fig. 7. Flowsheet of a SESA process patented by Sparks et al. [88].
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4.2 Ionic liquid assisted solvent extraction

Ionic liquid (IL) is usually defined as materials that are composed of cations and anions
which melt at or below 100°C (ionic liquids exist at other temperatures as well but the ILs
with low melt points are preferred in industrial applications) [91]. The IL was initially
observed by Paul Walden as early as 1914 [91]. However, using IL to help bitumen
extraction from oil sands, i.e., the ionic liquid assisted solvent extraction (ILASE) process,
was initially developed by Painter et al. and published in 2010 [92]. As depicted in Fig. 8,
the ILASE process entails mixing the crushed oil sands ore with IL and organic solvent.
Under the assistance of IL, bitumen is extracted by solvent and the mixture is separated
into three layers: bitumen-solvent layer at the top, IL layer in the middle, and solids-IL
layer at the bottom. The top layer is separated as the bitumen product. The middle layer is
used as the recycled IL. The bottom layer is collected to separate the solids and IL by the
addition of water. IL usually has a high viscosity and therefore the solids are difficult to
separate from IL [86]. The viscosity can be significantly decreased when the IL is dissolved
in water, leading to an easy separation of solids and IL. Water and IL can be separated by
evaporation because the vapor pressure of IL is almost zero [91, 93] and both the water

and IL can be recycled.
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Regarding the mechanism behind the function of IL on improving bitumen extraction
efficiency of organic solvent, several researchers investigated the nature of interactions
between ILs and the components (both organic and inorganic) of oil sands [94-96]. Liu et
al. [94] suggested that electrostatic forces played very important role. IL had strong
electrostatic interactions with the surface of mineral particles in oil sands and thus was
able to assist in the release of bitumen from mineral surface [92]. Hogshead et al. [97]
measured the interaction forces between silica and bitumen suspended either in 1-butyl-
2,3-dimethyl-imidazolium tetrafluoroborate ([bmmim][BF4], an IL) or in water. Their
results showed that under ambient temperature, the interaction forces between silica and
bitumen surface were almost an order of magnitude weaker in IL than in aqueous medium.
Lietal. [98] analyzed surface interactions between bitumen fractions (saturates, aromatics,
resins, asphaltenes), organic solvent, IL, and silica by the COSMOtherm software which
is based on surface free energy and oil fraction solubility. It was found that the surface free

energy at IL-organic solvent interface was much lower than at IL-bitumen fractions
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interface. Further calculations also suggested that IL had a stronger interaction with the
silica surface than with oil fractions. Therefore, IL improved the bitumen extraction

performance by promoting the transfer of bitumen from mineral surface to solvent phase.

Painter’s group took toluene as organic solvent, [bmmim][BF4] and the like as ILs, and
studied bitumen extraction from Alberta and Utah oil sands [92, 99, 100]. Together with a
good recovery of bitumen, according to the reports, no detectable quantities of fine solids
were found in bitumen products in most experiments. Only when extracting Utah oil sands,
small amounts of carbonates were found in the bitumen product at extended extraction

time although the bitumen produced at initial stage were solids free.

Despite the excellent performance on bitumen extraction, there were some disadvantages
of using IL in bitumen extraction which limited its extensive application. The major issues
were (i) the selected ILs had a high viscosity, which would make them adhere onto the
inner wall of pipelines, leading to the difficulty of transport and also to increased IL loss,
and (i1) high cost and environmental issues caused by the selected ILs and organic solvent
(toluene). In consideration of the first issue, Li et al. [101] used IL with low viscosity, 1-
ethyl-3-methyl imidazolium tetrafluoroborate ([Emim][BF4]), to extract bitumen from
Alberta oil sands. Toluene, acetone, or n-heptane were used as solvents in their research.
It seemed that [Emim][BF4] was not as good as [bmmim][BF4] when it comes to the
performance of reducing solids content in bitumen product. A small amount of mineral
solids was found in the bitumen product, and toluene performed the best among the organic
solvents tested in their research. Regarding the environmental impact, IL has historically
been considered as “green solvent” since it has zero vapor pressure, and hence cannot be

distilled [91] (note: later research proved that the vapor pressure of IL was not absolutely
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zero, that it was difficult to evaporate but still could be distilled [93]). Having almost zero
vapor pressure means that IL has low risk of air pollution. However, the potential toxicity
and inaccessible biodegradability of IL may lead to water contamination if released to
aquatic environments [102]. Therefore, “green solvent” must meet different criteria such

as biodegradability, non-toxicity, and recyclability.

A new family of ILs, called deep eutectic solvent (DES), was discovered in the last two
decades. It usually consists of two or three environmentally friendly components which
can associate with each other via hydrogen bonds and form a eutectic mixture. Unlike
conventional IL, the DES is relatively cheap, non-toxic and easy to degrade [103, 104].
Pulati et al. [105] reported the use of DES to extract bitumen from oil sands. Naphtha was
used as the organic solvent. Their result showed that only 0.5 wt% mineral fine solids were
found in the bitumen product. It performed much better than SAE process but still not
enough to meet the requirement of downstream process. In addition, similar to most of the
ILs, DESs also have a high viscosity [103], which may bring issues for the process as

discussed above.

Therefore, although different types of ILs showed good performance, further research is
needed to find the ILs that meet the requirements of low viscosity, environmental

acceptability, and capable of generating bitumen product with very low solids content.

Future research should also focus on the mechanism study. It has only been a decade since
IL was first used to extract bitumen from oil sands. The function mechanism by which IL
reduces the solids content in bitumen product is not clear, and the relevant impact factors

are worth exploring. In addition, more than one million simple ILs, which can be easily
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prepared in the laboratory, have been found during the past 100 years [106]. It is a
promising research direction to select ILs with superior comprehensive performance based
on an understanding of the function mechanisms. In addition, ILASE process performed
well in transferring solids from bitumen to IL, but after removing solids from IL by adding
water, it needs large amount of energy to evaporate water from IL [107]. Reducing this

energy consumption would enable the likelihood of industrial application of ILASE.

4.3 Switchable hydrophilicity solvent extraction

Switchable hydrophilicity solvent extraction (SHSE) process is also a novel NAE process.
The first “switchable solvent” was discovered by Philip Jessop in 2004. After that, Jessop’s
group developed many switchable solvents and classified them into switchable polarity
solvent (SPS), switchable hydrophilicity solvent (SHS), and switchable water (SW) [108,
109]. SHS is the type of solvent that can “switch” the property between hydrophobic and
hydrophilic with the addition and removal of “switch agent” (usually CO;) [110]. For
example, CyNMe; is a common SHS, which is hydrophobic at normal condition, but
becomes a hydrophilic solvent, [CyNMe;H][HCOs], when mixed with water and COa.
Holland et al. [111] used CyNMe: to extract bitumen from oil sands. As described in Fig
9 [111], crushed oil sands ore sample was mixed with hydrophobic CyNMe,, and bitumen
was dissolved in CyNMe: and could be easily separated from mineral solids. After
removing the solids, the addition of water and COz to the bitumen-CyNMe; solution turned
the solvent hydrophilic, thus bitumen could be separated easily. Removing CO: from the
water/CyNMe,/CO; mixture by heating could switch the solvent back to the hydrophobic
state. In this state, water and solvent can be separated from each other and recycled. The

result of bench-scale experiment showed a high bitumen recovery and low solvent loss.
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Moreover, it was reported that within experimental error, the solids content in the extracted

bitumen product was zero.
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Fig. 9. Schematics of a SHSE process. Reproduced from reference [111].

Sui et al. [112] explored the roles of SHS in extracting bitumen from oil sands. Switchable
hydrophilicity ~ tertiary = amines (SHTAs, such as triethylamine, N,N-
dimethylcyclohexylamine, and N,N-dimethylbenzylamine) were used as SHS in their
work. The surfaces of bitumen and solids were characterized by FT-IR, SEM/EDS,
wettability test, zeta potential measurements, and QCM-D. It was found that the reason
why SHS (SHTAs in their work) improved extraction performance was that the SHS could
modify the surfaces of both bitumen and solids. The cation of SHS could adsorb on
bitumen surface and form ions pairs. The ion pairs reduced the interactions between

bitumen and solids and thus increased the wettability of solids surfaces. Therefore, the
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separation of bitumen from solids surface became easier. The generated bitumen product
contained 0.12 wt% fine solids according to their report. It can be seen that the SHSE
process performed much better than the SAE process on reducing solids content in bitumen
product, but the particular result was influenced by experimental conditions. It did not lead
to bitumen product with solids content less than 0.03 wt%. In addition, as a new method,
SHSE also face the issues such as cost and toxicity of SHS [113]. Future research could
focus on developing new, better performing SHS with low toxicity, volatility, flammability,
and eutrophication potential. The classification of SHS and the establishment of database

on this type of solvent are also important for the industrial application of this process.

5 Conclusions

The bitumen product of nonaqueous extraction (NAE) of Alberta oil sands contains higher
mineral solids content than what is required in downstream processes. The suspended
mineral solids have very fine particle sizes and are usually coated by organic matters,
which makes the fine particles difficult to remove by conventional separation methods.
Research to remove the fine solids from bitumen products can be divided into two
categories. One is to remove the fine solid particles from the diluted bitumen product after
the NAE extraction, which focuses on improving separation efficiency by adding chemical
additives in combination with physical separation techniques. The other category of the
methods aims at directly obtaining bitumen product with low solids content by modifying

the NAE process.

Methods in the first category, i.e., post extraction fine solids removal, include the addition

of polymers, antisolvents, and water and by using electric field, hydrothermal treatment,
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and surface functionalized particles.

« Polymers can cause bridging flocculation of the fine solids thus increasing their sizes and
facilitating their removal. The proper polymers, such as polyethylene glycol (PEGiooo),
was thought useful for enhancing fine solids removal performance from NAE bitumen.
More efficient, commercially availble, and environmentally friendly polymers are still to

be identified.

« Antisolvents, such as pentane, hexane, heptane or their mixture, were used to precipitate
asphaltenes from the bitumen solution. The precipitated asphaltenes can form network
structured aggregates and trap and remove the fine solids. This method was used in
bitumen froth treatment (paraffinic froth treatment) of hot water extracted bitumen but
have not been used in NAE extracted bitumen due to the loss of bitumen recovery.
Relevant parameters like carbon number of solvents, S/B ratio, mixing temperature and
energy input have been systematically studied. Future research could investigate mixing
the anti-solvent with inorganic or organic additives to remove fine solids art lower bitumen

losses.

« Water droplets together with additives can be used for removing fine solids from NAE
bitumen. When water is added into the solvent, the fine solids tend to be absorbed into the
water droplets or remain at the solvent-aqueous interface. The collected solids can then be
removed together with the added water. Many papers in the open literature discussed the
choice of additives, including cationic surfactant and water-soluble organic compounds
with low molecular weight, such as resorcinol, formic acid, catechol, and chloral hydrate.

This method also can work together with antisolvents to significantly improve the fine
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solids removal efficiency.

« Electrostatic filtration was reported in fine solids removal from NAE bitumen in recent
patent literature. The fine solids in NAE bitumen can be collected when the bitumen was
passed through an electrostatic separator in the presence of electric field. The solids
content in the final bitumen product can be reduced to 0.1 wt%. Further research on the
mechanism and influencing factors of fine particles charge in diluted bitumen would

improve the performance of this method.

« Enhancing fine solids removal by hydrothermal treatment or use surface functionalized
particles have been studied on the applications of treating bitumen froth and oil sands
tailings. These two methods should have potential to remove fine solids from NAE

bitumen due to the similarities of the system composition.

The methods that directly obtain bitumen product with low fine solids content by
modifying the traditional NAE process, including solvent extraction spherical
agglomeration (SESA), ionic liquid assisted solvent extraction (ILASE), and switchable

hydrophilicity solvent extraction (SHSE) process, are also reviewed in this work.

« SESA combines the addition of organic solvent and small amount of water which can
agglomerate the fine particles and form removable solid-water spherical agglomerates, and
therefore reducing the difficulty of solids removal and obtaining bitumen product with low
solids content. Reports showed that the solids content in bitumen product of this process
can be less than 2 wt%, which was still too high for NAE bitumen. The feedstock
properties and operating parameter which influence solids content in bitumen product

worth further explore by future research.
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 In ILASE process an appropriate ionic liquid (IL) is used to assist the extraction of
bitumen from oil sands by an organic solvent. IL has strong interaction with the surface of
mineral solids in oil sands, so it can promote the release of bitumen and therefore increase
extraction recovery and decrease fine solids content in bitumen product. ILASE can
generate fine solids free bitumen product from the oil sands under specific conditions.
However, there is a struggle of ILASE between extraction performance and environmental

concern. Future research would aim at solving this issue.

« SHSE is a novel bitumen extraction process that uses switchable hydrophilicity solvent
(SHS) to achieve better extraction performance than normal solvent alone extraction (SAE)
process. It was reported that the solids content in final bitumen product was zero within
experimental error. Similar to ILASE process, SHSE process also has environment and

cost issues to be solved by future research.
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