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ABSTRACT 
 

As the global supply of easily accessible, light crude oil diminishes, production of heavy crude oils 

and offshore drilling for light/medium crude oils will continue to increase. However, one problem that is 

often encountered during the production of these heavy and subsea crude oils is the formation of stable 

water-in-oil (W/O) or oil-in-water (O/W) emulsions. Although emulsions may be intentionally formed during 

the recovery of heavy crude oils, emulsions must be broken before the crude oil is refined. If left 

untreated, these emulsions may contribute to severe corrosion issues (due to entrained salt) and 

equipment failure. In the case of subsea crude oils, stable W/O emulsions may be encountered if crude 

oil enters the environment (e.g. Deepwater Horizon oil spill). The emulsions encountered here reduce the 

effectiveness of remediation efforts (e.g. skim boats used to remove crude oil from the environment) and 

slow recovery efforts. Therefore, a key objective in petroleum production is to understand what types of 

species contribute to stable emulsions in order to determine how to best treat undesirable emulsions. 

Emulsion stability is controlled by the surface-active characteristics of a small fraction of 

compounds that exist in or are added to the crude oil matrix. Collectively, these species generate a 

molecular layer at the oil/water interface which stabilizes the emulsion by resisting drainage and hence 

coalescence between dispersed droplets. Characterization of these compounds has been hindered by 

carryover issues from the whole crude oil. However, a novel method for the isolation of these surface-

active compounds, which minimizes carryover issues, was recently introduced. Here, this “wet silica” 

method is used to isolate interfacially active material from petroleum crude oils. The method is modified 

(e.g. varying water loading and water pH) in order to understand what types of species partition to the 

oil/water interface under each condition through characterization by Fourier transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS). The method is also used to isolate IM from a variety of 

different crude oil samples (e.g. fractionated crude oil, weathered crude oils, etc.) to determine which 

fractions and types of compounds contribute most to stable emulsion formations.  

 Chapter 1 presents background information on petroleum crude oils, petroleum emulsions, and 

the “wet silica” method necessary for understanding the data presented in Chapters 3-9. Information on 

the techniques (electrospray ionization (ESI), FT-ICR MS) used to characterize isolated IM are later 

described in Chapter 2. Modifications to the “wet silica” method are described in Chapters 3 and 4: 

Chapter 3 examines the role of water content adsorbed to silica gel for the selective isolation of 

interfacially active material from Athabasca bitumen while Chapter 4 explores how varying water pH 

affects the composition of isolated IM from Athabasca bitumen. 

 Chapters 5 and 6 examine how different IM fractions contribute to the overall Athabasca bitumen 

emulsion stability. Chapter 5 explores how isolated IM water-soluble organics differ in chemical 

composition and emulsion stability characteristics to the water-insoluble IM fraction. Here, IM water-

soluble organics are observed to generate stable emulsions. However, asphaltenes alone are generally 

believed to play the most significant role in emulsion stability. Therefore, in order to understand the 
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contributions of asphaltenes, Chapter 6 systematically explores the contributions of the asphaltene and 

maltene fractions of Athabasca bitumen to the IM isolated from the whole crude oil.  

Yet, previous studies have suggested that rearrangement occurs at the interface over time. 

Therefore, Chapter 7 characterizes the species that move to the oil/water interface once the most 

surface-active Athabasca bitumen compounds are depleted. While compositional space coverage 

changes are observed in the IM isolated from the different Athabasca bitumen fractions presented in 

Chapters 6 and 7, it is possible that low-molecular-weight acids in the IM samples preferentially ionize 

and hinder the detection of higher-molecular-weight acids and asphaltene species in the IM fraction of 

these samples. In order to determine if low-molecular-weight acids are preferentially ionized, Chapter 8 

examines how the compositional space coverage of species isolated in 9 different IM acid fractions 

(separated by hydrophobicity) differ from the collectively analyzed IM sample. 

In contrast to the work performed on heavy crude oils in Chapters 3-8, Chapter 9 characterizes 

IM isolated from a light crude oil. Here, IM is isolated from a variety of different Deepwater Horizon crude 

oil samples (e.g. whole crude, photochemically weathered, environmentally weathered) in order to gain 

insight into the degradation pathways (abiotic, biotic) of IM compounds in the environment. Finally, 

Chapter 10 details future work that will be performed to gain further insight into the structure and type of 

species which contribute most to emulsion stability under a range of conditions. 
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CHAPTER 1 

INTRODUCTION TO PETROLEUM EMULSIONS 

 
Petroleum Background 

 
 Petroleum is a complex hydrocarbon mixture found in subterraneous reservoirs throughout the 

Earth.1,2 Although hydrocarbons are the largest constituent of the crude oil matrix, small amounts of 

nitrogen, oxygen, sulfur, and various metallic constituents (e.g. vanadium, nickel) are also found.1,2 Since 

the abundance of these different constituents vary based on the origin of the crude oil, physical properties 

are usually used to describe different crude oils.1,2  

 
Crude Oil Classification 
 
 Light (conventional) and heavy (unconventional) are common terms used to describe crude oil.1,2 

Light crude oils typically contain more lower-boiling point constituents while heavier crude oils have more 

higher-boiling point components. Heavy crude oils typically contain more aromatic compounds and have 

a higher heteroatom content (N, O, and S-containing species) than lighter crude oils.1,2 Since crude oils 

vary widely in composition, American Petroleum Institute (API) gravities are commonly used to describe 

crude oils.3 The API gravity of a crude oil is calculated using its specific gravity, which is the density of the 

crude oil divided by the density of water (Eq. 1.1).  

 

��������	
� =  ���.�
�����������������@�� �°"# − 131.5                                                                                    (Eq. 1.1)  

 

Light crude oils have API gravities above 31° while heavy crude oils have API gravities below 22°.4 

Bitumen and extra heavy crude oils have an API gravity less than 10° while medium crude oils fall 

between an API gravity of 31° and 22°.4 

 
Crude Oil Composition 
 
 While physical properties of crude oils provide helpful descriptions, knowledge of the crude oil 

elemental composition may help to determine the quality of the crude oil and predict processing 

behaviors.1 Typical crude oil composition is listed in Table 1.1. While the chemical functionalities that 

make up each constituent may vary widely, overall elemental compositions typically display little variation 

between different crude oils.1 It is possible that the narrow variation in crude oil composition arises from 

similarities in the precursor material.1 While it is not possible to classify different crude oils based on 

elemental composition alone (due to these narrow variations), it is still important to understand what types 

of species may make up the crude oil matrix and how different compounds can contribute to 

complications during refining of the crude oil. 
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Table 1.1. Typical Elemental Composition of Petroleum Crude Oils.
1
 

 

 

 Hydrocarbons compose the largest percentage of the crude oil matrix. Hydrocarbon species 

consist of paraffins, naphthenes and aromatics.1 Lower boiling point cuts of a crude oil typically are 

abundant with paraffins, while the higher boiling point cuts are more concentrated with naphthenes and 

aromatics.1 However, hydrocarbon species alone are not usually the cause of major processing and 

refining issues. 

 Non-hydrocarbon constituents (N, O, S and metal-containing species) may contribute to a variety 

of severe refining issues. Therefore, the presence and abundance of these species in each crude oil 

typically determines the processability and value of the crude oil. Of the non-hydrocarbon constituents, 

sulfur is typically of greatest concern to refineries. Sulfur may be present in crude oils as sulfide, disulfide, 

sulfoxide, thiol and thiophene compounds. Of these different functionalities, sulfide and thiophene-

containing compounds are most abundant in crude oils.1 While thiophenes are non-corrosive, sulfides can 

cause severe refinery corrosion issues if left untreated.1 However, sulfur compounds present in end 

products (gasoline, diesel fuel, etc.) can contribute to a variety of different environmental, health, and 

performance issues.1 Therefore, it is important to treat and reduce all types of sulfur compounds present 

in a crude oil. Sulfur species have also been linked to emulsion issues.5,6 

 Nitrogen, oxygen, and metal-containing species are also of concern to refineries. Nitrogen 

compounds present in crude oil are mainly composed of pyridine and pyrrole-containing species that can 

poison refinery catalysts if left untreated.1 Oxygen-containing species are also of concern since they have 

been associated with corrosion, deposition, and emulsion issues.5-9 Oxygen species which may be 

present in crude oils include alcohol, carboxylic acid, ester, ether, furan, and ketone-containing 

compounds.1 Finally, trace metals, of which nickel and vanadium porphyrins are most commonly studied, 

can lead to a variety of refining issues. Metals have been linked to increased coke formation, catalyst 

deactivation, and emulsions stability.1,10 

 Non-hydrocarbon constituents are typically more abundant in the higher boiling point fractions of 

a crude oil as well as in heavier, unconventional crude oils. These constituents may also be more 

concentrated in weathered crude oils as the lightest ends of a crude oil often evaporate during 

element percent (%) 

carbon 87.0-83.0 

hydrogen 14.0-10.0 

nitrogen 2.0-0.1 

oxygen 1.5-0.5 

sulfur 6.0-0.5 

metals (Ni and V) < 1,000 ppm 
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environmental weathering. Therefore, as the production of heavy crude oils and subsea crude oils 

increase, processing, refinery, and remediation problems encountered will also likely increase impacting 

associated costs. In order to reduce capital costs (refining, recovery efforts), it is necessary to understand 

what types of species (chemical functionality, structure, etc.) contribute to each processing/remediation 

issue. Ergo, the focus of this dissertation is on the isolation and characterization of the compounds which 

contribute to stable W/O and O/W emulsions. Knowledge of the types of compounds which contribute to 

emulsion stability may help to determine ways to effectively treat or otherwise manipulate the stability of 

undesirable emulsions. 

 
Petroleum Emulsions 

 
Emulsions occur when one immiscible liquid becomes stably suspended in another liquid.11,12 

W/O and O/W emulsions are widespread throughout the petroleum industry: emulsions may be used to 

coat drilling bits, to help transport crude oils/end products (e.g. extra heavy crude oils, asphalt), and may 

be undesirably encountered when water is co-produced from a well.12 In the case of Athabasca bitumen, 

the crude oil of focus in Chapters 3-8, emulsions are an unavoidable consequence of the bitumen 

recovery process. Since Athabasca bitumen has an extremely high viscosity (> 5x105 cP at 22 °C), 

tertiary recovery techniques such as steam-assisted gravity drainage, are necessary to recover the 

bitumen.13 In SAGD, high-pressure steam is injected into the reservoir to heat the bitumen.14 As the 

bitumen is heated, the viscosity is reduced, enabling the bitumen to flow to the well for recovery. 

However, the slurry that is recovered is an O/W emulsion containing water from the injected steam as well 

as inorganic fines.  

The recovered O/W emulsion is highly undesirable as it can lead to severe corrosion issues and 

equipment failure during the further refining of the crude oil.11,12,15-19 Stable emulsions also reduce 

throughput, which results in profit losses.11,12,15-19 Therefore, the development of effective treatment 

methods for undesirable emulsions is a key objective for the petroleum industry. While techniques, such 

as Clark Hot Water extraction (which is later discussed in detail in Chapter 4), are commonly used to 

break emulsions and reduce water content, very small, emulsified water droplets may still persist in the 

treated crude oil (i.e. as stable W/O emulsions). In order to determine more effective ways to treat 

undesirable emulsions, it is necessary to understand what types of species contribute to stable emulsion 

formations. 

Emulsions may also be encountered in the environment following oil spill events. After an oil spill, 

wind and ocean currents can provide sufficient mixing energy to generate stable emulsions. Since crude 

oil in the environment can damage aquatic ecosystems and endanger human health (i.e. by consuming 

contaminated food), it is important to remove the crude oil from the environment as quickly as possible.20-

22 However, stable W/O emulsions challenge remediation efforts. These W/O emulsions can incorporate 

large volumes of water and expand the area that the crude oil impacts.23-25 As the emulsion incorporates 

more water and the lighter ends of the crude oil evaporate, the viscosity increases.23-25 This directly 
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impacts the effectiveness of skimmers employed to remove the crude oil as they separate the crude oil 

from the water based on presumed density differences between the two phases. Therefore, knowledge of 

the types of compounds which contribute to stable emulsions and how the composition of these species 

change as a function of environmental weathering is a key component necessary in identifying ways to 

improve remediation processes. 

 
Traditional Interfacial Material Isolation Methods 
 
 In order to characterize the types of species which contribute most to stable emulsions, they must 

first be isolated from the crude oil matrix. In 1999, Xu demonstrated that interfacial material (IM) could be 

isolated from the crude oil matrix.26 In this experiment, Xu added water to a diluted bitumen solution 

dissolved in toluene.26 The solution was then centrifuged so that the heavier water-in-oil emulsion 

droplets collected at the bottom of the centrifuge tube.26 Wu later expanded on this method in 2003 by 

adding D2O instead of water to generate the emulsion.27 After sonication (to generate the emulsion), Wu 

added normal water to the solution and centrifuged so that the heavier D2O-in-oil emulsion droplets broke 

through the water barrier.27 The addition of the water barrier helped to reduce crude oil carryover allowing 

for improved characterization of IM. However, this method is still prone to carryover issues as the IM is 

contained within the same centrifuge tube.  

 
Wet Silica Method 
 
 Jarvis et al. recently introduced a novel method for IM isolation to reduce carryover issues 

associated with previous methods.6 In this “wet silica” method, a water-saturated silica gel is used to 

isolate interfacially active species from petroleum crude oils. Introduction of methanol into the solvent 

system displaces the retained IM from the stationary phase. Use of this method shows increased 

compositional space coverage of isolated IM species and reduced carryover when compared to IM 

isolated with Wu’s method.6 However, Jarvis et al. only presented results obtained with a HPLC grade 

water-saturated (66.6% water g-1 silica gel) silica gel. Therefore, a range of different “wet silica” conditions 

(e.g. varied water loading, pH, etc.) should be investigated to determine optimal wet silica parameters and 

how these changes affect the composition and emulsion stability characteristics of isolated IM.  

 Here, we perform a variety of different experiments using the “wet silica” method. Different “wet 

silica” conditions are evaluated in Chapters 3 and 4. Further fractionation and sequential elution of 

interfacially active species are examined in Chapters 5-8 to gain more insight about the types of species 

that partition to the oil/water interface and to determine which fractions contribute most to the overall 

emulsion stability. Finally, in Chapter 9 we use this method to isolate IM from photochemically and 

environmentally weathered crude oil samples to determine how abiotic and biotic degradation affect the 

IM composition. Species isolated in the experiments outlined in Chapters 3-9 are characterized by (+/-) 

ESI 9.4 T FT-ICR MS, which is explained in detail in the following chapter. 
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CHAPTER 2 

FOURIER TRANSFORM ION CYCLOTRON RESONANCE MASS SPECTROMETRY 

AND DATA VISUALIZATION 

 
Introduction 

 
 High mass accuracy and resolving power are necessary to separate and assign the tens of 

thousands of compounds present in a single petroleum crude oil sample. Thus, high-resolution Fourier 

transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is an invaluable tool for the 

characterization of petroleum crude oil samples. The use of FT-ICR MS to analyze crude oil samples has 

opened up a new field of mass spectrometry research known as petroleomics. The goal of petroleomics 

research is to predict crude oil properties and behavior (e.g. emulsion tendency, corrosion) based on 

molecular-level characterization which may ultimately determine the value of the crude oil. However, in 

order to predict such behaviors, the species responsible for each phenomenon must be identified. Ergo, 

the research presented in Chapters 3-9 aims to determine which species present in the crude oil samples 

are responsible for generating stable emulsions. Here, background information on FT-ICR MS theory, 

electrospray ionization (ESI), and the data visualization process necessary for understanding how these 

isolated interfacial material (IM) compounds are characterized in the following chapters is described. 

 
Theory28 

 
Ion Cyclotron Motion 
 
 When an ion encounters a spatially uniform magnetic field, B, it is subject to a Lorentz force, F. 

The Lorentz force is expressed by equation Eq. (2.1),  

 

                                      F = )�**�+��,,-.-��
	/0 = ) 1�
1� = 2��+�3                                                        (2.1) 

 

in which ), 2, and � are ionic mass, charge, and velocity. If the ion travels at constant speed, the 

magnetic field bends the ion motion into a circular path with radius r. If ion velocity in the xy plane is 

denoted as �4� = 5�46 + ��6 and angular acceleration as 81�1�8 =
�9:;
� , Eq. (2.1) becomes 

 

                                      
<�9:;
� = 2�4�3                                                                                                     (2.2) 

 

However, substitution for angular velocity, � (rad/s), where = = �9:
�  into Eq. 2.2 yields 

  

                                      )=6� = 23 ωr                                                                                                   (2.3) 
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or 
 

                                      =� = @AB
<                                                                                                              (2.4) 

 
 

Eq. (2.4) can be rewritten to solve for cyclotron frequency, ��,  
 

 

                                      �� = CD
6E = � �.�F�����4�� 

G

</I                                                                                         (2.5) 

 
 

where �� is in Hz, 3  is magnetic field strength in Tesla, ) is ion mass in Da, and J is in multiples of 

elementary charge.  

 These equations demonstrate the utility of ion cyclotron resonance for mass spectrometry: ions 

of a particular mass-to-charge ratio (m/z) have the same ion cyclotron frequency regardless of their 

velocity. Thus, translational energy focusing is not necessary for determining ion m/z. 

 
Ion Excitation and Detection 
 
 Since ion cyclotron radius is too small to induce current between the detection plates, ions must 

be excited to a larger orbital radius. Therefore, a spatially uniform rf electric field is introduced to excite 

the trapped ions. That is, the frequency of the rf electric field is changed from high to low frequency so 

that ions are excited to a larger orbital radius when the rf frequency is resonant with their cyclotron 

frequency. Thus, ions of a wide m/z range are excited with a frequency-sweep excitation (“chirp” 

excitation) which produces coherent ion packets of different m/z, orbiting at a much larger radius for 

detection. 

 The coherent ion packets induce current between oppositely opposed detection plates. The 

current generated between the plates is proportional to the ICR signal. The signals from the different ion 

packets (over a wide m/z range) are detected simultaneously in the ICR cell. The resulting time-domain 

signal is then fast Fourier transformed to yield the frequency domain spectrum.29 

 
Mass Calibration 
 
 An axial electrostatic field is applied to the ICR cell to confine the trapped ions along the z-axis, 

as the static magnetic field only confines the ion motion along the x- and y-axes.  However, the addition of 

this electric potential shifts the cyclotron frequency of all the trapped ions by a constant amount. 

Therefore, a frequency to m/z calibration is used to correct for the shift induced in part by the electrostatic 

potential. This conversion is determined by measuring the ICR frequency of at least two calibrant ions of 

known mass, and fitting them to Eq. (2.6) to determine the A and B values. 
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<
I =

K
�L
+� A�L;                                                                                                         (2.6) 

 

 Calibration may be either external or internal. External calibration occurs when the A and B terms 

are calculated without the sample of interest. However, since external calibration does not account for 

frequency shifts from ion cloud interactions, internal calibration is most desirable. Internal calibration 

allows for high mass accuracy (< 1 ppm) as the analyte and calibrant ions are subjected to the same ion 

cloud interactions as well as electric and magnetic field conditions throughout the entire experiment. 

 

Ionization Technique 
 
Electrospray Ionization 
 
 Ionization of samples in solution is an essential key to mass spectrometry analysis. Zhan and 

Fenn previously showed that electrospray ionization (ESI) could ionize polar molecules in petroleum 

samples.30 Since IM samples contain polar head groups, ESI is the ionization method of choice for FT-

ICR MS analyses. Stanford et al. previously demonstrated that ESI could be used to characterize IM 

isolated from a variety of different crude oils while Jarvis et al. showed that many of the IM species 

isolated from crude oils are acidic.5,6 Therefore, negative-ion (-) ESI analyses will be the focus of much of 

the work presented here. 

 

 

Figure 2.1. Schematic for negative-ion electrospray ionization. For positive-ion electrospray ionization,  
the polarity of the high voltage power supply is switched.

31 
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Previous ionization techniques for solution to gas phase ions (e.g. plasma desorption, laser 

desorption, etc.) were prone to fragmentation.32 ESI, however, is a “soft” ionization technique which 

produces little to no fragmentation of the analyte ions.32 ESI produces (M-H)- and (M+H)+
 ions at 

atmospheric pressure.32 Figure 2.1 displays a schematic for (-) ESI. Here, a high voltage (2-4 kV) is 

applied to a capillary spray needle.32 For (-) ESI analyses, a negative voltage is applied across the 

electrospray needle whereas (+) ESI analyses use a positive voltage. A voltage of opposite polarity is 

applied to the counter electrode. Ions of the same polarity as the voltage applied to the capillary needle 

accumulate at the capillary tip and are pulled downstream to form a Taylor cone.32 As charge 

accumulates, the Taylor cone emits a charged droplet. The charged droplet experiences solvent 

evaporation until it reaches the Rayleigh limit.32 At the Rayleigh limit, the excess charge on the droplet 

exceeds the surface tension and the droplet fissions in a process known as Coulombic explosion.32 These 

processes (i.e. solvent evaporation, Coulombic explosion) continue until gas-phase ions are accelerated 

to the counter electrode and liberated into the mass spectrometer.32 However, the exact mechanism 

through which the gas-phase ions are produced from the charged droplets is unknown.32 Dole et al. 

proposed that small droplets containing only one ion are produced from the processes.32,33 Solvent 

evaporation from this charged droplet produces gas-phase ions. Iribarne and Thomson, however, 

proposed that when small droplets are generated (r ~ 8 nm, 70 elementary charges), ion emission 

becomes competitive with Coulombic explosion.32,34 Ion emission can continue until gas-phase ions are 

produced because solvent evaporation from the droplet will also continue.32   

  

 

Figure 2.2. Representative structures of some of the different types of functionalities ionized under (-) ESI 
FT-ICR MS analyses (top) and (+) ESI FT-ICR MS analyses (bottom). 
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Figure 2.3. Double bond equivalents (DBE) versus carbon number plots are used to illustrate 
differences/similarities in compositional space coverage between samples. Differences in alkylation and 
aromaticity can easily be visualized with the use of these plots.  
 

Figure 2.2 displays representative structures of some of the types of species which are ionized 

by (-/+) ESI FT-ICR MS analyses. Acidic functionalities such as carboxylic acids, pyrollic nitrogen, and 

phenols are observed by (-) ESI FT-ICR MS analyses.7 However, the structures presented here, are only 

representative of the types of functionalities ionized under (-) ESI conditions. Petroleum carboxylic acids, 

alcohols, etc. typically contain aliphatic chains extending from the core structure, and therefore span 

much higher carbon number ranges than depicted here. Compounds which efficiently ionize by (+) ESI 

FT-ICR MS analyses typically contain pyridinic nitrogen functionalities. Other basic species such as 

sulfoxides are also ionized under (+) ESI conditions.  

 
Data Analysis 

 
Once each mass spectrum is collected, peak lists are generated for all peaks within the spectrum 

with a signal magnitude greater than 6 times the baseline root-mean-square (RMS) noise. All ion masses 

are then converted to the Kendrick mass scale (Eq. 2.7) to easily sort homologous series. 

 

                                     M-0N�	,O�)�** = �P��Q�)�**�+� ��
��. ����                                                            (2.7) 

 

Once ion masses are converted to the Kendrick mass scale, species with the same heteroatoms and 

double bond equivalents (DBE= number of rings + double bonds to carbon) but different degrees of 
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alkylation can be easily grouped together because they have the same Kendrick mass defect (KMD) (Eq. 

2.8). 

 

                                     MRS = T0/)	0�.�M-0N�	,O�)�** − -+�,
�M-0N�	,O�)�**U�+�1,000                   (2.8) 

 

Each mass spectrum can then be calibrated based on the most abundant homologous series.  

Once each mass spectrum is calibrated and elemental formulas are assigned, data can be 

visualized through the use of heteroatom class graphs and DBE versus carbon number plots. Here, 

heteroatom class graphs represent the most abundant species within each sample (� 1% relative 

abundance). Class specific isoabundance-contoured plots of DBE versus carbon number can be used to 

compare differences in compositional space coverage between samples (Figure 2.3). However, since 

DBE versus carbon number plots are scaled relative to the most abundant peak within each class, direct 

comparison of the relative abundances between samples is not possible. All peak assignments and data 

visualization shown here and in the following chapters were performed with PetroOrg software.35 
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CHAPTER 3 

EFFECT OF THE WATER CONTENT ON SILICA GEL FOR THE ISOLATION OF 

INTERFACIAL MATERIAL FROM ATHABASCA BITUMEN 

 
Reprinted with permission from Clingenpeel, A.C.; Robbins, W.K.; Corilo, Y.E.; Rodgers, R.P. Effect of 
the Water Content on Silica Gel for the Isolation of Interfacial Material from Athabasca Bitumen, 2015, 
Energy & Fuels, DOI:10.1021/acs.energyfuels.5b01936. Copyright 2015 American Chemical Society. 

 
Summary 

 
The role of the water content adsorbed to silica gel for the selective isolation of petroleum 

interfacially active material was examined. Systematic variation of the amount of water adsorbed on the 

silica surface and its effect on retained petroleum species (interfacially active) revealed that gravimetric 

yields of isolated interfacial material (IM) were inversely proportional to the amount of water loaded onto 

the silica gel. However, with the exception of the water-saturated silica gel (66.6% water g−1 silica gel), all 

silica gels investigated (11.1−53.8% water g−1 silica gel) were stained after IM isolation, indicating that 

>53.8% water g−1 silica gel is required to prevent irreversible, oil−silica interactions. Moreover, emulsion 

stability tests reveal that IM isolated from the water-saturated silica gel (66.6% water g−1 silica gel) forms 

the most stable emulsion relative to IM isolated from the unsaturated silica gels. Molecular-level analysis 

of isolated IM fractions as a function of the silica water loading by Fourier transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS) exposes a gradual shift to a lower carbon number and double 

bond equivalents (DBE) in the interfacially active, OxSy, N1Ox, and N1OxS1 classes as a function of the 

increasing silica water content. The results suggest that lower carbon number/DBE, more surface-active 

compounds are isolated with the water-saturated silica gel. Conversely, IM Ox species isolated with water 

saturated silica gel have similarly low carbon number ranges, but higher DBE, and occupy compositional 

space characteristic of asphaltenic species. 

 
Introduction 

 
 Heavy crude oils (American Petroleum Institute (API) gravity < 22°) account for the majority of 

remaining petroleum reserves, and are enriched in polar compounds that contain nitrogen, oxygen, and 

sulfur heteroatoms.1,36 When exposed to water, a fraction of these polar compounds accumulate at the 

oil/water interface to produce stable oil-in-water (O/W) or water-in-oil (W/O) emulsions.11,12,15-17 Although 

emulsions may be intentionally formed in production processes, such as steam-assisted gravity drainage 

(SAGD)37, they must be broken before the crude oil is refined, as emulsions may result in severe 

corrosion issues and equipment failure.11,12,15-19 Thus, a key objective in petroleum production and refining 

is to understand which species exist at the oil/water interface in order to determine how to best break, or 

otherwise manipulate the stability, of undesirable emulsions. 

 Previous studies suggest that multiple fractions (asphaltenes, resins, naphthenic acids, etc.) of 

the crude oil may participate in the formation of stable emulsions.8,11,12,15-17,38-43 Although useful, it is more 
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desirable to isolate and characterize interfacial material (IM) directly from whole/unfractionated crude oils 

(or distillate cuts) to determine the most surface-active species in the crude oil and capture potential 

interdependency/cooperative or inhibitive effects between species that might otherwise be prevented by 

fractionation. Thus, identification of the surface-active species in the unfractionated crude oil provides a 

more accurate representation of the compounds that form stable emulsions during petroleum production 

and processing. 

  One of the first methods developed to isolate IM from whole crude oils was introduced by Wu.27 

In this method, a D2O-in-oil emulsion is generated.27 Normal water is then added to the emulsion solution 

and the solution is centrifuged so that the heavier D2O-in-oil emulsion droplets break through the oil-water 

barrier.27 The isolated emulsion droplets, however, are subject to carryover from the whole crude oil since 

they are contained within the same vial/centrifuge tube. 

 Jarvis et al. recently developed an alternative method for the isolation of IM from whole crude oils 

with a 66.6% water g-1 silica gel.6 IM that is isolated by this “wet silica” method shows increased 

compositional space coverage and reduced carryover from the whole crude oil relative to IM isolated by 

the previous method.6 However, Jarvis et al., reported only results with a water-saturated, 66.6% water   

g-1
, silica gel.6 Therefore, a range of water loadings (water mono-layer thickness on silica) are investigated 

to determine if different water loads affect the composition and emulsion stability characteristics of the 

isolated IM.  Here, we isolate IM from Athabasca bitumen with seven different wet silica gels ranging from 

11.1-66.6% water g-1 silica gel to determine optimal experimental parameters for isolation of IM by the 

“wet silica” method. We demonstrate that the combination of negative-ion electrospray ionization (- ESI) 

FT-ICR MS analyses and emulsion stability tests can link chemical composition to emulsion stability: 

higher-order Ox and OxSy (x � 3) acids isolated from the water-saturated silica gel (66.6% water g-1 silica 

gel) generate the most stable emulsions while IM isolation with unsaturated silica gels results in the co-

elution of non-interfacially active O2-containing compounds which reduces the overall emulsion stability.  

For brevity, we present results for 4 representative samples, 17.6%, 33.3%, 53.8%, and 66.6% water g-1 

silica gel, for which all experiments were performed in triplicate. 

 
Materials and Methods 

 
Materials 
 

 High-performance liquid chromatography (HPLC)-grade dichloromethane (DCM), methanol 

(MeOH), n-heptane, toluene, and water were J.T. Baker chemicals (Phillipsburg, NJ). pH ~11 water was 

prepared by dropwise addition of Sigma-Aldrich (St. Louis, MO) ammonium hydroxide solution (28% in 

water). Acros Organics (Fair Law, NJ) tetramethylammonium hydroxide (TMAH, 25 wt% in MeOH) was 

used to aid in the deprotonation of acids for (-) ESI analyses. 
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Wet Silica Gel Preparation 
 
  Chromatographic grade silica gel (Fisher Scientific, 100-200 mesh, type 60 Å) was dried 

overnight in an oven at ~110°C. After drying, water was added to the silica gel to obtain seven different 

wet silica gel compositions: 11.1, 17.6, 25.0, 33.3, 42.9, 53.8, and 66.6% water g-1 silica gel. For example, 

the 66.6% water g-1 silica gel was prepared by adding 4 g of water to 6 g of the dried silica gel. At 66.6% 

water g-1 silica gel, the silica gel is considered to be water-saturated, but remains a free-flowing powder.6 

As mentioned previously, a representative subset (17.6, 33.3, 53.8, and 66.6% water g-1 silica gel) was 

extensively analyzed in triplicate.  From herein, these four different silica gels shall be referred to as “silica 

17.6”, “silica 33.3”, “silica 53.8”, and “silica 66.6”, respectively.   

 
Isolation of Interfacial Material 
 

IM was isolated from Athabasca bitumen by the previously described “wet silica” method.6 Briefly, 

250 mg of bitumen was dissolved in heptol (50:50 (v/v) n-heptane/toluene) to make a 5% (v/v) solution. 

The solution was slurried with 1 g of wet silica and the slurry was loaded into a 5 mL borosilicate glass 

pipet packed with glass wool at the end. The bed of wet silica was washed with excess heptol to remove 

unretained compounds that did not interact with the water present on the silica gel and collected as the 

first fraction (fraction 1). Species which interacted with the water layer of the wet silica (IM) were retained 

on the column, and subsequently eluted with 10:25 (v/v) MeOH/toluene as the second fraction (fraction 

2). All fractions were dried under N2 gas prior to analysis. After drying, isolated IM was dissolved in DCM 

and transferred to a new vial to ensure that any silica which bled from the column was removed from the 

sample prior to analysis. The IM was then dried again under N2 prior to analysis. This procedure was 

repeated in triplicate for each wet silica gel differing in percent water content.  

 
Mass Spectrometry and Data Analysis 
 

IM isolated from Athabasca bitumen was diluted to a final concentration of 250 µg mL-1 in 50:50 

DCM/MeOH with 0.125% (v/v) TMAH solution. FT-ICR MS analyses were performed on a custom built 

9.4 Tesla FT-ICR mass spectrometer that is extensively described elsewhere.44-48 Ions were introduced to 

the mass spectrometer through a dual-stage radio-frequency (rf)-focusing ion funnel.49 Data acquisition 

was performed with a modular ICR data station (PREDATOR).29 
 

Peak lists were generated for all peaks with a signal magnitude greater than 6 times the baseline 

root-mean-square (RMS) noise. Each mass spectrum was phase-corrected50 and internally calibrated by 

use of a highly abundant homologous series based on the “walking” calibration51. Ion masses were 

converted to the Kendrick mass scale to sort homologous species differing by their degree of alkylation.52 

Molecular formula assignments and data visualization were performed with PetroOrg software.35  
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Results and Discussion 
 
Interfacial Material Isolation and Validation 
 

Table 3.1 summarizes the masses obtained for triplicate measurements of fraction 2 (IM) for 

each wet silica gel. The gravimetric yield of fraction 2 decreases as a function of increasing water percent 

on silica gel. Although the increase in material recovered in fraction 2, from silica 17.6, may be interpreted 

as an increase in IM recovery, silica gels 17.6, 33.3 and 53.8 are stained with oil after fraction 2 isolation 

(Figure 3.1). The “staining” is the result of an insufficient amount of water required to prevent polar 

bitumen species from direct interaction with the surface silanol groups.6 Therefore, in addition to the 

isolation of interfacially active species, other non-interfacially active species are retained on these silica 

gels (17.6-53.8) and co-elute in fraction 2. Conversely, silica 66.6 is clear/translucent after the IM is eluted 

(Figure 3.1), which suggests that only the species that interacted with water were collected in fraction 2. 

Furthermore, isolation of IM with silica 66.6 yields the highest overall mass recovery (i.e. fractions 1 and 2 

combined) (Table A-1). The slight mass loss with silica 66.6 is attributed to losses during transfer (i.e. 

transfer of the slurry into the pipet/transfer of IM in DCM). Thus, silica 66.6 facilitates the most selective 

isolation of IM compounds from the whole crude oil. 

 

Table 3.1. Average Mass and Standard Deviation of IM Recovered from Athabasca Bitumen with Each 
Percentage of Water on Silica Gel Repeated in Triplicate. 
 

  

To validate that IM compounds were isolated, emulsion stability tests were performed with 3 mg 

of material isolated in fraction 2 from each wet silica gel. Following the conditions provided by Jarvis et 

al., each sample was dissolved in 3 mL of a 1:1:1 mixture of DCM/n-heptane/toluene to a final 

concentration of 1 mg mL-1.6 Three milliliters of pH ~11 water were then added to the IM solution. The 

mixtures were shaken by hand for 2 min, and the stabilities of the resulting emulsions were observed for a 

24 h period (Figure 3.2). Stable emulsions which lasted for > 24 h were generated with each sample. 

Therefore, IM was clearly isolated with each wet silica gel.  However, each emulsion broke with time, and 

as a function of water/silica composition. The organic and aqueous phases that broke from each emulsion 

were decanted and measured after the 24 h equilibration period. The combined volumes of free organic 

and aqueous phases are listed in Table 3.2. Free organic and aqueous phase volumes decrease as 

water content on silica gel increases. These results suggest that, although IM is isolated with each wet  

 

water percentage (%) on silica gel mass of fraction 2 (mg) 

17.6 20.5 ± 2.5 

33.3 13.5 ± 2.1 

53.8 7.9 ± 0.4 

66.6 1.7 ± 0.5 
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Figure 3.1. Crude oil column “staining”. When the 17.6, 33.3, and 53.8% water g
-1

 silica gels are used for 
the isolation of IM, crude oil species interact with surface silanol groups. When water content is increased 
to 66.6% water g

-1
 silica gel, enough monolayers of water are present to prevent this interaction, and the 

silica appears clear after the separation. 
 

silica gel, co-elution of non-interfacially active species in silicas 17.6-53.8 reduces the resulting emulsion 

stability. IM isolated from the whole crude oil with silica 66.6 generated the most stable emulsion. 

 
FT-ICR MS Analysis of Interfacial Material 
 
 In order to determine how the co-elution of non-interfacially active species in the IM fraction 

affects the composition of isolated material, IM from each wet silica gel was characterized in triplicate by  

(-) ESI FT-ICR MS. Previously, Jarvis et al. demonstrated that the majority of the species isolated from 

Athabasca bitumen with a 66.6% water g-1 silica gel are acidic.6 Therefore, (-) ESI was the ionization 

method employed for all the results presented here. 

Figure 3.3 shows the heteroatom class distributions obtained for the IM isolated from Athabasca 

bitumen by each of the wet silica gels and the associated error bars. The two silica gels with relatively few 

water monolayers (silicas 17.6 and 33.3) preferentially isolate O2 and O2S1 species in the IM fraction. 

Conversely, the two silica gels with higher numbers of water monolayers (silicas 53.8 and 66.6) 

preferentially isolate higher-order oxygen Ox and OxSy species (x � 3). It is noteworthy that heteroatom 

classes with more than 3 oxygens are not observed above 1% relative abundance in IM isolated with 

silicas 17.6 and 33.3. These same compositional trends are also reflected in a larger sample set of 7 wet 

silica gels (from 11.1 - 66.6% water) that were used to isolate IM from Athabasca bitumen (Figure A-1). 
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Again, only silicas 53.8 and 66.6 preferentially isolate higher-order Ox and OxSy species (x � 3) in the IM 

fraction. 

 
Ox and OxSy Classes 
 

Ox and OxSy species that efficiently ionize by (-) ESI typically contain carboxylic acid 

functionalities.7 The presence of O2 acids in fraction 2 from silicas 17.6-53.8, but not silica 66.6 suggest 

that O2 compounds are not major contributors to the IM fraction under neutral pH conditions. Thus, polar 

 

 

Figure 3.2. Emulsion stability tests. Three milligrams of each IM sample were added to a system 
consisting of 3 mL pH ~11 water, 1 mL DCM, 1 mL n-heptane, and 1 mL toluene. Vials labeled “A” 
contain IM isolated from the 66.6% water g

-1
 silica gel, vials labeled “B” contain IM isolated from the 

53.8% water g
-1

 silica gel, vials labeled “C” contain IM isolated from the 33.3% water g
-1

 silica gel, and 
vials labeled “D” contain IM isolated from the 17.6% water g

-1
 silica gel. 

 

Table 3.2. Volume of Free Organic and Aqueous Phase from Each Emulsion Formed with 3 mL pH ~11 
Water, 1 mL DCM, 1 mL n-Heptane, and 1 mL Toluene. 
 

 

water percentage (%) on silica gel volume of free organic and aqueous phase 

17.6 4.9 

33.3 4.7 

53.8 3.3 

66.6 1.6 
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carboxylic (O2), acids only interact with the hydrophilic stationary phase when insufficient amounts of 

water are present and, therefore, co-elute with the IM (fraction 2) with silicas 17.6-53.8. When few 

monolayers of water are present (silicas 17.6 and 33.3), it is likely that a greater fraction of carboxylic acid 

compounds elute in the IM fraction, as Table 3.2 reveals that silicas 17.6 and 33.3 yield the largest mass 

of fraction 2 material. As a result, these carboxylic acids preferentially ionize under (-) ESI conditions and 

are the most abundant species observed by (-) ESI analyses.  However, as more water is added to the 

silica gel, the co-elution of non-interfacially active species in the IM fraction is reduced (silica 53.8) and 

eventually minimized (silica 66.6). Thus, the following compositional changes in the IM fraction are 

 

 

Figure 3.3. Heteroatom class distribution for Athabasca bitumen IM species isolated with the 17.6% water 
g

-1
 silica gel  (red), 33.3% water g

-1
 silica gel (blue), 53.8% water g

-1
 silica gel (green), and 66.6% water  

g
-1

 silica gel (purple) measured in triplicate by (-) ESI 9.4 T FT-ICR MS. 
 

observed: (1) the amount of carboxylic acids isolated with the IM decreases with increasing water 

content; (2) concurrently, higher-order Ox and OxSy species (x � 3) increase; and (3) emulsion stability 

increases with increased water content  The molecular-level information provided by FT-ICR MS analysis, 

combined with the emulsion stability tests, suggests that the most surface-active acidic species within 

Athabasca bitumen are the higher order Ox and OxSy species (x � 3), as these species are preferentially 

isolated with silica 66.6. Thus, these species must play the most significant role in the initial Athabasca 

bitumen emulsion formation (Figure 3.2). 

To determine how the co-elution of non-interfacially active species affects the compositional 

space coverage of isolated OxSy and Ox IM compounds, the isoabundance-contoured plots of double 

bond equivalents (DBE = number of rings + double bonds to carbon) versus carbon number plots were 
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compared for silicas 17.6, 33.3, 53.8, and 66.6. Figure 3.4 reveals that as more water is added to the 

silica gel, the average DBE and carbon number ranges of isolated O2S1 and O3S1 species decrease 

(weight-average carbon number and DBE displayed in the upper right-hand corner of each image). This 

trend in IM compositional coverage is attributed to the limitation and eventual prevention of crude oil 

species from interacting with the surface silanol groups. When insufficient amounts of water are present, 

non-specific interaction of polar species with the hydrophilic silica gel occurs, which results in the co-

elution of large (carbon number > 35), aromatic OxSy compounds in the IM fraction. However, when the 

silica gel is water-saturated (silica 66.6), IM species are more selectively isolated, and only lower carbon 

number/DBE, polar OxSy species partition to the water interface. 

 

 

Figure 3.4. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O2S1 (top) and O3S1 (bottom) heteroatom classes as a function of water percent on silica gel. Numbers in 
the top right-hand corner display the weight-average carbon number and weight-average DBE value for 
the class. 
 

Comparison of the isoabundance-countered plots of DBE versus carbon number for isolated Ox 

classes reveals a slightly different trend (Figure 3.5). As more water is added to the silica gel surface, 

isolated Ox species display a shift to higher DBE ranges and lower carbon number ranges. These 

compositional changes occur close to the polyaromatic hydrocarbon (PAH) planar limit, suggesting that 

as more water is added to the silica gel surface, more asphaltenic species are isolated in the IM Ox 

classes.53,54 However, it is worth noting that the isolated IM is insoluble in n-heptane but soluble in 

toluene.  Thus, all of the IM presented herein is “asphaltenic”. 
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Figure 3.5. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the O2 
(top) and O3 (bottom) heteroatom classes as a function of water percent on silica gel. Numbers in the top 
right-hand corner display the weight-average carbon number and weight-average DBE value for the 
class. 

 

Pyrrolic Nitrogen 

Figure 3.3 reveals that N1 and N2 classes are only isolated with silicas 17.6-53.8. Comparison of 

the class-specific isoabundance-contoured plots of DBE versus carbon number plots for these classes 

(Figure 3.6) shows that these species occupy similar compositional space when isolated with silicas 17.6-

53.8, but are not detected above 1% relative abundance with silica 66.6. These results suggest that 

pyrrolic nitrogen, the nitrogen compound in crude oil that efficiently ionizes by (-) ESI, is not selectively 

isolated in the IM fraction.55  However, when these nitrogen compounds also contain acidic Ox and OxS1 

functionalities (x � 2), nitrogen-containing species are selectively isolated in the IM fraction from silica 

66.6. The selective isolation of N1Ox and N1OxS1 species in the IM fraction is likely due to the presence of 

acidic Ox and OxS1 functionalities, as N1 species alone are not observed in the IM fraction from silica 66.6. 

Comparison of the compositional space of N1Ox�2 species (Figure 3.7) isolated in fraction 2 with 

each wet silica gel reveals that the species display similar compositional space coverage trends to that of 

isolated OxSy species. As more water is added to the silica gel, the average DBE and carbon number 

decrease. Thus, as non-interfacially active species are prevented from interaction with the stationary 

phase, only small, polar N1Ox and N1OxS1 species are selectively isolated in the IM fraction. Since N1 

species are not selectively isolated in the IM fraction, the acidic Ox and OxS1 species within these classes 

are the chemical functionalities responsible for their elution into fraction 2. 
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Figure 3.6. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the N1 
(top) and N2 (bottom) heteroatom classes as a function of water percent on silica gel.  
 

 

Figure 3.7. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
N1O2 (top) and N1O3 (bottom) heteroatom classes as a function of water percent on silica gel. Numbers in 
the top right-hand corner display the weight-average carbon number and weight-average DBE value for 
the class. 
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Conclusion 
 

Isolation of IM from Athabasca bitumen with 11.1, 17.6, 25.0, 33.3, 42.9, 53.8, and 66.6% water 

g-1 silica gel reveals that > 53.8% water g-1 silica gel is required to prevent undesirable crude oil 

interaction with surface silanol groups. Previous studies suggest that emulsions are stabilized in part by 

naphthenic acids, fatty acids and their soaps, as well as subfraction of asphaltenes.11 Although such 

materials may participate in stabilizing multilayer emulsion films, the results presented here suggest that 

polar (acidic) OxSy and Ox (x � 3) species found within Athabasca bitumen are the most surface-active 

and play the most significant role in the initial emulsion stabilization. However, it is important to note that 

these species are insoluble in heptane, but soluble in toluene.  Consequently, although not highly  

aromatic (H/C ~ 1.1, typical of asphaltenes), the IM species described herein are “asphaltenes”. Isolated 

OxSy species are relatively small (DBE < 15, with � 2 aromatic rings), while isolated Ox species fall close 

to the PAH planar limit and span wider DBE ranges (up to DBE 20). Thus, these Ox classes contain more 

classical, aromatic, asphaltenic compounds. Systematic studies on each bitumen fraction (i.e. aromatics, 

maltenes, and asphaltenes) will be presented in a future publication to determine how each fraction 

contributes to the IM isolated from the whole crude oil.  
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CHAPTER 4 

INFLUENCE OF PH ON AMPHIPHILIC SPECIES AT THE OIL/WATER INTERFACE 

 
Summary 

 
Acidic, basic, and neutral water were loaded onto silica gel to determine the effect of water pH on 

the composition of interfacial material (IM) isolated from Athabasca bitumen by the “wet silica” method. 

Analysis by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) reveals that IM 

isolated with acidic water (pH 1) is dominated by pyridinic nitrogen-containing species. However, IM 

isolated with water at relatively high pH (pH 7 and 12) contains an abundance of acidic Ox and OxSy 

classes. These results suggest that ionizable species which can partition to the water interface are 

preferentially isolated in the IM fraction under each pH condition. Emulsion stability tests demonstrate that 

the acidic Ox and OxSy compounds generate the most stable emulsions. Thus, emulsion stability for 

Athabasca bitumen is attributed more towards acidic rather than basic functionalities. 

 
Introduction 

 
 The Canadian oil sands constitute the third largest remaining petroleum reserve, with ~168 billion 

barrels of crude oil remaining.56 Bitumen content within the oil sands can range from 6 - >16% with solids 

and water accounting for the remaining composition.57,58 Since bitumen has a low American Petroleum 

Institute (API) gravity (<10°) and high viscosity (> 5x105 cP at 22 °C), tertiary recovery techniques, such 

as steam-assisted gravity drainage (SAGD), are required.13 In SAGD, steam is injected into the reservoir 

to decrease the viscosity of the bitumen and enable transport to the surface. The produced oil-in-water 

emulsion is then sent for processing to reduce the solids and water content before recovered bitumen is 

further upgraded.57-59 During processing, Clark hot water extraction is typically performed to isolate 

bitumen from solids/water.57-60 During this process, the bitumen emulsion is slurried with excess, caustic 

hot water (50-80 °C) in a rotating drum.57,60  The caustic water facilitates ionization of natural surfactants 

present in the bitumen.57-59 The ionized surfactants move to the oil/water interface to displace solids. The 

solution is then sent to a flotation vessel where aerated bitumen is skimmed from the surface of the water 

and recovered as a froth.57-59 Although the recovered froth is higher in bitumen content than the initial oil 

sands, significant quantities of fines and emulsified water remain which present separation challenges.59 

 Dilution with aliphatic solvents and/or addition of surfactants may reduce water/fines content in 

the bitumen froth.59 Yet, very small water droplets and fines still remain suspended within the froth, 

accounting for � 2% of the composition.59 Severe corrosion issues (due to the entrained salt) and 

equipment failure may occur if water and fines are not completely removed prior to bitumen 

upgrading.11,12 Therefore, analysis of compounds present at the oil/water interface is paramount for 

proper treatment following bitumen recovery.  Likewise, it is also important to understand the effect of pH 

changes from caustic addition on the chemical composition of species at the oil/water interface. 
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 With regard to pH, Ese and Kilpatrick found that naphthenic acids produce stable water-in-oil 

(W/O) emulsions when tested under alkaline conditions.8 Arla et al. and Farooq et al. also reported that 

the measured interfacial tension between the oil/water interface of medium crude oils and their fractions 

(extracted acids) decrease as a function of increased aqueous phase pH.19,40 Thus, emulsion stability 

increased. However, since previous studies report that multiple crude oil fractions can contribute to 

emulsion stability (naphthenic acids, resins, asphaltenes, etc.), it is desirable to isolate interfacial material 

(IM) from the whole crude oil to determine which compounds are most surface-active and contribute most 

to emulsion stability.11,42,61 Moreover, previous studies have not provided molecular-level characterization 

to show how pH changes affect IM composition.8,19,40  

 Here, we describe the isolation of IM from Athabasca bitumen by the “wet silica” method6 under 

different pH conditions (pH 1, 7, and 12 water on silica gel). We find that the species which may ionize 

under each pH condition and partition to the water interface are preferentially isolated in the IM fraction. 

At pH 1, ionized species contain primarily pyridinic nitrogen functionalities. At higher pH values, several 

acidic of Ox and OxSy compounds are isolated. Emulsion stability tests demonstrate that IM abundant in 

Ox and OxSy acids generate the most stable emulsions. Thus, emulsion stability is attributed more to 

these acidic functionalities. 

 
Materials and Methods 

 
Materials 
 

Dichloromethane (DCM), methanol (MeOH), n-heptane, toluene, and water were HPLC grade 

(J.T. Baker Chemicals, Phillipsburg, NJ). Acidic and basic water were prepared at pH 1 and 12 by 

dropwise addition of 1 M HCl (EMD Chemicals, Philadelphia, PA) and ammonium hydroxide solution 

(28% in water) (Sigma-Aldrich, St. Louis, MO), to HPLC-grade water. HPLC grade water was used as 

received for the pH 7 water. A  Mettler Toledo FEP 20 pH meter (Mettler-Toledo LLC, Columbus, OH) 

was used to measure the pH of the solutions prior to adsorption to chromatographic silica gel 

(FisherScientific, 100-200 mesh, type 60Å). Three calibration points for pH (4, 7, and 11) were performed 

from Mettler Toledo’s analytical buffer solutions. Formic acid (Fluka Analytical, St. Louis, MO) was used to 

aid in the protonation of bases for positive-ion electrospray ionization (+ ESI) analyses. 

Tetramethylammonium hydroxide (TMAH) (25 wt% in MeOH) (Acros Organics, Fair Law, NJ) was used to 

aid in the deprotonation of acids for negative-ion ESI (- ESI) analyses. 

 
Interfacial Material Isolation 
 
  Silica gel was dried overnight in an oven at ~110°C. After drying, three different wet silica gels 

(66.6% water g-1 silica gel) were prepared with: pH 1, 7, and 12 water on silica. Interfacial material was 

isolated from Athabasca bitumen with the different pH wet silica gels by the “wet silica” method, which is 

described extensively elsewhere.6 
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Mass Spectrometry and Data Analysis 
 

IM isolated from Athabasca bitumen and the bitumen fractions was dissolved in 50/50 

DCM/MeOH to a final concentration of 250 µg mL-1 with either 1% (v/v) formic acid or 0.125% (v/v) TMAH 

solution. FT-ICR MS analyses were performed on a custom-built 9.4 T FT-ICR mass spectrometer, which 

was previously described.44-47 Data acquisition was performed with a modular ICR data station 

(PREDATOR).29 Peak lists were generated for all peaks with signal magnitude greater than six times the 

baseline root-mean-square (RMS) noise. Each mass spectrum was phase-corrected50 and calibrated 

based on the “walking” calibration51. Ion masses were converted to the Kendrick mass scale to sort 

homologous compounds differing by their degree of alkylation.52 Molecular formula assignments and data 

visualization were performed with PetroOrg software.35 

 
Results and Discussion 

 
Acidic Water 
 

Acidic water (pH 1) was adsorbed to silica gel to investigate which basic functional groups 

partition to the oil/water interface.  Positive- and negative-ion (+/-) ESI analyses of IM isolated with acidic 

water show a high abundance of nitrogen-containing species (Figure 4.1). (+) ESI analysis (Figure 4.1, 

top, red) indicates predominately N1 compounds with lesser amounts of other N-containing species 

present. Nitrogen compounds ionized by (+) ESI are typically in the form of pyridine functionalities where 

the lone electron pair may be protonated under acidic conditions.62 A number of recent studies show that 

ions are located at oil/water interfaces.63-66 Therefore, it is likely that these compounds ionically interact or 

partition into the water at the interface.   

Analysis of IM isolated with pH 1 water by (-) ESI (Figure 4.1, bottom) reveals that the most 

dominant class present is the N2 heteroatom class.  N-containing compounds that ionize by (-) ESI are 

typically pyrrole benzologs.55 However, since pyrrolic nitrogen is unlikely to be protonated at pH 1, N2 

species are likely polyfunctional, containing both pyrrolic and pyridinic nitrogen functionalities.67 This 

hypothesis is supported by the fact that N2 compounds are observed in the IM fraction by both (-) and (+) 

ESI. N1OxSy compounds, similar to those observed in (+) ESI, are also observed by (-) ESI analysis. 

Thus, it is likely that isolated N1OxSy compounds contain pyridinic nitrogen with acidic OxSy functionalities.    

One interesting point is that the O3S1 and O3S2 classes are also observed at pH 1.  This result is 

discussed in greater detail below. 

 
Neutral Water 
 
 

 Characterization by (+) and (-) ESI FT-ICR MS (Figure 4.1), reveals that IM isolated with pH 7 

water on silica gel (blue) is abundant in N1Ox, N1OxSy, and OxSy classes. N1Ox and N1OxSy species 

observed by (+) ESI (Figure 4.1, top) likely contain pyridinic nitrogen.62 These same compounds may be 
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observed by (-) ESI (Figure 4.1, bottom) if acidic functionalities (e.g. carboxylic acids) are present. Indeed, 

the majority of these N1Ox and N1OxSy compounds are also observed by (-) ESI (Figure 4.1, bottom) 

 

 

Figure 4.1. Heteroatom class distributions for Athabasca bitumen IM species isolated with pH 1 water 
(red), pH 7 water (blue), and pH 12 water (green) on silica gel measured by (+) ESI 9.4 T FT-ICR MS 
(top) and (-) ESI 9.4 T FT-ICR MS (bottom). 
 

analysis. Since pyridinic nitrogen functionalities are not likely protonated under relatively neutral 

conditions, these N1Ox and N1OxSy species likely partition to the water interface through deprotonated 

acidic functionalities. O3S1 and O3S2 compounds, however, are the most abundant heteroatom classes 

observed by (-) ESI in the IM fraction isolated with pH 7 water (Figure 4.1, bottom).  

 
Basic Water 
 

Analysis by (-) ESI shows that IM isolated with pH 12 water on silica gel is abundant in O2 

compounds (Figure 4.1, green). Carboxylic acids or naphthenic acids are efficiently ionized by (-) ESI.7 

Therefore, O2 compounds observed by (-) ESI (Figure 4.1, bottom) are likely naphthenic acids. 

Characterization by (+) ESI (Figure 4.1, top) reveals that N1O2 compounds are the most abundant 

heteroatom class. Since pyridinic nitrogen is efficiently ionized by (+) ESI, this class likely contains a 

pyridinic nitrogen with a carboxylic acid.62  This hypothesis is supported by the fact that no ions observed 

for IM isolated with pH 12 water, by either (+) or (-) ESI, contain less than two oxygen atoms.  These O2-

containing species observed by both (+) and (-) ESI likely partition to the water interface through the 

ionized carboxylic acid (pKa 4-5).68  
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O3Sy Classes in Isolated Interfacial Material 
 

 One important observation from this study is that the O3Sy heteroatom classes, where y = 1-2, 

were observed in (-) ESI analyses for all IM samples (Figure 4.1, bottom).  The isolation of these O3Sy 

acids at pH 1 suggests the presence of functionalities with a low pKa, such as sulfonic acids or 

sulfonates. Figure 4.2 shows the comparison of the class specific isoabundance-contoured plots of 

double bond equivalents (DBE = number of rings + double bonds to carbon) versus carbon number for 

the O3S1 class.  Note that the DBE and carbon number composition of the O3S1 class, which ranges from 

C10-C40 and DBE 2-10, is essentially identical for all three pH isolations.  This suggests that the 

composition of the O3S1 compounds extracted by “wet silica” does not change as a function of pH.  Prior 

work has also shown that fragmentation of these O3S1 compounds for negatively charged ions produces 

SO3 fragments.69  Based on these results we believe that O3S1 compounds, that are most surface-active, 

consist primarily of sulfonic acid-containing compounds. 

 

 

Figure 4.2. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O3S1 heteroatom class as a function of water pH on silica gel.  
 

O2 Classes in Isolated Interfacial Material 
 

 Naphthenic acids are not major contributors to the IM isolated at pH 7 despite having a pKa 

between 4 to 5.68 Two hypotheses were proposed to rationalize this observation: either naphthenic acids 

and bases within the bitumen form tight hydrogen-bonded pairs with little attraction to the water interface 

or other compounds present at the interface affect the naphthenic acid ionization.  
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The first theory was tested by extracting the acids from the original bitumen with an aminopropyl 

silica (APS) solid phase extraction (SPE) procedure (see Appendix B).7 Figure 4.3 shows that the APS 

acid fraction is dominated by O2-containing species; however, O3, O3Sx, and O4 compounds are also 

observed in low relative abundance (RA). To remove these more polar, acidic species, the APS acid 

fraction was further separated on a propyl carboxyl silica weak cation exchange (WCX) SPE cartridge 

(see Appendix B). A figure outlining the whole separation scheme (APS and WCX) is presented in Figure  

 

 

Figure 4.3. Heteroatom class distribution for Athabasca bitumen acid (red) and non-acid (blue) fractions 
following APS SPE separation measured by (-) ESI 9.4T FT-ICR MS. 
 

A-2. Figure 4.4 (top) shows that the WCX 1 fraction (red) is dominated by O2 and O2S acids, and is well 

resolved from the more polar acids in the WCX 2 fraction (blue). While the more polar acids are not major 

contributors to WCX 1, O3S1 species are observed at 0.41% RA (Figure 4.4, top). 

To determine if naphthenic acids would partition to the interface following the removal of bitumen 

bases, IM was isolated from the WCX 1 fraction. IM was isolated from this fraction with both pH 7 and pH 

12 wet silica gels (Figure 4.4, bottom). Analysis by (-) ESI of the pH 7 WCX 1 IM (red) shows that the 

more polar O3S1 and O3S2 acids are the dominant species at pH 7 despite their low RA in the starting 

WCX 1 fraction (Figure 4.4, top). Naphthenic acids are not major contributors to the IM from the WCX 1 

fraction until the water pH is increased to 12 (Figure 4.4, top). Since the bases were removed with the 

APS separation, the low relative abundance of O2 species in the pH 7 naphthenic acid IM cannot be 

attributed to acid base interactions. 
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Therefore, it is likely that O3Sy acids affect the ionization of naphthenic acids. Previous studies 

show that under neutral starting conditions, water pH decreases during emulsification.70 The same 

phenomenon may occur at the oil-water interface of the wet silica. That is, although pH 7 water is 

adsorbed to the silica gel, the pH of adsorbed water may be lowered by the stronger acids present in the 

interfacial material (e.g. sulfonic acids). Water pH may also be affected by the acidic surface of the silica 

gel (silanol pKa 4.5-8.5).71 As the pH of adsorbed water is lowered, the naphthenic acids are, therefore, 

less likely to ionize and partition to the oil/water interface. 

 

 

Figure 4.4. (Top) Heteroatom class distribution for the Athabasca bitumen acid fraction following the 
WCX separation measured by (-) ESI 9.4T FT-ICR MS. The WCX 1 fraction (O2 acids) is shown in red 
and the more polar WCX 2 fraction (O2+x and O2+xSy acids) is shown in blue. Although O3S1 species are 
most abundant in the WCX 2 fraction, the zoom inset shows that O3S1 species are present at 0.41% 
relative abundance in the WCX 1 fraction. (Bottom) Heteroatom class distribution for the IM species 
isolated from the WCX 1 fraction with pH 7 water on silica (red), and IM species isolated from this fraction 
with pH 12 water on silica gel (blue) measured by (-) ESI 9.4 T FT-ICR MS. 
 

Emulsion Stability Tests 
 
  To determine how compositional changes in IM isolated from the three different silica gels 

affected the relative emulsion stability, experiments were conducted under 2 different aqueous phase 

conditions: pH 1 and 12 water. To generate the emulsions, 3 mg of IM isolated from each different pH wet 

silica gel was dissolved in 3 mL of a 1:1:1 mixture of DCM/n-heptane/toluene and added to 3 mL of water 

(pH 1 or 12). The solution was shaken by hand for 2 min to generate an emulsion, and emulsion stability 

was assessed over a 24 h period.  
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Figure 4.5. Emulsion stability tests. Three milligrams of each sample were added to a system consisting 
of 3 mL pH 1 water, 1 mL DCM, 1 mL n-heptane, and 1 mL toluene. Vials were shaken to generate an 
emulsion, and emulsion stability was assessed over a 24 h period. Vials labeled “A” contain IM isolated 
with the pH 1 water on silica gel, vials labeled “B” contain IM isolated with the pH 7 water on silica gel, 
and vials labeled “C” contain IM isolated with the pH 12 water on silica gel. 
 

 

Figure 4.6. Emulsion stability tests. Three milligrams of each sample were added to a system consisting 
of 3 mL pH 12 water, 1 mL DCM, 1 mL n-heptane, and 1 mL toluene. Vials were shaken to generate an 
emulsion, and emulsion stability was assessed over a 24 h period. 
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To assess the role of the basic functionalities in emulsion stability, an aqueous phase of pH 1 was 

used (Figure 4.5). Initially all samples generate an emulsion. After 5 min, the emulsions begin to break, 

and by 24 h only a small rag layer exists between the oil/water interface in each IM fraction. In order to 

determine how the acidic functionalities contributed to emulsion stability, pH 12 water was used as the 

aqueous phase (Figure 4.6). Stable emulsions lasting at least 24 h were observed with IM isolated with 

pH 7 and 12 water on silica gel. Both of these IM fractions were enriched in Ox and OxSy classes. 

However, a total of 2.5 mL water and organic phase was recovered from the pH 7 IM emulsion 

(predominantly OxSy) after 24 h while only 1.5 mL was recovered from pH 12 IM emulsion (containing 

both OxSy and O2).  This result suggests that the interaction of OxSy and O2 species increases emulsion 

stability over emulsions formed mainly with OxSy compounds. Since stable emulsions were only observed 

for IM fractions enriched in these acidic species, Athabasca bitumen emulsion stability is attributed more 

towards these acidic functionalities rather than any isolated basic compounds. 

 
Conclusion 

 
 Compositional characterization was performed for interfacial material isolated by the “wet silica” 

technique under a wide range of pH conditions.  Under acidic conditions (pH 1 water adsorbed to silica 

gel), isolated IM is dominated by nitrogen-containing species. At neutral and basic conditions (pH 7 and 

12 water adsorbed to silica gel), isolated IM is dominated by oxygen-containing compounds. These 

results suggest that ionization and pKa govern the functionalities that partition to the water interface. 

Emulsion stability tests demonstrate that acidic compounds within IM isolated with pH 7 and 12 water 

contribute more to emulsion stability than basic species for Athabasca bitumen. These results also 

demonstrate that the “wet silica” method can be tuned to address petroleum recovery and processing 

emulsion issues over a wide pH range. 
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CHAPTER 5 

CHARACTERIZATION OF INTERFACIALLY ACTIVE WATER-SOLUBLE ACIDS, 

BASES, AND NEUTRALS BY FOURIER TRANSFORM ION CYCLOTRON 

RESONANCE MASS SPECTROMETRY 

 
Summary 

 
 To evaluate the possible role that water-soluble surfactants play in Athabasca bitumen emulsion 

stability, water-soluble organics were extracted from an Athabasca bitumen interfacial material (IM) 

sample isolated by the “wet silica” method. A small portion of the isolated IM (< 20%) was determined to 

be water-soluble. Further fractionation of the water-soluble IM compounds revealed that approximately 

80% of these species were acidic compounds. Analysis by Fourier transform ion cyclotron resonance 

mass spectrometry (FT-ICR MS) reveals that these acids are abundant in Ox and OxSy species. Although 

these compounds make up only a small fraction of isolated IM, emulsion stability tests reveal that these 

species generate stable emulsions, and therefore likely participate in the initial Athabasca bitumen 

emulsion formation and stabilization. 

 
Introduction 

 
 Since Athabasca bitumen has an extremely high viscosity (>5x105 cP at 22 °C),  tertiary recovery 

techniques, such as steam-assisted gravity drainage (SAGD), are necessary to recover bitumen from the 

reservoir.13 In SAGD, high-pressure steam is injected into the reservoir to reduce the viscosity of the 

bitumen so that it may flow to the well.14 However, this increased mobility may also result in the migration 

of some crude oil species into reservoir pores before reaching the surface.14 In order to increase crude oil 

recovery, water-soluble surfactants are commonly introduced to alter the wetting characteristics of the 

reservoir rock (i.e. from oil-wet to water-wet).12,14 

 While water-soluble surfactants may increase accessibility of the crude oil, they may also 

contribute to complications during the further processing.14 These surfactants may partition to the water 

interface along with natural surfactants present in the bitumen to generate stable emulsions. Although 

techniques have been developed to help reduce water content and eliminate emulsions following 

recovery, small, emulsified water droplets may still persist in the treated crude oil.57,58,60 If left untreated, 

these emulsions may result in severe corrosion issues and equipment failure.11,12,15-19 Therefore, 

determination and characterization of the types of species that contribute most to Athabasca emulsion 

stability (i.e. water-soluble surfactants/oil-soluble surfactants) is necessary in order to determine the most 

effective ways to treat undesirable emulsions.  

 Previously, we showed that a collection of Ox and OxSy acids (x � 3) are the most surface-active 

species within Athabasca bitumen. While these species collectively are classified as asphaltenes due to 

their solubility characteristics (i.e. insoluble in n-heptane, soluble in toluene), isolated OxSy species are 
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relatively small (< C40, < DBE 15, with � 2 aromatic rings) and therefore do not align with conventional 

asphaltene compositional space. Thus, in order to gain further insight into the types of IM species isolated 

and to understand their solubility characteristics, further fractionation is necessary (e.g. fractionation 

based on water-solubility, n-heptane-solubility, etc.). Here, we fractionate Athabasca bitumen IM based 

on water-solubility to determine the possible role that water-soluble surfactants play in emulsion stability. 

We demonstrate that a portion (< 20%) of the IM isolated by the “wet silica” method is water-soluble.6 The 

majority of these water-soluble organics (~ 80%) are acidic compounds. Molecular-level characterization 

by (-) ESI FT-ICR MS reveals that these acids are enriched in Ox and OxSy species. Although our results 

show that these water-soluble acids make up only a small portion of isolated IM, these compounds 

generate stable emulsions and therefore likely contribute to the overall Athabasca bitumen emulsion 

stability. 

 
Materials and Methods 

 
Materials 
 

HPLC grade dichloromethane (DCM), methanol (MeOH), toluene, and water were J.T. Baker 

(Phillipsburg, NJ) chemicals. IM was isolated on water-saturated chromatographic silica gel (Merck, 70-

230 mesh, type 60Å). Acidic and basic water (pH 2 and 12) were prepared by dropwise addition of 12 M 

HCl (EMD Chemicals, Philadelphia, PA) and 12 M NaOH (Fisher Scientific, Fair Lawn, NJ) respectively. 

Tetramethylammonium hydroxide (TMAH) solution (25 wt% in MeOH, Acros Organics, Fair Lawn, NJ) 

was used to aid in deprotonation of acidic species for (-) ESI analyses. Formic acid (Fluka Analytical, St. 

Louis, MO) was used to aid in the protonation of basic compounds for (+) ESI analyses. 

 
Interfacial Material Isolation 
 

 Silica gel was dried overnight at ~110°C. After drying, water was added to the silica gel to 

generate a water-saturated silica gel. IM was isolated from 18.75 g of Athabasca bitumen with 75 g of the 

water-saturated silica gel by the “wet silica” method, which was previously described.6 After isolation, IM 

was dried under N2. IM was then reconstituted in DCM and vacuum filtered with a 0.20 µ (25 mm 

diameter, polypropylene back) Whatman (GE Healthcare Bio-Sciences, Pittsburg, PA) membrane filter to 

remove any silica that bled from the column during IM isolation. 

 
Interfacial Material Water-Soluble Acids, Bases, and Neutrals Isolation 
 

Water-soluble species were isolated from the IM following the method previously published by 

Stanford et al.72 Briefly, 125.0 mg of IM was dissolved in 4 mL of heptol (1:1 (v/v) n-heptane/toluene) and 

magnetically stirred with 36 mL of water in a glass sealed 50 mL Pyrex flat-bottom flask at ~23 °C for 1 

week. A 125 mL Pyrex separatory funnel was used to separate the water-solubles from the oil phase after 

the equilibration period. The separated water-soluble fraction was allowed to sit for 24 h. No oil was 

observed to separate out of this fraction during this time period.  
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After the 24 h equilibration period, water pH was adjusted to pH 12. The increased pH 

deprotonated acidic species and the water-soluble neutrals and bases from the solution were extracted 

from the solution with DCM at volume ratio of 2:1 DCM/pH 12 water. Liquid/liquid extractions (LLE) were 

performed four times to extract the water-soluble neutrals and bases. After isolation of the water-soluble 

bases and neutrals, water pH was decreased to pH 2. A decrease in pH facilitated protonation of the 

acidic species. Four-fold LLEs were then performed again to extract the water-soluble acids. DCM 

extracts, as well as the residual IM organic phase, were then dried under N2 and weighed. Table 5.1 lists 

the weights recovered. Only 19.9% of the recovered mass of the IM was determined to be water-soluble. 

The unrecovered mass (14.9 mg) is attributed to losses from transferring and from careful separation of 

the organic and aqueous phases to ensure carryover did not occur. 

 

Table 5.1. Mass of IM Organic Phase and Water-Soluble Extracts after 1 Week of Magnetically Stirring 
with Water. 

 

 

 

 

 

 

Mass Spectrometry and Data Analysis 
 

All samples were analyzed at a final concentration of 250 µg mL-1 in 50:50 DCM/MeOH with 1% 

formic acid or 0.125% (v/v) TMAH solution. All  FT-ICR MS analyses were performed on a custom built 

9.4 T FT-ICR mass spectrometer, which is described elsewhere.44-47 A modular ICR data station 

(PREDATOR) was used to perform data acquisition.29 Each mass spectrum was phase-corrected50 and 

peak lists were generated for all peaks with a signal magnitude greater than six times the baseline root-

mean-square (RMS) noise. Internal calibration of the spectrum was possible with the use of a highly 

abundant homologous series based on the “walking” calibration51. IUPAC masses were converted to the 

Kendrick mass scale to sort homologous species differing by their degree of alkylation.52 All peak 

assignments and data visualization were performed with PetroOrg software.35 

 

Results and Discussion 
 
Water-Soluble Neutrals and Bases 
 

Figure 5.1 shows the (+) ESI heteroatom class distribution for the starting IM sample, the 

residual IM organic phase after magnetically stirring with water for 1 week, and the IM water-soluble 

neutrals and bases. It is important to point out that sodiated OxSy species were also detected in the water-  

sample mass (mg) 

IM organic phase 88.2 

IM water-soluble neutrals and 

bases 

4.7 

IM water-soluble acids 17.2 
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Figure 5.1. Heteroatom class distribution for Athabasca bitumen IM (red), IM organic phase (blue) and IM 
water-soluble neutrals and bases (green) measured by (+) ESI 9.4 T FT-ICR MS. 
 

 

Figure 5.2. Positive ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O2S2 (left) and O2S2Na1 (right) heteroatom classes from Athabasca bitumen IM water-soluble neutrals 
and bases. 
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soluble fraction. However, since the sodiated species occupy similar compositional space to their 

corresponding OxSy classes (Figure 5.2), it was assumed that these were the same compounds with and 

without sodium adducts. Therefore, the relative abundance of the sodiated OxSy compounds was added 

to the relative abundance of their corresponding OxSy class. Thus, only OxSy classes are represented in 

Figure 5.1. 

Comparison of the most abundant heteroatom classes displayed in Figure 5.1 reveals that the IM 

organic phase resembles the whole IM sample: like heteroatom classes are observed in similar relative 

abundance for each sample. However, while IM water-soluble neutrals and bases contain a majority of 

the heteroatom classes displayed in the whole IM sample and IM organic phase, water-soluble neutrals 

and bases are enriched in O2S2 species. Previously, Stanford et al. demonstrated that a portion of polar-

containing crude oil species are water-soluble.72 O2S2 species were the most abundant water-soluble 

heteroatom class observed by (+) ESI FT-ICR MS analyses for the crude oils studied by Stanford. 

Stanford believed these species were sulfoxides based on the identification of sulfoxides in previous 

studies on diesel fuel and petroporphyrins.62,72,73 Therefore, it is possible that the isolated OxSy 

compounds observed here are also sulfoxides. However, further work is necessary to verify the chemical 

functionality of these species. 

Surprisingly, nitrogen compounds are not major contributors to the IM water-soluble neutrals and 

bases fraction. Previous work by Stanford et al. showed that some pyridinic nitrogen compounds, the 

nitrogen compound which efficiently ionizes by (+) ESI analyses, are water-soluble.62,72 Yet, pyridinic 

nitrogen compounds are not major contributors to the IM water-soluble neutrals and bases; OxSy 

compounds are the most abundant species. However, since the IM water-soluble neutrals and bases 

make up less than 20% of the isolated IM water-soluble organics, they are not considered to be major 

contributors to the water-soluble organics. Therefore, the IM water-soluble acids, discussed below, will be 

the main focus of this chapter. 

 
Water-Soluble Acids 
 

The (-) ESI heteroatom class distributions for the starting IM sample, the residual IM organic 

phase, as well as the IM water-soluble acids are displayed in Figure 5.3. As demonstrated by the (+) ESI 

results, the IM organic phase and IM starting sample contain like heteroatom classes in similar relative 

abundance. However, while the water-soluble acids also contain some similar Ox and OxSy heteroatom 

classes to those found in the whole IM and IM organic phase, the water-soluble acids are enriched in 

O3S1 species.  

Comparison of the isoabundance-contoured plots of double bond equivalents (DBE) (DBE = 

number of rings + double bonds to carbon) versus carbon number (Figure 5.4) for the O3S1 class reveals 

that the most abundant species in the IM water-soluble acids occur at DBE 3 and 4. Previous 

fragmentation work with a traveling wave ion mobility mass spectrometry (TWIM-MS) showed that O3S1 

fragments are produced from O3S1 DBE 4, C16-C19 species in the whole IM sample.69 Thus, the 
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fragmentation results indicate that these species contain sulfonic acids or sulfonates. Linear alkylbenzene 

sulfonates (LAS) are one of the most common commercial surfactants.14,74 These surfactants could have 

been added to the bitumen during the recovery process to alter the reservoir rock from an oil-wet to 

water-wet condition; therefore, increasing crude oil recovery. LAS are known to be water-soluble, and 

therefore are present at low carbon numbers (< C20), as increasing hydrophobicity decreases water 

solubility.72,74 Thus, the detection of O3S1 compounds at low carbon number (C17 – C19) in the IM water-

soluble acid fraction, combined with knowledge from previous fragmentation results, suggests that the 

species observed in the IM water-soluble acid fraction at DBE 4 may be LAS.  

However, other OxSy and Ox species are also observed in the IM water-soluble acid fraction 

(Figure 5.3). While it is possible that sulfonic acids are present in the other OxSy (x � 3) compounds, 

further MS/MS experiments are necessary in order to elucidate the structure of the compounds that make 

up these classes. Since carboxylic acid functionalities are efficiently ionized by (-) ESI, it is also possible 

that carboxylic acids and other compounds containing carboxylic acid functionalities (thiophenic 

carboxylic acids, etc.) make up these Ox and OxSy classes.7 Further MS/MS work will be performed in 

future experiments to elucidate the structure of the compounds present to gain further insight and 

understanding into the types of species present in IM water-soluble fractions. 

Only one nitrogen-containing heteroatom class, the N1O2 class, is detected above 1% relative 

abundance in the water-soluble acid fraction. Stanford indicated that pyrrolic nitrogen species, the 

nitrogen compound efficiently ionized by (-) ESI analyses, exhibits poor water solubility.55,72 Since 

pyridinic nitrogen compounds are also not observed in the water-soluble bases fraction (Figure 5.1), the 

N1O2 class isolated here likely contains a carboxylic acid functionality. Therefore, small Ox and OxSy acids 

are the most water-soluble Athabasca bitumen IM compounds. 

 
Molecular Size 
 

To determine if differences exist in the compositional space coverage of isolated IM water-soluble 

acids and the water-insoluble IM fraction, class specific isoabundance-contoured plots of DBE versus 

carbon number were compared. Figure 5.4 demonstrates that water solubility decreases with increasing 

alkylation. This is highlighted by the oval placed on the DBE versus carbon number plots. The oval 

outlines the compositional space of the water-soluble acids isolated in each class. This oval is overlaid 

onto the plots for the starting IM and residual IM organic phase. The most alkylated species (> C40) and 

aromatic (> DBE 13) fall outside of the oval, and are therefore not representative of water-soluble 

compounds. This result agrees with previously published results on water-solubles.72 As the alkylation 

increases, the sample become more hydrophobic and thus less water-soluble.74 The results presented 

here suggest that alkylation decreases aqueous solubility whereas oxygen-containing polar functional 

groups increase solubility for interfacially active compounds. The same trends are also observed in the IM 

water-soluble neutrals and bases (Figure A-3). 
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 Figure 5.3. Heteroatom class distribution for Athabasca bitumen IM (red), IM organic phase (blue) and 
IM water-soluble acids (green) measured by (-) ESI 9.4 T FT-ICR MS. 
 

 

Figure 5.4. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O3S1 (top) and O3S2 (bottom) heteroatom classes from Athabasca bitumen IM (left), IM organic phase 
(middle), and IM water-soluble acids (right).  
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Emulsion Stability Tests 
 
 In order to determine how isolated water-soluble acids contribute to the overall emulsion stability, 

emulsion stability tests were performed. Here, 2 mg of the starting IM sample, the IM organic phase, and 

the water-soluble IM acids were dissolved in 2 mL of a 1:1:1 mixture of DCM/n-heptane/toluene to a final 

concentration of 1 mg mL-1. Then, 2 mL of pH 12 water was added to each vial. The vials were shaken by 

hand for 2 min, and the stability of the emulsions generated was assessed over a 24 h period (Figure 

5.5). Surprisingly, stable emulsions are observed for each sample after the 24 h period. The emulsions 

generated by the IM organic phase and the IM water-soluble acids are very similar after the 24 h period, 

with similar volumes of free organic/aqueous phase breaking from the emulsion. Therefore, both fractions 

(IM organic phase and IM water-soluble acids) appear to be equal contributors to emulsion stability. 

Although it is suggested that asphaltenes and long-chain, hydrophobic species which can closely pack at 

the interface contribute most to stable emulsions, the results shown here suggest that small, hydrophilic, 

water-soluble IM acids also play an important role in emulsion stability.74  

 Water-soluble neutrals and bases, however, did not form stable emulsions when tested under 

acidic aqueous phase conditions (Figure A-4). Therefore, it is unlikely that Athabasca bitumen neutrals  

 

 

Figure 5.5. Emulsion stability tests. Two milligrams of each sample were added to a system consisting of 
2 mL pH 12 water and 2 mL of a 1:1:1 mixture of DCM/n-heptane/toluene. Vials labeled “A” contain the 
starting IM sample, vials labeled “B” contain the IM organic phase, and vials labeled “C” contain the IM 
water-soluble acids. Vials were shaken to generate an emulsion, and emulsion stability was assessed 
over a 24 h period. 
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and bases play a large role in emulsion stability based on the results obtained here and from previous pH 

study results.75 Acidic IM compounds (water-soluble as well as larger, water-insoluble acids) are believed 

to play the most significant role in Athabasca bitumen emulsion stability. 

 

Conclusion 
 
 Popular belief indicates that asphaltene species contribute most to emulsion stability.11,15-17 Yet, 

fractionation of isolated Athabasca bitumen IM based on water-solubility reveals that a portion of the 

species isolated (< 20%) are small, hydrophilic, water-soluble compounds. Further fractionation of the 

water-soluble compounds reveals that the majority of these species (~ 80%) are water-soluble acids. (-) 

ESI FT-ICR MS analyses reveal that O3S1 acids are the most abundant heteroatom class. Previous 

MS/MS work indicates that some of the O3S1 species may be linear alkylbenzene sulfonates, a common 

production agent. While the linear alkylbenzene sulfonates are believed to be non-native surfactants, 

native surfactants are likely present in the other surface-active water-soluble classes based on results 

from previous work.72 However, further MS/MS work is necessary in order to elucidate the structure of 

these compounds and determine their possible origin (native versus non-native surfactants). Yet, 

regardless of origin, emulsion stability tests reveal that the IM water-soluble acids generate extremely 

stable emulsions. Thus, unlike previous proposed stabilization model, these small, hydrophilic 

compounds are likely equal contributors to the initial Athabasca bitumen emulsion formation and 

stabilization.39 Future work will aim to further fractionate the IM compounds (maltenes, asphaltenes, etc.) 

to gain further insight into the molecular-level composition of IM species and to evaluate the role that 

each fraction plays in the overall emulsion stability. 
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CHAPTER 6 

ROLE OF ASPHALTENES IN EMULSION STABILITY AND AGING. PART ONE: 

CHARACTERIZATION OF THE MOST INTERFACIALLY ACTIVE ATHABASCA 

BITUMEN MALTENE AND ASPHALTENE SPECIES 

 

Summary 
 

Interfacial material (IM) was isolated from Athabasca bitumen maltene and asphaltene fractions. 

Analysis by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) reveals that the 

same heteroatom classes are typically isolated in the IM fraction of each sample as well as in the IM 

fraction from the whole crude oil. These results suggest that similar interfacially active, polar 

functionalities can be found within both the maltene and asphaltene fractions. Comparison of the class 

specific double bond equivalents (DBE) versus carbon number plots reveals that IM isolated from the 

whole crude oil has contributions from both the maltene and asphaltene fractions. Thus, unlike previously 

proposed stabilization models, we find that a sub-fraction of asphaltenes is highly surface-active. 

 
Introduction 

 
 Stable water-in-oil (W/O) emulsions continue to challenge crude oil processing operations and 

refineries.11,12,15,16 Although stable emulsions can aid in crude oil recovery (i.e. by reducing the viscosity of 

the crude oil), emulsions present during further upgrading are highly undesirable.11-13,15 These emulsions 

can reduce throughput and cause severe corrosion issues and equipment failure.11,12,15,17,42,43,61,76,77 

Therefore, a major objective in petroleum production is to understand which types of species orient at the 

oil/water interface and the molecular mechanisms through which they do so.11,15 

 Previously, Czarnecki and Moran proposed that both resin and asphaltene compounds are 

capable of stabilizing emulsion formations.39 In this proposed model, highly surface-active resin species 

quickly move to the oil/water interface.39 These species, however, can be displaced from the interface 

over time by asphaltene compounds which slowly but irreversibly adsorb.39 Although some recent studies 

support this model, work has largely focused on the contribution of asphaltenes alone to emulsion 

stability.15-17,61 In order to determine how both asphaltenes and maltenes contribute to the interfacial 

material (IM), it is necessary to perform systematic studies on each crude oil fraction. Molecular-level 

characterization on the IM isolated from these fractions will provide insight into the chemical 

functionalities responsible for emulsion stability and the groundwork necessary for understanding aging 

behavior of the oil/water interface (i.e. competitive adsorption between resins/asphaltenes).  

 Here, we isolate IM from Athabasca bitumen maltene and asphaltene fractions as well as the 

whole crude oil by the “wet silica” method.6 We discuss how the composition of isolated IM from the 

Athabasca bitumen fractions characterized by (-) ESI FT-ICR MS compares to the composition of the IM 

isolated from the whole crude oil. In the second part of this series (presented in Chapter 7), we will 
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determine how the composition of the IM isolated from the whole crude oil changes once the most 

surface-active material is depleted, as a first step in understanding interface aging.   

 We find that IM isolated from each fraction as well as the whole crude oil contains similar 

heteroatom classes. IM isolated from the C5-7 and C7+ asphaltene fractions occupy the widest DBE 

ranges but lowest carbon number ranges, while the IM isolated from the C5 maltene fraction occupies the 

smallest DBE range but widest carbon number range. IM isolated from the whole crude oil falls between 

the DBE and carbon number ranges displayed by the asphaltene and maltene fractions. Thus, the results 

presented here suggest that IM isolated from the whole crude oil has contributions from both the maltene 

and asphaltene fractions.  

 
Materials and Methods 

 
Materials 
 

HPLC-grade dichloromethane (DCM), methanol, n-heptane, n-pentane, toluene, and water were 

JT Baker (Phillipsburg, NJ) chemicals. Chromatographic silica gel (FisherScientific, 100-200 mesh, type 

60Å) was used to isolate IM. Basic water (pH ~11) was prepared by dropwise addition of Sigma-Aldrich 

(St. Louis, MO) ammonium hydroxide solution (28% in water). Acros Organics (Fair Law, NJ) 

tetramethylammonium hydroxide (TMAH) (25 wt% in MeOH) was used to aid in the deprotonation of acids 

for negative-ion electrospray ionization (- ESI) analyses. 

 
Sample Preparation 
 

 Athabasca bitumen was fractionated based on solubility in n-heptane according to the IP 143/90 

method. The n-heptane-soluble fraction (C7 maltenes) and n-heptane-insoluble fraction (C7+ asphaltenes) 

were then dried under N2. After drying, the C7 maltenes were reconstituted in n-pentane. The C7 maltenes 

were fractionated based on their solubility in n-pentane according to the IP 143/90 method. The n-

pentane-soluble fraction (C5 maltenes) and n-pentane-insoluble fraction (C5-7 asphaltenes) were then 

dried under N2. 

 
Interfacial Material Isolation 
 
  Silica gel was dried for 12 h at ~110°C. After drying, 40 g of water was added to 60 g of the dried 

silica gel to generate a water-saturated silica gel. Interfacial material was isolated from the whole bitumen 

as well as the bitumen C5 maltene, C5-7 asphaltene, and C7+ asphaltene fractions following the “wet silica” 

method, which is described elsewhere.6 Toluene was used in place of heptol during the isolation for all 

samples. After isolation, all IM samples were dried under N2. IM samples were reconstituted in DCM, 

transferred to new vials, and dried under N2 again to remove any silica that may have bled from the 

column during the separation. This procedure was repeated in triplicate for each different Athabasca 

bitumen sample. 
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Mass Spectrometry and Data Analysis 
 

All samples were analyzed at a concentration of 250 µg mL-1 in 50:50 DCM/methanol with 

0.125% (v/v) TMAH solution. All FT-ICR MS analyses were performed on a custom-built 9.4 T FT-ICR 

mass spectrometer, which is described in detail elsewhere.44-47 Peak lists were generated for all peaks 

with a signal magnitude greater than six times the baseline root-mean-square (RMS) noise. Each mass 

spectrum was phase-corrected50 and internally calibrated by use of a highly abundant homologous series 

based on the “walking” calibration51. Ion masses were converted to the Kendrick mass scale to sort 

homologous species differing by their degree of alkylation.52 All peaks assignments and data visualization 

were performed with PetroOrg software.35 

 
Results and Discussion 

 
Heteroatom Class Distribution 
 

Figure 6.1 shows the (-) ESI 9.4T FT-ICR MS heteroatom class distribution for IM isolated from 

the C5 maltenes, the whole crude oil, C5-7 asphaltenes, and C7+ asphaltenes. Generally, IM samples from  

 

 

Figure 6.1. Heteroatom class distribution for Athabasca bitumen IM species isolated from the C5 maltene 
fraction (red), whole crude oil (blue), C5-7 asphaltene fraction (green), and C7+ asphaltene fraction (purple) 
measured by (-) ESI 9.4 T FT-ICR MS. 
 

each fraction and the whole crude oil contain the same heteroatom classes in approximately the same 

relative abundance. The most abundant class in each IM sample is the O3S1 class. Previously, we have 

shown fragmentation of peaks at double bond equivalents (DBE 4 = number of rings + double bonds to 
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carbon) within this class produce O3S1 fragments.69 This suggest that this class contains linear 

alkylbenzene sulfonates (LAS).69 Furthermore, fragmentation has also revealed the presence of multiple 

isomers which contain multiple chemical functionalities such as carboxylic acids, hydroxyls, sulfides, 

thiophenes, and linear alkyl benzene sulfonates.78 Further structural elucidation work is necessary to 

determine the chemical functionalities present and chemical structure of other interfacially active classes. 

However, the results presented here suggest that similar, polar functionalities that partition to the water 

interface may be found within both the maltene and asphaltene fractions since the same heteroatom 

classes are present in the IM fraction from the different bitumen fractions (maltenes and asphaltenes). 

 
Molecular size 
 

Comparison of the class specific isoabundance-contoured plots of DBE versus carbon number 

(Figures 6.2 & 6.3) for the IM isolated from the C5 maltenes, the whole crude oil, C5-7 asphaltenes, and 

C7+ asphaltenes shows that the IM isolated from each fraction and the whole crude oil occupies similar 

compositional space; the IM species occupy very similar carbon number ranges regardless of the starting  

 

 

Figure 6.2. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
N1O3 (top) and N1O3S1 (bottom) heteroatom classes isolated from the IM samples. Numbers in the top 
right-hand corner display the weight-average carbon number and weight-average DBE value for the 
class. 
 

sample (i.e. maltenes, whole crude, asphaltenes). Furthermore, the most abundant species within each 

IM sample heteroatom class occur at similar DBE. These results further support the hypothesis that the 

same highly surface-active, polar heteroatoms may be found in both the maltene and asphaltene 
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fractions; species present at the same carbon number and DBE within a heteroatom class for each IM 

sample likely represent the same chemical functionalities. 

However, slight differences in the compositional space coverage of the four IM samples are 

evident: the maltene IM fraction occupies the widest carbon number range and smallest DBE range, while 

IM isolated from the asphaltene fractions occupies the smallest carbon number ranges and widest DBE 

ranges. The weight-average carbon number and DBE values for each heteroatom class of the samples 

shown in Figures 6.2 and 6.3 are displayed in the top right-hand corner of each figure. For every 

heteroatom class shown, the weight-average carbon number decreases as the polarity of the sample 

increases from the C5 maltenes to the C7+ asphaltenes, while the weight-average DBE increases. Since 

IM isolated from the whole crude oil falls between the DBE and carbon number ranges displayed by the 

maltene and asphaltene fractions, IM from the whole crude oil likely has contributions from both the 

maltene and asphaltene fractions. Thus, unlike the previously proposed model by Czarnecki and Moran, 

some smaller (DBE � 20), polar asphaltene species are highly surface-active.39  

 

 

Figure 6.3. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O3S1 (top), O3S2 (middle) and O4 (bottom) heteroatom classes isolated from the IM samples. Numbers in 
the top right-hand corner display the weight-average carbon number and weight-average DBE value for 
the class. 
 

Emulsion Stability Tests 

 
 In order to determine how each IM fraction contributes to the overall emulsion stability displayed 

by the whole crude IM, emulsion stability tests were conducted on each IM sample (Figure 6.4). Two mg 
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of each sample was dissolved in 2 mL of a 1:1:1 mixture of DCM/n-heptane/toluene and added to 2 mL of 

pH ~11 water. The vials were shaken by hand for 2 min, and the resulting emulsion stability was 

assessed over a 24 h period. All samples generate stable emulsions which last for over 24 h. 

Interestingly, the C5 maltenes appear to form a water-in-oil (W/O) emulsion whereas the rest of the 

samples appear to form oil-in water (O/W) emulsions. The varying polarities between the samples likely 

result in the different emulsion formations observed. According to Bancroft’s rule, when there is not a 

gross excess of organic/aqueous phase, the type of emulsion (i.e. O/W or W/O) is dictated by the 

emulsifiers present; the phase in which the emulsifier or surfactant is most soluble constitutes the 

continuous phase.12 Therefore, the less polar IM species present in the maltene fraction are most soluble 

in the non-polar organic phase while the more polar surfactants present in the asphaltene fractions are 

most soluble in the polar aqueous phase. Since the IM from the whole crude has contribution from both 

the maltene and asphaltene fraction and forms an O/W emulsion, the IM isolated here is therefore more 

polar than the IM from the maltene fraction alone.  

 

 

Figure 6.4. Emulsion stability tests. Two milligrams of each sample was added to a system consisting of 
2 mL pH ~11 water and 2 mL of a 1:1:1 mixture of DCM/n-heptane/toluene. Vials labeled “A” contain IM 
isolated from the C5 maltene fraction, vials labeled “B” contain IM isolated from the whole crude oil, vials 
labeled “C” contain IM isolated from the C5-7 asphaltene fraction, and vials labeled “D” contain IM isolated 
from the C7+ asphaltene fraction. 
 

After the 24 h equilibration period, the free organic and aqueous phase that had broken from 

each emulsion was decanted. The volume of free organic phase plus aqueous phase for each sample is 

listed in Table 6.1. The C5-7 and C7+ asphaltene IM samples had the smallest volumes of free organic and 
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aqueous phase after the 24 h period, with the C7+ asphaltenes having slightly less volume break from the 

emulsion. These results suggest asphaltenic IM species form the most stable emulsions. However, since 

the most interfacially active material in the whole crude oil contains both maltenic and asphaltenic 

contributions, a slightly less stable emulsion is observed for the whole crude oil. 

  

Table 6.1. Volume of Free Organic and Aqueous Phase from Each Emulsion Formed with 3 mL pH ~11 
Water, 1 mL DCM, 1 mL n-Heptane, and 1 mL Toluene. 
 

 
 

Conclusion 

 
Systematic studies of the Athabasca bitumen maltene and asphaltene fractions reveal that IM 

isolated from these fractions generally contains the same heteroatom classes as IM isolated from the 

whole crude oil. Comparison of the class specific isoabundance-contoured plots of DBE versus carbon 

number reveals that IM species isolated from the whole crude oil falls between the DBE and carbon 

number ranges displayed by compounds isolated in the maltene and asphaltene fractions. Therefore, IM 

from the whole crude oil likely has contributions from both the maltene and asphaltene fractions. Thus, 

unlike previously proposed models, some polar asphaltene species (DBE � 20) within Athabasca bitumen 

are highly surface-active. The second part of this series, presented in Chapter 7, will examine how the 

composition of IM changes once the most surface-active species within the whole crude oil are depleted 

in order to determine if more “classical” asphaltene species (more aromatic, DBE > 20) move to the 

oil/water interface.  

 

 
  

IM sample volume of free organic and aqueous phase 

(mL) 

C5 maltenes 1.9 

whole crude 2.2 

C5-7 asphaltenes 0.7 

C7+ asphaltenes 0.4 
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CHAPTER 7 

ROLE OF ASPHALTENES IN EMULSION STABILITY AND AGING. PART TWO:  

AGING OF THE OIL/WATER INTERFACE 

 

Summary 
 

Interfacial material (IM) was sequentially isolated from an Athabasca bitumen oil sample in order 

to determine if compositional changes occur once the most surface-active material is depleted from the 

crude oil matrix. Analysis by negative-ion electrospray ionization (- ESI) Fourier transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS) reveals that sequentially isolated IM samples contain the 

same heteroatom classes as the initially isolated IM sample. However, sequentially isolated IM occupies 

larger carbon number and DBE ranges than the initially isolated material. Increases in DBE range occur 

close to the polyaromatic hydrocarbon (PAH) planar limit for isolated Ox compounds. Thus, sequentially 

isolated IM samples contain larger, more asphaltenic compounds than the initially isolated IM sample.  

 
Introduction 

 
Stable emulsions are an unavoidable consequence of tertiary recovery techniques, used for 

Athabasca bitumen recovery, where oil and water are co-produced.15,16 Once these emulsions are 

recovered, it is necessary to break the emulsions and reduce the water content in order to avoid severe 

refining issues and equipment failure.9,11,15-17,42,43,61,76,77 Therefore, a key objective in petroleum refining is 

to understand what types of species participate in stable emulsion formations and how the composition of 

the species present at the oil/water interface changes with emulsion aging time.15,16,38,39  

Previously, Czarnecki and Moran proposed that both resin and asphaltene species competitively 

adsorb at the oil/water interface.39 In this model, highly surface-active resin compounds quickly adsorb to 

the interface.39 However, these species are displaced over time by less surface-active asphaltene 

compounds which irreversibly adsorb to the interface.39 While Czarnecki and Moran provided little data to 

support this model, a number of recent studies provide data which suggests that such re-arrangement 

may occur.15,16,38 

 Kilpatrick et al. determined how emulsion stability changed as a function of time (i.e. emulsion 

aging time) by measuring the critical electric field (CEF) necessary to break emulsions.38 Kilpatrick found 

that when the asphaltenes, isolated from a Californian offshore crude oil, were used to generate an 

emulsion and aged, more energy was required to break the aged emulsions than the initial emulsion 

formation.38 Tchoukov et al. also investigated the role of asphaltenes in emulsions through thin liquid film 

studies.15 Tchoukov reported that as the emulsion films formed with bitumen asphaltenes aged, the 

molecular film thickness around the water droplets increased.15 However, in both of these studies, no 

measurable increases in emulsion stability/film thickness were observed when the maltene fractions or 

whole crude oils were studied.15,38 Since asphaltenes typically comprise only a small fraction of the crude 
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oil, changes in emulsion stability characteristics of the whole crude oil may be difficult to detect. However, 

molecular-level characterization of isolated interfacial material (IM) may help to determine if compositional 

changes occur at oil/water interface of whole crude oil emulsions with aging time. Characterization of IM 

and aged IM from whole crude oils, and not crude oil fractions, is necessary in order to provide an 

accurate representation of the compounds present at the interface during petroleum production and 

processing.  

 In the first part of this series (presented in Chapter 6), we found that IM isolated from the whole 

Athabasca bitumen crude oil had contributions from both the asphaltene and maltene fractions. 

Systematic studies on the composition of the IM isolated from the asphaltene and maltene fractions 

showed that asphaltene IM species occupy the widest double bond equivalents (DBE = number of rings + 

double bonds to carbon) ranges but smallest carbon number ranges while IM isolated from the maltene 

fraction occupies the widest carbon number ranges but smallest DBE range. The previous study provides 

the groundwork for understanding how the composition of the IM changes with emulsion aging time (i.e. 

IM has more asphaltenic or maltenic contributions with time). Here, we deplete the most surface-active 

species within Athabasca bitumen. IM is then isolated from this depleted bitumen fraction by the “wet 

silica” method6 in order to determine what types of species may move to the interface with emulsion aging 

time. 

 We find that once the most surface-active species are depleted, sequentially isolated IM generally 

contains the same heteroatom classes that were observed in the initial IM sample. However, the 

sequentially isolated IM samples span much wider carbon number and DBE ranges than the most 

surface-active material. Thus, larger, more aromatic asphaltene-like species are isolated in the IM fraction 

once the most surface-active species are depleted. 

 
Materials and Methods 

 
Materials 
 

HPLC-grade dichloromethane (DCM), methanol, n-heptane, toluene, and water were JT Baker 

(Phillipsburg, NJ) chemicals. Chromatographic silica gel (FisherScientific, 100-200 mesh, type 60Å) was 

used to isolate IM. Basic water (pH ~11) was prepared by dropwise addition of Sigma-Aldrich (St. Louis, 

MO) ammonium hydroxide solution (28% in water). Acros Organics (Fair Law, NJ) tetramethylammonium 

hydroxide (TMAH) (25 wt% in MeOH) was used to aid in the deprotonation of acids for negative-ion 

electrospray ionization (- ESI) analyses. 

 
Interfacial Material Isolation 
 

Two grams of a water-saturated silica gel was used to isolate IM from 250 mg of Athabasca 

bitumen by the “wet silica” method, which is described elsewhere.6 Once the initial IM sample was 

isolated, the compounds that were initially unretained on the wet silica gel and collected in the first 

fraction were dried under N2. This “depleted” fraction was then used to sequentially isolate IM by 
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performing the “wet silica” method again (with 2 g of new stationary phase). This was performed a total of 

two times after the initial IM isolation to obtain a total of 3 IM samples in which IM samples #2 and #3  

were sequentially isolated from the initial 250 mg bitumen sample. All IM samples were dried under N2 

before analysis. 

 
Mass Spectrometry and Data Analysis 
 

All samples were analyzed at a concentration of 250 µg mL-1 in 50:50 DCM/methanol with 

0.125% (v/v) TMAH solution. All FT-ICR MS analyses were performed on a custom-built 9.4 T FT-ICR 

mass spectrometer, which is described elsewhere.44-47 Peak lists were generated for all peaks with a 

signal magnitude greater than six times the baseline root-mean-square (RMS) noise. Each mass 

spectrum was phase-corrected50 and calibrated based on the “walking” calibration51. All ion masses were 

converted to the Kendrick mass scale to sort homologous compounds differing by their degree of 

alkylation.52 All peaks assignments and data visualization were performed with PetroOrg software.35 

 

Results and Discussion 
 
Mass Spectra 
 

Figure 7.1 shows the (-) ESI-FT ICR mass spectra for the sequentially isolated IM samples. After 

the initial isolation of IM (top), 3 peaks became more abundant relative to the rest of the sample (middle, 

bottom). These peaks occur at 311.17, 325.18, and 339.20 m/z and correlate to elemental formulas of 

[C17H27O3S1]
-, [C18H29O3S1]

-, and [C19H31O3S1]
-
 respectively.  Previously, we provided traveling wave ion 

mobility mass spectrometry (TWIM-MS) fragmentation data that showed that these species in the whole 

crude IM produce SO3 fragments.69 Therefore, these peaks at DBE = 4 are likely linear alkylbenze 

sulfonates (LAS).69 LAS are surfactants which are commonly used during production processes.14,72 

Therefore, it is not surprising that these compounds would be isolated in the IM fraction, as they may 

have been added during the steam-assisted gravity drainage process to alter wetting characteristics.12,14 

Once other highly surface-active surfactants are depleted in the bitumen, these added LAS surfactants 

become more and more abundant relative to the rest of the isolated IM (Figure 7.2).  

 
Heteroatom Class Distribution  
 

Despite the increased relative abundance of LAS in the sequentially isolated IM samples, Figure 

7.3 reveals that the relative abundance of the O3S1 and O3S2 classes decreases after the initial IM 

isolation. O3S1 species are the most abundant class in the initially isolated IM sample. Since the relative 

abundance of this class decreases with sequential IM isolations and LAS peaks become more abundant 

(Figure 1), it is believed that the most surface-active species are indeed depleted during sequential 

isolations. However, except for this slight decrease in the relative abundance of the O3S1 and O3S2 

classes, isolated IM samples generally contain the same heteroatom classes in approximately the same 

relative abundance. 
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Figure 7.1. Negative ESI 9.4 T FT-ICR MS mass spectra of Athabasca bitumen IM initially isolated (top), 
IM isolated in the next sequential elution (middle) and IM isolated from the final sequential elution 
(bottom). 
 

 

Figure 7.2. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O3S1 heteroatom class from Athabasca bitumen IM samples #1 (left), #2 (middle), and #3 (right).  
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Figure 7.3. Heteroatom class distribution for Athabasca bitumen IM samples #1 (red), #2 (blue) and #3 
(green) measured by (-) ESI 9.4 T FT-ICR MS. 
 

Compositional Space Coverage 
 

Figure 7.4 displays the DBE versus carbon number plots for isolated OxSy species in the IM 

samples. IM #1 occupies the smallest carbon number and DBE ranges (C17-C47 and DBE 2-16) whereas  

the sequentially isolated IM samples occupy much larger carbon number and DBE ranges (C14-C55 and 

DBE 1-24). Surprisingly, the most abundant species in each class typically remain at the same DBE 

ranges throughout each IM sample (IM #1-3). Thus, in addition to isolating larger, more aromatic species 

in the sequentially isolated IM samples, similar species may remain present throughout all IM samples. 

However, future MS/MS experiments are necessary to determine if this hypothesis is correct.  

Isolated Ox species also display the same trend (Figure 7.5) as those presented in isolated OxSy 

classes. The initial IM sample spans a carbon number range of C17-C41 and a DBE range of DBE 1-19 

whereas the sequentially isolated IM samples span much wider carbon number and DBE ranges (C15-C51 

and DBE 1-28). However, the sequentially isolated Ox IM species display an increase in DBE close to the 

polyaromatic hydrocarbon planar (PAH) limit (dashed line).54 Since asphaltene compositional space 

occurs along this PAH planar limit, the results shown here suggest that larger asphaltene species move 

to the oil/water interface once the smaller, most surface-active species are depleted.53,54 

 
Emulsion Stability Tests 
 
 Emulsion stability tests were performed on each IM fraction to evaluate their ability to generate 

stable emulsions (Figure 7.6). Three mg of each sample was dissolved in 3 mL of a 1:1:1 mixture of  
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Figure 7.4. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O2S1 (left), O3S2 (middle), and O4S1 (right) heteroatom classes from Athabasca bitumen IM samples #1 
(top), #2 (middle) and #3 (bottom). 
 

 

Figure 7.5. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the O2 
(left), O3 (middle), and O4 (right) heteroatom classes from Athabasca bitumen IM bitumen IM samples #1 
(top), #2 (middle) and #3 (bottom). 
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DCM/n-heptane/toluene and added to 3 mL of pH ~11 water. The vials were shaken by hand for 2 min, 

and the resulting emulsion stability was assessed over a 24 h period. Each IM sample generates a stable 

emulsion which lasts for over 24 h. Visual comparison of the emulsions generated reveals that 

approximately the same volume of organic phase has broken from each of the emulsions formed. These 

results suggest that the most surface-active, small polar species and the larger, more aromatic 

asphaltene-like species that move to the interface once the most surface-active species are depleted 

contribute equally to the overall emulsion stability. Future experiments will quantitatively determine 

relative emulsion stability strength between these samples with critical electric field (CEF) measurements 

to determine if differences in emulsion stability exist between the samples.79 

 

 

Figure 7.6. Emulsion stability tests. Three milligrams of each sample were added to a system consisting 
of 3 mL pH ~11 water, 1 mL DCM, 1 mL n-heptane, and 1 mL toluene. Vials labeled “A” contain IM #1, 
vials labeled “B” contain IM #2, and vials labeled “C” contain IM #3. 
 

Conclusion 
 

Sequential elutions of IM from Athabasca bitumen reveal that once the most surface-active 

species are isolated, larger, more aromatic species move to the oil/water interface. Characterization by 

FT-ICR MS reveals that these large, aromatic species contain the same heteroatom classes as the most 

surface-active material but occupy larger DBE ranges along the PAH planar limit. Thus, the sequentially 

isolated material contains more asphaltenic compounds. Previous studies have suggested that 

asphaltene species contribute most to emulsion stability.151638 However, emulsion stability tests presented 

here reveal no visual differences in the overall emulsion stability for emulsions generated with the most 
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surface-active IM and the sequentially isolated IM samples. Future studies will quantitatively determine 

relative emulsion strength through CEF experiments. Furthermore, future studies will also address aging 

of the crude oil solution with the wet silica gel in order to determine if similar results are obtained (i.e. 

larger, more aromatic asphaltene-like species are the most surface-active material isolated from aged 

solutions). 
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CHAPTER 8 

MAPS FRACTIONATION TO EXTEND THE CHARACTERIZATION OF ISOLATED 

ATHABASCA BITUMEN INTERFACIAL MATERIAL BY FOURIER TRANSFORM ION 

CYCLOTRON RESONANCE MASS SPECTROMETRY 

 
Summary 

 
Isolated Athabasca bitumen interfacial material (IM) acids were fractionated based on increasing 

hydrophobicity in order to determine if low-molecular-weight IM acids are preferentially ionized and, 

therefore, mask the presence of larger, aromatic asphaltene compounds in the IM fraction. 

Characterization by negative-ion electrospray ionization (- ESI) Fourier transform ion cyclotron resonance 

(FT-ICR MS), reveals that low-molecular-weight IM acids are preferentially ionized. MAPS fractionations 

of the IM compounds extends the detection of high m/z, isolated IM compounds and yields an 

approximate 10-fold increase in the number of peaks assigned. Fractionation with this method also 

provides the first identification of doubly-charged acids in the IM fraction. Furthermore, excitation emission 

matrix spectroscopy (EEMS) spectra of IM acid fractions reveal that the most hydrophobic IM fractions 

approach the size of bitumen asphaltenes. Thus, the most surface-active material from Athabasca 

bitumen comprises both small, resin-like species as well as larger, more aromatic asphaltene-like 

compounds. 

 
Introduction 

 
 As the world’s supply of light crude oil decreases, production of heavier, unconventional crude 

oils will continue to increase.36,80 The Canadian oil sands constitute one such unconventional crude oil 

source in production. However, production of Canadian bitumen crude oil is complicated by its extremely 

high viscosity (> 5x105 cP at 22 °C).13 Thus, before the bitumen is recovered, it is necessary to reduce the 

viscosity of the crude oil matrix. Therefore, steam is often injected into the well in a recovery process 

known as steam-assisted gravity drainage (SAGD).13 Introduction of steam into the well results in the co-

production of water and oil and ultimately stable emulsion formations.15 Although emulsions during 

bitumen recovery (SAGD) are desirable, emulsions must be broken before the crude oil is refined in order 

to avoid corrosion issues (due to entrained salt) and equipment failure.11,12,15,16 Therefore, a key objective 

in bitumen production is to determine what types of crude oil species are present at the oil/water interface 

in order to determine effective ways to treat undesirable emulsions. 

 Popular belief indicates that asphaltene species play the most important role in emulsion stability 

as heavy crude oils, enriched in asphaltenes, form particularly stable emulsions.11,15,16,17,61 Kilpatrick et al. 

reported that asphaltenes from a Californian crude oil formed more stable emulsions than emulsions 

generated with the resin fraction of the same oil.61 Tchoukov et al. also reported that emulsion stability 

increased over time when bitumen asphaltenes alone were used to generate an emulsion.15 No increases 
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in emulsion film thickness were observed when the bitumen maltenes were used in the same 

experiments.15 Although these studies indicate that asphaltenes generate very stable emulsions and likely 

play an important role at the oil/water interface, the contribution of other polar species within the crude oil 

matrix (i.e. resins) cannot be completely disregarded. Resins may also compete for the interface (due to 

the ability of their polar head groups to partition to the water interface), and affect the overall emulsion 

stability. 

 Previously, we reported that the most surface-active material isolated from Athabasca bitumen 

had contributions from both resin and asphaltene fractions. Even though isolated IM had contributions 

from the asphaltene fraction, the most abundant species isolated in the IM were present at low DBE (< 

15) (i.e. characteristic of resin-type compounds). Yet, isolated IM from the whole crude oil was found to be 

insoluble in n-heptane, but soluble in toluene. Based on these solubility characteristics, isolated bitumen 

IM is asphaltenic.  

 Recently, Rowland et al. reported that when naphthenic (NAP) acids, isolated from Athabasca 

bitumen, are collectively characterized by (-) ESI FT-ICR MS, low-molecular-weight NAP acids are 

preferentially ionized and mask the presence of higher-molecular-weight NAP acids.7 In order to 

characterize high-molecular-weight NAP acids, Rowland developed a modified amino-propyl silica 

(MAPS) extraction technique to separate the NAP acids based on increasing hydrophobicity.7 Once the 

NAP acids were fractionated, Rowland was able to successfully characterize the high-molecular-weight 

NAP acids by (-) ESI FT-ICR MS.7 

  In order to determine if high-molecular-weight, asphaltenic compounds are present in the 

isolated IM that dictate the IM solubility characteristics, we fractionate Athabasca bitumen IM acids by the 

MAPS extraction technique.7 We find that low-molecular-weight IM acids are preferentially ionized when 

the whole IM sample is collectively characterized. However, once IM is fractionated, higher-molecular-

weight IM acids are observed. (-) ESI FT-ICR MS analyses of the higher-molecular-weight IM fractions 

(more hydrophobic IM fractions) reveal the presence of both singly- and doubly-charged IM acids (up to 

1,2000 Da). Excitation emission matrix spectroscopy (EEMS) spectra of the most hydrophobic IM 

fractions reveal that these fractions approach the size of bitumen asphaltenes. Therefore, isolated IM is a 

combination of small, resin-like compounds as well as larger, aromatic asphaltene-like species. Thus, in 

order to fully characterize isolated IM by (-) ESI FT-ICR MS, further fractionation of the isolated IM is 

necessary.  

 
Materials and Methods 

 
Materials 
 

HPLC-grade dichloromethane (DCM), methanol (MeOH), n-heptane, toluene, and water were JT 

Baker (Phillipsburg, NJ) chemicals. Chromatographic silica gel (Merck, 70-230 mesh, type 60Å) was used 

to isolate IM. Fractionation of IM was performed on an Agilent Bond Elut NH2 2 g solid phase extraction 

(SPE) cartridge, which is described in detail below. Sigma-Aldrich (St. Louis, MO) formic acid (MS grade, 
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~98%) was used to elute acidic species from the SPE cartridge. Basic water (pH ~11) was prepared by 

dropwise addition of Sigma-Aldrich (St. Louis, MO) ammonium hydroxide solution (28% in water). Acros 

Organics (Fair Law, NJ) tetramethylammonium hydroxide (TMAH) (25 wt% in MeOH) was used to aid in 

the deprotonation of acids for negative-ion electrospray ionization (- ESI) analyses. 

 
Interfacial Material Isolation 
 

Silica gel was dried overnight in an oven at ~110 °C. After drying, water was added to the silica 

gel to generate a water-saturated silica gel. IM was isolated from 18.75 g of Athabasca bitumen with 75 g 

of the water-saturated silica gel by the “wet silica” method, which was previously described.6 After 

isolation, IM was dried under N2. IM was then reconstituted in DCM and vacuum filtered with a 0.20 µ (25 

mm diameter, polypropylene back) Whatman (GE Healthcare Bio-Sciences, Pittsburg, PA) membrane 

filter to remove silica that bled from the column during IM isolation. IM was dried again under N2 after 

filtration. 

 
MAPS Fractionation of Interfacial Material 
 

Isolated IM was further separated with an aminoproply silica (APS) SPE cartridge following the 

MAPS extraction method developed by Rowland et al. which is outlined in Figure 8.1.7 Elution solvent 

and percent recovery are listed for all MAPS IM fractions shown in Figure 8.1. Prior to the separation, the 

SPE cartridge was conditioned with 12 mL of DCM. Approximately 129.5 mg of isolated IM was dissolved 

in 1 mL of DCM and loaded dropwise onto the SPE cartridge. IM was allowed to equilibrate with the 

stationary phase for 15 min. The non-polar and moderately polar IM species were collected by washing 

with approximately 12 mL of DCM and 12 mL of 50:50 (v/v) DCM/MeOH, respectively. After collection of 

the moderately polar species, the mobile phase was switched to a reversed-phase composition with 12 

mL of MeOH and 12 mL of 50:50 (v/v) MeOH/H2O. By switching the mobile phase to a reversed-phase 

composition, it is possible to separate the retained IM acids by increasing hydrophobicity due to the 

hydrophobic propyl functionality of the APS stationary phase. Formic acid is introduced into the eluent to 

displace the acids from the stationary phase, and the mobile phase polarity is decreased to fractionate 

the acids by hydrophobicity (IM MAPS Acid (MA) 1-9). For petroleum samples, the most hydrophobic 

samples also correspond to the most alkylated samples.7 

 
Mass Spectrometry and Data Analysis 
 

Athabasca bitumen IM and fractionated IM samples (MA 1–MA 9) were diluted to a final 

concentration of 250-500 µg mL-1 in 50:50 DCM/MeOH with 0.125-0.250% (v/v) TMAH solution. FT-ICR 

MS analyses were performed on a custom built 9.4 Tesla FT-ICR mass spectrometer which is extensively 

described elsewhere.44-47 Data acquisition was performed with a modular ICR data station 

(PREDATOR).29 Peak lists were generated for all peaks with a signal magnitude greater than six times 

the baseline root-mean-square (RMS) noise. Each mass spectrum was phase-corrected50 and internally 
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calibrated by use of a highly abundant homologous series based on the “walking” calibration51. Ion 

masses were converted to the Kendrick mass scale to sort homologous species differing by their degree 

of alkylation.52 Molecular formula assignments and data visualization were performed with PetroOrg 

software.35 

 

 

Figure 8.1. Separation scheme for MAPS fractionation of Athabasca bitumen IM. Elution solvent and 
percent recovery are listed for all fractions. 

 

Excitation Emission Matrix Spectroscopy 
 

Fractionated IM samples (MA 1-MA 9), C5-7 bitumen asphaltenes, and C7+ asphaltenes were 

diluted to a final concentration of 2.5 µg mL-1 in DCM. Excitation Emission Matrix Spectroscopy (EEMS) 

spectra were collected for all samples with a Horiba Scientific Aqualog benchtop fluorometer. EEMS 

spectra were collected by measuring fluorescence intensity across excitation wavelengths from 200-600 

nm in 5 nm increments and emission wavelengths from 200-800 nm in 2 nm increments. 

 
Results and Discussion 

 
Mass Spectra 
 

In order to determine if low-molecular-weight acids are preferentially ionized in isolated 

Athabasca bitumen IM samples, the distribution of the collectively isolated IM sample was compared to 

the distribution of the fractionated IM samples (MA 1-MA 5) characterized by (-) ESI FT-ICR MS (Figure 

8.2). Only MA 1-MA 5 were characterized by (-) ESI FT-ICR MS. Fractions MA 6-MA 9 were believed to 
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contain more asphaltenic compounds, and therefore aggregated at the concentrations necessary for FT-

ICR MS analyses. Samples MA 6-MA 9 are discussed in further detail in a later section.   

The mass spectrum of the collectively isolated IM sample extends to ~850 Da and is centered at 

~425 Da. Approximately 8,000 unique elemental formulas are assigned to peaks within the collectively 

isolated IM sample. By comparison, approximately 76,000 peaks are assigned between the 5 MAPS IM 

acid fractions (MA 1-MA 5) (Figure 8.2). However, upon first inspection of the mass spectra displayed in 

Figure 2, MAPS fractionation of the IM sample does not appear to greatly extend the detection of high  

 

 

Figure 8.2. (-) ESI 9.4 T FT-ICR mass spectra of the collectively isolated IM before MAPS fractionation 
and IM MAPS fractions (MA 1-5). 
 

m/z IM compounds. The distribution of the fractionated samples extends to the highest m/z range in MA 

4, which is to ~900 Da. Closer inspections of the mass spectra reveals that fractions MA 3 and MA 4 

display bimodal distributions. Figure 8.3 reveals that the first distribution in MA 3 is largely doubly-

charged acids as demonstrated by the 0.50 Da spacing between isolated O4 and O4
13C1 peaks (i.e. z = 2) 

while the second distribution contains mostly singly-charged acids and displays a 1.00 Da spacing 

between isolated IM peaks.  

Doubly-charged acids are also detected in MA fractions 2, 4, and 5. The onset of the doubly-

charged acids begins in MA 2, accounting for 263 peaks assigned in MA 2 while doubly-charged acids 

account for a larger percentage of the peaks assigned in MA fractions 3, 4, and 5 (9,955, 10,929, and 

13,301 doubly-charged acid peaks assigned, respectively). As described above, MA 3 and 4 both display 

bimodal distributions where the first distribution largely represents doubly-charged acids and the second 



60 

distribution is largely composed of singly-charged acids. However, MA 5 contains all doubly-charged 

acids. Since MA 5 extends out to ~600 m/z and z = 2, fractionation by the MAPS extraction method does 

extend the characterization of the isolated IM acids to ~1,200 Da. While these higher-molecular-weight (> 

850 Da) IM species are present in the collectively isolated IM sample, they are masked by the presence 

of the low-molecular-weight IM acids; higher-molecular-weight IM acids ionize less efficiently than the low-

molecular-weight IM acids. 

 

 

Figure 8.3. (-) ESI 9.4 T FT-ICR mass spectrum of IM MAPS fraction MA 3. The first distribution in MA 3 
represents doubly-charged IM acids and the zoom inset above shows the half-Dalton spacing between O4 
and O4

13
C1 peaks (i.e. z =2). The second distribution is composed of singly-charged acids and the zoom 

inset shows the one Dalton spacing between the peaks. Doubly-charged IM acids are also detected in IM 
MAPS fractions MA 2, 4, and 5. 

 

Singly-Charged Interfacial Material Acids 
 

Analysis by (-) ESI FT-ICR MS reveals that although IM fractions MA 1-4 are separated based on 

increasing hydrophobicity, the same heteroatom classes are typically present in each IM fraction as well 

as the collectively isolated IM sample (Figure 8.4). Singly-charged IM acids are enriched in Ox and OxSy 

species, with O3S1 and O4 acids as the two most abundant. In order to determine how the compositional 

space coverage of these acids compare throughout each IM MAPS acid fraction, the isoabundance-

contoured plots of double bond equivalents (DBE = number of rings + double bonds to carbon) versus 

carbon number for select singly-charged acids (O2, O3S1, and O4) were compared. For all the isolated IM 

acids shown, the compositional space coverage of MA 1, the least hydrophobic, low-molecular-weight  
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Figure 8.4. Heteroatom class distributions for the singly-charged acids in the collectively isolated IM 

sample and IM MAPS fractions (MA 1-4) measured by (-) ESI 9.4 T FT‑ICR MS. MA 5 is not shown 

because doubly-charged acids were detected throughout the entire distribution. 
 

 

Figure 8.5. Heteroatom class-specific (O2, O3S1, and O4) DBE versus carbon number isoabundance-
contoured plots for the singly-charged acids observed in the collectively isolated IM and IM MAPS 
fractions (MA 1-4).  
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IM fraction, compares very well to the acids observed in the collectively isolated sample (Figure 8.5). 

These results, therefore, further support the hypothesis that low-molecular-weight IM acids are 

preferentially ionized and mask the presence of higher-molecular-weight IM acids in the collectively 

isolated IM sample. 

For the O2 class, MA 1 contains predominately DBE 7 and 10 carboxylic acids up to ~34 carbon 

atoms (Figure 8.5). DBE 7 carboxylic acids could contain alicyclic rings with a carboxylic functionality or 

one aromatic ring with saturated alicyclic rings. The increase in 3 DBE (to equal DBE 10) is likely due to 

an aromatic ring addition. Although the carbon number range of isolated O2 IM acids increases with each 

successive MAPS fraction, the most abundant DBE range typically stays between 7-10. However, the 

most abundant DBE range for MA 4 is DBE 3 and 4. Therefore, at higher-molecular-weight ranges (MA 4) 

non-aromatic carboxylic acids between C35-55 are most abundant. 

Similar trends in carbon number range are also observed in the O4 class. Here, the most 

abundant DBE range for all isolated IM compounds typically remains at 4-5 (Figure 8.5). Future MS/MS 

experiments are necessary to determine the structure of the species that make up this heteroatom class. 

 The compositional space coverage of isolated O3S1 acids in the collectively isolated IM sample, 

MA 1, and MA 2 is very similar (Figure 8.5). Previous fragmentation results for this class in the collectively 

isolated IM obtained with a traveling wave ion mobility mass spectrometry (TWIM-MS) produced O3S1 

fragments.69 Therefore, the most abundant O3S1 species at DBE 4 in the collectively isolated IM sample, 

MA 1, and MA 2 are believed to be linear alkylbenzene sulfonates (LAS). However, a shift in the 

compositional space coverage of this class occurs with MA 3 and MA 4. The most abundant O3S1 species 

in these fractions are at DBE 4-5 and DBE 7. O3S1 species at DBE 4-5 are likely thiophenic carboxylic 

acids while species at DBE 7 are likely thiophenic carboxylic acids with an additional aromatic ring. LAS 

are common surfactants which may be added to crude oils to alter wetting characteristics.14,72 LAS were, 

therefore, likely added to the bitumen during the recovery process. LAS surfactants added to crude oils 

are known to be water-soluble and therefore typically have fairly low carbon number ranges.72 Therefore, 

as the carbon number range increases with MAPS fractionation, changes in the class composition are 

observed because LAS compounds are not present in IM with the highest carbon number ranges.  

 
Doubly-Charged Interfacial Material Acids 
 

Figure 8.6 reveals that doubly-charged IM acids are enriched in dicarboxylic acids. Other Ox and 

OxSy (x � 4) acids are also detected in low relative abundance. Comparison of the isoabundance-

contoured plots of DBE versus carbon number for the dicarboxylic, O4, acids (Figure 8.7) reveal that the 

most abundant DBE compounds remain at DBE 4-5 throughout the MAPS fractions even though carbon 

number ranges increase with each successive MAPS fraction. This suggests that these are non-aromatic 

dicarboxylic acids. However, the O4S1 class displays an increase in both DBE and carbon number range 
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Figure 8.6. Heteroatom class distributions for the doubly-charged acids in the IM MAPS fractions (MA 2-

5) measured by (-) ESI 9.4 T FT‑ICR MS.  

 

 

Figure 8.7. Heteroatom class-specific (O4 and O4S1) isoabundance-contoured plots of DBE versus 
carbon number for the doubly-charged acids observed in the IM MAPS fractions (MA 2-5). 
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for the most abundant compounds with MAPS fractionation (Figure 8.8). For MA 2-4, the most abundant 

species are at DBE 9 and 10. However, with MA 5, the most abundant species shift to DBE 13 and 14. 

This shift in DBE is likely due to the addition of an aromatic ring. 

 
Orientation of Interfacial Material Species at the Oil/Water Interface 
 

While the molecular mechanisms behind emulsion stability remain unknown, the identification of 

doubly-charged acids in the IM fraction introduces new ideas on how these species orient at the oil/water 

interface. Two possible orientations of these compounds at the interface are proposed. First, each acidic 

head group may ionize and partition to the water interface. As the compounds partition to the water 

interface, an alicyclic, aromatic, and/or alkyl backbone could provide the steric hindrance necessary to 

prevent the dispersed emulsion droplets from coalescing. Second, it is also possible that only one head 

group partitions to the water interface, while another head group can hydrogen bond with other species 

(i.e. asphaltenes) in the crude oil matrix to generate multiple, molecular layers around the interface which 

prevent droplet coalescence. Therefore, it is possible that the most surface-active species remain present 

at the oil/water interface while aging affects and molecular rearrangement only occur at the molecular 

layers surrounding the most surface-active species. Future experiments will address whether emulsion 

aging time affects the composition of species present at the oil/water interface. 

 
Excitation Emission Matrix Spectroscopy (EEMS) 
 

Since MA 6–MA 9 were hypothesized to aggregate at the concentrations necessary for (-) ESI 

FT-ICR MS analyses (500 µg mL-1), EEMS spectra were collected for all IM MAPS fractions in order to 

determine the size of each IM MA fraction. EEMS was selected because spectra are collected at 

concentrations much lower than the critical nanoaggregate concentration (CNAC) of 50 µg mL-1.81 EEMS 

were collected on a total of 11 samples (MA 1 – MA 9, bitumen C5-7 asphaltenes, and bitumen C7+ 

asphaltenes). Spectra of asphaltene samples were collected in order to determine if fractions MA 6–MA 9 

approached the size of bitumen asphaltene species.  

 Figure 8.8 reveals that IM MAPS acid fractions become larger and more aromatic with each 

successive MAPS fraction. The number of aromatic rings present in the sample dictates the maximum 

emission wavelength: benzene maximum emission occurs at 280-290 nm, naphthalenes at 310-320 nm, 

three and four ring aromatics at 340-380 nm, and species containing five or more aromatic rings emit 

above 400 nm.82 Therefore, as the maximum emission wavelength is observed to move to higher 

wavelengths with each successive MAPS fraction, it is believed that more aromatic species are isolated 

from MA 1-MA 9. Furthermore, since the contour plots move out to higher excitation wavelengths with 

each successive MAPS fraction, it is believed that the most hydrophobic fractions contain larger 

conjugated compounds. These results indicate that larger, more aromatic species are isolated with each 

successive IM MAPS fraction.  
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The C5-7 asphaltenes and the C7+ asphaltenes display maximum emission wavelengths between 

450-550 nm and excitation wavelengths out to 550 nm. IM MAPS fractions MA 7-9 also display similar 

maximum emission and excitation wavelength ranges. Therefore, these results suggest that the most 

hydrophobic IM MAPS fractions (MA 7–MA 9) are similar in size to the bitumen asphaltenes. Thus, unlike 

previously proposed interfacial film stabilization models, the most surface-active material from Athabasca 

bitumen is a combination of small, resin-like species and larger, more asphaltene-like compounds which 

contain both singly- and doubly-charged acids. 

 

 

Figure 8.8. EEMS fluorescence intensity color-contour plots for the IM MAPS fractions (MA 1-9), bitumen 
C5-7 asphaltenes, and C7+ asphaltenes.�
 

Emulsion Stability Tests 

 
 To determine if differences in emulsion stability characteristics were present in the different IM 

MAPS fractions, emulsion stability tests were conducted. Here, 2 mg of each IM MAPS fraction was 

dissolved in 2 mL of a 1:1:1 mixture of DCM/n-heptane/toluene and added to separate vials with 2 mL of 

pH ~11 water. The samples were then shaken by hand for 2 min to generate an emulsion, and the 

emulsion stability was assessed over a 24 h period (Figure 8.9). After the 24 h equilibration period, MA 6-

MA 8 were observed to contain the most stable emulsions, with the smallest volume of free 

organic/aqueous phase (Figure 8.9, top). Each sample was then centrifuged for 5 min at 4,500g to assess 

which emulsions were most stable (Figure 8.9, bottom). After centrifugation, MA 6-MA 8 still present the 
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most stable emulsions. Thus, the higher-molecular-weight IM fractions are believed to contribute most to 

the emulsion stability observed with the whole crude oil and whole IM samples. 

 

 

Figure 8.9. Emulsion stability tests. (Top) Two milligrams of each sample was dissolved in 2 mL of a 
1:1:1 mixture of DCM/n-heptane/toluene and added to 2 mL of pH ~11 water. Vials were shaken by hand, 
and the emulsions generated were assessed over a 24 h period. The image shows the emulsions present 
at the end of the 24 h equilibration period. (Bottom) After the 24 h equilibration period, each sample was 
centrifuged for 5 min at 4,500g. The image displays the emulsions present after centrifugation.�
 

Conclusion 
 

Use of the MAPS extraction method extends the detection of high m/z, isolated IM compounds 

(from ~850 Da to >1,000 Da), and yields an approximate 10-fold increase in the number of peaks 

assigned (from ~8,000 to ~76,000) by (-) ESI FT-ICR MS. These results indicate that differences in 

ionization efficiency exist across the IM distribution, and when collectively analyzed, only the most 

ionizable species are observed (low-molecular-weight, singly-charged acids). Fractionation with this 

method also provides the first identification of doubly-charged acids in the IM fraction, and reveals that 

isolated IM is enriched in O3S1 species as well as doubly-charged O4 acids.  EEMS spectra of IM fractions  

reveal that the most hydrophobic fractions (MA 7-MA 9) approach the size of bitumen asphaltenes. Thus, 

the results presented here demonstrate that the most surface-active Athabasca bitumen compounds are 

extremely polar and comprise both small, resin-like species as well as larger, more aromatic asphaltene-

like compounds. Future studies will address emulsion aging affects in order to determine if molecular re-

arrangement occurs with the most surface-active material or only in outer molecular layers. 
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CHAPTER 9 

CHARACTERIZATION OF WEATHERED DEEPWATER HORIZON INTERFACIAL 

MATERIAL BY FOURIER TRANSFORM ION CYCLOTRON RESONANCE MASS 

SPECTROMETRY 

 
Summary 

 
Interfacial material (IM) was isolated from a parent Deepwater Horizon (DWH) crude oil, dark 

control DWH crude oil, photo-irradiated (30 m-12 h) DWH crude oils, and an environmentally weathered 

DWH crude oil sample collected approximately 30 days after the blowout. Isolated IM was characterized 

by negative-ion electrospray ionization (- ESI) Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS) in order to gain insight into the degradation pathways (abiotic or biotic) of 

crude oil in the environment and to determine how degradation affects IM composition. We find that 

abiotic and biotic transformation products of the parent DWH crude oil generate unique oxygen-containing 

species in the weathered oil samples. Weathered IM samples contain up to 8 oxygen heteroatoms 

whereas the parent DWH IM only contains up to 4 oxygen heteroatoms. Comparison of the class specific 

isoabundance-contoured plots of double bond equivalents (DBE) versus carbon number plots for the IM 

isolated from the photochemically and environmentally weathered DWH oil samples shows similarities in 

the compositional space coverage of these oxygenated transformation products. Thus, the results 

presented here suggest that abiotic degradation plays an important role in the environmental weathering 

of crude oil and IM in the environment. 

 
Introduction 

 
 Between 2010 and 2014, approximately 26,000 tons of oil was released into the environment in a 

total of 35 different oil spills.83 Once crude oil is released into the environment, it can harm both the 

aquatic ecosystem and human health (i.e. by consuming contaminated food).20-22 In order to mitigate such 

negative impacts, it is imperative that the crude oil is removed from the environment as quickly as 

possible. However, one problem faced during crude oil remediation and recovery efforts is the formation 

of stable water-in-oil (W/O) emulsions. 

 Wind and ocean currents can provide sufficient mixing energy to generate stable W/O emulsions 

once crude oil enters the environment. Stable emulsion can incorporate large volumes of water (> 50% 

water), which expands the volume of water/crude necessary to be treated/removed.23-25 The density of the 

crude oil and viscosity may also significantly increase as the crude oil incorporates water.23,25 It has also 

been shown that emulsions slow oil evaporation by orders of magnitude.23,25,84 The changes that result 

from the generated emulsion reduce the effectiveness of remediation efforts. Skimmers that are typically 

used to remove crude oil from the ocean surface operate on the density different between the crude oil 

and water. However, as the crude oil weathers and incorporates more water into the emulsion, the 
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density and viscosity increase, limiting the ability of skimmers to effectively separate the oil from the 

water.23 Furthermore, stable W/O emulsions may also make removal of the oil by burning more difficult.23 

 Therefore, more effective methods to treat stable W/O emulsions in the environment are 

necessary (e.g. development of effective emulsion breakers with little environmental impact) to reduce 

crude oil recovery time spans. However, in order to develop more effective remediation techniques, 

knowledge about the types of compounds present at the oil/water interface is necessary. Likewise, it is 

also important to understand how the composition of the species present may change during abiotic and 

biotic degradation of the crude oil. 

 Recently, Jarvis et al. introduced a novel method for the isolation of interfacial material (IM) from 

crude oil samples.6 Here, we use this method to isolate IM from a parent DWH crude oil, a dark control 

DWH crude oil, photo-irradiated DWH (30 m-12 h) crude oils, and an environmentally weathered DWH 

crude oil sample. We characterize the isolated IM from these samples as well as the whole crude oil 

samples by (-) ESI FT-ICR MS in order to gain insight into the degradation pathways (abiotic or biotic) of 

crude oil in the environment and to determine how degradation affects IM composition. 
 We find that abiotic and biotic transformation products of the parent DWH crude oil generate 

unique oxygen-containing species in the weathered oil samples. Weathered whole crude oil samples 

contain up to 5 oxygen atoms while the parent DWH contains only O1 and O2 compounds. These 

increases in oxygen heteroatom content are attributed to increases in acidic chemical functionalities 

which increase the polarity of the transformation products. Thus, a concurrent increase in oxygen 

heteroatom content is observed in the weathered IM samples; weathered IM samples contain up to 8 

oxygen heteroatoms whereas the parent DWH IM only contains up to 4 oxygen heteroatoms. 

 
Materials and Methods 

 
Materials 
 

Pure water was obtained by purification of distilled, deionized water with a Barnstead 

NanopureUV water treatment system (NP water). HPLC grade dichloromethane (DCM), methanol 

(MeOH), toluene, and water were J.T. Baker (Phillipsburg, NJ) chemicals. IM was isolated from a water-

saturated chromatographic silica gel (FisherScientific, 100-200 mesh, type 60Å). Tetramethylammonium 

hydroxide (TMAH) solution (25 wt% in MeOH, Acros Organics, Fair Lawn, NJ) was used to aid in 

deprotonation of acidic species for negative-ion electrospray ionization (- ESI) analyses.  

 
Photo-irradiation of Deepwater Horizon 
 

Approximately 10 mL of DWH crude oil was placed over 100 mL of NP water in a borosilicate 

glass jacketed beaker with a quartz lid and stirred in the dark for 7 days at 27 °C. After this equilibration 

period, the oil was exposed to simulated sunlight at 27 °C with an Atlas CPS+ solar simulator, which has 

been extensively described elsewhere.85 A total of 6 samples were collected: a dark control and samples 

that were photo-irradiated for 30 m, 1 h, 2 h, 8 h, and 12 h.  
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Interfacial Material Isolation 
 

Silica gel was dried overnight at ~110°C. After drying, water was added to the silica gel to 

generate a water-saturated silica gel (66.6% water g-1 silica gel). IM was isolated from ~250 mg of sample 

from a total of 8 different samples (whole DWH crude oil, dark control, photo-irradiated DWH samples (30 

m, 1 h, 2 h, 8 h, and 12 h), and an environmentally weathered DWH oil sample skimmed from the ocean 

surface approximately 30 days after the blowout) by the “wet silica” method, which is described 

elsewhere.6 After isolation, IM was dried under N2. IM was then reconstituted in DCM, transferred to a 

new vial, and dried under N2 again to remove any silica that bled from the column during IM isolation. 

 
Mass Spectrometry and Data Analysis 
 

All samples were analyzed at a final concentration of 250 µg mL-1 in 50:50 DCM/MeOH with 

0.125% (v/v) TMAH solution. All  FT-ICR MS analyses were performed on a custom built 9.4 T FT-ICR 

mass spectrometer, which is described elsewhere.44-47 A modular ICR data station (PREDATOR) was 

used to perform data acquisition.29 Each mass spectrum was phase-corrected50 and peak lists were 

generated for all peaks with a signal magnitude greater than six times the baseline root-mean-square 

(RMS) noise. Internal calibration of the spectrum was possible with the use of a highly abundant 

homologous series based on the “walking” calibration51. IUPAC masses were converted to the Kendrick 

mass scale to sort homologous species differing by their degree of alkylation.52 All peak assignments and 

data visualization were performed with PetroOrg software.35 

 

Results and Discussion 
 
Heteroatom Class Distribution 
 

Figure 9.1 shows the oxygen-containing heteroatom class distribution by (-) ESI FT-ICR MS for 

the DWH whole crude, DWH dark, and photo-irradiated (30 min, 1 h, 2 h, 8 h, 12 h) whole crude oil 

samples before IM isolation. The DWH whole crude and dark samples only contain up to 2 oxygen 

heteroatoms, with O1 species as the most abundant Ox class. The DWH crude oil samples photo-

irradiated for the shortest amount of time (� 2 h) contain up to 4 oxygen heteroatoms, with O1 or O2 

species as the most abundant Ox class while DWH samples photo-irradiated for the longest time points (8 

h and 12 h) contain up to 5 oxygen heteroatoms. O3 species are the most abundant Ox class in the 8 and 

12 h photo-irradiated samples. Thus, photo-oxidation generates unique oxygen-containing species in the 

crude oil samples as oxygen heteroatom content increases with increasing photo-irradiation times. 

Increased oxygen heteroatom content increases the polarity of the transformation products. Since 

polar species are known to have an affinity for the water interface, it is not surprising that higher-order 

oxygen species (x � 7) are isolated in the photo-irradiated IM samples shown in Figure 9.2.72 Photo-

irradiated IM samples up to 2 h contain up to 6 oxygen heteroatoms while the 8 h and 12 h photo-  
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Figure 9.1. Oxygen-containing heteroatom class distribution for the DWH parent, dark, and photo-
irradiated (30 m-12 h) whole crude oil samples measured by (-) ESI 9.4 T FT-ICR MS. 
 

 

Figure 9.2. Oxygen-containing heteroatom class distribution for the DWH parent, dark, and photo-
irradiated (30 m-12 h) IM samples measured by (-) ESI 9.4 T FT-ICR MS. 
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irradiated IM samples contain up to 8 oxygen heteroatoms. However, the DWH whole crude and dark IM 

samples only contain up to 4 oxygen heteroatoms. 

In order to determine how the photo-irradiated IM samples compared in chemical composition to 

an environmentally weathered sample, a DWH oil spill sample that was skimmed from the ocean surface 

approximately 30 days after the initial blowout was characterized by (-) ESI FT-ICR MS. Figure 9.3 shows 

the oxygen-containing heteroatom class distribution by (-) ESI FT-ICR MS for the IM isolated from the 

DWH whole crude, photo-irradiated 30 m and 12 h samples, and environmentally weathered sample. Like 

the photo-irradiated IM samples, the environmentally weathered sample is enriched in higher-order 

oxygen species, containing up to 6 oxygen heteroatoms. The most abundant Ox class in the 

environmentally weathered sample is the O4 class. The O4 class is also the most abundant Ox class 

observed in the 12 h photo-irradiated sample. However, O4S1 species are very abundant (~25%) in the 

environmentally weathered sample and may affect the detection of higher-order Ox species in this 

sample. These O4S1 species are discussed in further detail below. 

 

 

Figure 9.3. Oxygen-contain heteroatom class distribution for the DWH parent, photo-irradiated (30 m and 
12 h), and environmentally weathered IM samples measured by (-) ESI 9.4 T FT-ICR MS. 

 

Compositional Space Coverage 
 

In order to determine how abiotic degradation affects the composition of isolated Ox and OxSy IM 

species, the class specific isoabundance-contoured plots of double bond equivalents (DBE = number of 

rings + double bonds to carbon) versus carbon number were compared for select classes. Figure 9.4 

shows the DBE versus carbon number plots for the O3 class from the DWH whole crude, dark, and photo-
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irradiated (30 m-12 h) IM samples. The carbon number (~C10-C40) and DBE (~1–22) stay fairly consistent 

through each IM sample. However, the most abundant species move to higher DBE values during abiotic 

degradation. For the whole crude IM through the 30 m photo-irradiated IM, the most abundant O3  

 

 

Figure 9.4. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the O3 
heteroatom classes in the IM samples isolated from the DWH parent, dark and photo-irradiated (30 m-12 
h) crude oils.  
 

compound present is a C18, DBE 2 peak. After 2 h of photo-irradiation, the most abundant species 

present occur at DBE 5-12. After 12 h of photo-irradiation, the most abundant species in the IM fraction 

are at DBE 7-12. These results suggest that aromatic species are formed via abiotic degradation 

pathways, as the most abundant species become more aromatic with increased photo-irradiation times.85 

Figure 9.5 shows the DBE versus carbon number plots for the O5 class from the DWH whole 

crude, dark, and photo-irradiated (30 m-12 h) IM samples. The same trends observed in the O3 class are 

also displayed here: DBE and carbon number range remain consistent with each IM sample. However, 

the most abundant species shift to higher DBE values with increased photo-irradiation times. The most 

abundant species in the whole crude and dark IM are at DBE 2 and 5-9. However, after 12 h of photo-

irradiation, the most abundant species in the IM are at DBE 7-11. 

In order to determine how the compositional space coverage of IM isolated from the 

environmentally weathered DWH sample compared to the photo-irradiated DWH IM, the DBE versus 

carbon number plots of the isolated O5 species were compared (Figure 9.6). The two extreme photo-

irradiation time points (30 m and 12 h) were chosen for comparison. The environmentally weathered IM is  
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Figure 9.5. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the O5 

heteroatom class in the IM samples isolated from the DWH parent, dark and photo-irradiated (30 m-12 h) 
crude oils. 
 

 

Figure 9.6. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the O5 
heteroatom class in the IM samples isolated from the DWH parent, photo-irradiated (30 m and 12 h) and 
environmentally weathered crude oils. 
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slightly shifted in carbon number range (~C1 –C45) compared to the photo-irradiated IM samples. 

However, the most abundant species are present at DBE 7-11 in all IM samples. Thus, these results 

suggest that abiotic degradation plays a significant role in environmental weathering as the compositional 

space of the photo-irradiated IM samples compare fairly well to the compositional space of the 

environmentally weathered IM. 

Compositional space coverage of isolated OxSy IM species was also compared. Figure 9.7 

shows the DBE versus carbon number plots for the O4S1 class from the DWH whole crude, dark, and 

photo-irradiated (30 m - 12 h) IM samples. Again, the same trends observed with the Ox classes are also 

observed here. However, comparison of the DBE versus carbon number plots of this class for the 30 m 

photo-irradiated IM, 12 h photo-irradiated IM, and environmentally weathered IM samples (Figure 9.8) do 

not display similar trends. Here, the most abundant species in the environmentally weathered sample 

occur at DBE 0, C23-C24. It is possible that these O4S1 species are due to the degradation of the 

dispersant corexit used after the DWH blowout. Corexit is only present in the environmentally weathered 

samples as it was not added to the photo-irradiated IM samples. If these peaks are due to the 

degradation of corexit, this would also explain the increased relative abundance of this class compared to 

the photo-irradiated IM samples. A future study will address the degradation of core-exit during photo-

irradiation experiments. 

 

 

Figure 9.7. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O4S1 heteroatom class in the IM samples isolated from the DWH parent, dark and photo-irradiated (30 m-
12 h) crude oils. 
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Conclusion 
 

Abiotic and biotic transformation products of the parent DWH crude oil generate unique oxygen-

containing species in weathered oil samples. Class specific comparison of acidic species identified by (-) 

ESI FT-ICR MS reveals that weathered oil samples are composed of a diverse collection of oxygen-

containing species (up to 5 oxygen atoms) while the parent oil contains only O1 and O2 species. A  

 

 

Figure 9.8. Negative ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O4S1 heteroatom class in the IM samples isolated from the DWH parent, photo-irradiated (30 m and 12 h) 
and environmentally weathered crude oils.�
 

concurrent increase in oxygen content is observed in IM isolated from weathered DWH (up to 8 oxygen 

atoms) compared to IM isolated from the parent oil (up to 4 oxygen atoms). Such increases in oxygen 

heteroatom content, as revealed by (-) ESI FT-ICR MS, can be attributed to an increase in acidic 

chemical functionalities that increase the polarity of transformation products.  Thus, the changes increase 

the amount and chemical diversity of polar species that are known to have an affinity for the oil/water 

interface. While the results suggest that photo-oxidation plays an important role in the environmental 

weathering of crude oil and subsequent generation of interfacially active material, future microcosm 

studies will address the contribution of biotic specific modifications to the weathering of DWH. 
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CHAPTER 10 

FUTURE WORK 

  
 Asphaltenes are commonly believed to play the most significant role in emulsion stability.11,15-17 

Therefore, recent work has largely focused on the contribution of asphaltenes alone to emulsion stability. 

However, here we show that the most surface-active material within Athabasca bitumen is a combination 

of both small, polar Ox and OxSy species as well as larger, more aromatic asphaltene-like species. Yet, 

previous studies have suggested that changes occur at the oil/water interface with emulsion aging time: 

larger asphaltenes are hypothesized to slowly move to the interface and displace the small, polar 

species.15,39,61 

 In Chapter 7, we determined how the composition of isolated IM was affected once the most 

surface-active material was depleted. We found that larger, more aromatic Ox and OxSy species were 

isolated in the IM fraction once the most surface-active material was depleted. In order to determine if 

these same trends occur during emulsion aging, aging experiments will be performed in a future study. 

Here, the crude oil solution (5 wt% in heptol) will be aged with the wet silica gel for an extended time 

series (1 hr - weeks) in order to determine how the IM composition is affected. Future work will also 

evaluate the emulsion stability characteristics for this aged IM material through bottle tests as well as 

more sophisticated testing techniques (e.g. interfacial tension (IFT) and critical electric field (CEF) 

measurements). The most surface-active IM material has been shown to greatly reduce the IFT (Figure 

10.1). Therefore, IFT measurements should also be collected with aged IM samples to determine if aging 

affects IFT values. IFT and CEF measurements will also be applied to IM samples presented throughout 

this dissertation, especially the sequential elution and MAPS IM samples, in order to determine 

quantitative differences between these samples.  

 Future experiments will also examine how seawater and brine affect the composition of isolated 

IM species. While experiments with HPLC grade water have shed light on what types of species 

contribute to Athabasca emulsion stability, HPLC grade water is not encountered during petroleum 

production operations. Therefore, the use of simulated brine adsorbed to silica gel will be examined.15 

Furthermore, the use of seawater adsorbed to silica gel will also be examined for environmental samples 

to more accurately represent conditions following oceanic oil spills. It is expected that saltwater and brine 

will reduce the carbon number range of isolated IM species, similar to what was observed by Stanford et 

al. during the isolation of crude oil water-solubles with saltwater, due to electrostriction.72 

 A variety of crude oils with different American Petroleum Institute (API) gravities, resin/asphaltene 

ratios, sulfur, oxygen, and nitrogen contents should also be examined in the future in order to determine 

how these changes affect IM composition and if certain species are universal emulsions stabilizers 

throughout all crudes that experience emulsion issues. Previous studies have suggested that the 

resin/asphaltene ratio influences the ability of a crude oil to generate a stable emulsion.41,61,86,87 
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Therefore, research needs to be expanded to a variety of different crude oils (of varying physical 

properties) to see if any trends in IM composition may be drawn. 

 

 

Figure 10.1. IFT measurements between the bitumen IM solution and water. Bitumen IM solutions were 
measured at 0 (blue), 0.001 (red), 0.005 (green), and 0.01 (purple) wt% in heptol. 
 

In order to better understand what types of species orient at the oil/water interface from the 

varying crude oils, further MS/MS experimentation with FT-ICR MS and TWIM-MS is necessary. FT-IR 

experiments will also be performed on IM samples to gain more insight into the functionalities that 

compose isolated IM. By performing these experiments on IM from a variety of different crude oils, it may 

help to determine if there are certain functionalities that are universal to stable emulsion formations. 

MS/MS experiments may also be performed on previously studied IM samples (e.g. pH, sequential 

elution, MAPS IM samples). If one fraction of the sequential elution or MAPS IM samples is determined to 

generate significantly more stable emulsions through CEF measurements, MS/MS can be used to 

determine the structure of these isolated IM species. The structure of these species may be compared to 

other IM fractions to gain insight into which types of species contribute most to the overall emulsion 

stability. 

Finally, more environmental experiments will be performed to better understand the abiotic and 

biotic degradation pathways of crude oil and IM in the environment. Future photo-irradiation experiments 

will be performed with a variety of different crude oils with varying API in order to determine how the API 

degree affects the photo-degradation of the crude oil and IM in the environment. The time series for the 

two crude oils presented in Chapter 9 will also be extended to determine if changes continue past 12 h. 
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Previous experiments will also be repeated with sterilized seawater and thinner oil films for photo-

irradiation that more accurately simulate oil spill conditions. A future microcosm study will also address 

the contribution of biotic specific modifications.  
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APPENDIX A 

SUPPORTING FIGURES 

 
Table A-1. Average Mass Recovery and Standard Deviation with Each Percentage of Water on Silica 
Gel. 
 

 

 

Figure A-1. Heteroatom class distribution for Athabasca bitumen IM species isolated with the 11.1% 
water g

-1
 silica gel  (red), 17.6% water g

-1
 silica gel (blue), 25.0% water g

-1
 silica gel (green),33.3% water 

g
-1

 silica gel (purple), 42.9% water g
-1

 silica gel (light blue), 53.8% water g
-1

 silica gel (orange), and 66.6% 
water g

-1
 silica gel (navy blue) measured by (-) ESI 9.4 T FT-ICR MS. 

 
 
 
 
 
 
 
 
 

water percentage (%) on silica gel mass recovery (%) 

17.6 96.7 ± 0.2 

33.3 97.0 ± 0.6 

53.8 97.8 ± 0.1 

66.6 98.1 ± 0.2 
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Figure A-2. Schematic of the separation scheme used to isolate the naphthenic acid fraction (WCX 1) 
from Athabasca bitumen. First, an APS SPE cartridge was conditioned with DCM. Approximately 100 mg 
of bitumen was dissolved in 1 mL of DCM and loaded onto the APS cartridge. The bitumen non-acid 
fraction was first collected by washing with 100% DCM and 50:50 (v/v) DCM/MeOH. The bitumen acid 
fraction was then collected by washing with 50:50 (v/v) DCM/MeOH with 5% (v/v) formic acid. The acid 
fraction was then further fractionated on a WCX SPE cartridge to separate O2 acids from the more polar 
O2+x and O2+xSy acids. The WCX SPE cartridge was conditioned with pentane, and the isolated acid 
fraction was then loaded in 1 mL of pentane. The cartridge was washed with 100% pentane and 50:50 
(v/v) pentane/DCM. These fractions were sent to waste. The WCX 1 fraction (O2 acids) was collected by 
washing with 100% DCM while the more polar WCX 2 fraction (O2+x and O2+xSy acids) was collected by 
washing with 50:50 (v/v) DCM/MeOH. IM was then isolated from the WCX 1 fraction with both pH 7 and 
12 wet silica gels in order to determine if the composition of the IM isolated changes once the bases and 
more polar acids are removed/reduced from the crude oil matrix. 
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Figure A-3. Positive ESI-derived isoabundance-contoured plots of DBE versus carbon number for the 
O1S1 (top) and O2S2 (bottom) heteroatom classes from Athabasca bitumen IM (left), IM organic phase 
(middle), and IM water-soluble neutrals and bases (right). 
 

 

Figure A-4. Emulsion stability tests. Two milligrams of each sample were added to a system consisting of 
2 mL pH 2 water and 2 mL of a 1:1:1 mixture of DCM/n-heptane/toluene. Vials labeled “A” contain the IM 
starting sample, vials labeled “B” contain the IM organic phase, and vials labeled “C” contain the IM 
water-soluble neutrals and bases. Vials were shaken to generate an emulsion, and emulsion stability was 
assessed over a 24 h period.  
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APPENDIX B 

SUPPORTING INFORMATION 

 

Aminopropyl Silica Solid Phase Extraction Separation 
 

Agilent Bond Elut NH2 2 g SPE cartridges were used to isolate acids from Athabasca bitumen. 

The SPE cartridge was first conditioned with 12 mL of DCM. Approximately 100 mg of bitumen was 

dissolved in 1 mL of DCM, and loaded drop wise onto the SPE cartridge after conditioning. The sample 

was allowed to equilibrate for ~15 min with the SPE phase. The cartridge was then washed with 12 mL of 

DCM and 12 mL of DCM/MeOH (50/50 (v/v)) to elute the non-acid fraction. Acids were then collected with 

12 mL of DCM/MeOH (50/50 (v/v)) with 5% formic acid. Acid fractions were dried under N2 gas before 

further separation. 

 
Naphthenic Acid Isolation 

 
Phenomenex Strata weak cation exchange (WCX) 1 g SPE cartridges were used to separate 

naphthenic acids from other Ox and OxSy acids within the bitumen acid fraction. The SPE cartridge was 

first conditioned with 10 mL of pentane. Approximately 50 mg of bitumen acids were dissolved in 1 mL of 

pentane, and loaded drop wise onto the SPE cartridge after conditioning. The sample was allowed to 

equilibrate for ~15 min with the SPE phase. The cartridge was then washed with 10 mL of pentane and 

10 mL of pentane/DCM. Naphthenic acids were then eluted with 10 mL of DCM. Other Ox and OxSy acids 

were collected with 10 mL of DCM/MeOH. These two fractions were then dried under N2 gas before 

characterization and IM isolation. 
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APPENDIX C 

COPYRIGHT PERMISSION 
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