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Abstract

One of the critical challenges in the Canadian oil sand industry is improving processes
used to separate bitumen from oil sands and to remove clay particulates from produced
oil. The fine clay particles are believed to play a significant role in the oil sands industry,
from stabilizing process emulsions to fouling problems in water treatment. Addressing
the problems caused by these fine clay particulates is limited by the ability to characterize
the hydrocarbon-clay interactions.

Scanning Transmission X-ray Microscopy (STXM) is used to study hydrocarbon-clay
interactions in controlled model systems, where all components are known, and in
process samples extracted from oil sands. To use STXM to study our desired systems,
many experimental developments were required. Well developed sample preparation was
needed to provide samples free from contaminants and experiments free of artifacts.
Clean clays, free of extraneous carbon were required for model studies. A device to
reduce photodeposition in the STXM chamber was also required to examine interactions
of hydrocarbons on clay surfaces.

Using these developments, Near Edge X-ray Absorption Fine Structure (NEXAFS)
spectra of model clays and model hydrocarbon mixtures were recorded using the STXM
microscope on beamline 5.3.2 at the Advanced Light Source, in Berkeley CA. Using
NEXAFS spectroscopy in conjunction with the STXM microscope, allowed us to explore
preferential interactions between specific hydrocarbon and fine clay particles (smaller
than 1 um) in our model studies. We were also able to assess the chemistry of the

hydrocarbons before association with the clay particles.
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Process samples, consisting of a set of four bitumen froths extracted from the oil sands
were investigated. The carbon chemistry of the froths was assessed and quantitatively
analyzed. The findings were correlated with previous confocal microscopy results from

our collaborators at CANMET Energy Technology Centre in Devon, Alberta.
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CHAPTER 1
INTRODUCTION

The oil sands in northern Alberta contain large amounts of bitumen, which can be
extracted and converted into synthetic crude oil through flotation and purification
processes. Oil sands are a complex mixture of clays, sand, bitumen, water and mineral
phases. A hot water flotation technique is commonly used to extract bitumen from the oil
sands. However, it has been recognized that this processing is complicated by fine clay
particles and divalent ions present in the oil sands, as these are believed to interfere with
the flotation process and cause emulsion stabilizations.'” These complications lead to
decreased production and require more energy for separation. Therefore, it is of
fundamental importance to understand the nature of the interactions between the
hydrocarbons and the fine particle content, especially the clay particulates which are
believed to be one of the largest contributors to these processing problems.® The ability to
address processing issues is amplified by the complexity of characterizing the relevant

hydrocarbon-clay interactions.

The overall goal for this research program is an improved understanding of the
physical interactions between the surfaces of clay particles and organic phases present in
the oil sands. The specific goal of this Masters project is to develop methods to study and
characterize hydrocarbon-clay associations in both model systems and process samples.

We have applied X-ray spectromicroscopy to study the nature of these interactions.



X-ray spectromicroscopy is the combination of chemically sensitive Near Edge X-ray
Absorption Fine Structure (NEXAFS) spectroscopy with high spatial resolution X-ray

microscopy.

X-ray spectromicroscopy is a rapidly evolving field which has been extensively used
for the chemical characterization of organic species, such as polymers,“'9 organic
molecules,'™!" biological'*"? and environmental'*'® samples. This technique is well
suited to study hydrocarbon-clay associations in a variety of model clays, model organic-
clay and process oil sand samples. The detailed research objectives for the portion of the

project studied in this Masters thesis are outlined in §1.6.

An introduction to the oil sands and the processing problems associated with the
interaction of hydrocarbons with clay particulates is briefly described in §1.1. An
introduction to the theory of NEXAFS spectroscopy and its chemical and orientational
sensitivity are described in detail in §1.2. The technique and capabilities of X-ray
microscopy are briefly illustrated in §1.3. The model clay systems that will be studied in
the project are discussed in §1.4. Section 1.5 introduces the types of samples that will be

studied in the thesis. An outline of the thesis and research objectives are provided in §1.6.

1.1 Clay Particles in the Qil Sands

Oil sands are located throughout many parts of the world; however, the largest
currently known field is in northern Alberta, Canada.'” The reserves in northern Alberta
are estimated to contain 1.7 trillion barrels of bitumen.” Oil extracted from these oil sands

represents almost 50% of Canada’s total crude oil output.'®



Bitumen is commonly extracted from the oil sands using a water-based flotation
technique. At the start of the process, the oil sands are mixed with water to release the
bitumen from the sand and fine clay particles. This is followed by aeration, where air is
added into the mixture, allowing the liberated bitumen to attach to the air bubbles. The
last step involves flotation of the aerated bitumen.'"” The floatation is key for separation,
as it separates the bitumen from water and solid particles.'” Under the best circumstances,
95% of the bitumen can be recovered, however; problems can lower the recovery to less
than 70%.% In some cases, the reduced recovery has been speculated to be partially
related to the amount and types of fine particles present in the oil sands, and their

interactions with bitumen and other organic phases.' ™’

In the oil sands industry, “fines” are defined as mineral particulates smaller than 44
um.'® The fine particles associated with the oil sands vary throughout the deposit;
however, fine clay particles are believed to have the largest effect on the efficiency of
bitumen recovery. There has been extensive research invested in clay mineralogy of the
oil sands, which indicated the fine clay particles are principally illite and kaolinite, with

very small amounts of chlorite, montmorillonite, and mixed-layer clays.”'

There is also a large variety of organic components present in the oil sands. For
instance, bitumen is a complex mixture of many different organic species. Some of which
include non-polar aliphatic and naphthenic hydrocarbons (such as naphtha and
naphthenic acids) while others are highly polar aromatic molecules combined with

22,23 .
° The bitumen can also have

heteroatoms (O, N and S), such as asphaltenes and resins.
transition metal ions complexed to porphyrins and other polar molecules.”> Using

fractional chromatography and separation methods, it has been shown that bitumen in oil



sands is primarily composed of 67 w% aromatic compounds, 29 w% resins and 4 w%

saturates .24

Past research has also focused on the study of features affecting the coagulation and
coalescence of clays, as well as factors affecting the bitumen recovery. Some studies
have also taken interest in examining clay-clay interactions, and clay-bitumen

1,3,18,20,25

interactions within the oil sands. These are described in the following section.

Long et al. (2006) studied different methods of coagulation of clays to improve oil
sands processing. In this study, they examined illite-illite interactions under several
different conditions and found that addition of calcium and magnesium ions to solution,
as well as relatively low pH (2.9), tended to favor the coalescence of illite particles.'®
Adding a flocculate, partially hydrolyzed polyacrylamide, also increased the
agglomeration of clays. They believed clay flocculation/coagulation would be desirable
in both bitumen extracting and tailings treatment because it could lead to fast settling of
solids in the tailings.'® Despite finding successful ways to make illite particles coalesce in

solution, some of the methods are not feasible for oil sands processing.

A study by Fong et al. (2004), used a series of model oil sands (MOS) to perform
screening studies of bitumen recovery. The MOS were comprised of 10-wt% bitumen, 5-
wt% water and 85-wt% solids (75-wt% coarse silica and 25-wt% silica fines).”> A warm
water extraction process was performed to assess the effective bitumen recovery. To
evaluate the different variables, they determined bitumen content gravimetrically, and
used particle size distribution tests and a 3-factor Box-Behnken analysis for
quantification.”® Processability curves were created for the different variables to find the

maximum bitumen recovery under the varying conditions. The variable MOS were



compared with a standard MOS to find optimal conditions for bitumen recovery. They
concluded that coarse solids (106-212 pum) and sodium ions in process water did not
affect bitumen recovery; whereas, magnesium and calcium ions in process water and the
presence of montmorillonite (0.05 — 1 wt%) caused permanent loss of bitumen recovery.
Their study produced valuable insight into factors effecting bitumen recovery in ideal
model systems: however, they cannot apply their findings to associations causing

recovery loss in “real” systems where unusual situations might occur.

Czarnecka et al. (1980) combined X-ray powder diffraction (XRD) and infrared
spectroscopy (IR) to study the adsorption of bitumen on clays.*® All bitumen components
(asphaltenes, resins, etc) exhibited IR bands at identical positions; however, the relative
intensities of C-H and C=C stretching bands for aromatic rings were different. The
highest ratio of aromatic components was found in asphaltenes, suggesting asphaltenes
have either more aromatic groups or a larger molecular size.” From IR data, organics
appeared to be absorbing to clay surfaces and not within clay interlayers. IR also showed
bitumen extracted from the oil sands was adsorbed by different clays, and some of the
adsorbed organic matter could be removed using organic solvents (toluene and a 70:30
mixture of chloroform-acetone).”’ From XRD data, the ability of organic molecules to
enter the interlayer space was assessed by testing a series of samples under varying
conditions. The XRD results were independent of the different conditions applied,
demonstrating organic substances from the oil sands were adsorbing on clay surfaces
rather than within clay interlayers, thereby verifying what was slightly evident in their IR

data.”®



Liu et al. (2004), examined the interaction of bitumen with montmorillonite and
kaolinite using Atomic Force Microscopy (AFM). Without the addition of calcium ions,
they found the montmorillonite-bitumen interactive force profiles were highly repulsive
setting a barrier for montmorillonite to approach bitumen. The addition of Ca®>" caused a
significant decrease in the repulsion force and enhanced adhesion forces.' The decrease
in long-range repulsive forces allows the clay to approach bitumen more easily. The
kaolinite-bitumen force profiles were also found to be highly repulsive. Adding Ca®'
depressed the repulsion forces; however the adhesion forces remained weak, signifying
that kaolinite would only weakly attach to bitumen. These differences were attributed to
Ca®" adsorbing well to the surface of bitumen and montorillonite but not to the surface of
kaolinite. This indicated that bitumen-montmonorillonite interactions were stronger than
bitumen-kaolinite interactions, especially when Ca > ions were present in solution, which
was attributed to increased adhesion forces.! Zeta potential distribution measurements

supported these results.

To advance their previous findings involving the bitumen interactions between two
model clays, Liu and coworkers (2004) examined interactions between bitumen and fine
particles extracted directly from the oil sands.” They were interested in characterizing the
bitumen-fine particle interactions in good and poor processing ores. Interactive force
profiles from AFM studies showed repulsive force profiles with weak adhesive forces for
good processing ores, and attractive force profiles with strong adhesive forces for poor
processing ores. This indicates that interactions between bitumen and fine particles in
poor processing ores are more favorable than in good processing ores. The measurements

were corroborated with the use of zeta potential distribution measurements.



Bantignies et al. (1998) studied the absorption of asphaltenes on clay surfaces using
IR, NEXAFS spectroscopy and Extended X-Ray Absorption Fine Structure (EXAFS).
The IR data showed only the OH surface of kaolinite was sensitive to contact with
asphaltenes and no changes were seen in the illite spectrum after contact with
asphaltenes.”” The Al K-edge NEXAFS and EXAFS showed the surface OH groups were
linked to the Al in the kaolinite, confirming the IR results, and the Si environment was
not sensitive to contact with the asphaltenes. Both the Al and Si environments in the illite
remained the same before and after contact with asphaltenes, indicating no major

interaction.

Identifying and characterizing the hydrocarbon-clay interactions is important for
understanding the separation and processing problems encountered in the oil sands
industry. Therefore, the underlying goal of this project is to characterize the association
of organic species with clay surfaces. We propose to use NEXAFS spectroscopy to study
associations of various hydrocarbon-clay systems. NEXAFS spectroscopy is a direct
probe of the local environment surrounding the absorbing atom, and will allow us to
identify the chemical species adsorbed to clay particles. Our C 1s NEXAFS spectra will
be obtained using the Scanning Transmission X-ray Microscope (STXM) to achieve
micro-imaging and high chemical sensitivity simultaneously. The technique and

instrumentation will be discussed thoroughly in chapters 1 and 2 of this thesis.

1.2 Near Edge X-ray Absorption Fine Structure Spectroscopy

This section will provide a brief introduction to Near Edge X-ray Absorption Fine
Structure (NEXAFS) spectroscopy. A more detailed introduction to these experiments

will be provided in § 2.1. NEXAFS, or X-ray Absorption Spectroscopy (XAS) is an



elementally specific core level spectroscopy. X-rays can have sufficient energy to excite
or ionize core electrons within an atom or molecule. An electronic transition occurs when
the X-ray energy matches the energy required to make a core excited state. In NEXAFS
spectroscopy, the K edge refers to the excitation of core electrons from the 1Is shell;
whereas, L edge spectroscopy refers to excitation from the 2s (L;), 2pi» (L2) and 2ps3p
electron shells. The edge jump corresponds to an absorption cross-section increase at the
core electron ionization potential. An example of these different edges is illustrated

below in Figure 1-1 .
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Figure 1-1. X-ray absorption coefficient as a function of photon energy demonstrating
different X-ray absorption edges (L3, Lz,Ll).28

1.2.1 X-Ray Absorption Spectrum

The X-Ray Absorption Spectrum (XAS) is divided into two regions; the NEXAFS
region and the EXAFS region. This division is shown in Figure 1-2. The NEXAFS
region ranges from slightly below the edge jump to approximately 50 eV above the edge;
whereas, the EXAFS region ranges from 50 eV above the edge to well beyond the
ionization edge.”’ NEXAFS features are commonly attributed as electronic transitions to

specific unoccupied molecular orbitals, for example C 1s (C=0) = 7*-o) transition



characteristic of a carbonyl species. This is in contrast to EXAFS features, which are due

to electron scattering from neighboring atoms close to the core excited atom.

NEXAFS
EXAFS

= —

X-ray energy —»

Figure 1-2. Major regions in a typical XAS spectrum.’

In addition to elemental information, NEXAFS spectroscopy can provide chemical
bonding and functional group information. For example carbon-carbon double bonds, and
aromatic groups appear as pre-edge peaks at ~285 eV; whereas carbonyl functionalities
(C=0) exhibit peaks at ~ 288 eV, but vary slightly depending on their chemistry (ketone,
carbonate, etc). NEXAFS can also provide information on the orientation of functional
groups on surfaces or within molecules, as well as magnetic structure.’’ EXAFS spectra
can provide information on the local atomic structure around the core excited atom, such

as bond lengths, identity of neighboring atoms and coordination number.*®

1.2.2 X-Ray Absorption Cross Section

The edge jump in NEXAFS spectra appears as an abrupt step-function type

28

absorption.”” The X-ray absorption cross section (cx) of an atom or molecule is



commonly defined as the number of photons excited per unit time divided by the flux
(number of incident photons per unit time) per unit area.”’ This atomic cross section can
be calculated using Fermi’s “Golden Rule”, in conjunction with applying the dipole
approximation, to provide the final result for the X-ray absorption cross section as
follows;

_ 4r’n’ e’ ns

0 PR
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where o, is the X-ray absorption cross section in cm?, h is Planck’s constant divided by

(fles o pli) 0, (E) (1)

2m, e is an electron charge, m is the mass of the electron, ho is the photon energy, c is the
speed of light, eg is the electric field vector, p is the dipole operator, f'is the wavefunction
in the final state, 7 is the wavefunction in the initial state and Q¢ (E) is the energy density

of final states.’!

The optical oscillator strength (f), is a dimensionless quantity related to the X-ray

absorption cross section according to the equation,

4

iE 2
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where C = 2n°¢’h/me.*! Thus, the oscillator strength is a measure of the intensity of a

resonance and the intensities to bound state transitions are normally represented by

2 Al2
= — ee 1 3
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which is commonly reported as “/ number”.”' The discrete and continuum oscillator

strengths must fulfill specific sum rules, the most common being the Thomas-Reiche-
Kuhn sum rule.’ This rule states that the sum of the oscillator strengths of transitions to
all states is unity for each electron in a particular atom or molecule.’’ Therefore, the total

oscillator strength for the electronic excitation of an atom or molecule is equal to the
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number of electrons in the atom or molecule, which can be represented mathematically

by

>, +j%dE:N (4)

where N is the number of electrons.*’ Thus, the area under the curve of a plot of dAE)/dE
as a function of energy must be proportional to the number of electrons in the system.’’
For instance, in normalized C 1s spectra, the integrated C 1s absorption area must be the
same for multiple spectra of a sample. Thus, if the intensity of one peak in the spectrum
increases, the intensity of another peak must decrease such that the area under the
normalized and background subtracted carbon NEXAFS spectra remains constant. This
can be utilized for quantizing NEXAFS data but is only valid for normalized spectra, and

is used for part of our analysis in chapter 5.

1.2.3 Chemical Sensitivity of NEXAFS Spectroscopy

NEXAFS is a chemically sensitive spectroscopy. Every element has a characteristic
core binding energy, therefore NEXAFS spectra are element specific. Features in the
spectra can be attributed to various transitions from the ground state to core excited

states.

Although NEXAFS photo-excitation is a multi-electron process, it is useful to
describe the process for closed-shell molecules using an orbital approximation such that
the excitation process is considered to be a one-electron transition.® For instance, in
aromatic species, the transition at 285 eV is attributed to a transition from the C Is
electron to a m* orbital of a phenyl ring. Such details can provide important information

regarding the chemical bonding and electronic structure in molecules, specifically the
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presence or absence of various functional groups. This exquisite functional group
sensitivity can be seen in Figure 1-3. This figure shows the C 1s NEXAFS spectrum of
poly(styrene-r-acrylonitrile). In the pre-edge region, the spectrum contains two intense
peaks, labeled A and B. Peak A, at approximately 285 eV can be attributed to a C 1s =
n* electronic transition of the phenyl functional group; whereas, peak B, at 287 eV arises
due to a C 1s > m* electronic transition of the acrylonitrile functional group.® This figure
nicely demonstrates the functional group sensitivity of NEXAFS; however, an even more
powerful component of NEXAFS spectroscopy lies in its ability to decipher between
chemical shifts in similar functional groups. This more advanced chemical sensitivity of
NEXAFS spectroscopy has been utilized in a multitude of studies over the past few years

and will be reviewed below.
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Figure 1-3. Schematic of electronic transitions in the C 1s NEXAFS spectrum of
poly(styrene-r-acrylonitrile).®



Urquhart et al. (1999) studied the chemical differences between methylene di-p-
phenylene isocyanate and toluene diisocyanate polymers, to distinguish between the two
polymers but more importantly, to resolve differences in urea and carbonate linkages.’
On the left side of Figure 1-4, four polymers examined and compared in this study are
shown, and on the right, the C 1s NEXAFS spectra obtained from the polymers are

displayed.
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Figure 1-4. (Left) Structures of two polyurea and two polyurethane polymers examined by
C 1s NEXAFS, (Right) C 1s NEXAFS spectra of the 4 polymers.”

The key to understanding the differences between the two types of polymers was
found in the pattern of the C 1s (C-H) = 1xn*c—c transition (located at approximately
285.2 eV) and C s (C-R) 2 ln*cc transitions (located at approximately 286.5 eV).’

The energy splitting between these two transitions was very similar for both types of
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polymers; however, the intensity ratio of the C-R/C-H transitions was vastly different,
creating a distinguishing feature. They were also able to differentiate between the two
types of linkages, urea and carbonate, from the energy of the C 1s (C-R)> 1n*c—c
transition. The transition was found to be at a slightly lower energy with a slightly
different shape for the polyurea model than for the polyurethane model. It was also found
that the C-H and C-R intensities were quite different, in particular the C-H peak was

approximately 30% more for the polyurea model than the polyurethane polymer.

To further exhibit the chemical sensitivity of NEXAFS, a 2002 paper by Urquhart and
Ade was able to exploit the functional group sensitivity of NEXAFS further by creating a
series of correlation diagrams for carbonyl functional groups.'® This study focused on the
carbonyl chemistry occurring from the carbon and oxygen core (C 1s and O 1s) 2>
n*c=o) transitions in a series of polymers containing carbonyl groups in a variety of
different bonding arrangements. By focusing on the energy of the carbonyl transition,
they created C Is and O 1s correlation diagrams for the trends in energy position that
various carbonyl functional groups would possess. These correlation diagrams are shown
in Figure 1-5 below. Careful calibration and high quality ab initio calculations were used
to insure the positions reported in the correlation diagrams were accurate, so they could
be used in future work to aid in chemical identification of specific carbonyl

functionalities.
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Figure 1-5. Correlation diagram indicating the expected energies for various C Is and O 1s
electronic transitions based on the type of carbonyl moeity present in the molecule.

1.2.4 Orientational Sensitivity of NEXAFS Spectroscopy

NEXAFS spectroscopy is also sensitive to molecular orientation. Linear dichroism is
defined as the anisotropic absorption of linear polarized electromagnetic radiation.* The
intensity of NEXAFS features are dependent on the angle between the X-ray electric field

vector eg and the transition moment vector.® The transition intensity varies as

I oc ‘eE . r|2 o cos” @ (5)
where 6 is the angle between the electric-dipole vector r and the electric-field vector eg.”
Synchrotron radiation has well-defined polarization properties. Synchrotron light is
85-90% linear polarized in the horizontal plane on bend magnet beamlines, and to 100%

. . 31,33
on linear undulator beamlines.”

A recent example of NEXAFS spectroscopy used to examine molecular orientation of

molecules involved investigation of linear dichroism in C 1s = o*.c transitions or a
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linear alkane, n-hexacontane.*” Figure 1-6 shows the C 1s NEXAFS spectra of the
hexacontane at 0°, and 90°, the angles at which the intensity of the C 1s = c* i) band
reaches a minimum and maximum respectively.’> From the angle dependence of the C 1s
- 6*(c.c), they were able to determine that the transition dipole moment (TDM) for the C
Is = o*c.c transition, apparent at 293.5 eV, was orientated along the macromolecular

backbone of the linear alkane, as opposed to along individual C-C bonds.
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Figure 1-6. C 1s NEXAFS spectra of hexacontane (CeoH)22), at two extreme angles; 0°
where the electric field vector was aligned along the macromolecular backbone, and 90°,
where the electric field vector was aligned perpendicular to the macromolecular
backbone.*

1.3 X-ray Microscopy

This section provides a brief introduction to X-ray microscopy and how it can be
utilized in the study of complex chemical systems. Section 2.2 will discuss the
experimental details on how X-ray microscopy experiments are performed and provide

specific details on the X-ray microscope used for these experiments.

X-ray microscopy has undergone rapid development and advances as the availability,
quality and brightness of third generation synchrotron facilities has improved. For all the

experiments performed in our work, we used scanning transmission X-ray microscopy.
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These microscopes use diffractive focusing optics to form an X-ray focus through which
the sample can be raster scanned.’® A schematic diagram of a typical scanning X-ray
microscope is shown below in Figure 1-7. The STXM microscope consists of an X-ray
source (in this example from an undulator), a monochromator to select the desired photon
energy, zone plate optics to focus the beam onto the sample, a controlled stage to allow
for sample scanning (peizo and stepper stages), and a detector to measure the X-ray

transmission. These components will be discussed in greater detail in chapter 2.
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Figure 1-7. Schematic diagram of an scanning transmission X-ray microscope.”

The main advantage of using a soft X-ray scanning transmission microscope is that
high resolution images can be obtained in combination with high resolution X-ray
absorption spectroscopy. This combination of high spatial resolution images from X-ray
microscopy and high resolution NEXAFS spectra has led to what is commonly called X-
ray spectromicroscopy. This high sensitivity and chemical contrast capability of
NEXAFS spectromicroscopy is demonstrated by the example of Yoon et al.*> STXM

microscopy was used to investigate a series of hydrated synthetic aluminum containing
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mineral colloids. An evaluation of the capability of STXM microscopy to distinguish
between similar aluminum samples when mixed in a solution was desired. The first step
in the study was obtaining Al 1s NEXAFS spectra of the model compounds alone, shown

below in Figure 1-8.
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Figure 1-8. Aluminum K-edge NEXAFS spectra of seven reference minerals.”

Once individual spectra were obtained, four aluminum containing minerals were
mixed in aqueous solution and STXM micrographs were obtained from the hydrated
sample. Using the chemical contrast sensitivity of NEXAFS, maps of the different
minerals in the mixed, hydrated samples were made by examining images acquired at
different energies. Figure 1-9 shows various X-ray microscope images along with the Al-
K edge NEXAFS spectra obtained from different regions in the sample. To identify these
regions, slightly different photon energies were used to take X-ray microscope images of

the sample, as shown in the bottom section of Figure 1-9. Based on the energy at which
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different absorption features occur, the authors were able to identify different chemical
regions in their mixture. From comparison of previous NEXAFS spectra of each mineral
by itself, they could locate each individual mineral in the mixture. This example

demonstrates the strengths and unique capabilities of NEXAFS spectromicroscopy.
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Figure 1-9. STXM micrographs and Al K-edge NEXAFS spectra of various aluminum
containing minerals in a mixed aqueous sample.*’

When examining other common techniques, we can see advantages for the use of
NEXAFS spectromicroscopy which provides a balance between spatial resolution and

chemical sensitivity.

Infrared Spectroscopy (IR) and Nuclear Magnetic Resonance (NMR) spectroscopy
have excellent chemical sensitivity. However, these techniques lack high spatial

resolution.’® Synchrotron FTIR imaging is used to obtain chemical spectra in
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combination with high resolution imaging.’’® Although synchrotron IR allows for
energy resolution better than the STXM (4cm™ ~ 0.5 meV), the spatial resolution is
usually diffraction limited to 3-10 pm, significantly poorer than the STXM.™?’
Similarly, Raman microscopy can be used for obtaining chemical information and
imaging with excellent spatial and energy resolution. Although the energy resolution and

chemical sensitivity is better than the STXM, the spatial resolution is usually greater than

250 nm, which is significantly poorer than the STXM.*

Conversely, microscopy techniques such as Transmission Electron Microscopy
(TEM) and Scanning Transmission Electron Microscopy (STEM) have very high spatial
resolution (better than the STXM)*, but they lack the same degree of chemical
sensitivity. TEM in conjunction with Electron Energy Loss Spectroscopy (EELS)
increases the chemical sensitivity.***> Although some EELS instruments can achieve an
energy resolution of 0.1 eV, under most circumstances the energy resolution in NEXAFS
spectromicroscopy is much better than that available from EELS, and therefore provides
better chemical sensitivity.*"*> Also, a major drawback of electron beam microscopy is
the electron beam causes severe radiation damage to organic samples (breaking bonds
and mass loss) and is therefore not suitable for all samples.*

Since experiments can be performed under coarse vacuum or in a helium atmosphere,
STXM microscopy allows for experiments to be performed using aqueous samples.'>***
For instance, environmental samples can be examined while remaining in their natural
hydrated state, as shown earlier in Figure 1-9. in the paper by Yoon et al. (2004).>> This is

useful because it allows samples to remain naturally hydrated, in their environmental

form, avoiding the creation of artifacts associated with sample drying.
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All measurements acquired for the data presented in this project were obtained using
STXM 5.3.2 at the ALS in Berkeley California. The experimental details will be

thoroughly described in chapter 2.

1.4 Model Hydrocarbon-Clay Systems

The overall goal of this project is to characterize the interaction of hydrocarbons with
clay surfaces. To conduct such a study, it is important to start by examining well defined
systems, rather than using poorly understood samples extracted directly from the oil
sands. Hydrocarbon-clay systems contained in the oil sands are extremely complex, as
they consist of a number of different hydrocarbons, such as bitumen, naphthenic acids,
asphaltenes, and others. The fine clay particles (“fines”) believed to be heavily
responsible for oil sands processing problems are smaller than 44 um.'” Therefore, the
use of a microscope is beneficial to investigate samples at relevant spatial scales. In
particular, the use of the STXM microscope provides a method whereby the
hydrocarbon-clay interactions can be assessed on an adequate spatial scale with a direct

and correlative measurement of the carbon surface chemistry and clay mineralogy.

This thesis is focused on model hydrocarbon-clay samples. The obvious choices for
clay substrates were illite and kaolinite as they have been found to be the most abundant
form of fine clay particles in the oil sands.?' Illite (general formula
(KH30)(Al,Mg,Fe),(Si, Al)4O10 [(OH)a, H,0])'® has 2 tetrahedral layers with potassium
as the main interlayer cation; whereas, kaolinite (general formula Al,Si,0s(OH)s) is a
clay mineral that has 1 tetrahedral layer and no cations in its interlayer.*® An image of
these two clays is shown in Figure 1-10. Kaolinites are almost strictly aluminum-silicates

(no other ions except Al, Si, O, and H), while illites contain interlayer cations which are
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. . . 48 . . .
mainly potassium ions.” The presence of the potassium is useful for our studies because

illite can be easily recognized in NEXAFS spectroscopy by the K 2p edges.

Figure 1-10. Ball and stick images showing the structure of illite (left) and kaolinite
(right).* (Red= Oxygen, Blue= Potassium, Cream= Silicon, and Grey= Aluminum)

We examined two different model organic species; methylene blue and naphthenic
acid. Methylene blue was chosen because it adheres well to the surfaces of clays, and we
wanted a definitive model for testing this technique. Methylene blue or similar organic
dyes have previously been used to determine the surface coverage of the clays,”*>* but
are not meant to be representative of oil sand hydrocarbons. Naphthenic acids are a
complex mixture of saturated aliphatic and alicyclic carboxylic acids, and are known to
be a heavy component in the tailings of the oil sands industry.”®> Naphthenic acid was
chosen for our second model organic because it contains different functional groups than
the ones present in methylene blue. As discussed in chapter 4, naphthenic acid is

implicated in tailing contamination.

Methylene blue will emphasize ionic interactions occurring with the clay surfaces,
while naphthenic acid will highlight polar interactions with the clay surfaces. The

preparation of the model hydrocarbon-clay systems is described in chapter 2.
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1.5 Process Samples

In addition to studying model hydrocarbon-clay systems, it is also desirable to study
hydrocarbon samples extracted from the oil sands. For this project, our goals include
gaining a better understanding of hydrocarbon-clay interactions, which can be obtained
using model systems; however, we would like to expand that understanding to process
samples. Therefore, we studied a group of process samples consisting of four different
bitumen froths. The bitumen froths examined in this thesis have been previously studied
by our collaborators at NRCan using light microscopy and confocal laser scanning
microscopy.’ They studied different morphologies in the various bitumen froths in order
to relate them to factors affecting oil sands processability. We would like to correlate our
chemical spectroscopy with their semi-quantitative morphological studies related to

degradation and processability. These results will be discussed in chapter 5.

The process samples investigated arise from the separation procedure in oil sand
processing. The separation of oil sands to extract bitumen most commonly uses a water-
based flotation technique. The separation process occurs in distinct stages; (1) separation
of the bitumen from the fine particles, (2) aeration and finally (3) flotation of the aerated
bitumen.>'” A schematic diagram of the typical set up of vessels involved in the
extraction process is shown in Figure 1-11. The mined oil sands are processed to separate
the bitumen from the majority of the sand, clay and other small particulates. Once mixed
and processed, the mixture is sent to the settling or separation vessels. In these vessels the
major separation occurs into three distinct regions; an upper froth layer, a middle region
referred to as the clay-middlings which contains suspended fines, and the lower layer that

is normally a dense mass of larger solids."” Once this major separation is completed, the
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bitumen froths are further purified in other stages shown in the diagram to remove as

many of the fine clay particles as possible, while retaining as much of the bitumen as

possible.
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Figure 1-11. Schematic diagram of the bitumen extraction process.’
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For our experiments, we examined the top layer containing the bitumen froth. All

processing samples were obtained from our collaborators, Randy Mikula, Oladipo

Omotoso and Vincente Munoz, at CANMET Energy Technology Centre in Devon,

Alberta. The samples were prepared in a similar manner, which will be described in detail

in the sample preparation section of chapter 2.
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1.6 Outline and Goals

Chapter 2 will introduce the experimental techniques used to acquire the data
presented for this thesis; STXM spectromicroscopy. The details of the microscope’s
components, data acquisition methods, and sample preparation considerations will be
discussed explicitly. We designed an anticontaminator to reduce photodeposition on our
samples in the X-ray microscope and tested our design under a variety of conditions to
assess its effectiveness. Chapter 3 will discuss the design, tests and implementation of our
anticontaminator for the scanning microscope at the ALS. In chapter 4, we present the
experimental results, analysis and conclusions that were obtained from our studies of
model clay and model hydrocarbon-clay systems. Chapter 5 describes the experimental
findings from our study on the four bitumen froth process samples. Finally, chapter 6 will
summarize all of the findings from the thesis, as well as provide suggestions for future

experiments that can be performed to extend the findings from this work.

Our original goal for this Masters projected was studying hydrocarbon-clay surface
interactions. We discovered that this is a very difficult task as thin layers of carbon
present on the clay surfaces can be overpowered by carbon contamination in our clay
samples and from the photodeposition on the clay surfaces. Therefore, two developments
were required. First we prepared carbon free clays so that we could control the carbon
present on the clay surfaces, and secondly, we needed to find a method to reduce carbon
contamination from photodeposition. The second goal is addressed thoroughly in chapter
3, where the development and testing of an anticontaminator for STXM 5.3.2 is
described. The preparation to achieve carbon free clays is discussed in the sample

preparation section of chapter 2. Originally, we were interested in assessing whether clay
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surfaces had any preferential binding for specific organic species. Our study of model
hydrocarbon-clay systems allowed us to address this question and the results and
discussion are provided in chapter 4. An additional goal for this Masters thesis included
examination of process samples directly from the oil sands. We wanted to study
differences in the organic content of several bitumen froths. These results are thoroughly
discussed in chapter 5. Chapter 6 gives a summary of all of the findings from this

research and provides some suggestions for future research on this project.
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CHAPTER 2

INTRODUCTION TO EXPERIMENTAL
METHODS

We propose to use X-ray spectromicroscopy to study hydrocarbon-clay interactions.
The experimental details involved in obtaining NEXAFS spectra are outlined in § 2.1,
including a description of common spectroscopic detection methods. The resolution of
experimental artifacts associated with the operation of the STXM microscope and sample
preparation were critical components of this thesis. Section 2.2 describes the STXM
microscope instrumentation and experimental methods. The goals and methods of sample
preparation are described in § 2.3. Section 2.4 discusses artifacts that arise in X-ray

Spectromicroscopy.

2.1 Near Edge X-ray Absorption Fine Structure Spectroscopy
A tunable source of X-rays is required for NEXAFS spectroscopy experiments.
Synchrotron radiation is electromagnetic radiation emitted by the acceleration of charged
particles (electrons, positrons, etc) moving at relativistic velocities.”> Synchrotron
radiation produces tunable radiation that ranges from microwave to hard X-ray

wavelengths. It is used extensively for X-ray spectroscopy and diffraction experiments.
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NEXAFS spectroscopy is a core level spectroscopy, where the absorption of X-rays
leads to the excitation or ionization of tightly bound core electrons. These excitation
features appear as discrete features in the NEXAFS spectra. For instance, the excitation
of an electron to an unoccupied molecular orbital produces a pre-edge peak in the
absorption spectrum; whereas, the complete ionization of core electrons forms the edge
jump in the absorption spectra, the position which corresponds to the binding energy of
the electron. Core excited states subsequently relax, causing the ejection of electrons
(Auger electrons) or the emission of fluorescence photons.’’ An outline of these

processes is illustrated in Figure 2-1.
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Figure 2-1. Schematic diagram showing the different processes that occur during the X-
ray photo-absorption of core electrons during a NEXAFS experiment.>

NEXAFS spectroscopy can be detected using several different methods. The three
detection techniques include fluorescence detection, electron emission detection, and

transmission detection.” A schematic diagram illustrating these techniques is shown in
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Figure 2-2, and the principles behind them will be discussed below. The main focus will
be on transmission detection as this method was used for all experiments presented in this

thesis.

Fluorescence Detection
\e') Sample

Incoming X-rays Transmission Detection

»

Electron Yield Detection (TEY, PEY and Auger)

Figure 2-2. Schematic diagram demonstrating the 3 main types of detection used in
NEXAFS spectroscopy, fluorescence, transmission and electron yield detection.

2.1.1 Detection Methods

Transmission detection requires measurement of the incident photon beam intensity
(Io) and the transmitted photon beam intensity (I). NEXAFS spectroscopy measured in
transmission obeys Beer’s Law.>® Therefore, optical density (OD) spectra can be obtained
from the transmitted X-ray intensity using the formula,

OD =- In (I/1p) (6)
where I is the transmitted X-ray flux and Iy is the incident X-ray flux. Collecting
NEXAFS spectra in this manner has the benefit that it can easily be assessed
quantitatively by examining the dependence of the absorbance according to

A =0D = ppt=-1n (I/Ip) (7)
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where A is absorbance, p is the energy dependent mass absorption coefficient, p is the
density, and ¢ is the sample thickness. Transmission is normally considered a bulk
sensitive technique because the measured signal is averaged over a column through the
sample.””> However, when performing transmission measurements in the soft X-ray region
(100-2000 eV), the samples must be very thin for transmission to occur, and thus the

surface region contributes greatly to the overall transmission signal.”

The other two detection methods, fluorescence and electron emission, are based on
detecting the decay of core excited states. Core excited states can decay by radiative

mechanisms such as fluorescence and non-radiative mechanisms such as Auger decay.

Once a core vacancy is created in an atom or molecule, a rearrangement occurs to
reduce the total energy by filling the hole with an electron from a higher-lying orbital.
With fluorescence decay, the creation of the core hole is followed by the emission of a
photon of characteristic energy, equal to the difference between the initial and final
states.”® Fluorescence yield detection measures the photons that are emitted via
fluorescence decay. As fluorescence decay rapidly follows the creation of a core hole, the
X-ray fluorescence signal is proportional to the creation of core excited states through X-
ray absorption.”' This type of detection is considered to be bulk sensitive because X-rays
have a longer penetration depth, and can escape from deeper within the sample than
electrons. Fluorescence yield detection is also only effective for dilute solids, not

concentrated ones.

In competition with fluorescence decay, core excited states can also decay by a non-
radiative mechanism, Auger decay. When a core electron is removed from an

atom/molecule leaving a vacancy, a second electron from a higher state may fill the hole
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causing the release of energy. When this energy is not released as a radiative photon, it
can be transferred to an additional electron or electrons in the molecule. The energy
causes the electron to be ionized, and for Auger electron yield (AEY), the energy of the
ionized auger electron is monitored. Considering Auger electrons have fixed
characteristic energies, they are mainly used for elemental characterization in surface and

interface analysis.

Subsequent electron scattering will occur in a solid which will create many secondary
electrons that can be monitored using partial electron yield (PEY) and total electron yield
(TEY). As the electrons approach the surface of the sample material they are scattered
inelastically by electron-electron and electron-plasmon interactions, and quasi-
eleastically by electron-phonon interactions.”’ Due to scattering within the materials,
electrons generated deeper in the solid lose energy more than surface generated electrons.
Sample current TEY detects electrons that have enough energy to overcome the work
function and to be ejected out at the surface of the sample. Whereas, PEY detects
electrons with energy above a chosen energy limit, normally set to exclude low kinetic

. .. ., 55
energy electrons and thus increase surface sensitivity.

2.2 X-ray Spectromicroscopy

This section will describe the STXM microscope used for our experiments,
microscopy and spectroscopy measurements and spectral artifacts. The procedures used
to acquire experimental data with minimal artifacts will also be described.

STXM microscopy has been extensively used in research involving polymers,*®

12,13,57 13,15,35,58
l 519, 1 519,99,

biologica and environmenta samples. STXM microscopy was first
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developed by Kirz, Jacobsen, Ade and coworkers at the National Synchrotron Light
Source (NSLS), in Brookhaven New York.** The STXM allows NEXAFS spectra to be
obtained on extremely small sample regions; currently a spatial resolution of
approximately 35 nm and an energy resolution of 100 meV can be achieved.””® Images
or micrographs can be acquired at energies specified such that they provide the best
chemical contrast and sensitivity possible. All measurements for this thesis were acquired
using the beamline 5.3.2 STXM microscope at the ALS, which will be discussed in detail

in the following section.

2.2.1 STXM 5.3.2 at the ALS

STXM 5.3.2 at the ALS was constructed by a collaboration of scientists from Dow
Chemical, the Advanced Light Source, North Carolina State University, McMaster
University and several other institutions.®’ The STXM uses Fresnel zone plates to focus
the X-ray beam. As diffractive focusing zone plates must be illuminated coherently,
STXM microscopes are usually used on undulator beamlines.® However, due to the high
brightness of the ALS, STXM 5.3.2 is the first of its kind which is capable of running on

a bending magnet beamline.*’

STXM 5.3.2 was specifically designed for polymer studies and thus was designed and
optimized for use at the C Is, N 1s and O s edges, covering an energy range from 250
eV to 600 eV. All of the STXM’s components are contained within an aluminum vacuum
chamber. This microscope chamber allows for samples to be examined in air, in a helium

atmosphere or in vacuum (down to 107 Torr).*°

The major components of the optics and focusing instrumentation involved with the

microscope include Fresnel zone plates (fabricated with a central stop), a spherical-
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grating monochromator, a toroidal mirror, and an order sorting aperture (OSA). A
schematic diagram of beamline 5.3.2 combined with the optical components involved for

the operation is shown in Figure 2-3.
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Figure 2-3. Schematic diagram showing the various components of STXM 5.3.2 at the
ALS. (A) Beamline; (B) Inside-hutch components and (C) Optical and focusing
components of the STXM.’

This beamline only uses two main optical surfaces; a toroidal mirror, which focuses
light from the bending magnet onto the entrance slit, and a spherical grating mirror which
disperses the light horizontally.®’ The spherical grating monochromator operates with

energies ranging from 250 eV to 600 eV.

Coherent, monochromatic light illuminates a zone-plate which produces a small X-
ray spot by diffractive focusing. The zone-plate contains a central stop, which helps
suppress undiffracted light from transmitting through the zone plate and reaching the
sample. This signal would contribute to spectral contamination due to non-first order

light interacting with various substances present in the sample, outside of the focus. An
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order sorting aperture (OSA) is located between the zone-plate and sample such that only
first order diffraction reaches the sample.’ However, it was found that this was not
completely efficient, approximately 20% of second order light (e.g. photons with twice
the energy, from second order diffraction from the SGM grating monochromator) also
reaches the sample.®’ The second order radiation will distort the spectra of thick
materials, and create a distortion in the C 1s spectra of oxygen rich materials. To remove
the second order light contribution at the carbon edge (~285 eV), a N, gas filter was used.
A low pressure of nitrogen in the beam path effectively absorbs photons with an energy
above the N 1s core edge (~400 eV), reducing higher order contamination at the C 1s

edge.

A silicon-nitride window separates the microscope from the beamline (which is kept
under ultra high vacuum), from the STXM chamber. The transmitted X-ray flux is
measured by converting the flux to visible light using a phosphor window and a
photomultiplier (PMT) counts the visible photons with a count rate capacity in the tens of
MHz.*® An image of the phosphor detector used in STXM 5.3.2 is shown below in Figure

2-4.
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Figure 2-4. Schematic diagram of the detector used in the STXM 5.3.2.%°

Fresnel zone plates consist of a series of concentric rings which get thinner as the
radii get larger.’* They work as achromatic lenses with the focal length being directly
proportional to the photon energy.®’ Therefore, when changing the energy, the STXM

microscope must be refocused in synch with the change in the photon energy.®

Since the sample should be scanned relative to a stable X-ray beam, STXM
microscopes require extremely accurate control of the sample stages. Therefore, STXM
5.3.2 was designed with an interferometer system with two axes (x and y) piezoelectric
stages to control fine motion.”* Interferometer control is important for maintaining the
focus positions as the energy is scanned. A schematic diagram showing the design of the
components involved in controlling the fine movements of the microscope’s operation is

provided below in Figure 2-5.
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Figure 2-5. Schematic diagram showing the major components used for controlling stage
positioning in the STXM.*

2.2.2 STXM Modes of Acquisition

The most common signal detected when using a STXM microscope is the photon flux
that is transmitted through the sample. In principle, a small focused X-ray beam remains
focused in one spot, while the sample is raster scanned through this micro-sized beam.

There are four main methods used for data acquisition.

1.) Imaging: The first method involves raster scanning the sample across a small
micro-focused beam to produce a micrograph image, at a specific X-ray
energy. This first method only produces images, I (x,y). Therefore, this type
of data collection is most commonly used for providing survey scans to find
interesting regions within the sample, and also for energy specific imaging.

2)) Point Scan: The second method used is point scan mode. To obtain point
scans, the beam is focused to a particular location on the sample, and the
photon energy is varied to record a spectrum of this sample volume, I (E).

3) Line Scan: The STXM is used to obtain line scans. Similar to the point scan

mode, line scans involve focusing the beam to a specific region of the
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sample to obtain NEXAFS spectra. However, unlike point scans, line scans
involve raster scanning a straight line across the sample, while varying the
photon energy between lines, I (x, E). Line scans can be used to obtain the
transmission spectrum of the sample as well as an open area (Io). This is
useful because the NEXAFS spectra extracted has a transmitted intensity
through the sample (I) and the transmitted intensity through an open area (Io
incident flux) obtained simultaneously. An image showing a line scan and
demonstrating how the data is extracted from the line scan is provided in

Figure 2-6.
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Figure 2-6. (Left) X-ray micrograph image of polystyrene (hv = 390 eV) with line used for
line scan displayed. (Middle) The line scan image based on the line shown in the image
to the left. (Right) The C 1s NEXAFS spectrum obtained from the line scan of
polystyrene.

4.) Image Sequences: The final and most informative way of obtaining
information of samples in the STXM involves collecting small image
sequences which are more commonly referred to as stacks. This method was
created by Jacobsen et al. (2000) using STXM X-1A beamline at the
National Synchrotron Light Source (NSLS) at Brookhaven National

Laboratory, in Brookhaven, New York.®* This method involves obtaining a
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series of images or micrographs, in a small region of sample, using very
small energy spacings, I (x, y, E). Each image must be taken at the proper
focus position on the sample to ensure that there is no degradation in spatial
resolution.”” NEXAFS spectra can be extracted from the different regions
within the sample by data processing after the experiment.

The best method of obtaining NEXAFS spectra using image sequences involves
including a hole or a blank area within the small region used for the image sequence. This
allows for simultaneous acquisition of both the incident flux spectrum (Io) and the
transmitted flux spectrum (I, through sample) to normalize flux variations that may occur
over time.** Figure 2-7 illustrates how this technique can be used, and it demonstrates

how the NEXAFS spectrum can be extracted from the data set.
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Figure 2-7. (Left) A selection of 3 images from the stack of clays. The green highlights the
region used for the I (transmitted intensity, clay particle) and the red region represents the
I, (incident flux). The spectrum on the right is extracted from the stack.

2.3 General Sample Preparation

All NEXAFS data were collected using transmission mode detection in the STXM

microscope. One of the major requirements for transmission is that the sample must be
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thin enough to ensure that the X-ray beam can penetrate through the sample with a flux
which is high enough to limit statistical noise. Sample preparation artifacts must also be
avoided. To meet these requirements, samples were prepared by solution casting samples
onto a substrate. All of the samples for this thesis were examined using a SizNy
membrane/window (Silson Ltd. and Norcada Inc.) as the substrate. An example of one of
these windows is shown in Figure 2-8 below. The membrane portion of the window is
between 75 nm (Norcada Inc.) and 100 nm (Silson Ltd) thick. The detailed preparation

procedures for all the samples examined are provided in chapters 4 and 5.
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Figure 2-8. An image of a typical Si3N4 window used as the substrate for our STXM
experiments.

Sources of Samples

The samples used for the experiments reported in this thesis were provided by our
collaborators at CANMET Energy Technology Centre Natural Resources of Canada
(NRCan, Devon, AB). The model clays (illites and kaolinites) provided came from two
major clay banks, the Clay Science Society of Japan and the Source Clay Repository of
the Clay Mineral Society, in Georgia. The bitumen froth samples, originated from Suncor
Canada and PetroCan, but were provided by our collaborators at NRCan. Most of the

samples were prepared in a similar fashion, and the major sample preparation details are
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described in chapters 4 and 5. A comprehensive list of the samples examined is provided

in Table 2-1.
Sample Name Sample Number Sample Source
JCSS 1101 Kaolinite Model — 1 Clay Society of Japan
Bleached JCSS 1101 Kaolinite Model — 2 Clay Society of Japan
K-Gp Kaolin Model — 3 Georgia Clay Bank
Bleached K-GP Kaolin Model - 4 Georgia Clay Bank
Bleached Illite Model - 5 US Geological Survey
Naphthenic Acid Model - 6 NRCan
Methylene Blue Model - 7 Alfa Aesar
Naphthenic acid and illite Model - 8 NRCan
Methylene blue and illite Model - 9 NRCan and Alfa Aesar
Primary froth Environmental -1 Suncor
Secondary froth Environmental -2 Suncor
Froth #1 Environmental -3 PetroCan
Froth #9 Environmental -4 PetroCan

Table 2-1. A summary of the sample examined for this thesis.

2.4 Artifacts in C 1s NEXAFS Spectromicroscopy

A major complication that commonly arises in STXM spectromicroscopy is the
presence of higher order spectral contamination from the beamline. When the X-ray
beam travels through the optics on the STXM beamline, it is diffracted by mirror gratings
into different orders (first, second, third etc.). Due to the fact that STXM 5.3.2 was built

on a bending magnet beamline, the STXM is much more sensitive to higher order i
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and 3" order) contamination because bend magnets provide a wide distribution of photon
energies (“white light”), while undulators produce odd harmonics.® The third order
light is blocked with the use of nickel coatings on the SizNy window.®! However, second
order light is of a much greater concern because it interferes with C 1s spectra.’’ This is
especially important for samples that may contain oxygen because the O 1s absorption (at
543 eV) may appear as second order (at 271 eV) in the C s pre-edge region, and we will
see oscillations from oxygen 2™ order absorption, distorting the C 1s NEXAFS spectrum.
An example of this contamination is exhibited in Figure 2-9, where we can see dip in the
spectrum at about 286 eV, and structure in the pre-edge region of the NEXAFS spectrum

(270-280 eV).
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Figure 2-9. A C 1s NEXAFS spectrum that shows distortion below 285 eV due to higher
order contamination.

There are a few mechanisms in place to aid in the suppression of this second order
light. Proper alignment of both the zone plate and the OSA are important, but the most
effective means of eliminating as much of the second order light as possible involves the

use of a nitrogen gas filter. The N, gas filter consists of a low pressure of nitrogen (400-
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500 mTorr) leaked into the vacuum tube. This nitrogen gas filter is used to absorb any
light that is greater than 400 eV (N 1s edge), thus preventing most of the higher order
contamination from reaching the sample. The filter is not 100% efficient, but it greatly

improves the quality of the data and was used for all experiments reported in this thesis.

Another problem in examining C 1s NEXAFS using the STXM arises from carbon
photodeposition which interferes with the spectrum of natural carbon contained in the
samples. This carbon contamination occurs during X-ray illumination, and photodeposits
on the sample as well as the zone plate and Si3N4 window, causing distortions in the C 1s
NEXAFS spectra of the samples being examined. This becomes evident when samples
contain very little inherent carbon, such as our clay samples. In conjunction with
collaborators (Dr. Adam Hitchcock Dr. Daniel Hernandez-Cruz, and Jian Wang) at
McMaster University, we designed an anticontaminator to help eliminate this problem.
The anticontaminator design and experimental validity is currently in preparation for

publication and is presented in Chapter 3 of this thesis.
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CHAPTER 3

DESIGN AND IMPLEMENTATION OF THE
COLD FINGER

One of the major challenges with this project is the study of thin carbon films bound
to clay surfaces. This is a difficult task for several reasons. One is the fact that the clay
surfaces may contain carbon contaminants. Another reason is that very thin carbon films
are difficult to detect because of low signal as well as photodeposition of organic
molecules in the STXM chamber. To address the first concern, we use model clays, illites
and kaolinites, which have been bleached with hydrogen peroxide and other strong
reagents to remove any organic surface contaminants that may be inherently present on

the clay’s surface. The photodeposition is more difficult to solve.

Most STXM users examine materials with a higher carbon concentration; and would
therefore have a strong signal such that the small carbon photodeposition would not be
noticeable. In our case, we want to study very thin films of carbon on clays. However, the
carbon that photodeposits can easily swamp out the carbon we are interested in.
Therefore, we designed, tested and implemented a liquid nitrogen cooled cold trap (or
anticontaminator) into STXM 5.3.2 at the ALS. We proved that the use of an in-vacuum,

liquid nitrogen cold trap can significantly decrease the amount of carbon that
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photodeposits over time in the STXM. This new addition to the STXM has been in use at
the ALS in STXM 5.3.2 since the completion of the final design. It was required and used

for all of the hydrocarbon-clay studies that will be discussed in this thesis.

The details of the development along with the results and semi-quantitative analysis
are in preparation to be submitted to an academic journal for publication. The work is

presented in manuscript form, similar to how it will be submitted for publication.

The author of this thesis helped with the design of the cold finger, performed all of
the experimental testing and analysis, and prepared the manuscript in close collaboration
with Dr. Urquhart. Dr. Hitchcock, Dr. Daniel Hernandez Cruz, and Jian Wang, of
McMaster University in Hamilton Ontario, helped with the design and exact
measurements required for the creation of the cold finger. They were also helpful with

comments and revisions for the manuscript.

The author of this thesis obtained permission from all co-authors to present the work

in this thesis.
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Abstract: Scanning Transmission X-ray Microscopy (STXM) is a powerful method for
studying the chemical composition of materials at high spatial resolution. However, in
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window and the zone plate of the microscope, can occur during X-ray illumination. This
carbonaceous deposit reduces the overall transmission and distorts carbon 1s Near Edge
X-ray Absorption Fine Structure (NEXAFS) spectra. This can have an adverse impact on
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quickly swamp the natural carbon NEXAFS spectrum. A liquid nitrogen cooled
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microscope at the Advanced Light Source to reduce the partial pressure of organic
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quantitatively, and its beneficial properties are illustrated.
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3.1 Introduction

Scanning Transmission X-ray Microscopy (STXM) is a powerful technique for the study
of natural and synthetic organic materials. STXM microscopy can provide chemically
sensitive imaging by using an X-ray energy that corresponds to a specific X-ray
absorption transition, such as the Carbon 1s = w* transition of a phenyl group. By
varying the X-ray energy, Near Edge X-ray Absorption Fine Structure (NEXAFS) spectra
can be obtained from a small sample region, or a series of STXM images can be acquired
at a range of sample energies, providing an image sequence. NEXAFS spectroscopy can
provide elemental and chemical (bonding, functional group identity) information,[1-4]
orientational information through the linear dichroism of specific NEXAFS
transitions,[5] and magnetic information through X-ray magnetic linear dichroism and X-
ray magnetic circular dichroism.[6] The combination of high spatial resolution imaging
with the chemical sensitivity of NEXAFS spectroscopy is often called X-ray
spectromicroscopy. STXM spectromicroscopy is used increasingly for the study of
organic materials such as commercial polymers,[7-10] models for soft condensed matter
physics,[11] nanostructured organic materials,[9, 12, 13] molecular electronic
devices,[14] bioproteins such as silk,[15] and surface bioadhesion.[16] STXM
microscopy is also used in the study of molecular environmental sciences[17, 18] as well

as magnetization dynamics.[19, 20]

One problem observed in current generation STXM microscopes is sample contamination
from X-ray induced photodeposition. When the STXM spot is left focused on a sample
for extended time, one observes that the X-ray flux steadily decreases at a much faster

rate than the normal decay of the synchrotron beam current. This is due to the build up of
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a carbonaceous contamination layer which arises from X-ray induced dissociative
adsorption associated with X-ray decomposition of organic species on the sample, which
are in turn present due to a significant partial pressure of organic species in the
microscope as well as surface creep. These species, which naturally adsorb and desorb
from surfaces in the microscope, are believed to be trapped on the X-ray illuminated
sample by the X-ray photochemistry. The possible sources of the volatile organic species
include lubricants from the mechanical stages and contamination in the microscope from

fingerprints and volatile organic samples.

This contamination is a serious problem when analyzing materials that contain a low
concentration of carbon, such as thin hydrocarbon films adsorbed to clay surfaces, carbon
stabilization in soil,[21] and self assembled monolayers on various substrates, or in cases
where very long exposure times (of the order of 10’s of seconds on a single spot) are
required to measure weak signals, as in studies of magnetization dynamics.[19, 20] In
order to reduce this carbon contamination, an in-vacuum liquid nitrogen cold trap (the
STXM ‘anticontaminator’) was designed and tested in the polymer STXM[22] at
beamline 5.3.2 at the Advanced Light Source (ALS) in Berkeley, California. This paper
reports a quantitative evaluation of the effectiveness of the cold trap on decreasing the

rate of contamination in this microscope.

3.2 Experimental

3.2.1 Design and fabrication of anticontaminator
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The STXM microscope[22] on ALS beamline 5.3.2[23] can operate in air, in helium
atmosphere as well as in coarse vacuum (10 - 100 mTorr). The anticontaminator is a
liquid nitrogen cooled surface inside the microscope chamber, upon which contaminants
will deposit. A prototype was used to evaluate if an anticontaminator was effective at
reducing the rate of carbon build up on samples. It was constructed from commercial
plumbing supplies: a short length of copper tube (2” diameter), with end-caps soldered to
each end. Thin tubes (1/4”) were soldered to this and connected to a conflat liquid
nitrogen feedthrough by VCR™ fittings. Solder joints are not recommended for cryo-
applications, but were used here for this temporary installation. Figure 3-1 is an image of
this anticontaminator. In use, the anticontaminator is cooled by pouring liquid nitrogen
into the trap through the feed-through, using a funnel. The exhaust from the liquid
nitrogen is able to escape from the second side of the feed-through into air, preventing
pressure build-up. After demonstrating the value of the device in reducing the
contamination rate, an improved version was designed and fabricated by A.L.D.
Kilcoyne. A technical drawing of the final device is shown in Figure 3-2. While there is
only one inlet, its diameter is sufficiently large (2.0 cm) to prevent freeze-up and allow

escape of N, gas.
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Figure 3-1. Photograph of the prototype cold finger used to evaluate the effectiveness of
the anticontaminator concept.
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Figure 3-2. Schematic of the final anticontaminator device in the Scanning Transmission
X-ray Microscope (Beamline 5.3.2 at the Advanced Light Source).
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3.2.2 Photodeposition Procedure

In order to test the effectiveness of the cold trap, the rate of carbon contamination was
monitored in several experiments. A clean SizN4 window[24] was used as a substrate to
assess the impact of the anticontaminator on the rate of photodeposition of carbonaceous
deposits. The deposition experiments were carried out under four distinct conditions:

a.) ambient temperature (no cooling), in a helium atmosphere (250 Torr)

b.) ambient temperature with active pumping using an oil free scroll pump to
achieve a pressure <100 mTorr

c.) liquid nitrogen cooled cold trap with active pumping (P<100 mTorr)

d.) liquid nitrogen cooled cold trap in a helium atmosphere (P = 250 Torr)

These four scans were completed within a 36 hour period.

The following procedure was used to induce and quantitatively monitor photodeposition
onto the blank window. The zone plate was fabricated by the Centre for X-ray Optics
(LBNL) and features a 35 nm outer zone and a 155 micron diameter. The microscope was
focused on the edge of the broken fragment Si3N4 membrane, which provides a sharp,
high contrast feature for attaining a high quality focus. A small, 5 pum x 5 pm region that
contains a fragment of a Si;Ns window and an open area was imaged at 390 eV, the
energy with the greatest intensity on the ALS polymer-STXM beamline. A total dwell
time of 15 ms per pixel was used, with a pixel spacing of 50 nm, similar to the spatial
resolution of the STXM. The beamline entrance slit was set to 80 or 90 microns, and the
exit slits were set to 30 or 45 microns. In these conditions, the measured flux on the
sample was 14.8 MHz. With an estimated detection efficiency of 30%’ and a 50 nm

pixel size, a dose rate of approximately 7.7 x 10°eV/nm?/s is realized.
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One can measure the photodeposition rate by monitoring the change in transmission of a
sample with time while the X-ray beam is left focused on a single point. However,
exposure of a larger square area allows acquisition of C 1s spectra during and after the
exposure, and also provides a more precise way to evaluate the accumulated dose. The
amount of carbonaceous contamination deposited as a function of X-ray exposure was
measured by recording a spectrum of the exposed region using a 1 um defocused beam.
A point spectrum was also acquired in an open area in order to obtain the incident beam
(Ip) spectrum so that optical density could be calculated. Cycles of long dwell time
exposure followed by a defocused carbon 1Is spectrum of the area, were repeated until a

significant carbon build-up was observed and characterized spectroscopically.

3.3 Calculations

3.3.1 Radiation dose calculation

In order to quantify the effectiveness of the cold trap, the radiation exposure was
calculated according to the following formula:

Radiation Dose = N n E (1)
AM

where N represents the number of photons per pixel absorbed, # indicates the number of
pixels, E is the energy, A is the image size and 7 is the detector efficiency. This formula
provides radiation dose in units of eV/nm®. Typically, radiation doses are expressed in
units of eV/volume (e.g. nm*),[25, 26] or Gray (J / kg), where the volume (or mass) is

determined by sample thickness. Since we are depositing a thin film whose thickness

52



increases with dose, the sample volume and thus the absorbed dose increases with time.
For this reason the radiation dose is reported in areal units, eV/nm®. The detector
efficiency at 300 eV has been previously estimated to be 30%,[22, 27]and therefore this

value was used for these calculations.

3.3.2 Relative rate of carbon photodeposition

To perform quantitative analysis, the transmitted signal is converted to optical
density through:

OD =- In (I/Tp) = upt (2)
where Ij is the incident X-ray flux, I is the transmitted flux through an area of the sample,
u is the mass absorption coefficient, p is the density, and ¢ is the sample thickness. Since
the rate of photodeposition will depend on the microscope’s history, we focus on the
relative rates of deposition under the different operating conditions discussed above. All
experiments were performed within 36 hours to avoid variation in the cleanliness of the

microscope.

3.4 Results

3.4.1 Spectroscopic observations

Figure 3-3 presents the carbon 1s NEXAFS spectra of the Si3N4s window after being
exposed to the four different conditions described above, normalized to a common
intensity scale for comparison and offset for clarity. The spectra do not vary with
deposition conditions, and provide some clue to the chemistry of the contaminant film. A

C 1s 2 w*c—c transition at 285 eV is characteristic of aromatic phenyl groups or carbon-
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carbon double bonds. The shoulder at ~288 ¢V may represent unsaturated carbon (1s =

o*c.y transitions) or carboxylic functionalities (e.g. C 1s = m*c—o transitions).[2]

(b)

Normalized and Offset

(d)

A 1 . 1 . 1
280 290 300 310 320

Energy (eV)

Figure 3-3. C 1s NEXAFS spectra of the photoinduced contamination deposit under
different experimental conditions: (a) Liquid nitrogen cooled and helium atmosphere; (b)
Ambient temperature and active pumping; (c) Ambient temperature and helium
atmosphere; (d) Liquid nitrogen cooled and active pumping. These spectra have been
offset for clarity.

In order to determine the relative contamination rate, the accumulation of contamination
is examined as a function of radiation dose. presents a plot of the deposition of organic
species as a function radiation dose for the 4 experimental conditions described above.
The areal optical density, integrated over the range 284-293 eV, is used to provide a
measure of the carbon build-up with better statistical precision than measuring the optical
density at a single energy. These spectra were first subjected to a 5 point Savisky-Golay

smoothing and the background signal from absorption by the SisNs window was

subtracted. Axis2000[28] was used for all data processing.
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Areal Optical Denisty Under 284-293eV

Radiation Dose (eVInmz)

Figure 3-4. Plots of the integrated areal optical density of carbon as a function of radiation

exposure.

The rate of contamination can be quantified by determining the slope of the deposition

versus dose traces in . The results of linear least squares fit are presented in Table 1. The

fit quality is highest when the rate of contamination is highest. When the rate of

deposition is very low, other experimental variations can become more significant and

decrease the quality of the fit.

Conditions Liquid N, Rate of Y Intercept Fit
Cooling? | Contamination @ quality

(R

active pumping N 63x10%2+42x10 |3.6x10"+3.7x 107 0.92
3

250 Torr He N 56x102+4.7x10° [3.9x10'+1.3x 10" 0.88

active pumping Y 23x 107+ 2.3x 1.7x 107+ 33x 10 0.89

102 2

250 Torr He Y 94x10°+12x10 [ 1.8x10"+3.2x1072 0.72

3

Table 3-1. Rate of contamination as function of experimental conditions

(a) The rate is the slope of the plot of integrated areal optical density versus dose (Fig 4),

with units of eV nm?
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The rate of contamination is similar for both conditions where the cold trap is not used.
We interpret this to indicate that the arrival / residence rate of contaminants on a Si3Ny
surface is the same whether the system is at 1/3™ atmosphere He or vacuum. When the
cold trap is used with continuous pumping, the rate of contamination is reduced
approximately 3 fold relative to when the trap is not used. When the cold trap is used
with a helium atmosphere inside the STXM, the rate of contamination is reduced
approximately ~7 fold when compared to the conditions without the cold trap. The
reduced rate of contamination when backfilled with He (~250 Torr) may be attributed to
convective cooling of the microcope’s internal surfaces in the He atmosphere, as well as
the increased rate of out-gassing of microscope stages when in vacuum. After an
extended experimental run with the cold trap in a helium atmosphere, the internal
surfaces of the STXM microscope are found to be slightly below room temperature.
These comparisons are approximate, given the quality of the fit and other uncertainties,
but the data clearly show a significant difference when the cold trap is used in a helium

atmosphere.

It has been anecdotally observed that the rate of contamination can be reduced if the
microscope is kept constantly pumped. These experiments were performed immediately
after the inside of the STXM microscope was cleaned. Otherwise, the microscope
conditions were kept constant to the extent possible: helium backfill was performed
immediately after the microscope was pumped down to <100 mTorr. Experiments under
constant pumping were performed shortly after the microscope was pumped down to

<100 mTorr.
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3.4.2 Sample drift

A significant sample drift (0.02 microns per minute) was observed when active pumping
(<100 mTorr) was used in the STXM microscope. This sample drift was not observed
when the microscope was backfilled with helium (~250 Torr). We speculate that the
helium atmosphere provides some convective cooling for the microscope’s stages and
3components, reducing out-gassing and therefore the partial pressure of organic
molecules to photodeposit. When using constant pumping, the microscope stages can
sometimes drift due to thermal expansion. In order to obtain the C 1s NEXAFS spectra
with minimal drift and photodeposition contamination, it is desirable to backfill the

microscope with helium.

3.4.3 Kinetics of Photodeposition

The linear increase in contamination with dose observed in Figure 4 is in sharp contrast
to the exponential-like form of radiation damage kinetics. When polymers are irradiated
by soft x-rays, the intensity of specific electronic transitions can increase or decrease and
mass-loss of the polymer can occur. Frequently, plots of the evolution of optical density
versus dose due to radiation damage have an exponential or an exponential-like
behavior.[25, 26] This behavior can be attributed to pseudo-first order reaction kinetics,
where the rate of damage is proportional to the quantity of undamaged polymer

remaining.

Contamination through photodeposition has been studied for the semiconductor

photolithography industry.[29, 30] The photodeposition rate is difficult to simulate as

many different photochemical reactions can occur in the gas phase and on the surface.
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Recently, Kunz et al [30] studied the photodeposition of trace levels (ppb to ppm) of
organic contaminants such as hydrocarbons on optics used for lithography. They apply a
mass-deposition model to describe the surface photochemical reactions, with parameters
that include the surface coverage of the adsorbed precursors, the photoabsorption cross
section and quantum yield of the precursors, and the photon flux. In this model, the
deposition rate has a high-order dependence on the exposure time when the surface is
partially populated by contamination nuclei, but the rate becomes linearly dependent on
exposure time when a continuous contamination film is formed. Our photodeposition
measurements in the STXM microscope are clearly in the continuous coverage limits, as

a substantial coverage is required for a measurable optical density.

3.5. Discussion and Conclusions

Our results suggest that an anticontaminator may be useful for reducing carbon
deposition on beamline optics when they are first exposed to the X-ray beams. When first
exposed to a beam, the pressure in the optical chamber rises as out-gassing occurs. If the
partial pressure of these outgassed species can be decreased during this X-ray exposure,
then the rate of X-ray induced photodeposition on the mirror or grating will decrease, and
with this the amount of contamination on the optical element will be decreased.
Similarly, consistent use of an anticontaminator may be effective in reducing the rate of
carbon buildup on windows and zone plates in STXM, thus extending their life, and the

time between changes.

This paper described the development and testing of an anticontaminator, a cold trap to

reduce the rate of carbon contamination from X-ray induced photodeposition on samples
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in the STXM, The anticontaminator was tested with active pumping and with the
chamber backfilled with helium. It was found that using it with a partial atmosphere of
He provided the greatest reduction in the rate of contamination. These tests have proved
that the liquid nitrogen cooled anticontaminator is successful at significantly suppressing
the rate of carbon photodeposition inside the STXM chamber. The anticontaminator

apparatus (Figure 2) is now in regular use in the polymer STXM microscope.
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CHAPTER 4

RESULTS AND DISCUSSION: MODEL
ORGANIC-CLAY SYSTEMS

The goal of this project was to understand how different organic species interact with
clay surfaces to facilitate a better understanding of the behavior of clays in oil sand
processing. To achieve these goals, we have developed characterization methods that
allow us to study the adsorption of organic species on clay surfaces. Our study starts with
examination of controlled model systems. Our control experiments include a set of two
model clays, two organic species and mixture of these, to assess the presence or absence
of any preferential interactions that may occur between the hydrocarbon model species
and model clay particles. In this chapter, § 4.1 gives details on difficulties encountered in
data analysis and provides explanations on how these problems were overcome for our
analysis. In § 4.2, the studies of the model clays, including sample preparation, results
and discussion are addressed. Section 4.3 describes the sample preparation, spectral
assignments and analysis of the model organic species. The preparation, results and
discussion of the hydrocarbon-clay studies are provided in § 4.4. Section 4.5 gives a brief

summary of the results obtained from these experiments.

4.1 Problems with STXM Analysis

All of the model clays, model organic species and mixtures of the two were examined

in the STXM microscope at beamline 5.3.2 at the ALS. For all data obtained, the STXM
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was run with a helium atmosphere inside the main chamber, using the Ny(g) filter (400-
500 mTorr pressure) to reduce higher order light contamination (as discussed in §2.4),
and using the liquid nitrogen cold trap to reduce carbon contamination (as described in
chapter 3). However, when studying our model systems, we discovered two new

challenges that impeded our ability to analyze our data appropriately.

The first problem was obtaining proper spectral normalization. Since transmission
detection was used for our experiments, a clean lo spectrum is required for proper
normalization. Ideally, using the STXM, normalization can be done by obtaining an I and
Io spectrum simultaneously using image sequences (§ 2.2). However, for surfaces of
organic model species and organic models mixed with clays, obtaining proper
normalization was very difficult because a thin layer of organic species is sometimes
found in the region that would normally be used as the lo. The three different
normalization conditions encountered are shown below in Figure 4-1. Figure 4-1 (a)
shows how our ideal normalization works. A blank area near the clay particles would be
used for normalization. Figure 4-1 (b) shows the major complication that surfaced for the
organic and organic-clay samples. The normalization was troublesome because the
surface of the Si3N4 membrane was coated with a thin layer of organic species, therefore
causing normalization artifacts. These normalization artifacts include features in the
spectra which should not be present, such as dips in the carbon pre-edge region, and
suppression of carbon pre-edge peaks. These artifacts occur when an Io which is not from
a completely blank substrate is used for normalization. Figure 4-1 (c) exemplifies the
technique we used to remove normalization artifacts that appear from the presence of an

organic film covering the entire substrate. An external source, a blank substrate, was used
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for normalization (external normalization). Although this method works, it is not perfect
because the Io cannot be obtained simultaneously with the I spectrum, therefore slight

variations in photon flux need to be taken into account for correct normalization.

a) b) C)

i

Figure 4-1. [1lustration of the 3 types of normalization; a) Ideal normalization, b) Poor
normalization (organic film obstructing the Io), and c) External normalization to avoid
artifacts from the organic film.

The spectra of pure organic models and model organic-clays require very careful
normalization to ensure the absence of spectral artifacts. Improper sample preparation can
lead to the organic film covering the entire surface of the substrate as seen in Figure 4-1
(b). These artifacts can occur, as in case “b” of Figure 4-1, because the I and lo are
identical except for the clay absorption. Therefore, when converting to O.D., the
beamline variation, absorption by the substrate membrane also present in the carbon film

1s cancelled out.

An example of a typical “blank” area that would be used as the lo spectrum for
normalization is illustrated in Figure 4-2. However, when this type of lo was used for
normalization, some of the carbon peaks in the spectra of the model organics and model

organic-clay spectra were distorted, and in some cases completely suppressed. An
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example of this distortion and peak suppression can be seen below in Figure 4-3.
Spectrum “a” was obtained using an Io taken from the Si;N4 membrane near the sample
which we believe is contaminated by a thin carbon film (as shown in Figure 4-2) and
spectrum “b” used an external lo, obtained from a blank Si;N4 membrane. Examination
of these two spectra indicates spectrum “a” is missing a peak at 285 eV, which is clearly
visible in spectrum “b”. To further exhibit this point, Figure 4-4 shows a spectrum of the
background near the sample used for I, normalized using an external source as lo. This
background near the clay particles (used as the o for spectrum “a” in Figure 4-4) shows a
strong absorption peak at 285 eV. This peak corroborates our reasoning for the
disappearance of the 285 eV peak in spectrum “a” and validates our use of external

normalization for organic containing samples. A thin organic film appears to coat the

Si3N4 window during sample preparation.

Clay Particles

b Blank Area (used for lo)

Figure 4-2. STXM micrograph of a clay sample, highlighting the clay particles and the
typical background near these particles that could be used for Io.

67



oz T T T 1.5 T T

Optical Density
Optical Density

280 290 300 310 320 280 290 300 310 320
Energy (eV) Energy (eV)

Figure 4-3. C 1s NEXAFS spectra of a sample of naphthenic acid a) normalized using a
region of Si3N4 membrane near the sample, and b) normalized using an external source
(blank Si3N4 membrane).
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Figure 4-4. C 1s NEXAFS spectrum of the substrate background near the organic sample,
normalized using an external source for lo.

The second, more difficult problem encountered with data processing and analysis
was only found when examining the mixture of organic models with bleached illite. We
used external normalization for these samples, but encountered additional complications,

all of which are not completely understood. A “dip” occurs in the spectrum located at
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approximately 285-286 eV. In some instances, only a dip before the peak at 285 eV
would be seen, while in other cases the dip almost completely suppresses the peak. An

example of this is shown in Figure 4-5.

Optical Density

280 280 300 310 320
Energy (aV)

Figure 4-5. An example of a C 1s NEXAFS spectrum of organic-illite distorted by a “dip”
at 285 eV.

Despite the fact that we were normalizing the spectra using carbon free external
normalization, we could still not obtain clean spectra for many of our organic-clay
samples. The dip at 285 eV was distorting a significant portion of the carbon pre-edge
region which was of significant interest in our studies. It was suggested that this dip could
be arising as an effect of contamination from second order light even though we were
using the N, gas filter.”> Second order light is a large concern, especially using STXM
5.3.2 because of high intensity from the bend magnet, but there are several tools used to

eliminate the contamination, all which were implemented for our experiments.

However, if the clays contained a large amount of oxygen, then even a small amount
of second order light would distort the spectra. A beamline scientist at the ALS, Dr.

Tolek Tyliszczak, indicated a method he commonly uses to remove artificial dips from
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data. The method involved subtracting a constant from the I spectrum of the sample, to
account for higher order contamination due to the presence of oxygen. To understand this
suggestion, it is important to examine the equation used to create the spectra originally.
Because we are using transmission, our optical density spectra arise from using Beer’s

Law:
OD = -In (I/10).

However, when 2™ order light is present in the chamber, we have a slightly modified

equation;
OD = -In ((I+b)/(Iotb"))

where b and b’ are unknown constants corresponding to transmission by higher order
photons. The unknown constants should not cause a problem because they are present in
both the I and Io spectra, unless the signal level is low (I not much greater than b). We
speculate that a difference occurs because the I spectrum is transmitted through the SizNy
membrane and the clay particles while the o spectrum is only transmitted through the
membrane thus providing different values of b and b’. The oxygen content of clay
particles would filter out some higher order light reaching the detector decreasing b.
However, a constant is subtracted from the I spectrum, implying more higher order light
is present in this spectrum. This dip could also arise from oxygen 2" order EXAFS
oscillations but we are not certain. Despite our lack of physical understanding, the
suggested method is effective and was used for our analysis of the naphthenic acid-illite

Spectra.
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To demonstrate the effectiveness of the method, we show a comparison of the same
spectrum processed using both methods. A constant of 20 was subtracted from the I
spectrum used in Figure 4-5 and the new spectrum is shown in Figure 4-6. The dip at 285
eV is no longer present and the rest of the spectrum remained unchanged. We are not
completely satisfied with this method, since a pre-edge peak is apparent at the same
energy as the dip and because the physical understanding is lacking. However, this was
the best method found and was used for our naphthenic acid-illite samples. The
naphthenic acid-illite mixture was tested on two separate occasions at the beamline, and

both events provided essentially the same spectra, providing confidence in this data.

Optical Density

na

DE 1 1 |
280 290 300 310 320

Energy (V)

Figure 4-6. An example demonstrating the removal of the carbon “dip” at 285 eV from a C
1s NEXAFS spectrum of an organic-clay sample.

This section has demonstrated several difficulties encountered during data processing.
Once these processing problems were addressed and techniques were created and tested
to account for them, they were utilized where necessary for data processing. The results
and discussion sections in this chapter as well as chapter 5, will indicate the types of

normalization and corrections used in data processing.
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4.2 Model Clays

Before studying the chemical interactions between clay surfaces with organic species,
it was necessary to test our experimental methods on simpler systems where all
components were well known. To study hydrocarbon-clay interactions, we must be
certain that our original model clays are free from any pre-existing organic species,
otherwise we cannot differentiate these organic species from our model species. The
model clays were provided by our collaborators at NRCan; however, they originated
from international clay banks in Japan and Georgia. To obtain data for our model clays,
we used fast imaging to find good regions of small clay particles, followed by 5 um x 5
um image sequences to obtain C 1s NEXAFS spectra in conjunction with spatially

resolved images.

4.2.1 Sample Preparation of Model Clays

Illite and kaolinite were used for model clays as they are present in the highest
abundance in the oil sands. For a properly controlled study, it was important to compare
clays in both their natural version (as received from clay banks) as well as a bleached
version. The reason for using bleached clays was to ensure the clays were free from all
extraneous carbon. This is important because we want to look at the surface interactions
between hydrocarbons with clays. If the clays are not bleached to remove surface
contaminants, they may contain organic components covering part or all of their surfaces.
The signal from this contamination could be stronger than from model hydrocarbons,
which would invalidate our experiments. For these studies, we acknowledge using
bleached clays is not ideal as the bleaching procedures may change the surface chemistry

of the clays. However, this is an essential starting point. This was first imperative to show
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that X-ray spectromicroscopy experiments could be used to study hydrocarbon-clay

surface chemistry.
Bleaching Procedures

To remove all organic contaminates from the model clays, two different bleaching
procedures were used. The first bleaching process consisted of a peroxide bleaching
technique which was used for the kaolinite clays in our studies. The protocol for this

technique is as follows:
1. 25 mL of 30% H,0, was added to 2.5 g of clay in a 250 mL beaker.

2. When the reaction subsided, the beaker was placed on a hotplate and a 5
mL aliquot of 30% H,0, was added and stirred with a glass rod. (If the

reaction was too violent, the beaker was placed in cold water)
3. H,0O,was added until the organic matter was largely destroyed.

4. Evaporation was permitted such that a concentration of H,O, was
approximately 20% in the beaker. After 2-4 hours of digestion, the organic
matter removal was complete, and any remaining material was washed

from the sides of the beaker with de-ionized water.

5. The beaker was made up to approximately 70 mL using de-ionized water

and centrifuged at 15,000 rpm for 15 minutes.

6. The supernatant was discarded and the clay was quantitatively transferred

into an evaporation dish and allowed to dry at 105°C for 24 hours.

The second method used for bleaching, citrate-bicarbonate-dithionate (CBD), was

found to be more effective and was used for the model illite. The protocol for CBD is:
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1. 40 mL of 0.3 M sodium citrate solution and 5 mL of 1 M NaHCO;

solution were added to 1 g of over dried clay in a 200 mL beaker.

2. The beaker was placed in a water bath and maintained at 75-80°C. 1 g of
sodium dithionate was added, and the mixture was stirred constantly for 1 minute,
then occasionally every 5 minutes. (If a brown or red color remained, 1 g more of

sodium dithionate was added while the mixture was being constantly stirred).
3. After 15-30 minutes of digestion, 1 M NaCl was washed and centrifuged.
4. The clay was washed with de-ionized water, and left to dry.

The experimental details of these procedures were provided by our collaborators at
NRCan. All of the bleaching was also performed by workers at NRCan, and the final

bleached products were provided to us for investigation.
Clay Casting Procedure

The clay samples were suspended in Millipore water and cast onto Si3N4s membranes
using a 0.1 pl Eppendorf pipette. An Eppendorf pipette was used to avoid cross
contamination from incomplete cleaning of reusable syringes. Very tiny droplets, less
than 0.1 pl, are required to ensure that the entire membrane surface is not covered by
solution so that an unexposed area is present for measuring the incident flux (example
case “a” in Figure 4-1). A small droplet was created at the tip of an Eppendorf pipette and
was lowered onto the membrane surface leaving behind a very small droplet of sample on
the substrate. This method was the approach used for casting all of the samples onto their

substrates.
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Once the samples were prepared, they were mounted on a STXM sample holder and
examined by the Visual Light Microscope (VLM) contained in the hutch at STXM 5.3.2.
The stages of the VLM and STXM microscope have their indices correlated in order to
locate areas of interest in the sample. This correlation facilitates an easier and faster

means to locate desired regions of the sample when inside the STXM chamber.

4.2.2 Results of Model Clays

To access the validity of using these clays as models, we examined both the bleached
and unbleached versions of the clays. We found that the original, unbleached clays
contained various forms of carbon on their surfaces. An example of this carbon can be
seen below in Figure 4-7. This figure represents a C 1s NEXAFS spectrum obtained from
one of our unbleached kaolinite samples. A large amount of organic species present in the
kaolinite. A small amount of unsaturation is apparent from the low energy peak at 285

eV, and the larger feature at 288.5 eV appears to be a type of carboxylate (eg. -COOH)."

07 ]

06 + -

05

04 -

0.3

Optical Density

0.2

01

0o | 1 |
280 290 300 310 320

Energy (eV)

Figure 4-7. C 1s NEXAFS spectrum of clay particles from the Clay Society of Japan
without purification.
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It should also be noted that this sample was particularly undesirable, because by
closer examination of the spectrum, the background is fairly flat and close to zero;
indicating that we were examining only organic material and not clay. If clay particles
were present, then one would expect the background to be tilted with a negative slope due
to the absorption of the Al-Si-O layers of clays. A representative spectrum of 0.2 um clay
(Al,S140;) is shown in Figure 4-8. Since we did not observe a strong background in our
spectra, we were actually examining a thin organic film. When the kaolinite was cast onto
the Si3N4 membrane and allowed to dry, an organic component dried separately, most

likely originating from organics loosely bound to the clay particles.
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Figure 4-8. Simulation of the typical background absorption from clay particles in the
carbon region.

To test our hypothesis regarding this sample preparation issue, we re-made the
sample using a slightly different technique. Once the sample was cast onto the

membrane, intense heat from a microscope lamp was used to speed up the drying process.
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This process was observed using a light microscope, and a very evident spatial separation
was seen as the sample dried. When examined using the STXM, we discovered the
organic species dropped out of solution first (near where the drop was cast on the
membrane), and the clay particles would deposit in a different region of the droplet. This
type of separation allowed us to investigate the clay particles rather than organic species
as there was a separation on the window. Figure 4-9 shows the C 1s NEXAFS spectrum
we obtained from one of these kaolinite particles along with another kaolinite particle
from a different sample. Although the new preparation method was useful for separating
the organic species from the clays, the spectra indicate that both kaolinites contained
large amounts of organic species and were therefore undesirable for use in our studies

with model organics.
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Figure 4-9. C 1s NEXAFS spectrum of unbleached kaolinites from a) Japan and b) Georgia

clay banks.
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After discovering that our library kaolinite clays contained significant amounts of
carbon, in conjunction with our collaborators, we decided to investigate peroxide
bleached versions of these clays. Exposing the clays to a peroxide bleaching procedure
should remove the organic species associated with the clays. However, when the
bleached kaolinites were first examined in the STXM, we found that they still contained
organic contamination. Representative C 1s NEXAFS spectra of the bleached samples are
displayed in Figure 4-10. There was a large variance between different regions within the
same sample as can be seen by comparing spectrum “a” and “c” in Figure 4-10. These
two spectra were obtained from two regions within the same bleached kaolinite sample.
They are substantially different, as spectrum “a” appears to be well bleached, showing
very little carbon, while spectrum “c” has a large amount of carbon and potassium
contamination. This problem is attributed to incomplete bleaching procedure, leaving
contamination behind in some of the clay particles. Clearly, these new samples were not
sufficient for our model studies; thus our search for clean model clays needed to be
revisited. After our failed attempts to obtain clean kaolinite clays, illite was bleached

using CBD rather than peroxide.
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Figure 4-10. C 1s NEXAFS spectra of a) Bleached kaolinite (Georgia), b) Bleached
kaolinite (Japan), and c¢) Bleached kaolinite (Georgia second region showing variation)
Exploring the newly bleached (CBD) illite sample in STXM 5.3.2 at the ALS
represented our first C 1s NEXAFS spectra of clays fairly free from organic species. An
example of a C Is NEXAFS spectrum obtained from the bleached illite is shown in
Figure 4-11. Several repeated stacks were obtained on this sample and they all produced
similar spectra; clean clays with only a small “bump” present near the carbon edge. Due
to the repeatability of the carbon free spectra, the bleached illite sample was used for our

studies of model organic species mixed with clay particles.
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Figure 4-11. C 1s NEXAFS spectrum of CBD bleached illite.

4.2.3 Discussion and Summary of Model Clays

We observed a large amount of carbonaceous material associated with the clays
obtained from the clay banks. Both kaolinites contained organic species which remained
even after peroxide bleaching. In some cases, it appeared that different organic species
were present after the clays underwent bleaching. This can be seen from the C Is spectra
shown for the Georgia clay before (Figure 4-9(b)) bleaching and after (Figure 4-10(c))
bleaching. Before bleaching, the kaolinite C 1s spectra had peaks at 287 eV and 291 eV,
but after bleaching, there are 2 sharp peaks at 288 eV and 290 eV which were not present
in the original kaolinite as well as two large potassium peaks at 297 eV and 300 eV and
most likely arose as a contaminant from bleaching.

In other cases, similar organic species were found before and after bleaching. An
example of this is shown in Figure 4-12. These spectra were extracted from the bleached

and unbleached versions of kaolinite from Japan. Both of these spectra show the presence
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of carbon at 285 eV (unsaturated carbon) and at 287 eV (aliphatic carbon) indicating the

peroxide bleaching was extremely inefficient for these clays.
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Figure 4-12. C 1s NEXAFS spectra of (a) Bleached kaolinite from Japan and (b) Overplot
of bleached and unbleached kaolinite from Japan.

After examination of many image sequences, we hypothesize that we had regions in
both the bleached and unbleached kaolinites where an organic film encapsulated our clay
particles. Also, we were able to see that areas that appeared as clay particles without this
organic encapsulation still contained carbonaceous material. Therefore both peroxide

bleached kaolinites were not suitable for our studies.

4.3 Model Organics

To determine the association between model organics with bleached illite, it is
imperative to have C 1s NEXAFS spectra of the pure organic species. Thin cast films of
naphthenic acid and methylene blue were prepared. To obtain this data, we first used the
STXM in imaging mode to identify regions where there was a thin molecular film, and
then high resolution line scans were used to obtain the C 1s NEXAFS spectra. Line scans

were used rather than image sequences because they are less time consuming, while they
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still provide high resolution spectra. Furthermore, we were only interested in spectra, not

morphological information.

4.3.1 Model Organics

Methylene blue and naphthenic acid were chosen as the two model organics to be
associated with our bleached illite. The chemical structure of methylene blue is shown in
Figure 4-13. Naphthenic acid is a complex mixture of many types of carboxylic acids;
therefore it does not have one specific chemical structure; however, Figure 4-14 shows
several carboxylic acids commonly found in the mixture. Naphthenic acids are common
components found in oil sand tailings and they contain carbonyl functional groups which
are not present in methylene blue. Therefore, they were used as the second type of

organic species to be mixed with the model illite.

H3C X, ,-CHs

CH; Cl CHs,

Figure 4-13. Chemical structure of methylene blue.

R
W
—(CH,),,CO;H

N UG

z=2 R= #—(CH,),,CO,H

Figure 4-14. Chemical structure of some of the components of naphthenic acid.(R
represents an alky group, m represents the alkyl chain length and z is the H deficiency
due to ring formation)®*
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4.3.2 Sample Preparation of Organic Species

The two model organics were prepared identically. The sample preparation for the
organic species was very similar to the previously described model clay preparation. The
samples were fairly low in concentration ~ (0.001 M) and a 0.1 pl Eppendorf pipette was
used to cast a small droplet of each organic species onto a blank Si3N4 membrane. The

solutions were allowed to dry and were then mounted to STXM sample holders.

4.3.3 Results and Discussion of Pure Organics

To obtain properly normalized spectra for the two pure organic species, external
normalization, using a blank SisNs membrane as shown earlier, was utilized. High
resolution C 1s NEXAFS spectra were obtained for these samples using line scan
acquisition in the STXM.

The C 1s NEXAFS spectrum of naphthenic acid, obtained using external
normalization, was shown earlier in Figure 4-3(b). Two main features can be seen in this
spectrum, a small peak at 285 eV that can be attributed to a weak aromatic component, C
Is (C-H) = m*-), and an intense peak at 288.5 eV from C 1s (C=0) = n*-), due to
the carbonyl component (carboxylate) in the naphthenic acid. As seen in Figure 4-4, the
background on the Si3Ns membrane near the naphthenic acid shows a large absorption at
285 eV. This indicates that the membrane has a thin film of an aromatic species covering
it, thereby invalidating the use of a nearby substrate region for normalization. The
spectrum obtained from the membrane region near the thicker organic thin film is
completely different from the COOH contribution; leading us to believe that we could be
seeing a separation of the organic species contained in naphthenic acid. More

specifically, a thin layer of aromatic rich species could be depositing on the SizNg
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membrane first as the film dries on the membrane, perhaps indicating a strong association
with the surface of the membrane. This is evidence for differential segregation of
different naphthenic acid components on the Si3N4 membrane.

The C 1s NEXAFS spectrum of methylene blue is shown below in Figure 4-15. The
spectrum exhibits four well resolved peaks at 283.9 eV, 285.3 eV, 286.5 eV and 287.3
eV, and two broader features at 289.5 eV and 290.1 eV. The assignments of these
features are documented below in Table 4-1. In contrast to the external normalization
used for naphthenic acid, a region close to the methylene blue was suitable for
normalization. This normalization was valid because there was no evidence of any

organic species covering the surface of the SisNs membrane next to the organic deposit.
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Figure 4-15. C 1s NEXAFS spectrum of methylene blue.
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Peak Energy (eV) Assigned Transition

283.9 Cls (C—H) > ln*(c:(j)

285.3 Cls (C-H) > 171*((::(:)

286.5 C 1s (C-R) = 1n* =) (functionalized aromatics)
287.3 C 1s (C-R) = 17* =) (functionalized aromatics)
289.5 Cls—> 0*(C-H)

290.1 Cls~> G*(C=C)

Table 4-1. Assignment of the absorption peaks at the C 1s NEXAFS spectrum for
methylene blue.

The differences between the behavior of naphthenic acid and methylene blue when
cast on SizN4 membrane surfaces could be because naphthenic acid is a mixture of many
substances whereas methylene blue (99% Alfa Aesar high purity) contains one major
component. These different behaviors play an important role in the data processing, as
the normalization for the mixture of the organics with the bleached illite must be

performed with caution.

4.4 Hydrocarbon-Clay Mixtures

The two model systems investigated were mixtures of illite with naphthenic acid and
illite with methylene blue. All of the spectra obtained for these two systems were
collecting using image sequences. Due to the previously mentioned normalization issues,
external normalization (case “c” in Figure 4-1), using either a blank Si;N; membrane or
multi-region image sequences, was used for data processing of the naphthenic acid with
illite sample. Multi-region image sequences involve setting the STXM to acquire an
image sequence in two slightly displaced regions of the sample, such that data is obtained
in one region for one energy (I), then the sample is moved to the second (clean) region,

untouched by solution drying, and the Io data is obtained.
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4.4.1 Sample Preparation of Hydrocarbon-Clay Mixtures

To prepare the model hydrocarbon-clay mixtures, a preparation method, similar to the
model clays and model organics was used. First the clays were mixed into a dilute
solution of the different organics, naphthenic acid and methylene blue. These mixtures
were left overnight to ensure enough time for adsorption. It is important to note that the
exact ratio of clay in the mixture of organic species was unknown. This Masters project
was concerned with proving that the STXM could be used to study such systems, thus
simple model systems were examined. However, in the future, it would be very
interesting to have more comprehensive sample preparation to explore how factors such

as solution pH, and solid to organic ratio affect the outcome of the experiments.

An Eppendorf pipette was used to cast droplets (1 pl) of the solutions onto clean
Si3N4 membrane (75 nm from Norcada Inc.). When small clay particles could be seen
settling to the membrane, a small stream of air was blown across the membrane to
remove the liquid drop from the surface of the clays on the membrane. This step was very
important for two reasons; first because we want to investigate organics attached to clay
surfaces and not organics that dried on top of the clays, and secondly to avoid having the
organic liquid drying on the membrane. This makes obtaining a blank area of Si;N4 near

the deposited clay to use as an Io for normalization possible.

4.4.2 Results and Discussion of Hydrocarbon-Clay Mixtures

The C 1s NEXAFS spectrum for naphthenic acid mixed with illite is presented in
Figure 4-16. To obtain accurately processed spectra for this mixture, we utilize external
normalization with a small 1 pm x 1 pum stack on a blank Si;N4 membrane as the Io

spectrum. A small stack was done for the normalization to ensure all of the parameters,

86



including dwell time and STXM acquisition mode, were the same for both the I and Io
spectra. The use of external normalization was necessary for this sample, because, as
shown below in Figure 4-17, the background of the membrane near the naphthenic acid-
illite mixture contains a thin film of organic species. The C 1s NEXAFS spectrum
obtained in this background is almost identical to the one shown earlier in Figure 4-4,
which was background near pure naphthenic acid. The fact that the two background
spectra are almost identical is indicative that our presumption that there is a weak
aromatic component in naphthenic acid which associates well with the Si;N4 membrane
surface. The spectra shown may not be 100% representative of the chemistry, due to
normalization issues; however, they are evident that there is definitely some organic

species bound to the substrate.
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Figure 4-16. C 1s NEXAFS spectrum of bleached illite mixed with naphthenic acid.
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Figure 4-17. C 1s NEXAFS spectrum of the background Si3N4 membrane near the illite-
naphthenic acid mixture.

In the C 1s NEXAFS spectrum of naphthenic acid associated with illite shown in
Figure 4-16, we see four major features at 285.2 eV, 291.5 eV, 297.3 eV and 299.6 eV.
The spectral assignments for these peaks are provided in Table 4-2. The two last peaks
are attributed to the potassium 2p edges in illite, which ensures us that we are
investigating the illite and not an organic thin film without clay. At 288.5 eV, a weak
feature can be seen which arises due to C 1s (C=0) = m*-0) transitions from the
carbonyl functionality of the carboxylic acids.'® Several different image sequences were
acquired on this system; all produced similar spectra. To show the reproducibility, three
representative spectra are shown in Figure 4-18 from naphthenic acid mixed with illite
collected by different image sequences on varying occasions. The small feature at
288.5 eV provided the only variation because in some spectra it was not as strong as in
others. All of the repetitions showed that the background near the clays contained organic

species therefore validating the use of external normalization for this sample.
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Peak Energy (eV) Assigned Transition

285.2 C 1s (C-H) = 1n*=c)(aromatic)
288.5 Cls (C:O) > TC*(C=Q)
291.5 C 1s (C-C) 2 o*co
297.3 K 2ps3

299.6 K 2p1/2

Table 4-2. Assignment of the absorption peaks in the C 1s spectrum of naphthenic acid.
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Figure 4-18. C 1s NEXAFS spectra of naphthenic acid mixed with illite indicating good
spectral reproducibility (spectra offset for clarity).

In comparing the spectrum of pure naphthenic acid and naphthenic acid mixed with
illite, large differences are observed. An over-plot of the two spectra is shown below in
Figure 4-19. The spectrum of naphthenic acid alone shows a very strong (as expected)
peak at 288.5 eV from the carbonyl groups; however, this peak is barely apparent (small
feature) in the spectrum of the naphthenic acid mixed with illite. This observation can be
attributed to a separation of many different components in naphthenic acid. For example,
a component with a different COOH/aromatic ratio may be segregating to the clay

surfaces.
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Figure 4-19. Over-plot of C 1s NEXAFS spectra of a) Naphthenic acid with illite and b)
pure naphthenic acid (offset for clarity).

The C 1s NEXAFS spectrum for the mixture of methylene blue with illite is presented
in Figure 4-20. Three separately acquired spectra are shown to demonstrate the
reproducibility of the data. An important note on this sample was that external
normalization was not necessary for the processing and analysis, although multi-region
stacks were taken as a precaution. The areas of Si3;N4 membrane near the mixture of illite
and methylene blue appeared to be free of organic film, unlike what was observed for the
mixture of illite with naphthenic acid. This result indicates that methylene blue only
absorbs on the clay surfaces and not on the Si3;Ns membrane. Figure 4-21 shows a C 1s
spectrum using the background near the mixture of methylene blue with illite as the
transmitted flux (I) and a blank Si3N4 membrane as the incident flux (Io). The noisy line,
centered near the origin corroborates our observation that there is no thin film of organic
contaminants in the regions neighboring methylene blue and the methylene blue with

illite samples.
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Figure 4-20. C 1s NEXAFS spectra of methylene blue mixed with illite showing spectral
reproducibility (offset for clarity).
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Figure 4-21. C 1s NEXAFS spectrum of the background near the sample of methylene blue
mixed with illite.

The C 1s NEXAFS spectrum of the methylene blue with illite exhibited features at

similar energies as seen in the spectrum of pure methylene blue. An over-plot of the two
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spectra is shown below in Figure 4-22. A peak was seen at 283.9 eV attributed to C Is
(C-H) 2 1n*c=c), 285.3 eV from C 1s (C-H) = 1n* =) transitions, 286.5 eV and 287.5
eV from C 1s (C-R) = 1n* =) (functionalized aromatics) transitions. The two strong
absorptions seen at 297 eV and 300 eV represent the potassium L,3 edges from the
potassium present in the illite interlayer. There is also a smaller feature around 288 eV
which is not present in the spectrum of pure methylene blue. Our best assignment of this
feature is a small amount of photodeposition. The broad features seen at 289 eV and
above in the spectrum of pure methylene blue are not present, or at least not well defined
in the spectrum of the mixture. This is most likely due to the large potassium peaks from
the illite dominating this higher energy region. Overall, the peaks present in our mixture
compare very well with the peaks observed in our pure methylene blue spectrum,
providing us with confidence that methylene blue is attached to the surface of bleached
illite. Also, the fact that we have a clean background near the illite-clay species gives us
confidence that there is preferential binding for the methylene blue with the illite surface
rather than with the Si3N4 membrane. Because methylene blue highlights ionic
interactions with the illite surface, we suspect that clay surfaces associate preferentially
with ionic (cationic) substances. This agrees well with the ability of clays to undergo

.. . . . . 50.65
cationic exchange discussed previously in literature.”™

By comparison, the polar
interactions that would be induced with naphthenic acid, did not exhibit very good
association with illite which could be lack of selectivity to illite, or because of adsorption

to the Si3Ny substrate. Therefore, it appears that for our model study, ionic interactions

are more selective to the illite surface than polar interactions.
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Figure 4-22. Over-plot of C 1s NEXAFS spectra of a) Methylene blue with illite and b)
Pure methylene blue (offset for clarity).

To further enhance the confidence in our MB-illite data, we compared our newly
obtained data with results from a study by Héhner et al. (1996).”" They investigated both
the orientation and electronic structure of methylene blue on mica using NEXAFS
spectroscopy. Their measurements were detected using partial electron yield detection
with an energy resolution of only 0.5 eV at the C 1s edge.’® They acquired C 1s NEXAFS
spectra of methylene blue bound to mica which appeared similar to our spectra of
methylene blue bound to illite providing us with assurance that the data we obtained was

accurate.

4.5 Summary
Our model system studies provided us with some invaluable information regarding
sample preparation and processing issues. The search for our model clay proved that

some of the bleaching methods being used to remove organic contaminants from clay
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surfaces are not completely effective. Also, it showed that clays from clay banks contain

inherent organic contaminants.

During the course of model studies, we encountered many problems in sample
preparation. We were able to identify and develop methods to overcome these problems.

These include:

1.) A troublesome problem involved spectral artifacts from sample drying.
Originally, we solution cast samples and allowed them to dry but we observed
precipitation of organics on the clays. Then, we rinsed the samples in
Millipore water and used heat from a microscope lamp to speed up the drying.
This method appeared to prevent organics from drying on the clays, but was
only useful for substances where there was a low concentration of organic

species present.

2)) When examining the organic species mixed with clays, we had to develop a
new preparation method. The previously used preparation did not work for
these samples because we found that the substrate was coated with a layer of
precipitated organic components which we were unable to remove by rinsing
with Millipore water. Therefore, we decided to use a light pressure of air to
blow off the excess solution from the membrane’s surface so that the solution
would not have a chance to dry on the sample surface nor on the SizNy

membrane.

Encountering these various preparation problems required us to develop sample
preparation procedures that could be used to eliminate the difficulties. We successfully

developed procedures that worked adequately for all of our samples.
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Once our model clay was obtained and we were able to overcome sample preparation
issues we were able to study clean clay surfaces without drying artifacts and organic film
encapsulation impeding our studies. In our study of hydrocarbon-clay interactions, we
were able to show that there was a fairly strong association between the methylene blue
and illite particles, perhaps due to favorable ionic interactions. Our study of naphthenic
acid mixed with illite showed weak interactions between a subset of hydrocarbons and
illite particles. The naphthenic acid appeared to exhibit several different components,
some of which appeared to have an affinity towards the substrate rather than, or just as
much as, the clay’s surface. Our methylene blue mixed with illite data agreed well with
previous literature data providing us with confidence in our methods. The results from
these studies showed that although we used bleached clays which may have altered the
surface of the illite particles, we were still able to achieve results which would be

expected based on physical arguments.
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CHAPTER 5

RESULTS AND DISCUSSION OF PROCESS
SAMPLES

The overall goal for this project was to develop characterization techniques to
examine hydrocarbon-clay interactions in oil sand samples. Chapter 4 discussed
experiments examining organic-clay interactions in controlled model systems, where both
the clay particles and organic species were known. We were able to identify and assess

the associations between organics and clays when they were mixed together.

However, we would like to apply our STXM experiments to process samples from the
oil sands. In this chapter, we discuss our studies on a set of four bitumen froths samples.
Section 5.1 provides a brief introduction to the samples, including our rationale for
studying them. In § 5.2, all of the experimental details, including STXM operating
conditions, sample preparation and data processing are discussed. The results and
discussion of the samples are presented in § 5.3, and a summary of the findings is

provided in § 5.4.

96



5.1 Process Samples

During bitumen extraction in oil sands processing, separation of the oil/sand mixture
occurs into three regions, a bottom layer of large solids, a middle layer (clay-middlings)
containing water and small fine clay particles, and a top layer composed of the bitumen
froth. Our experiments investigate samples from the top layer of bitumen froth. The froth
samples were obtained from our collaborators at NRCan, and their preparation will be

described in § 5.2.

5.1.1 Rationale

Two bitumen froths were from Suncor Inc., a primary bitumen froth and a secondary
bitumen froth, and two other froths originated from Petrocan. At the beginning of this
study, we were interested to see if we could locate differences between organic species
contained in the primary and secondary froths. As well, the amount of unsaturated carbon
contained in the different froths could be investigated to make a correlation with earlier
findings by our collaborators. Previously, they performed studies using confocal laser
scanning microscopy and discovered different bitumen froth morphologies present due to
the quantity of degraded bitumen present. They concluded that the diverse morphologies
were linked to differences in bitumen chemistry in conjunction with distinctly different
fluorescence behavior. Their investigations provided microscopic characterization of the
bitumen components; however, they were not chemically sensitive to the different
bitumen species. Therefore, our goal was to examine the froth samples to find chemical
differences in the carbon spectra and make correlation between our chemical findings and

their morphological/fluorescence changes.
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5.2 Experimental Issues

All experiments were performed on STXM 5.3.2 at the ALS, in Berkeley California.
The STXM was run using the liquid nitrogen cold trap (discussed in chapter 3), along
with the nitrogen gas filter (pressure between 400 — 500 mTorr), to suppress higher order

light (§ 2.4) and the STXM chamber was backfilled with helium.

5.2.1 Bitumen Froth Sample Preparation

All four froth samples were examined in the STXM by first using imaging to find
uniform regions of the sample and then using line scans to collect the spectroscopic
NEXAFS data rather than image sequences. Line scans were used for the froth samples
because we were interested in assessing repeatability throughout many different regions
of these samples. This was more easily done using line scans because they are much less

time consuming than image sequences.

The four bitumen froth samples were all prepared in exactly the same manner. The
substrates used for these samples were all 75 nm thick Si3N4 membranes from Norcada
Ltd. A small amount of the black, crude froth was placed in a clean test tube, and
dissolved in high purity toluene (optima), creating brownish/black solutions.
Approximately 2 mL of this solution was removed and further diluted with optima
toluene. Tiny droplets of the new diluted solution were cast onto Si;N4 membranes using
very small droplets from the tip of an Eppendorf pipette. Clean Millipore water was used
to rinse away the excess liquid from the membrane and heat from a microscope lamp was
used to speed up the drying of the samples. The prepared membranes were attached to the

STXM sample holder using either two sided tape or in a few cases, melted candle wax.
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5.2.3 Data Processing
The froth data was processed in a manner which allowed for direct comparison
between the various froth samples. This required quantization and careful normalization

which is described below.

Normalization and Processing of the Bitumen Froths

For the model systems, normalization, using an Io spectrum from areas very close to
the sample region, created spectral artifacts and inconsistencies in the C 1s NEXAFS
spectra. This problem was attributed to a thin organic film covering most of the SizNy4
window, which was likely of similar thickness to the organics present on the clays’
surface. Fortunately, this situation was not a problem for the bitumen froths because the
carbon in the froths was extremely thick; therefore, a very thin layer of carbon on the
membrane’s surface would not affect the spectra after normalization. Thus, all of the
froth data was normalized using a blank area of Si;N4 membrane close to the sample of
froth, rather than a separate external source. Using this form of normalization, the I and
Io spectra were obtained simultaneously, thereby -eliminating the possibility of
encountering intensity offsets in the I and lo spectra, which can distort and disrupt the

correct NEXAFS spectra.

Our interests in studying the various froths transformed from looking at distinct
differences between the froth samples, into a comparison of the amount of unsaturated
carbon present in each of the froths. In C 1s NEXAFS spectra, unsaturated carbon, C 1s
(C-H) = 7* ), exhibits absorption peaks at approximately 285 eV. In order to process
our data in a manner that would allow proper comparison of the quantity of unsaturated

carbon present in each froth, each C 1s NEXAFS spectra were consistently normalized to
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a common carbon atomic cross section. The atomic cross section that was used for the
normalization of these froths was a pure carbon atomic cross section, with a density of
lg/cm® and a thickness of 0.04 um. This was used consistently throughout all of the data
processing of froth samples and will be reported in the results and discussion section

below.

5.3 Results and Discussion
This section focuses on the analysis of the four bitumen froth samples. After careful
normalization and quantization the findings were compared with previous data from

NRCan.

5.3.1 Analysis and Discussion of Bitumen Froths

All four of the bitumen froths appeared fairly similar, dark brown sticky tar-like
materials, some of which were slightly less viscous than others. The primary and
secondary froths were provided from Suncor, and the bitumen froths #1 and #9 were
from Petrocan. No extra processing was performed on the samples.

Our goal was to quantitatively measure the relative strength of the C 1s = =n*
transition in the NEXAFS spectra of the four froths, to provide a quantitative
measurement of the relative concentration of aromatic groups present in the froths. To
achieve this, a set of consistent, high quality spectra for each of the froths was required.
Obtaining spectra with both long pre and post edge regions was desirable to support the
accuracy of the normalization procedures. To build statistical confidence in our
measurements, several repetitions of each froth sample on separate occasions were

acquired.
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Normalized, C 1s NEXAFS spectra of the four bitumen froths are shown in Figure
5-1. Several repetitions of each sample were obtained; therefore the spectra shown are
representative examples of the different froths. All four froths exhibited similar C 1s
NEXAFS spectra, with main features occurring at 285 eV from C 1s = 7*c=c) transitions
(unsaturated carbon), 287.5 eV from C 1s = 6*.p) transitions (aliphatic carbon) and a
broader feature centered around 293 eV from C 1s =>6*.c) transitions. For all froth
samples, there was little evidence of potassium. Although the absence of potassium does
not imply that the samples are free of clay particles, the lack of potassium in combination
with much lower backgrounds, indicates a vast reduction in the amount of clay

particulates present in these four froths.
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Figure 5-1. Normalized C 1s NEXAFS spectra of (a) Petrocan froth #1, (b) Petrocan froth
#2, (c) Primary froth and (d) Secondary froth.

To achieve a quantitative comparison of the unsaturated carbon in the different froths

using NEXAFS spectroscopy, froth spectra were carefully background subtracted and

normalized to a common carbon atomic cross section. An overlay showing one spectrum

from each froth sample as well as the cross section used for normalization is shown in

Figure 5-2. To evaluate the amount of unsaturated carbon present, the area under the peak

from 284 eV to 286 eV was calculated. This area was calculated for the unsaturated

carbon peak in each sample for all trials, and the average with standard deviation and

percentage error is reported. Spectroscopic sum rules indicate that the total area

calculated under a background subtracted C 1s NEXAFS spectrum, integrated from the
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far pre-edge region to infinity, normalized to an atomic cross section, is independent of
chemistry. Therefore, the total area under the curve from the pre-edge to the far post-edge
was evaluated and used as a measure to indicate error in the normalization. The outcomes
of this study, including normalization consistency tests reported by average with standard

deviation and percent error as well as unsaturated carbon data is presented in Table 5-1.
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Figure 5-2. Overlay plot of normalized C 1s NEXAFS spectra of the primary froth
(green), secondary froth (black), Petrocan #1 froth (blue) and Petrocan #9 froth (pink).
The orange trace indicates the carbon atomic cross section used for normalization.

Sample Average m area Number of Spectra Area under spectra
(std dev; % error) (std dev; % error)

Petrocan #1 0.08 (£0.02; 20%) 10.1 (£0.4; 4.3%)
Petrocan #9 0.1 (£0.02; 18%) 9.8 (£0.2; 2.3%)

Primary 0.03 (£0.01; 33%) 10.0 (£0.1; 1.4%)
Secondary 0.03 (+0.01; 41%) 10.1 (£0.3; 3.2%)

A W W b

Table 5-1. Peak areas of the unsaturated carbon peak with standard deviation and areas
indicating normalization consistency.
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By examining data reported in Table 5-1, the area under the n* peak in the two
Petrocan froths is significantly greater than that in both the primary and secondary froths.
This indicates that the Petrocan froths have a greater amount of unsaturated carbon than
the two other froths. There is also a statistically significant difference in the amount of
unsaturated carbon present in Petrocan #1 froth compared to the Petrocan #9 froth. In
contrast, the area under the n* peak of the primary and secondary froths is identical
within the statistics of these experiments.

The area under the entire spectrum that was reported represents an estimate of the
quality of the normalization process. A larger variation in the area under the normalized
spectrum reflects a greater non-statistical error in our normalization. The variation in the
total area is low for all of the froth samples, and is significantly lower than the variation
in the area of the * peaks. This implies the froth samples may not have a homogeneous
distribution of aromatic content, as the repeated spectra of the same samples exhibit
slightly different n* peak areas. The small variation in the total peak areas indicates that
the normalization method was reasonably effective and consistent.

Although some of our findings, particularly the comparison between the unsaturated
carbon in the primary and secondary froths was not well determined, it is still desirable to
compare our findings with data obtained by our collaborators. Using confocal laser
scanning microscopy, they were able to develop semi-quantitative methods to assess the
amount of degraded bitumen present in the different froths. The changes to the bitumen
component were attributed to changes in bitumen chemistry which are believed to cause
processing problems.” They quantified the amount of degraded bitumen present in the

froths. Low fluorescence is associated with larger amount of inorganic particles and
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degraded bitumen, and in our case, a decrease in the area under the n* peak. NRCan
found that Petrocan #1 showed 100% degraded bitumen with large structures (250-300
um) and Petrocan #9 showed only 5% degraded bitumen with smaller structures (mostly
less than 100 um). Our findings correspond well with their results. Our findings indicated
the largest unsaturated carbon was in Petrocan #9, followed by Petrocan #1. However,
their findings for the primary and secondary froths did not fit the data obtained using our
quantitative NEXAFS, indicating that perhaps there is more variation in the samples then

expected.

5.4 Summary

Investigations of the bitumen froths indicated that all four froths exhibited very
similar spectra, three main carbon features. However, our major focus remained on the
quantity of unsaturated carbon present in each of the froths. Within the statistical limits of
our experiments, we were able to determine that the two Petrocan froths contain
significantly more unsaturated carbon than both the primary and secondary froths from
Suncor. However, no differences were observed between the amount of unsaturation
contained in the primary and secondary froths. When comparing our quantitative
NEXAFS analysis with NRCan’s previous findings, the two Petrocan froths showed that
the more unsaturated carbon present in our quantitative study corresponded to froths
previously characterized by having less degraded bitumen thus more fluorescence.
However, the primary and secondary froths did not fit into this correlation indicating

more sample variation then expected for these samples.
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CHAPTER 6
CONCLUDING REMARKS

6.1 Conclusions

The hydrocarbon-clay interactions of both model and process samples have been
studied using X-ray spectromicroscopy. To accurately study these systems using STXM
microscopy, the development of an anticontaminator was necessary to eliminate
photodeposition of carbonaceous material on the sample. The anticontaminator was
tested and proved to be effective and essential for our studies. A major portion of the
work for this thesis was testing and developing various sample preparation methods to
obtain samples free of contaminants, and drying artifacts, as well as providing proper
thickness for transmission measurements.

The interactions between clay particulates and organics in the samples were directly
probed using C 1s NEXAFS spectroscopy. The C 1s NEXAFS spectroscopy of our model
clays demonstrated that the process used for bleaching clay particles to remove organic
contaminants, in particular using peroxide, was not effective. A modified technique was
then used instead, and a CBD bleached illite provided fairly carbon free clay particles.
The study of the interaction of naphthenic acid with illite demonstrated that polar

interactions between these substances were weak. We observed three
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significantly different carbon spectra for pure naphthenic acid, naphthenic acid mixed
with illite and naphthenic acid on the substrate. These findings lead us to believe that
different components in naphthenic acid were separating. Some of which preferentially
associated with the Si3;Ny substrate while other associated to the illite clay surfaces.

Conversely, examination of methylene blue mixed with illite showed no indication of
methylene blue bound to the SisN4 substrate surface, indicating preferential binding of
methylene blue to the clays’ surface. The C Is NEXAFS spectrum of pure methylene
blue was similar to the C 1s spectra of the methylene blue - illite mixture, indicating that
methylene blue was bound to the surface of the clay particles.

The functional groups present in the two model organics were very different. In
methylene blue aromatic components were well associated with the surface of illite.
However, naphthenic acid was found to separate into different components which
appeared to segregate onto different surfaces. In particular, the aromatic component in
naphthenic acid was the major component present at the surface of illite particles.

The C 1s NEXAFS spectra of four bitumen froth process samples provided nearly
similar spectra. The area under the n* peak, representing the amount of unsaturated
carbon present in each froth, was studied. We were able to determine that the two froths
from Petrocan contained significantly more unsaturated carbon than the primary and
secondary froths from Suncor. Our findings were correlated with previous studies by our
collaborators at NRCan showing that the froths contained different morphologies which
were indicative of changed bitumen chemistry, observed by fluorescence changes. Using
our quantitative NEXAFS data, we were able to show that the changes in the bitumen

chemistry may be in part related to differences in unsaturated carbon present in the froths.
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However, direct correlation for the four froths was not possible; inhomogeneity is

implicated.

6.2 Future Work

The development of effective sample preparation was one of the major achievements
accomplished in this thesis work. The ability to obtain samples with clean surfaces, free
from contaminants and artifacts is essential for proper characterization. Our newly
defined preparation procedures can be applied and used to study hydrocarbon-clay
interactions using additional model systems, with different models and organic species, to
further test our initial observations regarding strong interactions between certain
naphthenic acid components and clay surfaces. A study testing preferential interactions of
naphthenic acid with clay mixtures using fine clays obtained from clay banks and from
natural sources (oil sands) will also be performed. The use of the anticontaminator will be
essential in many future studies on this project, as well as other systems with very low
carbon concentrations.

To further this work, it would be extremely useful to increase surface sensitivity,
which could be achieved by using total electron yield detection in the STXM. Using the
STXM to detect TEY signal from samples is currently an ongoing challenge being
investigated by a Dr. Urquhart and Dr. Tyliszczak. This would require the use of STXM
11.0.2 at the ALS or the soft microscopy STXM at the CLS, as they operate on
elliptically polarized undulator (EPU) beamlines, which creates more flux, thereby
providing a greater signal for TEY detection. Studying model hydrocarbon-clay systems

using TEY will enhance surface sensitivity at the hydrocarbon-clay surface. This can then
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be further applied in studies regarding samples extracted directly from the oil sands, with

inherent carbon, without bleaching.
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