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Abstract

The liquid crystal phase state has long-range order in one or two dimensions and is an
intermediate phase state between the unordered liquid state and the solid crystalline state
with long-range order in three dimensions. Liquid crystals, comprising spherical liquid
crystalline shells surrounding homogeneous fluid, were first found in water-free
petroleum resources and resource fractions in 2010 [1]. From that time, researchers have
focused on determining their properties, their fate in industrial production, transport, and
refining processes, and their composition [2, 3]. Chemical analysis of liquid crystal
enriched samples from Athabasca bitumen suggests that the liquid crystalline material
may comprise humic or fulvic acids/salts or humins [4]. In this work, the formation of
liquid crystal domains with homogeneous organic or aqueous cores and humic substance-
rich liquid crystalline shells dispersed in aqueous or hydrocarbon liquids in hydrocarbon-
water emulsions is explored using cross-polarized light microscopy. As liquid crystal
domains diffract light, they are typically identified and characterized by light patterns in
images arising from passing light through a polarizer, then through the sample, and then
through a second orthogonally oriented polarizer. For these cases, a Maltese cross pattern
is expected. As artifacts arise with this methodology, care must be taken to eliminate or
mitigate them through baseline measurements, control experiments, and calibration. So
far, processes leading to the formation of liquid crystal-rich domains with organic cores/
aqueous cores and humic substance-rich liquid crystalline shells dispersed in aqueous
solutions and aqueous cores with humic substance-rich liquid crystalline shells dispersed
in organic solutions have been demonstrated. Formation processes leading to these

domains dispersed in hydrocarbon liquids, have yet to be identified. Although more
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researches are needed, the results contribute to the understanding of hydrocarbon
resources’ properties and the development of improved separation and refining processes

for hydrocarbon resources.
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Chapter 1. Introduction

The liquid crystal state is an intermediate phase state that exhibits long-range order in one
or two-dimensions between the isotropic liquid state and the crystalline solid state that
exhibits three-dimensional order. Liquid crystals may flow like liquids [5] and share
properties with both solids and liquids. Liquid crystals have been widely studied because
of their optical and electrical anisotropic characteristics and magnetic properties [5].
Liquid crystals can also be amphiphilic and contribute to the stabilization of emulsions
and dispersions by hindering coalescence, flocculation, and phase separation [6-8]. For

example, liquid crystals can be located at interfaces in oil-water emulsions [7, 9-13].

Liquid crystals were first observed in petroleum in 2010 [1]. These liquid crystals,
pictured in Figure 1-1, are biplex [14]. They comprise a thin liquid crystal shell
surrounding a homogeneous hydrocarbon liquid core. They exhibit thermotropic and
lyotropic behaviors,i.e., and they appear or disappear as a function of global composition
at a fixed temperature and arise over a fixed temperature range. This discovery launched
a series of studies [2-4] intended to isolate and identify these materials chemically and to
discriminate impacts of these species and asphaltenes — another fraction of crude oils.
Interfacial stability and surface deposition problems arising in the petroleum production,
transport, and refining industries have been attributed to asphaltenes, including the
stabilization of w/o emulsions [15]. The origin of some of these problems might be

misattributed.



While the resolution of some behaviors of liquid crystalline materials has proven feasible,
such as their fate in surface facilities associated with SAGD (Steam Assisted Gravity
Drainage) processes [3], isolation and analysis of liquid crystals from petroleum have

proven to be challenging [4,14].

Isotropic central regions

| |
e

Liquid crystal layer

/

Bulk isotropic liquid

o e

Figure 1-1 Liquid crystals observed in Cs maltenes. The liquid crystals that include an

isotropic central region are suspended in a bulk isotropic liquid [14].

The latest research indicates that these liquid crystals appear to comprise humic
substances, including humic and fulvic acids [4]. These materials are known to exhibit
fluorescence anisotropic properties in aqueous solution [16] and are present in ore of oil
sands [17]. Humic substances are produced by biodegradation of organic matters and are
the components of humus. The compounds found in humic substances possess high
molar masses and are enriched in oxygen-containing functional groups such as hydroxyl
and carboxyl groups [18]. Based on the difference of solubility of each fraction in
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aqueous media, humic substances can be subdivided into humic acids (HA), fulvic acids
(FA), and humins. Humic acids are dark-colored organics that can be extracted from
aqueous solution at low pH.

The research reported in this thesis focuses on possible liquid crystal phase behaviors of
humic acids in water + hydrocarbon mixtures. It is intended to test the hypothesis that
humic acids exhibit the properties of liquid crystals observed in crude oils and crude oil
fractions. The formation of four types of biplex liquid crystals comprising liquid crystal
humic acid-rich shells and isotropic hydrocarbon and aqueous phases is targeted (Figure
1-2). The key research question is whether it is possible to prepare the four prototype

liquid crystal objects.

oil water
y LCs e LCs

(a) (b)
oil water
LCs LCs
(© (d)

Figure 1-2 Four possible formations of humic acid liquid crystal layers at hydrocarbon-

water interface.



This thesis is divided into five chapters including the introduction (Chapter 1). Chapter 2
comprises literature reviews on topics related to liquid crystals, liquid crystals in
petroleum and humic acids, and on the formation of multiphase drops at liquid-liquid
interfaces. Chapter 3 describes the experimental methods used in this work. Chapter 4
presents the experimental results obtained and their discussion. Chapter 5 presents the

conclusions and recommendations for future work.



Chapter 2. Literature Review

2.1 Liquid Crystals

Matter possesses three classic states: liquid, solid, and gas. Crystalline solids possess
three-dimensional long-range order or display orientational order. Isotropic liquids
present neither positional nor orientational long-range order [19]. Liquid crystals are an
intermediate state possessing either one-dimensional or two-dimensional long-range
order. They can flow like isotropic fluids and yet have the anisotropic optical properties
associated with solid crystals. Liquid crystals can be classified as thermotropic, lyotropic,
and amphotropic based on the field variables that induce phase transitions to liquid
crystals [19]. For thermotropic liquid crystals, temperature and pressure are the field
variables. An illustrative schematic is shown in Figure 2-1 [20]. For lyotropic liquid
crystals, transitions are driven by changes in composition at a fixed temperature [5]. The
basic units of lyotropic liquid crystals are supermolecular structures produced from the
self-assembly of amphiphilic molecules [19]. For most lyotropic mixtures, water is
present [21]. Liquid crystals showing both lyotropic and thermotropic properties are
classified as amphotropic. An example of lyortopic liquid crystal structure is shown in

Figure 2-2 [22].



Crystalline Liquid Isotropic
Solid Crystal Liquid

Figure 2-1 A schematic showing the phase transition of thermotropic liquid crystals [20].

Figure 2-2 Structure of lyotropic liquid crystal. The redheads of surfactant molecules are
in contact with water, whereas the tails are immersed in oil (blue): bilayer (left)

and micelle (right) [22].

Depending on the alignment features, there are three common physical structures of
liquid crystals [23, 24]: nematic liquid crystals, sematic liquid crystals, and columnar
liquid crystals. In nematic liquid crystals, molecules tend to align in a certain direction

but have no positional order. Sematic liquid crystals present a degree of translational



order because the molecules tend to align in layers or planes. For columnar liquid
crystals, the molecules assemble in two dimensions and form the discotic columns,
showing long-range order in two dimensions. These features are illustrated in Figure 2-3

[25].

Figure 2-3 Left: smectic liquid crystals; middle: nematic liquid crystals; right: columnar

liquid crystals [25].

2.2 Polarized Light Microscopy

2.2.1 Background

Polarized light microscopy is a convenient technique to observe and image anisotropic
materials like liquid crystals. Microscopes equipped with two polarizing lenses set
orthogonally are used. The first polarizer is positioned in the light path and ahead of the
specimen, while the second one is placed beyond the specimen and is orthogonal to the
first lens [26]. If the specimen is isotropic, the polarized light is blocked by the second
lens and the specimen appears dark to an observer positioned further along the light path.
If the specimen is anisotropic, the direction of the polarized light is altered, and a fraction
of it passes through the second lens and shows an optical pattern [26]. Figure 2-4

illustrates the principles of the polarization of light waves. Different types of liquid



crystals show different optical patterns, including Maltese cross patterns, fan-shaped
patterns, and other patterns (Figure 2-5) [27, 28]. Researchers have assigned the
appearance of Maltese crosses in images obtained in polarized light microscopy as
evidence of the emergence of liquid crystals in previous works. Liquid crystals observed
in some heavy oils show Maltese crosses [4, 15, 29]. Figure 2-6 shows an example of a
Maltese cross pattern under polarized light formed by liquid crystal observed in Cs

asphaltenes [14].

Polarizer

Figure 2-4 A schematic of the polarized light microscope (top: isotropic material under
cross-polarized light; bottom: anisotropic material under cross-polarized light) [29].

Figure 2-5 Liquid crystals patterns under polarized light: (a) fan-shaped pattern formed
by 4’ -Pentyl-4-biphenylcarbonitrile droplets sitting on the hydrophilic glass; (b)
Maltese cross pattern formed by 4-Pentyl-4-biphenylcarbonitrile droplets sitting on the
hydrophobic glass; [27] (¢) other patterns formed during phase transition between a
nematic (left) and smectic A (right) phases [28].
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Figure 2-6 Enriched liquid crystals extracted from Cs asphaltenes [14].

2.2.2 Artifacts

When working with emulsions, caution is needed to interpret light patterns associated
with the emergence of liquid crystals. According to Rayleigh’s classical scattering law,
an initially unpolarized light beam becomes polarized when scattered [30]. As oil-water
interfaces can scatter and polarize incident light, they can show a light intensity region
with an apparent thickness that produces a false impression that liquid crystals are present
[31]. Figure 2-7 shows an example of oil emulsion droplets in the water showing Maltese
cross artifact under polarized light [33]. The refractive index difference between the oil
and water phases [31], the curvature of optical surfaces [32], and light interference
among multiple drops in bulk liquid contribute to this artifact. Care must be taken, as was

done in this work, to avoid misinterpretation of experimental outcomes.



Figure 2-7 Crude oil emulsion drops in the water showing a Maltese cross repolarization

artifact [33].

2.3 Liquid Crystals in Petroleum

2.3.1 Physical Properties

That the observation of liquid crystal in petroleum has contributed to a better
understanding of the phase behavior and interfacial properties of unreacted petroleum
fractions, including Maya and Cold Lake pentane asphaltenes, Athabasca, and Safaniya
heptane asphaltenes. Although the liquid crystals observed in these asphaltenes present
different phase transition temperature ranges, all exhibit both thermotropic and lyotropic
phase transitions, and are thus defined as amphotropic liquid crystals [1]. These liquid
crystals also transfer from bitumen-rich to water-rich phases both in laboratory

measurements and industrial SAGD facilities [29]. Liquid crystal domains are observed
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at oil-water interfaces [31,32] and water-in-crude oil emulsions [33] and have been

shown to help stabilize emulsions.
2.3.2 Composition of Liquid Crystals in Heavy Oil

Masik [14] developed an approach to isolate liquid crystal enriched samples from
bitumen by solvent extraction. After analyzing the isolated liquid crystal enriched
material from Athabasca asphaltenes by Fourier Transform Ion Cyclotron Resonance
Mass Spectrum (FT-ICR-MS), it was found that the molecular mass of liquid crystal
material was lower and the mass range was narrower (Figure 2-8) than that of the parent
bitumen sample. Figure 2-9 and Figure 2-10 display the heteroatom classes of enriched
liquid crystals and Athabasca C; asphaltenes respectively. [14] The results show that the
liquid crystal enriched sample present higher relative abundances of nitrogen, oxygen,

and sulfur than asphaltenes.

I
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Figure 2-8 Mass spectrum of a liquid crystal enriched sample [14].
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Figure 2-9 Heteroatom abundance distribution for a liquid crystal enriched sample

derived from Athabasca Cs asphaltenes [14].
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Figure 2-10 Heteroatom abundance distribution for Athabasca C; asphaltenes [14].
Kejie Wang [4] implemented physical and chemical separation methods to isolate liquid
crystal-rich material from SAGD produced water and analyzed the samples by elemental

analysis, and negative-ion Electrospray Ionization sourced Fourier Transform Ion

Cyclotron Resonance Mass Spectrometry (FT-ICR MS). The physical isolation method
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was based on the coffee ring effect. Liquid crystals in a drop tend to migrate to the edge
area as the drop evaporates where they form a ring [29]. The material taken from the rim
area is expected to be rich of liquid crystals. The results of physical separation were not
as successful as expected. The chemical separation was then implemented by adjusting
the pH values of the bulk. At a pH of 3.3, samples separated into two layers [4]. A
fraction of the liquid crystals were suspended in the upper layer, while bitumen, clay, and
mineral particles remained in the lower layer [4]. Table 2-1 listed the samples and their

origins.

Table 2-1 A brief description of the five samples analyzed in Kejie Wang’s work
[4]

Preparation Sample name Sample description
“Froth treatment” and
Distillation treatment Sample 1 Processed water sample
) i Sample 2 LC-rich sample with little interference
Chemical Deposition of 3 from bitumen
Sample 1
Sample 3 LC-rich sample mixed with bitumen
Coffee Ring Effect of Sample 4 Edge area sample
Sample 1 Sample 5 Central area sample
Chemical g
Froth deposition |
T l—) Sample 2
-—» Sample 3
Processed .
water
sample
Physical _, Sample 4
Raw sample Sample 1 deposition
' >Sample 5

As it is shown in Table 2-1, Sample 2 present the highest relative composition of liquid
crystal-rich material, and contained high abundances of carboxylic acids (-COOH),
oxyacids and other oxygen-rich species [4]. From mass-based analyses of humic and

fulvic acids, reported by Rice and MacCarthy [35], humic substances are the most
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probable candidates for the liquid crystal fraction of Athabasca bitumen [4]. The ranges
of atomic ratios of sample 2, bitumen, and liquid crystal constituent candidates are listed

in Table 2-2.

Table 2-2 Atomic ratios of samples, bitumen and candidate species, reprinted from

4]

C H 0] N S
Sample 2 1 2.09 £0.37 0.83 £0.08 0.02 £0.02 0.06 £ 0.03
Bitumen [36, 37] 1 1.400 0.015 0.004 0.024
Naphthenic acid [38] 1 1.40-2.00 0.10-0.20 0 0
Humic acids [39] 1 0.08-1.85 0.08-1.20 0.05 0.01
Fulvic acids [39] 1 0.77-2.13 0.17-0.19 0.04 0.01
Humin [39] 1 0.82-1.72 0.37-0.61 0.06 0.00
Polysaccharides [40] 1 17 0.83 0 0

(CeH1005)n
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2.4 Humic Acids

2.4.1 General Introduction of Humic Acids

Figure 2-11 Solids of humic acids.

Humic substances are a category of naturally occurring materials resulting from the
decomposition of plants and animal residues. They can be extracted from soils, natural
waters, sediments [40] and oil sand ores [41]. Humic substances are classified into three
main fractions: humic acids (HA), fulvic acids (FA), and humins. Humic acids are
soluble in water under alkaline conditions, but not soluble under acidic conditions [40].
They have hydrophobic and hydrophilic segments [18] and are classified as amphiphilic.
They are dark-coloured powders and have a molar mass between 3,000 and 10,000 g/mol
[18]. The solids of humic acids are shown in Figure 2-11. It is difficult to obtain the
accurate structural formulas of humic substances because of the large number of
components associated with the numerous binding linkages. However, each fraction of
humic substances (humic acids, fulvic acids and humins) can be regarded as a family of
molecules with differing sizes, having the same structural configuration or functional
groups [42]. The essential functional groups are listed in Table 2-3, and Figure 2-12

shows an example of a typical humic acid molecule.
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Figure 2-12 An example humic acid molecule [42].

Table 2-3 Important functional groups in humic acids [41].

Functional Group Structure
Carboxylic R-C=0(-OH)
Acidic Groups Enaol R-CH=CH-OH
Phnenolic OH Ar-OH
Quinine Ar=0
Alcoholic OH R-CH,-OH
Ether R-CH,-O-CH,-R
Neutral Groups Ketone R-C=0(-R)
Aldehyde R-C=0(-H)
Ester R-C=0(-OR)
Basic Groups Amine R-CH,-NH,
Amide R-C=0(-NH-R)
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2.4.2 Micelle formation and its anisotropic properties of Humic Acid solutions

Humic acids can form micelles because they possess both hydrophobic and hydrophilic
function groups [43]. Above the critical micelle concentration (CMC), the hydrophobic
portions of the molecules associate with one another to form hydrophobic cores, leaving
the hydrophilic functional groups oriented out into the bulk aqueous environment [44].
Lyotropic liquid crystals can be formed if the concentration of amphiphilic molecules is
higher than the CMC value [45]. Young and Wandruszka [16] tested the fluorescence
anisotropy values of HA solutions in glycerol and suggested that pseudomicelle
formation took place. In fluorescence anisotropy spectroscopy, the exciting radiation and
the emission are passed through polarizers. The value of static fluorescence anisotropy r
is a measure of the rotational diffusion in a solution. » =0 means the emission is
completely depolarized by the solution and the maximum value of r, corresponding to the
occasion that no process of depolarization occurs, is 0.4 [16]. Figure 2-13 shows the
fluorescence anisotropy values for various HA solutions. LSLHA is a soil HA (Lathhco
silt loam humic acid), comprising saturated hydrocarbon links; LHA contains condensed
aromatic material and was associated with lignite deposits; SRHA (Ritzville soil humic
acid) is an aquatic HS that possess more functional groups; SHHA has a high content of
aliphatic and heteroaliphatic parts; RSHA was extracted from a sandy Ritzville soil with
a relatively high aromatic content; PLVHA 1is an algal HA newly obtained from Pilayella

littoralis and has a similar proton magnetic resonance (PMR) spectra to compost HA [16].
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Figure 2-13 Fluorescence anisotropy values of 5 ppm HA solutions in glycerol at room

temperature [16].

2.5 Objectives

This work is intended to explore the connection between humic acids and liquid
crystalline domains presented in heavy oil fractions. As humic substances are potential
sources of liquid crystals in bitumen, the goal of this work is to explore whether and, if
so, under what conditions humic acids form liquid crystals. The formation of liquid
crystal domains with homogeneous organic or aqueous cores and humic substance liquid
crystalline shells dispersed in aqueous or hydrocarbon liquids in hydrocarbon-water
emulsions will be addressed in this work. The factors that lead to artifact problems when

using polarized light microscopy in this field are also addressed.
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Chapter 3 Experimental
3.1 Materials

Humic acid (CAS-No.: 1415-93-6) purchased from Sigma-Aldrich Chemicals,
comprising a range of molecular sizes with related chemical formulae, was used to
prepare humic acid solutions of different concentrations. Hydrocarbons used in this work
included: toluene (assay 99.9%, Fisher Scientific), hexane (assay 99.9%, Fisher
Scientific), Octane (assay 99.9%, Fisher Scientific), naphthalene (Fisher Scientific),
octacosane (99%, Alfa Aesar), dodecane (Fisher Scientific), and 1-Methynaphalene
(97%, Acros). Their purpose was to create a water-hydrocarbon system. Anhydrous ethyl
alcohol (Commercial Alcohols) was used to extract material from humic acids.
Octadecyltrichlorosilane (>90%, Sigma-Aldrich) was used to process slides to obtain
hydrophobic surfaces. Hellmanex III (Sgima-Aldrich) was used as a detergent for

cleaning slides and test tubes.

A sample of 4'-Pentyl-4-biphenylcarbonitrile (98%, Sigma-Aldrich), which has the
molecular formula CH3(CH,)4CsH4sCsH4CN, was used as a control for liquid crystalline
behavior. This is a nematic liquid crystal in the temperature range 291.16 K to 298.16 K,
which means that it shows liquid crystal properties at room temperature. This type of
liquid crystal can assemble at oil-water interfaces, thus it is a good choice as a liquid

crystal model.
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3.2 Experimental Apparatus

3.2.1 Olympus GX 71 Inverted Microscope

An inverted microscope model Olympus GX 71 was used in this work (Figure 3-1). It is
equipped with a polarizer and an analyzer (Olympus GX-AN 360). An image acquisition
system is connected to the microscope and the images are captured and processed with

Olympus Stream Software. The principles of polarized light are discussed in Chapter 2.

@)
(9)
(11)

(12)

Figure 3-1 The photo of Olympus GX71 microscope in the lab: (1) Ocular lens, (2)
Natural light source, (3) Mechanical stage, (4) Light intensity indicator, (5) Halogen light
source, (6) Fluorescent light connector, (7) Stage drive, (8) Digital camera switcher, (9)
Focus adjustment knob, (10) Light intensity controller, (11) Bubble level gauge, (12)

Fluorescent light source.
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3.2.2 Hot-stage microscope

A hot-stage microscope, comprised of a hot-stage reactor and an inverted reflective
microscope, was used for the in-situ observation of samples during the heating. The
reactor is made of stainless steel Swagelok fittings and a sapphire or yttrium aluminum
garnet (YAG) window that allows samples to be observed in the microscope. The sample
sits on the window and a magnetic stirrer can be used to mix the contents inside of the
reactor. The microscope is equipped with crossed and parallel polarizers to detect
anisotropic samples. A halogen bulb is the light source of the microscope, and adjusting
the voltage can change the light intensity. A schematic diagram of the hot stage is

presented in Figure 3-2.

Figure 3-2 Schematic diagram of the hot-stage reactor. (1) thermocouple; (2) gas inlet;
(3) bottom nut; (4) transparent YAG window; (5) objective lens of microscope; (6) O-
ring; (7) magnet; (8) steel body.
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3.2.3 Ultrasonic Bath

A Branson Ultrasonic Bath was purchased from Emerson Industrial Automation. This
instrument was used for ultrasonic cleaning of the slides and test tubes and for the
emulsification of oil-water mixtures. The temperature and time applied for the cleaning
and emulsification vary according to different mixtures, and that detailed information is

listed in section 3.3 and 3.8.

Figure 3-3 Ultrasonic bath.

3.2.4 Zetasizer Nano Instrument

Zetasizer Nano was used to measure the size distribution of liquid crystal spherules

resulting from the self-assembly of humic acid molecules. Fine spherules are always in
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constant random thermal motion, and their diffusion speeds are related to their size. At a
constant temperature, the smaller the spherules are, the faster they diffuse. According to
the above property, dynamic light scattering technology is embedded into the Zetasizer
Nano instrument to measure particle or colloid size distributions. By illuminating the
particles with a laser, a speckle pattern is produced. The scattering intensity fluctuates
with time and can be detected using an avalanche photodiode detector. The curve can be
then analyzed to generate the data of size distribution by a correlation function [46]. A

schematic diagram is shown in Figure 3-4.
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Figure 3-4 Hypothetical dynamic light scattering of two samples: Larger particles on the
top and smaller particles on the bottom. [47]
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Figure 3-5 Zetasizer Nano instrument for size distribution measurement.

3.3 Cleaning protocol of glass slides

The microscope slides were placed in a beaker that was filled with 200 mL deionized
(DI) water; then 10 mL of Hellmanex was added. Afterward, in order to disperse the
soap, the beaker was placed in an oven and heated to 353.16 K for 5 minutes. Then the
beaker was placed in the ultrasonic bath for 15 minutes. Later, the microscope slides were
taken out of the beaker and rinsed between 3-5 times with DI water. They were then
placed in a clean beaker to be immersed in DI water and then sonicated for 15 minutes.
This last procedure was repeated one more time. The cleaned microscope slides were
stored immersed in DI water until needed for experiments or additional surface
treatments. Clean slides should possess hydrophilic surfaces. To ensure the hydrophilic
surfaces, it is vital to test the surfaces of the slides to see if water beads up. If it does,
there won’t be good contact between the microscope slides and the sample. Microscope

slides must be rewashed until a hydrophilic surface is achieved.
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3.4 Thermotropic phase change of humic acids

Thermotropic liquid crystals show phase change if heated. To check that whether solid
humic acids could transform into a liquid crystalline phase when they are heated, humic

acid powders were observed by hot stage microscopy during heat treatment. A mass of 7
mg of ground humic acid powders were placed on a YAG window and inserted at the
bottom of an atmosphere and temperature-controlled reactor (Figure 3-2). The powders
were heated at a heating rate of 5-10 K per minute under an atmosphere of nitrogen,

pressurized at 1 atm. The sample was heated from room temperature, 296.16 K, to 600.76

K and one image was captured every 60 s, at a combined magnification of 100 X under

cross-polarized light. The temperature range of heat treatment was determined by results
obtained from differential scanning calorimetry (DSC) analysis. As humic acids showed
endothermic peaks on differential scanning calorimetry profiles at 370.16 K and 570.17

K, these two temperatures were chosen as endpoints to examine the potential emergence

of phase change. The differential scanning calorimetry data is shown in Appendix I.

3.5 Liquid crystalline properties of the anhydrous ethyl alcohol
extracted humic acids

Humic acids are partially dissolved in anhydrous ethyl alcohol. The optical properties of
the extracted humic acids (EHA) were detected under an inverted microscope using
polarized light. In the extraction experiments, The humic acid powders were mixed with
anhydrous ethyl alcohol at mass ratios of 19.7:1 (sample 1) and 19.7:2 (sample 2),

respectively. The mixtures were shaken for 5 minutes using a GVM-AS Variable Speed
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Vortex Mixer and then rested for 12 hours. Afterward, the upper transparent layer was
removed and transferred to a clean container for further use. Slides with hydrophilic and
hydrophobic surfaces were used in this observation. Figure 3-3 shows the mixture of
humic acid plus anhydrous ethyl alcohol (left) and the extracted humic acid (right). The
surfaces of the cleaned microscope slides are hydrophilic (following the cleaning
protocol listed in section 3.3). The surfaces of cleaned slides were turned into
hydrophobic after processing with octadecyltrichlorosilane (OTS). The protocol followed

is listed below.

0.2 mL of OTS is added into 100 mL of toluene by using a pipette to reach an
concentration of 0.2%; Cleaned slides were immersed into the OTS solution and
incubated for 15 — 20 minutes. Afterward, the slides were transferred to a beaker
containing pure toluene to remove the excess OTS. The microscope slides surfaces were
then dried with a pressure air gun, and placed in the oven at 363.16 K for at least 30
minutes. In the final step, the microscope slides are taken from the oven; once cooled

down, they are immersed in toluene and placed in the ultrasonic bath for 5 minutes.

Figure 3-6 Left: a mixture of humic acid + anhydrous ethyl alcohol; right: extracted

humic acid on a slide.
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3.6 Liquid crystals in mixtures of humic acids and water

3.6.1 Effect of different concentrations

This experiment aims to verify that humic acids can form lyotropic liquid crystals when
dispersed in water. The critical micelle concentration of humic acids in water is around 7
g/L [44]. Humic acid solutions of different concentrations were prepared and filtered
(Whatman, Grade 1 paper filter) to remove insoluble materials. As the amount of
insoluble materials present in the humic acid solutions was slight, their effect on the
concentration was neglected. The concentrations used were 2 g/L, 8 g/L., and 12 g/L. In
order to check the formation of anisotropic droplets, samples were placed on the

microscope slides using pipets and observed under polarized light.

3.6.2 Effect of temperature on the liquid crystal droplets formation

The concentration of humic acid solution used in this experiment was 8 g/L. This
concentration meets the requirement of the Zetasizer Nano unit. Four vials filled with 5
mL of the filtered humic acid solution were prepared. The filter paper used here is Grade
1 and provided by Whatman. One of the vials was kept at room temperature (293.15 K),
and the other three were heated to 333.15 K, 353.15 K, and 363.15 K respectively for 30

minutes. Particle size values for each sample were collected.
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Figure 3-7 Left: Vials filled with a filtered humic acid solution; right: dip cell used in

Zetasizer Nano instrument.

3.7 Artifacts

3.7.1 Light interference among droplets

Droplets in water usually lead to light scattering, inter-refraction, and inter-reflection
among each other. The light interference among droplets may affect the brightness of
droplets under polarized light [48]. Two control samples were prepared by adding 10
drops of hexane in 60 mL of water (sample 3), and 30 drops of hexane in 60 mL of water
(sample 4). Both samples were emulsified for 1 minute using an ultrasonic bath and then
they were observed under the microscope under polarized light and normal light. During
the observation, the light source intensities of the microscope applied to both samples

were kept the same.
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Table 3-1 Composition of mixtures of sample 1-2

Sample D.I water/mL Hexane/drops
3 60.0 10
4 60.0 30

3.7.2 Differences of refractive index

The difference in refractive index between hydrocarbon liquid and water may also affect
the appearance of artifacts [31,49]. For the light of the same wavelength, different oils
possess different refractive indexes. Table 3-2 shows some examples. In this experiment,
three different hydrocarbons were dispersed in water. 3 mL of DI water, a drop of octane,
toluene, and 1-methylnaphathlene were added to each vial, respectively. Afterward, the
three mixtures were emulsified in the ultrasonic bath for 1 minute. The octane-water
mixture was then diluted by adding 3 mL of water; the toluene-water mixture and the 1-
methylnaphathlene-water mixture were diluted by adding 6 mL and 18 mL of water
respectively. Different species of hydrocarbons can disperse different numbers of
droplets into the water after a specific time of emulsification. This dilution process made
it possible to keep the same number of hydrocarbon droplets appearing in the view of
observation to eliminate the interferences between multiple oil droplets that were
illustrated in section 3.7.1. The diluted samples were observed by the microscope under
polarized light. The images were taken at a light intensity of 12 (microscope light

intensity range 0-12).
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Table 3-2 Refractive indices of fluids [49]

Medium Refractive index Light wavelength/nm
Water 1.3314 640.7
Octane 1.3973 640.7
Toluene 1.4931 640.7
1-Methylnaphathlene 1.6160 640.7

3.7.3 Curvature of droplet interface

Water droplets spread on slides with different surface properties exhibit different contact
angles, and the curvatures of the droplet surfaces are different. Two types of slides were
utilized in this experiment. The first one corresponds to the OTS processed slides, which
possess a hydrophobic surface that can lead to contact angle around 90 degrees. The other
type of microscope slides used were purchased from Fisher Scientific (Fisherfinest™,

ER#5X501FF), processed only with the necessary cleaning steps using DI water and

soap. These slides did not follow the cleaning protocol presented in section 3.3 to avoid
impairing the hydrophobic surfaces. The contact angles of water droplets on this slide
were much lower than 90 degrees. Micro DI water droplets were spread on surfaces of
slides using a Hamilton syringe and observed under the microscope. The brightness of the
pattern of water droplets faded under polarized light as the droplet surface curvature

decreased. This fading process was recorded.
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Figure 3-8 (a) OTS processed slide; (b) None-processed slide; (¢c) Hamilton syringe.

3.8 Formation of liquid crystal layer by humic acid at

water/hydrocarbon and water/water interfaces

It has been reported that a separate phase on the exterior surfaces of hydrocarbon drops
can be formed, showing liquid crystalline properties, which is described as a biplex
structure [1]. Liquid crystal layers that coat oil drops increase the rigidity of the interface
and prevent fingering and, thus enhance the stability of an emulsion or foam [7, 8].
Therefore, the formation of liquid crystal domains with homogeneous organic or aqueous
cores and humic acid liquid crystalline shells dispersed in aqueous or hydrocarbon liquids
in hydrocarbon-water emulsions is worth exploring. This role that humic acids play in

water-hydrocarbon mixtures may affect the efficiency of the water de-oiling process in
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the oil industry and affect the treatments needed to remove hydrocarbon content from
recycled water. In this part, experiments were designed with the aim to create biplex

droplets in mixtures of water + hydrocarbon.

3.8.1 Hydrocarbon-external-water structure

Liquid hydrocarbon droplets dispersed in water show a Maltese cross pattern if they are
observed under polarized light. Figure 2-2 presents an example of toluene droplets
dispersed in water. In this case, it cannot be distinguished easily whether humic acids
form a liquid crystal layer at the interface of water and hydrocarbon. However, liquid
hydrocarbon droplets do not retain a biplex structure when the surrounding water dries
out. Therefore, octacosane, with a melting point at 334.46 K, was used to create

hydrocarbon droplets in water bulk. Little octacosane is lost during the drying process.

Four samples, 5, 6, 7, and 8, were prepared. Mixtures were put in four test tubes
separately and were processed in four steps. The compositions of samples in the test
tubes are listed in Table 3-3. A beaker filled with water was used as the heating bath (see
Figure 3-9). The test tubes were immersed in the heating bath and heated to 335.16 K; the
samples in the test tubes were emulsified by ultrasonic bath for 3 minutes. This process
was repeated five times to make 20 mL of each sample. The samples were transferred to
centrifugation tubes, and they were centrifuged for 45 minutes at 18,000 rpm at 301.16 K.

At last, four samples were prepared, and their composition is listed in Table 3-4.
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Table 3-3 Compositions of mixtures for sample making

Test tube D.I water/mL Humic acids/mg  Octacosane/mg biphe:}rl_llc)z?l;[zil_i“:r_ile /uL
A 4.0 20.0 2.0 0
B 4.0 0 2.0 0
C 4.0 20.0 0 0
D 4.0 0 2.0 0.2

Table 3-4 Compositions of mixtures of sample 5-8 for centrifugation

) 4'-Pentyl-4-
Sample D.I water/mL Humlc Octacosane biphenylcarbonitrile/puL
acids/mg /mg
5 73.9 100 10 0
6 74.1 0 10 0
7 74.0 100 0 0
8 74.0 0 10 1

One drop of each sample was pipetted from the dense sample area and placed on different
glass slides; then, they were observed under the inverted microscope under (polarized /
normal light) where images were captured. After the observation, the microscope slides
were put back in the vacuum oven, and they were heated to the temperature
corresponding to the melting point of octacosane i.e., 334.46 K. The heating was halted
once the octacosane particles seem melted (naked eye observation). This process took
around 60 seconds if the oven is preheated to 333.16 K. Once the microscope slides

temperature dropped to room temperature (295.16 K), they were observed under the
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microscope again.

Sample D was prepared as control by using a type of nematic liquid crystal purchased
from Aldrich Scientific, 4’-Pentyl-4-biphenylcarbonitrile (5CB). This sample was used to

compare with the result of samples 5, 6, and 7.

Figure 3-9 Photo of heating bath and ultrasonic bath.

3.8.2 Water-external-water structure

As discussed in Chapter 2, there are four possible forms of biplex structures in
hydrocarbon-humic acids-water mixtures. This experiment’s main goal is to explore
whether humic acids form a liquid crystal layer at the interface of the bulk water and a
hydrous core. Five samples, 9 — 13, were prepared following the steps below. Water in

the heating bath and the ultrasonic bath was controlled in the temperature range of
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366.16-368.16 K and 323.16-328.16 K, respectively. Test tubes containing mixtures were

immersed in the heating bath to melt the solid hydrocarbon for 50 seconds. Afterward,

the test tubes were transferred to the ultrasonic bath and kept there for 30 seconds.

Sample 11 is prepared by emulsifying a 4'-Pentyl-4-biphenylcarbonitrile and water

mixture to work as a control. The compositions of the five samples are listed in Table

3-5.

Table 3-5 Compositions of mixtures of sample 7-11

Test D.I Humic acid Naphthalene/ . 4'—Pentyl—'4—. CO:;; El:?;ion
tube water/mL  (HA)/mg mg biphenylcarbonitrile/puL water/g/L

9 4 4.8 1.5 0 12

10 4 0 1.5 0 0

11 4 4.8 0 0 12

12 4 24 1.5 0 60

13 4 0 0 ! 0

Because naphthalene emits vapor when heated, it is recommended to perform all the

experiments in a fume hood. During the naphthalene melting process, attention should be

taken to avoid over-heating; otherwise, some naphthalene evaporates. In this experiment,

temperature control is critical to the formation of the biplex structure with a hydrous core

and surrounded by water.
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3.8.3 Water-external-hydrocarbon structure

To explore whether humic acids form a liquid crystal layer at the interface of water
droplets in hydrocarbons, mixtures of dodecane, humic acid, and water were prepared
and observed. Two samples, 14 and 15, were prepared in test tubes. The compositions of
these samples are listed in Table 3-6. Both samples were emulsified in an ultrasonic bath
for 5 minutes and then drops were pipetted onto slides to be observed under the

microscope. Light intensity was kept the same when observing the two samples under

polarized light.
Table 3-6 Compositions of mixtures of sample 12 and 13
Sample D.I water/mL H}Jmlc Dodecane/mL HA Concentration in
acid/mg water/g/L
15 0.1 0 3 0

To demonstrate that the liquid inside of the liquid crystal interface layer is water, a water-
based coloring agent was used to color the water (Figure 3-10). 0.1 mL of this coloring
agent was diluted into 5 mL of D.I water to color it green. The experiments in section
3.8.3 were repeated and samples were observed under the microscope to confirm whether
the green color appears inside or outside of the droplet. If the color green is observed in

the inner domain, it means that a water-external-hydrocarbon structure is created.
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Figure 3-10 Photo of water-based coloring agent.
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Chapter 4 Results and Discussion

4.1 Thermotropic phase change of humic acids

The optical properties of humic acid were examined from room temperature, 296.16 K, to
600.76 K. Liquid crystal formation was not observed with increasing temperature in this
range. Figure 4-1 shows images of humic acid under polarized light at different
temperatures. Solid humic acids caused the relatively bright areas. These solids did not
show liquid crystalline characteristics nor the process of melting on increasing
temperature. As humic acids did not show phase change during heating, it suggests that
humic acids on their own do not form thermotropic liquid crystals in this temperature
range. DSC was performed on humic acid solids. Two endothermic peaks showed at
370.16 K and 545.17 K (see Appendix I). The endothermic peaks can be attributed to
dehydration and to the decomposition of large molecules of humic acids instead of the
thermotropic phase change. This result is consistent with thermogravimetric analysis of

humic acid that demonstrated decomposition [50].
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(a) T=296.16 K (b) T=370.16 K
(¢) T=545.17K (d) T=600.76 K

Figure 4-1 Humic acids powders under polarized light at 100x magnification.

4.2 Liquid crystalline properties of the anhydrous ethyl alcohol

extracted humic acid

According to Figure 4-2, the ethanol extracted humic acid (EHA) shows liquid crystalline
properties when sitting on OTS processed hydrophobic slides as Maltese cross shape can
be clearly observed under cross-polarized light. Image a and b are of sample 1 with a
mass ratio of 19.7:1 (ethanol to humic acids) and image ¢ and d are of sample 2 with a

mass ratio of 19.7:2 (ethanol to humic acids). Image a and ¢ were taken under cross-
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polarized light and image b and d were taken normal regular light. Both samples of the
two different mixture ratios show the existence of liquid crystals, and the texture shape
under cross polarized light is that of a Maltese cross. Under normal light, the spherules of
liquid crystals can be clearly observed. For sample 1, the size of the liquid crystals is
around 2 to 4 um; for sample 2, the size of the liquid crystals can be as large as 5 um.
Liquid crystal spherules extracted from samples with a higher humic acids-to-ethanol
mass ratio present a larger size than that from samples with a lower ratio, but the
difference is not significant. The pattern of the liquid crystals on OTS processed
hydrophobic slides does not change when the extraction conditions change. Figure 4-3
shows the results observed after sample 2 on slides was incubated for 120 days at
ambient conditions in the laboratory. Images in Figure 4-3 were captured at different
analyzer-to-polarizer angles to verify the anisotropic properties of EHA [51]. Definite
birefringence occurs at 0°, showing Maltese cross patterns, and the patterns change along
with the change of the analyzer-to-polarizer angle. Images taken at 45° and 90° show
colorful stripes and irregular shapes, which correspond with properties of liquid crystals
[52]. The size of the liquid crystal droplets after the incubation is much larger than that
shown in Figure 4-1, and they can reach 10 to 20 um. Small liquid crystalline droplets
merge into larger droplets during the incubation period while keeping the liquid
crystalline property unchanged. These samples are sealed and don’t sorb moisture from

the laboratory air.
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(c) (d)

Figure 4-2 EHA on OTS processed hydrophobic slide: (a) under polarized light of
sample 1; (b) under normal light of sample 1; (c) under polarized light of sample 2; (d)

under normal light of sample 2.
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(a) 0° (b) 45° (c) 90°

—> Axis of the analyzer - Axis of the polarizer

Figure 4-3 Incubated EHA on OTS processed hydrophobic slide: (a) analyzer at 0°; (b)

analyzer at 45° (c) analyzer at 90°.

The EHA sitting on hydrophilic slides was also observed, and Figure 4-4 presents the
results. Both samples show anisotropic properties under polarized light. Fan-shaped
textures arise under polarized light in sample 1 (see image a in Figure 4-4), which is one
of the typical textures that liquid crystals can present [27, 53, 54, 55]. The patterns of
sample 1 (see image b in Figure 4-4) under normal light appear as irregular plates that
differ from those angular patterns of solid crystals. Textures observed in sample 2 (see
image c in Figure 4-4) look different, and they are highly condensed. The textures present
high birefringent properties under polarized light and the fan-shaped patterns are apparent
even if the textures overlap with one another. This result reflects that the increased
concentration of EHA in anhydrous ethyl alcohol  could increase the volume of a single

liquid crystal droplet and therefore led to more condensed patterns. The image of sample
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2 under normal light (see image d in Figure 4-4) presents liquid-like droplets. The
droplets contact each other and the thickness appears larger than that of sample 1. The
crowded droplets help explain why the fan-shaped patterns under polarized light connect

with each other and appear on top of one another.

The liquid crystalline textures presented by EHA on the hydrophilic slides are nematic
[53,56]. Hu and Jang [27] explained similar features of liquid crystals using SCB, which
is a well-known liquid crystalline material. Solutions of 5CB in ethyl alcohol were placed
on hydrophilic slides and OTS-treated hydrophobic slides, respectively, and were
observed under polarized light. A flower-like texture was observed, instead of a fan-
shaped texture, in the case of a higher 5CB concentration in an ethyl alcohol solution.
Three patterns that SCB presents under polarized light are shown in Figure 4-5.
Comparing to the results of Hu and Jang [27], the optical properties of EHA agree well
with that of SCB. Both 5CB and EHA present texture change on hydrophilic slides when
their concentration in ethyl alcohol is altered, and both of the two species show Maltese

cross pattern on OTS processed hydrophobic slides.
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(a) (b)

(c) (d)
Figure 4-4 EHA sitting on hydrophilic slide: (a) under polarized light of sample 1; (b)

under normal light of sample 1; (c) under polarized light of sample 2; (d) under normal

light of sample 2.

(@) (b) (©)

Figure 4-5 Different patterns of SCB under polarized light: (a) fan-shaped pattern; (b)
flower-like pattern; (c) Maltese cross pattern. [27]
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In summary, ethanol extracted humic acid (EHA) possesses a liquid crystalline phase. Its
behavior parallels that of a control material (5CB) in three ways:
® it possesses textures showing anisotropic properties under cross-polarized light
similar to those of S5CB.
e these patterns change like those of SCB when hydrophobic slides are replaced by
hydrophilic slides.
e textures change when the concentration of EHA in anhydrous ethyl alcohol is

altered analogously to SCB.

4.3 Liquid crystals in mixtures of humic acid and water

4.3.1 Effect of concentration

Humic acid solutions of three concentrations were observed under polarized light,
respectively. Figure 4-6 presents the results. For the solution of concentration 2g/L, no
optic patterns were observed. For solutions of concentration 8g/L and 12g/L, Maltese
cross patterns were observed, which demonstrate the anisotropy of humic acid spherules.
Humic acids are large amphiphilic molecules. Their self-assembly leads to the formation
of anisotropic spherules in water bulk [57]. Considering the definition of lyotropic liquid
crystals [58] and the fact that the CMC of humic acids is around 7g/L, it is sound to
deduce that humic acid molecules can form lyotropic liquid crystalline spherules in water
solution. The essence of these lyotropic liquid crystalline spherules is supermolecular

structures that show anisotropic optic properties. The sizes of the liquid crystalline
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droplets do not change significantly after the concentration surpasses the CMC (see
image b and image ¢ of Figure 4-6). This result agrees well with the work of Guetzloff
and Rice [44]. They studied micelles formed by humic acids in aqueous environments
and found that the micelle size did not show an abrupt change as the concentration
increased from below to above the CMC value. Researchers also reported some other
cases of liquid crystals formation using surfactants, such as PEG-8 Distearate (CAS NO.
9005-08-7), non-Chiral N-Acylamino acid, and sodium naphthenates [59-61].  The
findings in this work parallel the results of these other researchers: humic acid, as a kind
of surfactant composed of amphiphilic molecules, can also form liquid crystals with

water participated.
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(c)
Figure 4-6 Humic acid in water at: (a) 2g/L; (b) 8g/L; (c) 12g/L.
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The liquid crystalline droplets stayed on the slide even after the bulk water evaporated.
Figure 4-7 shows the liquid crystalline droplets observed on hydrophobic slides after the
water of humic acid solution evaporated. The Maltese cross pattern can be clearly
observed in image a. The red arrows indicate the corresponding places of the liquid
crystalline droplets in the two images. The original concentration of this humic acid
solution was 5g/L, below the CMC value. However, with the evaporation of water, the
concentration exceeds the CMC, which explains the formation of liquid crystalline
textures. Figure 4-8 presents a fan-shaped pattern of liquid crystals formed by humic
acids on hydrophilic slides. This behavior was discriminated from the behavior of
isotropic drops in water. Solution concentrations used in both of the two observations
were kept low because a higher concentration would introduce more interferences such as
minerals in humic acids. These materials could interrupt the observation of liquid
crystals. The slides carrying the liquid crystal droplets were kept in room environment for
24 hours, and it turned out that the Maltese cross pattern disappeared, with only patches
of birefringent solids remaining, which means the liquid crystals are unstable unless they

are in a water-saturated environment.
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(@) (b)

Figure 4-7 Humic acids in water with an original concentration of 5g/L. (water

evaporated): (a) under polarized light; (b) under normal light.

Figure 4-8 Humic acids in water with an original concentration of 2g/L. (water

evaporated) under polarized light.
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4.3.2 Effect of heating on liquid crystal spherules formation

The self-assembly of amphiphilic molecules is usually temperature-dependent [62]. As
the experiment concerning of octacosane-HAs-Water system in section 4.5 was going to
be implemented above the melting point of octacosane, figuring out how the liquid
crystal formation performs along with the temperature is necessary. Humic acid solution
with a concentration of 8 g/L was filtered by a Whatman Grade 1 filter paper to remove

the insoluble materials before being heated at different temperatures.

Particle size distributions are expressed as number or volume distributions. The
distribution data express the fraction or percentage that size classes possess in a total
distribution. Distributions by volume, emphasize the influence of larger objects. Size
distributions by number, typically give greater emphasis to smaller drops [63]. As the
liquid crystalline spherules cover a broad size range, from 20 — 600 nm, the data are
presented on a number basis. Figure 4-9 shows that the number peaks of the size
distributions shift to larger values (from ~ 30 nm to ~ 90 nm as the temperature is
increased from 293.15 K to 363.15 K) and that the distributions broaden as temperature
increases. These values and ranges are much smaller than the 2 — 4 um sizes observed by
polarized light microscopy, which emphasizes the very largest and hence rare objects in

these distributions.
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Figure 4-9 Size distribution of liquid crystalline spherules in HAs-water solution; heated

under different temperatures

4.3.3 Summary

Humic acid shows lyotropic liquid crystalline properties with the participation of water.
Heating the water-humic acid solution promotes the formation of larger liquid crystalline
spherules. The results of this experiment provide prerequisite support for the experiments
in Section 3.8, which explore the formation of biplex structure in water-HA-hydrocarbon
mixtures. For this latter work, the formation and stability of hydrocarbon-external-water

liquid crystalline domains over the temperature range 293.15 K to 335.15 K are critical.
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4.4 Artifacts

4.4.1 Light interference among droplets

Figure 4-10 comprises images captured of sample 3 and sample 4 (see Table 3-1) by a
polarized microscope. The amount of hexane added to sample 4 is three times of that of
sample 3. Under normal light, more hexane droplets of sample 4 (image d in Figure 4-9)
can be observed in the scope than that of sample 3 (image b in Figure 4-9). Under
polarized light, hexane droplets of sample 4 (image c in Figure 4-9) show Maltese
crosses, yet there is no Maltese cross observed in the scope of sample 3 (image a in
Figure 4-9). If more droplets appear in a specific volume of water, the level of light
scattering, inter-refraction and inter-reflection will be higher. By comparing the results of
sample 3 and sample 4, light interference among droplets in water bulk is an artifact that

leads to the appearance of a Maltese cross pattern.

The consequence of this artifact increases the difficulty of identifing the appearance of
liquid crystals when exploring the hydrocarbon-external-water structure in the oil-HAs-
water system. Therefore, octacosane was used in section 4.5 to avoid the interruption of

artifacts as octacosane is in the solid phase at room temperature.
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(a) (b)

(c) (d)

Figure 4-10 Hexane droplets in water: (a) under polarized light -sample 3; (b) under
normal light -sample 3; (c) under polarized light-sample 4; (d) under normal light -

sample 4.

4.4.2 Differences of refractive index

Figure 4-11 shows that the droplets of octane, toluene, and 1-Methylnaphathlene present
Maltese cross pattern, under polarized light, respectively, but the brightness of the
patterns is different. The hydrocarbon that possesses a higher difference of refractive
index from water presents a brighter pattern. The amount of droplets in the view of

observation is roughly the same, which helps avoid the interference difference of light
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refraction between hydrocarbon droplets. It is evident that the value of the refractive
index is an artifact that can introduce the appearance of Maltese cross pattern in the oil-

in-water system.

(a) (b)

(c)

Figure 4-11 Hydrocarbon droplets showing Maltese cross pattern in water bulk: (a)
octane droplets in water bulk; (b) toluene droplets in water bulk; (c¢) 1-Methylnaphathlene

droplets in water bulk.

54



4.4.3 Curvature of the droplet interface

In Figure 4-12, the shrinking process of DI water droplets on OTS processed slides was
recorded using polarized microscopy. It could be seen that the Maltese cross pattern

continued existing and the brightness of the pattern almost kept the same as the droplet
shrinks. The shrinking occurred naturally as water evaporated. The three images were

taken at a time step of 10 seconds.

@t=0 (b) t=10 seconds (¢) t=20 seconds

Figure 4-12 Microscopic observation of DI water droplet sitting on OTS processed slides

under polarized light.

Figure 4-13 presents the comparison of an old droplet (have sat on the slide for 20
seconds) and a new droplet. The two droplets were created by a syringe, using the same

amount of water; thus the original sizes of the two droplets were the same.
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Figure 4-13 Photo of water droplets sitting on OTS processed slides.

Basing on the experiment results, the schematics in Figure 4-14 are drawn to help
illustrate the shrinking process of a water droplet sitting on OTS processed slides. As the
water evaporated, the size of the water droplet decreases while the contact angle with the

surface stayed constant.

)
]

5

(D

Figure 4-14 Schematic diagram of the shrinking process of water droplets on OTS

processed slides.
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The same experimental procedure was applied to a water droplet sitting on unprocessed
slides, and the results are shown in Figure 4-15, Figure 4-16, and Figure 4-17. In this
experiment, images under polarized light were taken at a time step of 2 seconds (see
Figure 4-15), and the time interval between new and old droplets is 6 seconds (see Figure
4-17). The schematics in Figure 4-18 illustrate the shrinking process of water droplet
sitting on unprocessed slides. As the water evaporates, the curvature of the droplet
decreases while the cross-sectional area stays the same. The brightness of the Maltese
cross pattern fades gradually with water evaporation. At t = 6 seconds, the Maltese cross
pattern disappears under polarized light but the water droplet can still be observed under

normal light, as shown in Figure 4-16.

By combining the results of the above two experiments, the curvature of the water
surface is a crucial factor that leads to the appearance of the Maltese cross pattern. It is a
qualitative experiment. The quantitative relationship between the curvature and the

disappearance of the Maltese cross pattern is not detected here.
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(a) t =0 seconds (b) t=2 seconds
(¢) t =4 seconds (d) t =6 seconds

Figure 4-15 Microscopic observation of DI water droplet sitting on unprocessed slides

under polarized light.

(@t=0 (b) t =6 seconds

Figure 4-16 Microscopic observation of DI water droplet sitting on unprocessed slides

under normal light.
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Figure 4-17 Photo of DI water droplets sitting on OTS processed slides.

Figure 4-18 Schematic diagram of the shrinking process of DI water on unprocessed

slides.

4.4.4 Summary

When working with hydrocarbon-water systems, researchers should take caution to
illustrate the appearance of liquid crystals by the criterion of the Maltese cross pattern.
Multiple factors, such as light interference among hydrocarbon droplets in water bulk,

differences of refractive index between hydrocarbon and water, and the curvature of
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water interface, can lead to the appearance of Maltese cross pattern. These factors may
apply singly or in combination. Therefore, other properties of liquid crystals must be
taken into consideration to help eliminate artifacts when dealing with hydrocarbon-water
systems. In section 4.5, control experiments were used to help eliminate the interference

of optical artifacts discussed above.

4.5 Formation of liquid crystal layers by humic acids at

water/hydrocarbon and water/water interfaces

4.5.1 Hydrocarbon-external-water structure

For sample 6, as seen in Figure 4-19 (a), the solid octacosane particles assemble group by
group during the centrifugation. After being heated to melting point and cooled down to
room temperature, the solid spherules melted and merged with each other, as a result,
large pieces of solids were observed (see image b of Figure 4-19). As for sample 5, with
the participation of humic acids, Maltese cross patterns were observed and the patterns
did not disappear after being heated over the melting point of octacosane (see Figure 4-
20). The size of the spherules showing the Maltese cross pattern can be as large as 8 um
to 10 um. Figure 4-21 presents the results of the HAs-water system (sample 7). It shows
fewer Maltese patterns and the size of the patterns is also smaller - 3 um to 4 pum. The
formation of lyotropic liquid crystals in humic acid-water systems was discussed in
Chapter 4.3. Considering the amphiphilic properties of humic acid, lyotropic liquid
crystalline phases can also be formed by molecule aggregation surrounding a

hydrocarbon droplet [64] in a ternary water-surfactant-hydrocarbon system. Multiple
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cases of liquid crystal formation by different surfactants have been reported [65 - 67].
Researchers have also presented and illustrated biplex structures of liquid crystals with an
isotropic inner core could show Maltese cross patterns [1, 14, 29]. Masik [14] illustrated
biplex structures using a conceptual schematic, reproduced as Figure 4-22, and
demonstrated it by using depth profiling. The octacosane particles of sample A did not
merge with each other during the process of heating and the biplex liquid crystal structure
persisted. This is because the outer shell composed of liquid crystals works as a wall to
inhibit the fusion of particles. Our result agrees well with the experiments reported by Liu
& Friberg [7] and Horvath-Szabo” [31]. They reported that liquid crystals tend to be
located at the oil-water interface of the droplets and hinder the coalescence of droplets in
emulsions. In addition, ring patterns were also observed in the sample from the
octacosane-HAs-water system, as presented in Figure 4-23. The size of the bright rings
with a dark core can be as large as 20 um. The bright outer layer is much thicker than that
of spherules showing the Maltese cross pattern. Under polarized light, the ring patterns
coexist with the Maltese cross patterns. They are actually the same structure under
normal light. Thus, the large ring structures provide direct evidence of the formation of
biplex structures. It is assumed that the organization of liquid crystals on the outer layer
and the large thickness lead to intense light illumination, which covers the dark parts of
the Maltese cross. This speculation can be verified by Figure 4-24, which was obtained
from image (a) of Figure 4-23 by adjusting its contrast to 42.1 and brightness to 15, and
then Sobel boundary detection was applied. The image was processed by software Stream
Essentials. Figure 4-24 reveals that the essence of a large ring pattern is the same with the

Maltese cross pattern.
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(a) (b)
Figure 4-19 Octacosane-water mixture under polarized light: (a) octacosane particles

after centrifugation; (b) ocatacosane particles after being heated and cooled down.

(@) (b)

Figure 4-20 Octacosane-HAs-water mixture under polarized light: (a) liquid crystal
coated particles before being heated; (b) liquid crystal coated particles after being heated

and cooled down.
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(a) (b)
Figure 4-21 HAs-water system under polarized light: (a) water evaporated; (b) after

being heated and cooled down.

Figure 4-22 Left: a cross-sectional view of a liquid crystal domain on a surface; right:

Bottom-up/top-down view of a liquid crystal domain on a surface. [14]

The result of sample 8 (SCB-HAs-water system) is presented in Figure 4-25. Biplex
liquid crystal structures were also observed, and the structure remained intact during
heating sample 5. The behavior of samples 8 and 5 are similar to the results reported by
Qin [29] and Duncke et al. [33], presented in Figure 4-26 and Figure 4-27. Qin [20]
observed biplex liquid crystals when trying to extract liquid crystals from bitumen to
water and Duncke et al. [33] observed biplex liquid crystals in crude oil emulsion

fractions. These prior works are examples of hydrocarbon-liquid crystal-water systems.
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Taken together with results from the peer-reviewed literature, it is clear that the

octacosane-HA-Water system exhibits biplex-structured liquid crystals.

(@) (b)

Figure 4-23 Octacosane-HAs-water system after water evaporated: (a) under polarized

light; (b) under normal light.

Figure 4-24 Octacosane-HAs-water system after water evaporated: Sobel boundary

detection applied.
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(@) (b)
Figure 4-25 Octacosane-5CB-water mixture under polarized light: (a) SCB coated

particles before being heated; (b) SCB coated particles after being heated and cooled

down.

Magniication: 20'x
I 2070.003 8

Figure 4-26 Liquid crystal domains transferred from bitumen to water. [29]
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Figure 4-27 Liquid crystal domains in emulsion fractions from crude oil, during (a) and

(b) after water evaporation. [33]

4.5.2 Water-external-water structure

Figure 4-28 shows an image of sample 9 captured before water evaporated under
polarized light. Maltese cross patterns can be observed, and the size of the crosses can
reach as large as 50 um. Particles of naphthalene coexist with the Maltese crosses. Figure
4-29 presents a process of droplet bursting. Droplets in Figure 4-28 are the same ones as
those showing Maltese crosses in Figure 4-29. The droplets’ positions do not match
exactly in these two figures because the droplets keep moving in the bulk water. As the
bursting process occurs in a short time, it is not allowed to switch between polarized light
and normal light. It is clearly presented in Figure 4-29 that the inner material restrained
inside the liquid crystal layer is liquid. As the only liquid species in sample 9 is water, it
is sound to assume that the droplets in bulk water correspond to the water-external-water
structure. The layer bounds the water droplets showing the Maltese cross pattern is

comprised of liquid crystals stemming from humic acids. The water-external-water
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structure is not stable when sitting on slides and it bursts out as the bulk water evaporates.
In addition, bright ring structures were observed in the SCB-water system (sample 12)
and highly concentrated water-HAs-Naphthalene system (sample 13), as presented in
Figure 4-30. The HAs concentration in sample 13 is five times of that in sample 9. The
size of the ring in the 5CB-water system can reach around 50 um and its isotropic inner
core presenting dark under polarized light. Therefore, the ring here should be a water-
liquid crystal-water structure. The rings observed in sample 13 present the exactly same
structure with that of the SCB-water system, which lends the confidence to believe that
water-liquid crystal-water structure is also formed in the water-HAs-Naphthalene system.
Whether naphthalene is involved in comprising the liquid crystal layer is unknown and

needs further exploration.

Figure 4-28 Water-external-water structure showing Maltese cross patterns under

polarized light.
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Figure 4-29 Water-external-water structure bursting out as water evaporating, under

normal light.

(@ (b)

Figure 4-30 Water-liquid crystal-water structure under polarized light: (a) ring structure

in the SCB-water system; (b) ring structure in the water-HAs-naphthalene system.

68



A process of droplet collapse under polarized light was also recorded (see Figure 4-31).
As the bulk water evaporates, the environment supporting the water-liquid crystal-water
structure is impaired, leading to the collapse of the droplet. During the collapse process,

the birefringent liquid crystals on the droplet surface can be observed.

Results of sample 10 and 11 are presented in Figure 4-32 and Figure 4-33, respectively.
Sample 10 and 11 are designed as controls. Naphthalene solid particles are shown in
Figure 4-32, and liquid crystal droplets formed by humic acids in water can be observed
in Figure 4-33. The biplex structure that appears as large Maltese crosses and the bursting
or collapse process are not observed neither in the humic acids-water system nor in the
naphthalene-water system. By comparing the results of the five samples
comprehensively, it is evident that the water-external-water structure can be formed in

the water-HAs-naphthalene system.
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(a) t=0 (b) t=20 seconds

(¢) t=40 seconds (d) t= 60seconds

Figure 4-31 The collapse process of water-extal-water structure under polarized light.
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(a) (b)
Figure 4-32 Naphthalene particles in dried naphthalene-water mixture: (a) under

polarized light; (b) under normal light.

(a) (b)

Figure 4-33 Liquid crystals in HAs-water mixture (water evaporated): (a) under

polarized light; (b) under normal light.
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4.5.3 Water-external-hydrocarbon structure

Figure 4-34 presents the result of the observation of water droplets dispersed in dodecane
bulk. Under normal light, the water droplets can be observed clearly. Under polarized
light, these water droplets do not show any Maltese cross patterns. Figure 4-35 shows the
observation of water-humic acid droplets that are dispersed in dodecane. The droplets
show Maltese cross patterns under polarized light, which indicates the existence of liquid
crystals at the water-hydrocarbon interface. As shown in Figure 4-36, the inner core of
droplets appears green after the water-based coloring agent is involved in the system and
the bulk hydrocarbon appears dark. Combing these facts observed, it is sound to say that
the water-external-hydrocarbon structure can be created by humic acids; it can form a
liquid crystal layer at the interface of water-hydrocarbon emulsion. The result in this
experiment agrees well with the reports of Tixier [67] and Ito [68]. They illustrated the
creation of W/O type emulsion with liquid crystals located on the interface of the droplets,
and the droplets showed Maltese cross pattern under polarized light. The water-HAs-
hydrocarbon system in this experiment could keep stable, and the Maltese cross pattern
could still be observed after keeping still in room environment for 14 days. However, the
system would finally dispel, and the mixture became stratified when observed 60 days

later.
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(a) (b)
Figure 4-34 Water droplets dispersed in dodecane bulk: (a) under normal light; (b) under

polarized light.

(a) (b)

Figure 4-35 HAs dissolved water droplets dispersed in dodecane bulk: (a) under normal

light; (b) under polarized light.
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Figure 4-36 Colored water-HAs-dodecane mixture under polarized light.

4.5.4 Summary

Artifacts pose significant challenges for the identification of actual liquid crystalline
behaviors in water-hydrocarbon-humic acid systems. Care must be taken to avoid over or
miss interpreting experimental results. With the implementation of careful control
experiments and with reference to the literature, we were able to demonstrate that water-
humic acids-hydrocarbon system verified three types of biplex structures, which are the
hydrocarbon-external-water structure, water-external-water structure and water-external-
hydrocarbon structure. We were unable to demonstrate the fourth anticipated type of
hydrocarbon-HA-hydrocarbon structure set as a goal of this work illustrated in Figure 1-
2. Lyotropic liquid crystalline layer formed from humic acids at a concentration higher

than its CMC distributes at the interfaces of these biplex structures.
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Chapter S Conclusions and Future Work

Humic acids, present in groundwater and hydrocarbon resources, were hypothesized to be
a source of liquid crystal domains in Athabasca bitumen and other hydrocarbon resources
co-produced with water. In this work, we tested this hypothesis, and it shows that three of
the four behaviors outlined in Figure 1-2 are replicated. We were unable to illustrate
thermotropic liquid crystalline behaviors. Further, we underscored the impact of artifacts

in this field of study.

5.1 Specific findings:

* Humic acid, solid at room temperature, does not form thermotropic liquid crystals
over the temperature range 296.16 K to 600.16 K. They stay solid phase and
partially decompose on heating rather than melting.

* Material extracted from humic acid by anhydrous ethyl alcohol shows liquid
crystalline properties at room temperature. The liquid crystal drops present
Maltese cross patterns on octadecyltrichlorosilane treated hydrophobic slides and
show fan-shaped patterns on hydrophilic slides. The diameter of the liquid crystal
domains on hydrophobic slides ranges from 2 um to 5 um and the domains can
grow to 10 — 20 um after some time of incubation under ambient conditions. This
behavior was discriminated from the behavior of isotropic drops in water. The
composition of the liquid crystals was not verified but includes constituents from

the humic acid in addition to ethyl alcohol.
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Lyotropic liquid crystal spherules form in unfractionated humic acid-water
mixtures when the humic acid concentration exceeds the critical micelle
concentration (7g/L). The observed diameter of the liquid crystal spherules was
around 2.5 pum to 4.5 pm. The measured number size distribution included
droplets as small as 20 nm. The measured size distribution shifted to larger
droplets and the distribution broadened, as temperature increases.

Lyotropic liquid crystal domains with homogeneous hydrocarbon cores and
humic substance liquid crystalline shells dispersed in aqueous liquids were
created in hydrocarbon-humic acid-water systems. The observed diameter of the
domains ranges from 2.5 um to 20 um, which is one order of magnitude smaller
than those discovered in Athabasca bitumen, but of the same order of magnitude
of those reported in water-rich phase, transferred from bitumen.

Lyotropic liquid crystal domains with homogeneous aqueous cores and humic
substance liquid crystalline shells dispersed in aqueous liquids were created.
Lyotropic liquid crystal domains with homogeneous aqueous cores and humic
substance liquid crystalline shells dispersed in hydrocarbon liquids were also
created.

Optical artifacts such as light interference, the difference of refractive index, and
interface curvature can lead to the appearance of Maltese cross pattern under
polarized light. All the assertions of liquid crystals appearance made in this thesis
have taken multiple properties of liquid crystals to eliminate the possibility of

optical artifacts.

76



5.2 Recommendations for Future Work

The composition of the anhydrous ethyl alcohol extracted humic acid (EHA)

should be analyzed in detail, such as with FT-ICR, to compare their elemental

composition and molecular structures with liquid crystals isolated from Athabasca

bitumen.

* Links with properties of interfacial materials that stabilize water-oil emulsion
should be studied.

* Liquid crystals extracted from humic acid may have potential commercial
applications worth exploring.

* [t is not clear what materials or combinations of materials lead to the formation or

apparent formation of thermotropic liquid crystalline behavior. It might be

explained by that the temperature change affects the critical concentration needed

for humic acid to show lyotropic behavior, but further study is needed.
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Fgiure A-1 The DSC analysis of humic acid: R1 is the first run of heating; R2 is the
second run of heating after cooling down of R1; Vasek’s correlation means the heat
capacity is calculated using the method provided by La’stovka et al. [69].
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