Article
pubs.acs.org/EF

Total Internal Reﬂection Fluorescence Microscopy To Investigate the
Distribution of Residual Bitumen in Oil Sands Tailings
Swapnali S. Shende,† Sarang Pendharker,‡ Zubin Jacob,‡,§ and Neda Nazemifard*,†
Department of Chemical and Materials Engineering, and ‡Department of Electrical and Computer Engineering, University of
Alberta, Edmonton, Alberta T6G 2V4, Canada
§
Department of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907, United States

Downloaded via PURDUE UNIV on May 21, 2021 at 18:01:51 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

†

ABSTRACT: A major waste byproduct of oil sands in situ extraction is oil sands tailings, which are a mixture of water, clay, and
residual bitumen. These tailings represent a huge ecological footprint in the form of tailings ponds, which not only render large
land areas unusable but also prevent reuse of water. The slow dewatering of the tailings ponds poses a major challenge to the
industry. The presence of complex inorganic−organic bitumen−clay mixtures in these tailings contributes to this problem.
Hence, understanding the nature of the bitumen−clay association and the eﬀect of bitumen on clay particle−particle interactions
is important for the development of more eﬀective chemicals or processes to accelerate particle aggregation and sedimentation
during dewatering. Previous studies that investigate these interactions used techniques that are sensitive only toward inorganic
clay but not sensitive towards organic bitumen. Here, we use a high-resolution total internal reﬂection ﬂuorescence (TIRF)
microscopy to help identify the accurate location and distribution of bitumen in mature ﬁne tailings (MFT) samples. We report
the ﬁrst adaptation of TIRF beyond cell biology for visualization of bitumen and its interaction with clay. The high signal-to-noise
ratio of TIRF microscopy and a high contrast between the clay and residual bitumen provide images that reveal a wealth of
information about the bitumen coverage on clay as well as clay−clay aggregates and how the bitumen positions itself within these
aggregates. These images conﬁrm the presence of hydrophobic ﬁne clay agglomerates along with the hydrophilic clay particles in
MFT. It is also observed that bitumen coats clay particles, bridges clay agglomerates, and is mostly absent as free bitumen in the
bulk of the MFT sample. Our work paves the way for the use of nanophotonic tools in oil sands imaging and provides strategic
suggestions for the development of better methods for clay sedimentation and bitumen recovery.

1. INTRODUCTION
Oil sands consist of mostly water, minerals, and bitumen.1 The
amount of oil sands deposits in Canada make it a country with

reserves can be recovered using surface mining technique,
which is much cheaper than the in situ technique.2 Surface
mining involves removing the overburden, digging the exposed
oil sands, transporting the oil sands to the crushers, and then
sending the crushed oil sands to the extraction plants. The hotwater extraction process is one of the techniques used for
extracting oil from the oil sands. In this technique, oil sands are
mixed with hot water to form a slurry, which is then sent to a
separation vessel. Here, the slurry separates into 3 layers: a
bottom layer consisting of sand, a middle layer consisting of
clay, water and some sand and a top layer called a bitumen
froth. The waste byproduct from the extraction process
consisting of sand, clay, ﬁne silt, and water are called tailings.
It is sent to tailing ponds to allow sedimentation. Tailings are
known to contain contaminants, such as naphthenic acids,3
polycyclic aromatic hydrocarbons,4 mercury, and trace metals,5
which are harmful to the environment and therefore need to be
mitigated. Over time, a top water layer is formed in the tailing
ponds, which is recycled back to the extraction plant. The
bottom layer eventually forms mature ﬁne tailings (MFT),
which has a solid content up to 30% (w/w) with the remainder
being water. Further dewatering of MFT can take as long as
100 years.1 Strict government regulations, economic constraints, and negative environmental impacts have urged

Figure 1. Fluorescence emitted by bitumen on illumination with an
excitation laser. Clay does not show ﬂuorescence, and hence, clay and
bitumen show a high contrast in ﬂuorescent images.

the third largest oil reserves in the world are mainly found in
the Athabasca, Cold Lake and Peace River region of Alberta.
Bitumen from oil sands has a higher viscosity, higher density,
higher quantity of heavy metals, and lower hydrogen/carbon
ratio in comparison to conventional crude oil.1
Oil sands are recovered from the ground by either surface
mining or in situ technology. About 10% of the oil sands
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showing the eﬀect of change in the temperature, pressure,
ﬂocculants, and pH.34,35
First, we present the ﬂuorescence excitation and emission
spectra and show that it is possible to observe the bitumen−
clay and bitumen−water interfaces using confocal epiﬂuorescence microscopy. Then, we show the distribution of
bitumen in MFT using TIRF images. Finally, using highresolution TIRF microscopy, we provide novel insights on the
spatial location of residual bitumen on clay agglomerates in
diluted MFT samples. Understanding bitumen distribution on
clay and how it aﬀects the clay−clay interaction in MFT is
crucial for the development of more eﬀective chemicals and
processes to accelerate particle aggregation and sedimentation.

industries to increase the speed of tailings dewatering, water
recycle, and tailings land reclamation. Various methods, such as
adding gypsum to increase clay consolidation,6 adding
ﬂocculants,7−9 ﬁltration, and drying, have been explored to
increase the separation rate of water from solids to no avail. To
increase the MFT settling rate, it is important to understand its
components, their surface chemistry, and their surface
interactions. Substantial research is being conducted in this
area.
The slow settling of MFT and lowered bitumen recovery are
mainly attributed to factors such as pH,10 small clay particle
size,11 negative surface charge of clay,12 gelation of clay,13 types
of clays,11,14−16 and presence of the residual bitumen in
tailings.2,1,17 Residual bitumen ends up in tailings as a result of
the bitumen−clay attachment in oil sands, which impairs the
bitumen−air attachment during froth ﬂotation. 18−20 A
signiﬁcant percentage of oil sands clays has organic material
physically or chemically adsorbed onto its surface.2,15,16,21
These clay−organic interactions take place at a 1−10 nm scale,
but they impact the recovery and upgrading of bitumen on a
much larger scale.22 As a result of the nanoscale of these
interactions and a lack of contrast, a bright-ﬁeld optical
microscope cannot be used to study these interactions. Various
other techniques, such as X-ray photoelectron spectroscopy
(XPS),23 X-ray ﬂuorescence (XRF) microscopy,24 atomic force
microscopy (AFM),16 transmission electron microscopy
(TEM),25 and scanning electron microscopy (SEM),25 have
been used to study bitumen, asphaltenes, and/or oil sands
tailings. However, these techniques have various shortcomings.
SEM and TEM require extensive sample preparation and
working under vacuum and a depressed temperature, which can
alter the tailings' chemical structure.25 Although AFM does not
require much sample preparation, it reveals surface features
only, without material speciﬁcity.16 All of the above methods
are not speciﬁc toward organic materials, and hence, the
organic interaction with clay and their morphology is inferred
but not known. However, ﬂuorescence microscopy has shown
excellent promise in imaging in situ bitumen/asphaltene
structures at the micrometer scale without much sample
preparation.26−29
In this article we report use the of ﬂuorescence microscopy
to image bitumen in MFT. The ﬂuorescence phenomena in
MFT are depicted in Figure 1, where a bitumen−clay interface
is illuminated with a laser to excite bitumen molecules to higher
energy levels. The excited molecules then emit ﬂuorescence
while returning to the ground level. Because only bitumen
shows natural ﬂuoresence,30,19 the exact bitumen location on
clay can be imaged using ﬂuorescence microscopy. Because
bitumen is dispersed throughout the bulk of the sample,
ﬂuorescence from deeper planes creates signiﬁcant background
noise, resulting in the loss of information from the focused
region of the sample. For that reason, to image bitumen
distribution in MFT, we adapted a Total Internal Reﬂection
Fluorescence (TIRF), which until now was used only in cellbiology research,31−33 to image bitumen distribution in MFT.
In TIRF, the sample is illuminated by an evanescent wave near
the surface, in contrast to illumination by a propagating wave in
a conventional confocal ﬂuorescence microscope. The illumination depth in TIRF can be made as small as 100 nm to
eliminate the background noise, enabling imaging of detailed
features. TIRF can provide information on bitumen distribution
and the bitumen−clay interaction in tailings in real time,

2. EXPERIMENTAL SECTION
Pure kaolin model clay, Athabasca bitumen, and MFT were provided
by the Institute of Oil Sands Innovation (IOSI), University of Alberta.

Figure 2. Athabasca bitumen that was observed using epiﬂuorescence
microscopy techniques.

Figure 3. Kaolin (model clay) used to observe the ﬂuorescence
intensity diﬀerence between bitumen and clay.

Figure 4. MFT sample from Syncrude tailings pond.
Athabasca bitumen used in the spectroﬂuorometer and confocal
epiﬂuorescence microscopy experiments was obtained from Syncrude
Canada, Ltd. It was produced by the hot-water extraction process and
contained about 4−5 wt % asphaltenes.
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2.1. Spectroﬂuorometer. Laser source and excitation ﬁlters used
to image bitumen, asphaltenes, and tailings are indicated in past
literature. As a result of some discussions about the excitation
wavelength of various bitumen components in these literature,26
conﬁrming the favorable laser source was deemed necessary for our
TIRF experiments. A spectroﬂuorometer was chosen for this purpose.
A Varian Cary Eclipse spectroﬂuorometer was used to obtain the
excitation and emission spectra with respect to ﬂuorescence intensity
for bitumen. These spectra aided to visualize the range of excitation
and emission wavelengths over which bitumen can be easily detected
using ﬂuorescence techniques. Hence, narrowed down the favorable
laser source and emission ﬁlter in TIRF for MFT imaging.
Dilute bitumen samples with concentrations of 0.1, 0.3, and 0.5 g/L
bitumen in toluene were made to obtain these spectra. This was
necessary because the spectroﬂuorometer is known to give better
results for dilute samples. As a result of the inner ﬁlter eﬀect,36 at a
high sample concentration there is high excitation light scattering and
internal absorption of ﬂuorescence, leading to the loss of ﬂuorescence
intensity in the resulting spectra. As a result, it is necessary to use
dilute samples.37
A constant quantity (4 mL) of these samples was taken in a glass
cuvette to ensure repeatability of results.
2.2. Confocal Epiﬂuorescence Microscope. The ﬂuorescence
microscope is an optical microscope that uses a high-intensity light
source to illuminate a sample, which then emits ﬂuorescence.
Fluorescence from the sample is always of higher wavelength than
that of the excitation wavelength. A dichroic mirror and an emission

Figure 5. TIRF microscope schematic. The sample is illuminated by
evanescent ﬁelds near the surface of the coverslip.
The MFT samples used in the confocal epiﬂuorescence microscopy
and TIRF experiments were obtained in 2014 from Syncrude Canada,
Ltd. tailings ponds. These MFT samples contain approximately 31 wt
% solids, 4 wt % bitumen, and 65 wt % water.
Confocal epiﬂuorescence microscopy and TIRF do not require an
elaborate procedure for sample preparation. The sample preparations
simply involved preparing the glass slides.

Figure 6. Image A shows a spectroﬂuorometer graph depicting the change in ﬂuorescence intensity for a range of excitation and emission
wavelengths for a 4 mL sample of toluene. Images B, C, and D show this graph for 0.1, 0.5, and 0.3 g/L bitumen in toluene, respectively.
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Figure 7. Images A and D represent the bright-ﬁeld image of kaolin and Athabasca bitumen, respectively. Images B and E show the epiﬂuorescence
images of clay and Athabasca bitumen, respectively, for excitation with a xenon lamp and emission ﬁlter of 500−550 nm. Images C and F show the
epiﬂuorescence images of clay and Athabasca bitumen, respectively, for excitation with a xenon lamp and emission ﬁlter of 560−640 nm. Clay is not
showing substantial ﬂuorescence compared to the strong ﬂuorescence of bitumen.

Figure 8. Image A shows a bright-ﬁeld image of the clay and bitumen interface. Image B shows the ﬂuorescence image of the clay and bitumen
interface for excitation with a xenon lamp and emission ﬁlter of 500−550 nm. Image C shows the ﬂuorescence image of the clay and bitumen
interface for excitation with a xenon lamp and emission ﬁlter of 560−640 nm. A clear clay and bitumen interface is visible with epiﬂuorescence.
ﬁlter can allow emitted wavelength to pass through. A condenser and
an objective then collect the wavelength.
A more eﬃcient form of the ﬂuorescence microscope, the
epiﬂuorescent microscope enables illumination and detection to take
place on the same side of the sample. This ensures that only reﬂected
excitation light and emitted light are collected by the objective, which
drastically increases the signal-to-noise ratio.38

The advantages of using any type of ﬂuorescence microscopy for
oil-sands-related research is that this technique is organic-speciﬁc,
which is not the case with most other techniques being used currently.
It is also a non-destructive method and can provide measurements
with respect to time.38
Past studies have indicated that bitumen shows natural
ﬂuorescence.26,30 Hence, using dyes to tag bitumen is not necessary.
This is another advantage of the ﬂuorescence microscopy technique.
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Figure 9. Image A shows a bright-ﬁeld image of the water and bitumen interface. Image B shows the ﬂuorescence image of the water and bitumen
interface for excitation with a xenon lamp and emission ﬁlter of 500−550 nm. Image C shows the ﬂuorescence image of the water and bitumen
interface for excitation with a xenon lamp and emission ﬁlter of 560−640 nm. The water and bitumen interface is clearly seen with epiﬂuorescence.
The epiﬂuorescence microscope has the objective at the bottom of
the sample holder. Consequently, the glass cover had to be placed on
the bottom side. All slides were prepared by ﬁrst placing the sample on
the glass cover and then covering the sample with a glass to prevent
any possible air gap between the glass cover and the sample. An air gap
is not favorable because the refractive index of air (∼1) is lower than
the refractive index of the glass cover, objective lens, and immersion oil
(∼1.52 for all three), which leads to distortion of the images.
The model clay−bitumen interface sample, bitumen−water interface sample, individual bitumen (as shown in Figure 2), model clay
samples (as shown in Figure 3), MFT (as shown in Figure 4), and
dilute MFT sample slides were prepared and imaged using an
epiﬂuorescence microscope with a xenon lamp source and emission
ﬁlters in the range of 500−550 nm (green) and 560−640 nm (red).
The confocal feature of the epiﬂuorescence microscope made it
possible to capture the ﬂuorescence image Z-stack for the MFT
samples, which gave information about the shape of the ﬂuorescing
particles and also presented the possibility to perform quantitative
analysis for changes in the bitumen distribution on clay with variations
in temperature, pressure, and ﬂocculants.
2.3. TIRF Microscope. In a conventional epiﬂuorescence microscope, the entire sample is ﬂooded with excitation light, resulting in
ﬂuorescence from all planes. This obscures details in the captured
images. In TIRF, the excitation laser is made incident on the glass
coverslip at an angle greater than its critical angle, as shown in Figure
5. As a result, the incident laser undergoes total internal reﬂection, and
only an evanescent ﬁeld develops adjacent to the glass−sample
interface and decays exponentially away from it. The depth of the
evanescent ﬁeld can be controlled by controlling the incident angle.
This depth can be made as small as 100 nm, eliminating any noise
from deeper planes. The objective lens then collects the light emitted
by the ﬂuorophores and a digital camera is used to form the resulting
image. This technique can generate a very high-contrast images.
Samples prepared for epiﬂuorescence microscopy were also used for
TIRF microscopy. The TIRF facility had 488, 543, and 633 nm laser
sources. The emission ﬁlters used for the 488, 543, and 633 nm
excitation lasers were in the ranges of 500−550 nm (green), 560−640
nm (red), and 650−730 nm (red), respectively. To obtain good TIRF
images, the incidence angle was made slightly greater than the critical
angle.

spectroﬂuorometer were plotted in the form of color contour
maps to help visualize the results.
Because toluene was used to prepare the diluted bitumen
samples, it was important to obtain excitation and emission
spectra data for toluene to make sure that ﬂuorescence from
toluene would not interfere with ﬂuorescence from the
bitumen. It can be observed in Figure 6A that toluene did
not show any substantial ﬂuorescence in the excitation and
emission wavelength ranges of interest.
The graphs for 0.1, 0.3, and 0.5 g/L concentrations of
Athabasca bitumen containing about 4−5 wt % asphaltenes can
be seen in the images B, C, and D of Figure 6, respectively. The
spectroﬂuorometer results showed that the peak excitation
wavelength was in the range of 350−500 nm and the peak
emission wavelength was in the range of 400−550 nm for the
0.1, 0.3, and 0.5 g/L concentrations of bitumen. These data are
in agreement with the literature.26−30 As expected, an increased
ﬁrst-order scattering was observed with an increase in the
sample concentration. Taking the spectroﬂuorometer results
into consideration, a 488 nm laser source and 500−550 nm
emission ﬁlter from the available resources were found to be
the best choices for the confocal epiﬂuorescence microscope
and TIRF microscope imaging.
3.2. Confocal TIRF and Epiﬂuorescence Microscope.
Bitumen and clay sample images were taken using bright-ﬁeld
and epiﬂuorescence microscopies. Samples of bitumen were
prepared by smearing a thin ﬁlm of bitumen on the glass cover.
The thin ﬁlm/strands of bitumen made it possible to image it
with a bright-ﬁeld microscope. Samples of kaolin (model clay)
were prepared by sprinkling Kaolin powder on the glass cover.
The bright-ﬁeld images of clay and bitumen can be seen in
images A and D of Figure 7, respectively. Figure 7D shows that
the lack of contrast makes it diﬃcult to observe bitumen.
Bitumen can be clearly observed as a result of its strong
ﬂuorescence in images E and F of Figure 7. However, Figure 7B
and C shows that clay cannot be clearly seen, because it lacks
substantial ﬂuorescence.
The ﬂuorescence intensities of bitumen and kaolin samples
(Figure 7) were compared at the same camera settings in an
epiﬂuorescence microscope. These settings were noted and
used for MFT samples, ensuring that bitumen and clay could be
distinguished in these samples.

3. RESULTS AND DISCUSSION
3.1. Spectroﬂuorometer. The spectroﬂuorometer experiments helped to narrow down the laser source and ﬁlter cubes
for the confocal epiﬂuorescence microscope and TIRF
microscope experiments. The results obtained from the
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Figure 10. Image A shows a bright-ﬁeld image of the MFT sample. Image B shows the TIRF images of the MFT sample for an excitation laser of 488
nm and emission ﬁlter of 500−550 nm, and image C shows the TIRF image of the MFT sample for an excitation laser of 543 nm and emission ﬁlter
of 560−640 nm. MFT sample ﬂuorescence images indicate that the ﬂuorescing bitumen particles dispersed in non-ﬂuorescing clay and water. Image
D shows 3D reconstruction of the MFT sample at the same location and settings as image B.

ﬂuorescence images showed the location of bitumen. The MFT
sample was prepared by smearing a thin ﬁlm onto the glass
cover. The thin ﬁlm enabled imaging with a bright-ﬁeld
microscope. Figure 10B and C show the ﬂuorescence images of
the MFT sample showed ﬂuorescing particles in a pool of nonﬂuorescing media. The conclusion drawn from imaging the
bitumen−clay and bitumen−water interfaces, it is understood
that the ﬂuorescing particles were bitumen and non-ﬂuorescing
media were water and clay combined. However, as a result of a
high concentration of clay particles in these MFT samples, it
was diﬃcult to clearly observe clay particle boundaries in the
bright-ﬁeld images of MFT samples. Figure 10A did not clearly
show whether the bitumen was attached to the clay, suspended
in water, or both. To overcome this information deﬁcit, the
MFT sample was diluted.
The three-dimensional (3D) image seen in Figure 10D
helped to clarify the shape of the ﬂuorescing particles.

Samples with the bitumen and clay interface were prepared
by smearing the bitumen strands on the glass cover and
sprinkling some kaolin around it. The clay and bitumen
interface could be clearly observed using epiﬂuorescence
microscopy, as seen in Figure 8. These images conﬁrm that
bitumen and clay can be distinguished using ﬂuorescence
techniques.
The water and bitumen sample slides were prepared by
smearing the bitumen strands on the glass cover and then
adding some water. These sample images were observed using
an epiﬂuorescence microscope. Figure 9 shows that water did
not show ﬂuorescence and the bitumen/water interface could
be clearly distinguished. The ﬂuorescence images for bitumen/
clay and bitumen/water conﬁrmed that bitumen would be
clearly seen in MFT sample ﬂuorescence images.
In the case of the MFT sample, both ﬂuorescence images and
bright-ﬁeld images were important. The bright-ﬁeld image
showed the location of clay particles in the sample, while the
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Figure 11. Image A shows a bright-ﬁeld image of the diluted MFT sample. Image B shows the TIRF images of the diluted MFT sample for an
excitation laser of 488 nm and emission ﬁlter of 500−550 nm, and image C shows the TIRF image of the diluted MFT sample for an excitation laser
of 543 nm and emission ﬁlter of 560−640 nm. The diluted MFT sample ﬂuorescence image shows ﬂuorescing bitumen particles near the clay
particle location in the bright-ﬁeld image. Image D shows 3D reconstruction of the diluted MFT sample at the same location and settings as image B.

Diluted MFT samples were prepared by ﬁrst diluting 1 g of
MFT with about 100 mL of deionized water at 60 °C. A drop
of this diluted MFT was added to the glass cover, allowed to
dry, and covered with a glass slide. As seen in Figure 11A, the
bright-ﬁeld image of diluted MFT samples helped to observe
that a single layer of clay aggregated and reduced the density of
clay particles, which previously obscured details. It showed the
two-dimensional (2D) shape of clay aggregates and also helped
to better understand the bitumen coverage on clay. These
samples were easier to observe under a bright ﬁeld, and noise
was greatly reduced in these images as a result of a lower
concentration of clay particles. The ﬂuorescence images B and
C of Figure 11 show the bitumen near the clay particles in the
bright-ﬁeld image. Figure 11D shows a 3D reconstruction of
the diluted MFT sample at the same location as the 2D images.
This image gives an idea of the shape of the bitumen-coated
clay aggregates. The 3D images can be used for future image

analysis to ﬁnd the surface coverage of bitumen on clay
aggregates.
All of the ﬂuorescence images in this paper were taken at the
same camera settings, with exposure time set at 200 ms and
exposure multiplier set at 100, to help maintain consistency in
the results.
Figure 12 shows various bright-ﬁeld images and ﬂuorescence
images of diluted MFT samples, which were superimposed
using ImageJ software to observe the bitumen surface coverage
on the clay particles. In Figure 12, the dark gray particles are
clay39 and green dots are bitumen. In this sample of MFT,
bitumen is not suspended freely in water. Residual bitumen is
bridging and coating the clay agglomerates. It can also be seen
that only some percentage of clay aggregates is associated with
bitumen, conﬁrming the presence of water-wet and bitumenwet clays in MFT.
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Figure 12. Superimposed bright-ﬁeld and 488 nm excitation laser TIRF images of the diluted MFT sample. The dark gray particles in these images
are clay particles, while the green dots are bitumen.

4. CONCLUSION
Most previous methods have been able to map MFT samples
with only predictions about the bitumen location. This was
mainly due to the use of inorganic-speciﬁc techniques.1 The
high-resolution and organic-speciﬁc TIRF microscope images
discussed in this paper help to map the exact location and
surface coverage of bitumen on ﬁne clay in MFT. These images
also make it possible to observe the presence of water-wet clay
particles, along with the bitumen-wet clay particles. They also
shed light on the bitumen−clay particle boundaries and
surfaces, which can be even more clearly visualized with the
aid of edge detection techniques in image analysis. At 0.3 μm
resolution, the images also show that bitumen coats some clay

and bridges some clay aggregates together, as conceptually
visualized in previous literature.2 There was no free bitumen
observed in the bulk of the MFT sample at the current
resolution.
The resolution of images can be further improved using
metamaterial substrate instead of a glass coverslip.40 Imaging
the bitumen coverage on clay and observing its eﬀect on the
clay−clay interaction will aid in the development of techniques
to accelerate clay agglomeration/sedimentation and enhance
bitumen recovery in the future.
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