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Abstract

The processing of bitumen in the Athabasca oil sands region (AOSR) produces extensive
volumes of oil sansl processaffected water (OSPW) and tailings, which are stored within
tailings ponds and settling basins to promote the consolidation of solids and the recycling of
water.Oil sands operators are actively investigating dry and wet reclamation strategreger

to reduce thie inventory of tailings and return disturbed land back to its original .state
important component of the reclamation of tailings is understanding the environmental fate of
naphthenic acids (NAs), which are considered the most toxistituents of OSPW and tailings.
However, since NAs exist as a complex mixture comprised of thousands of compounds from
dozens of chemical classes, the characterization of NAs within environmental samples poses
significant challenges to analytical chetsis

This dissertation is focused on the characterization of naphthenic acids by comprehensive two
dimensional gas chromatography coupled to mass spectrometry (GCxGC/MS). GCxGC/MS
offers unparalleled chromatographic separation and peak capacity and hasséden recent
years to resolve individual constituents within complex mixtures, including structural isomers.
Since the biodegradation and toxicity of NAs is strucgpecific and can vary between
structural isomers, the profiling of individual NAs IBCxGC/MS is expected to enhance the
monitoring of NAs within environmental samples impacted by oil sands activity. In this thesis,
GCxGC coupled withtime-of-flight mass spectrometry (TOFMS) was used to structurally
elucidate a number | and sulfurcomtikiming wapbthenic| agidss by c a
interpretation of their electron ionization (EI) mass spectra and, if available, confirmed by
comparison with the spectra of references standards. GCxGC/TOFMS was also utilized as a
fingerprinting tool to assesbe temporal and spatial variability at two reclamation sites in the
AOSR: Sy ncr ukke @damaianrsite landIBase Mine Lake. Lastly, a methodology
was developed which coupled GCxGC with a high resolution quadrupoleotifight mass
spectromedr (QTOFMS) for the improved profiling of NAs. GCxGC/QTOFMS is advantageous
for the monitoring of NAs since it can provide useful fingerprints via isomer distributions,
differentiate NAs from several chemical classes, and provide a global overview tdrttental
compositions (assigned by mass accuracy) within NA mixtures.
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Chapter One: Introduction

1.1 Oil sands overview

The Alberta oil sands represent the third largest oil reserve iwdhld and are estimated
to contain 1.7 trillion barrels of oil. Bitumen is extracted from oil sands ore by two main
processes: (a) surface mining of oil sands ore followed by caustic warm water extraction, and (b)
Steamassisted gravity drainage (SAGDJhe total production of oil from both extraction
processes is reported to be 2.3 million barrels per' dayy-product of bitumen extraction
processes is the production of large volumes of tailingfia$t been demonstrated that the
agueous component of tailings, oil sands proediested water (OSPW), has shown acute and
chronic toxicity towards a variety of aquatic organisms, primarily due to a collection of
persistent organic acids known as naphthemids (NASfFAl bert ads o | sands
yet have approval to release treated tailings back to the environment, and therefore, all tailings
derived materials are stored-site in tailing ponds or settling basins. In 2013, the total area
occupied by tailing ponds and other containment structures was 220Hatowing deposition
within tailings ponds, the coarse solid partcieithin tailings settle quickly, and the fines
fraction consolidates slowly to form fluid fine tailings (FFT; approximatelyi 256 % w/w
solids). The consolidation of fluid fine tailings within tailing ponds is a very slow process,
reported to take betwee 1257 150 years.In 2013, the total volume of FFT held by mine
operdors in Canada was reported to be 975.6 millidtt As stated in their licensing agreement
with the Government of Alberta, oil sands operators must reclaim tailings ponds, and other
disturbed lands, bado selfsustaining ecosystemids a resit, oil sands operators are actively
researching reclamation strategies to reduce their inventory of tailings material. However, an
important component of successful reclamation is understanding the source, cycling, and fate of
toxic components, such aspihenic acids, within the environmental systems.

1.2 Introduction to naphthenic acids

NAs are a complex mixture of polar organic carboxylic acids which occur naturally in
petroleum and oil sands bitumen deposits. NAs accumulate within OSPW duringdhesing
of bitumen? NAs are of environmmtal interest because they have been linked with the acute and
chronic toxicity of OSPW*°and are known to persist within tailing ponds and other reclamation
sites. Since NAs are soluble in water as salts (naphthenates), they have the potential to migrate
beyond containment structures and enter the greater envirofiteiswever, it has also been
establishedhat NAs may enter surface waters by natural processes, such as the erosion of
bitumen deposits near river bahksTherefore, a comprehensive understanding of NA
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compositions (derived fromah industrial and natural sources) is required in order to improve
the specificity of methods that aim to monitor OSffived NAs and differentiate sources.

According to the classical definition, NAs are a complex mixture of alkiktituted
acyclic ad cycloaliphatic carboxylic acids, with the general empirical formuldi,G-0,
(where n = carbon number, Z = degree of unsaturation via ring formation). The general
structures of classical NAs are presented in Figure 1. However, it is now knowretbktsical
definition does not accurately describe the total fraction of-exidactable organics (AEOS)
within OSPW. Studies using ultrahigh resolution mass spectrometry have revealed that, in
addition to classical NAs, OSPW also contains chemical epeghich possess sulfur and/or
nitrogen heteroatoms, additional oxygemntaining substituents, and aromatic rify§ OSPW
samples typically contain thousands of organic compounds, with elemental compositions
belonging to dozens of chemical classes. For each chemical class, compounds posgess a ran
double bond equivalents (DBEs) and carbon numbers. In addition, for a given elemental
composition, a large number of structural isomers may exist, as demonstrated in recent studies
utilizing multidimensional chromatograpfy'®. Due to the extreme complexity of OSPW, the
identities of many individual components within the mixture, particularly those linked with
toxicity, are unknown.

=90 CH;_(CHa)m-CO,H

(CH2) mCO,H
Z= (CH2)mCOH 4@
(CH2)mCO,H
7 =-4 R@(CHZ),@OZH

(CHz2) mCO,H
Z= (CH2)mCOH

Figure 1 General structures of classical naphibeacids (GH2n+202, where n = carbon number,
Z = degree of unsaturation via ring formation) for variougallles. R represents alkyl side
chains, and m represents the length of the side chain attached to the carboxylic acid group.
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The composition of W mixtures within OSPW have been shown to be heterogeneous
and can vary due to local differences within bitumen deposits, bitumen extraction processes
(surface mining vs SAGDS, oil sands producefs(e.g. Syncrude vs Suncor), and age of the
tailings pond®. Furthermore, within a single tailings pond, NA profiles can vary baseejath,d
wind patterns, and proximity to tailings discharge poifiBhe heterogeneity of OSPW samples,
in combination with the extreme complexity of NA mixtures and the sheer number of structurally
similar compounds, contributes to the difficulty of monitoring NAs, differentiating sources,
demongtating biodegradation, and identifying toxic components within such mixtures.

1.3 Toxicity and biodegradation of naphthenic acids

Naphthenic acids are toxic to a variety of organisms, such a$§"ishplant$?,
mammal$’, phytoplankton®?", and amphibiarf& Narcosis is believed to be the primary mode
of acute toxicity from NAs, stemming from their surfactant characteristics. Narcosis is a non
specific mode of action, where a hydrophobic compound enters the lipid bilayer of the cell
membraneausing disruption and the degradation of cell membrariém addition, OSPW has
been reported to cause endocrine disruption; Thaghad. demonstrated that NAsrea weak
estrogenic receptor agonists and potent androgen receptor antatjonists.

Due to the complexity of NA compositions within OSPW and related samples, the
identification of toxic NAs has been an-going challenge. Therefore, in order to reduce the
complexity of NA mixtures, and link structure to toxiGiSPW samples have been subjected to
fractionation prior to toxicity tests. This approach, referred to as effemtted analysi$, has
been successfully applied in a few recent studies to determine the elemental compositions, or
identify NA classes, associated with acute toxicit§ and endocrine toxicify*>>¢ Classical
alicyclic NAs have been strongly associated with the acute toxiditD®PW?>>* while
oxygenated NAs (§and Q chemical class) are negatively correldfett has ben demonstrated
that the estrogenicity of OSPW is associated with the aromatic fraction edoNtining
mixtures>*¢ Rowland et al®’ identified a number of compounds with aromatic steroidal
chemical structures ugy GCxGC/TOFMS, and, due to their structural similarities with estrone
and estradiol, the authors suggested that such compounds may contribute to the estrogenic
activity of OSPW.

Due to their acute and chronic toxicity, there has been much interestarstamdling the
degradation of NA mixtures within OSPW. It has been demonstrated in several studies that
microbial biodegradation can decrease the acute toxicity of G$P?? which suggests that
situ biodegradation may be plausible means to remediate tailings and OSPW stored within
tailings ponds and other reclamation sites in the Athabasca oil sands region (AOSR). However, it
is important to note thal residual, chronic toxicity still remains following microbial



Ph.D. Thesig David T. Bowman; McMaster UniversitChemistry

degradation, which has been attributed to the recalcitrant fraction of NA mixtures. Nonetheless, a
range of indigenous and namdigenous bacterial species have been studied to assess their
potential to degrade naphthenic acfd§> Alternative remediation treatments (such as
ozonatioi®*°, oxidation®, photolysis™®% and phytoremediatidh®**) have also been
investigated to accelerate the degradation of NAs and remove the residual toxicity which remains

in aged OSPW.

Studies on the biodegradation of model (or surrogate) NAs have be@r fme
elucidating degr ad-axdatioii®°h a tc lownd p a goxidatiodhanda s b
aromatization pathwa§s®2 Recent studies have revealed that increases in cyclicity and alkyl
branching can decrease the biodegradation rates of #Am addition, it has been shown that
structural isomers can display differing levels of susceptibility to degradéfidriThe
knowledge of NA biodegradation pathways is useful since it can aid in the identification of
possible recalcitrant NAs, which is required to help to focus remediation efforts.

The compositia of NA mixtures can significantly influence the extent of its degradation.
Commercial NA mixtures, which are derived from petroleum, rapidly degrade under aerobic
conditions, while OSPW derived NAs degrade much more sfo#fy® It is believed that the
difference in recalcitrance between OSPW and commercial Nunas is due to the relatively
high degree of alkyl branching of NAs within OSPW, which have accumulated within bitumen
deposits over time vim situ microbial processing®

1.4 Instrumental Analyses of Naphthenic Acids
1.41 Fourier transform infrared (FAIR) spectroscopy

Historically, the oil sands industry standard for the quantification of naphthenic acids is
by Fourier transform infrared (FTIR) spectroscopy. Briefly, extracts containing naphthenic acids
are quantifiedby FTIR by monitoring the absorbance of the monomeric (1743 amd dimeric
(1706 cn) forms of the carboxylic acid functional groups. The absorbances are then summed,
and quantified by an external calibration curve of a commercial NA technical mikiomever,
this technique is not deemed suitable for NA quantitation since it lacks the specificity to
distinguish between NAs and other compounds which are present in natural waters and also
possess carboxylic acid chemical moieties (e.g. humic acidg; adids, and resin acids). Yen
et al demonstrated that quantitation by - leads to the overestimation of NA
concentration§®

1.4.27 Gas chromatography low resolution mass spectrometry
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Gas chromatography coupled to low resolution mass spectrometry (GC/LRMS) has been
applied in numerous studies to irope the selectivity of NA analysis and to explore the
composition of NA mixtures. NAs from OSPW must be extracted and derivatized prior to
separation by GC in order to improve their volatility and chromatographic behavior. Numerous
derivatization reagentbiave been used for NA analysis; the most commonly formed NA
derivatives for GC analysis are mefHyltrimethyl silyl (TMS¥® and tert-butyldimethylsilyl
(tBDMS) ester®. Although NA mixtures typically elute in unresolved complex migs (UCM)
in the total ion current (TIC) chromatogram, mass spectrometry (MS) allows the ability
differentiate NAs based on carbon number andglalies. However, one dimensional GC
generally lacks the peak capacity to resolve structural isomers withiniktares.

St Johnet al®® developed a method using GC/LRMS (election ionization, El, mode) to
analyze thetBDMS ester derivatives of a commercial NA technical mixture. The authors
reported he tBDMS derivatives were useful in their study since they produced stroriggF)
base peaks, corresponding to the loss oftéhiebutyl group from the molecular ion. Based on
the assumption that only molecules corresponding to the general NA emporoalla
(CnH2n+202) were present in the sample, the authors reported the percent composition of each ion
corresponding to the classical NA definition (n:11R3, Zvalue: 0i 12). This method was later
used to discover significant compositional differenbetween NA profiles within commercial
NA mixtures and those within OSPWNotably, the autors presented the distributions of ions
as a threglimensional graph, with relative ion intensities plotted as a function of carbon number
and Zvalue. This representation of the data was useful for the generating NA fingerprints, and
similar approachesave been performed in subsequent studies to compare NA ptdfites.
Holowenkoet al'® applied the GC/LRMS method to analyze a suite of nine OSPW samples, and
results appeared to link the aging of tailing ponds with the selective biodegradation of lower
molecular weight NAs. However, low resolution mass spectrometry is vulneraplessible
interferences from chemical species that possess the same nominal mass as clasdiadAs
it is now understood that some of the identifications in the pusvW®C/LRMS method were, in
fact, oxygenated NAs (£and Q chemical class) misclassified as classical MAS However,
GC/LRMS methods remain advantageous due to their wide availability and ease of use, and have
been recognized as being valuable for their ability to detect gross compalsdifierences in
NA mixtures’®

1.4.3 Hgh performance liquid chromatography coupled to low and high resolution mass
spectrometry

High performance liquid chromatography (HPLC) is well suited to the analysis of NAs
since it can be used to separate a wide range of analytes, including thosare/mohamenable
to GC analysis (such as nwplatile, thermally labile, high molecular weight, and/or polar
compounds). Furthermore, HPliased methods generally require shorter analysis times than
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GC methods, and can be coupled to a variety of ionizagchniques including electrospray
ionization (ESI), atmospheric pressure chemical ionization (APCI), and atmospheric pressure
photoionization (APPI). HPLC can be used to analyze aqueous samples, thus simplifying sample
preparation steps, and it also althe separation of salts from the sample mAriwhich

reduces ion suppressidnand the generation of sodium addittévhen subjected to ESI).
However, HPLC generally possesses less theoretical plates than GC, and, thus, does not provide
sufficient chromatographic resolution to allow the monitoring of specific isomers.

In recent years, modern HPLC/tandem MS (MS/MS) instrusbave been used for the
development of rapid, quantitative methods for the screening of' {sThe aforementioned
methods are advantageous since samples received minimal preparation prior to analysis, thus
allowing the high throughput analysis of samples. Hirdlal’’ developed the first International
Organization for Standardization (ISO) accredited method (ISO17025) using HPLC/RIBSOF
for the quantitative assessmaeaittotal classical and oxygenated NAs concentrations (defined
with the following empirical formula: H2,+0-.4). Prior to analysis, samples were diluted 1:10
in 50% acetonitrile, 0.1% acetic acid, with no further sample prep. The authors revealed that th
response factors of 39 model NAs displayed high variabilities when ionized by ESI, and
therefore, the average response factors of classical and oxygenated NAs within commercial NA
mixtures was used for the determination of total concentrations withimwO8Bing the Sigma
technical NA mixture, a method detection limit of 1 mg/L was obtained. However, the authors
demonstrated that when samples were calibrated with two different commercial NA mixtures
(Sigma vs Merichem), a-@ld difference was observed the total NA concentrations. The
authors attributed this to the differences in NA compositions which exist within each commercial
mixture. In addition, since the compositions of NAs derived from OSPW vary considerably from
those within commercial mixtureshe authors stressed that analyses that quantify NAs using
commercial mixtures should be considered sguantitative until an OSPMWlerived technical
mixture is established. Woudney al®® developed a novel method for the quantitation of total
NAs which used HPLBAS/MS (positive mode ESI) to analyze naphthenic acids derivatized
with N-(3-dimethylaminopropybNGethylcarbodiimide within surface water samples. The
method used MS/MS to monitor the presence of a productrtzil9) which was characteristic
of the deivatization reagent and quantitation was based on a single calibration standard, pyrene
1-butyric acid.

1.4.4 Ultrahigh resolution mass spectrometry

Ultra-high resolution MS (resolving power > 100 000) has significantly improved our
understandings of NAand other AEOs within environmental samplEsurier transform ion
cyclotron mass spectrometry (FTIEWRS) and Orbitrap mass spectrometry (Orbith$) have
been used to characterize NAs within in a variety of environmental samples such a§'OSPW
ground and surface waté&fsplant tissu®, and crude oif§*>
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The high resolving power and mass accuracy of-hliga resolution MS has allowed the
unambiguous assignment of elemental compositions to thousdrf@atures within the NA
mixtures, revealing the presence of dozens of other compounds classes within OSPW and related
samples?® However, the interpretation of such large mass spectral datasets can be both difficult
and timeconsuming. Numerous visualization methods (such as Kendrick mass defect plots, van
Krevelen plots, and DBE vs carbon numpkats) have been utilized to establish NA fingerprints
and investigate trends within sampfés.

Early studies using ultraigh resolution MS based techniques predominately introduced
the sample into the MS by direct infusion (DI). Numerous ionization sources henaibed for
the analysis of NAs using ultfsigh resolution MS, including E%| nanospraSF’, and
APPI2. DI FTICR-MS and OrbitragMS techniques are advantageous since they allow the rapid,
routine analyses of NAs, and do not requretreatment of samples prior to analysis. However,
due to the absence of chromatography;UPIRMS techniques cannot distinguish structural
isomers. Furthermore, ion suppression can arise due to competing components within the
ionization source. Rowlanet al®’ demonstrated that offline fractionation by solid phase
extraction (SPE) prior to analysis by negative ion mode ESI FAWMSRcould increase the
number of unique elemental compositions detected and particularly erthara®aracterization
of higher molecular weight chemical species within NA mixtures.

The coupling of online chromatographic separation with ultrahigh resolution mass
spectrometry detection has been performed in recent years to enhance the charactefizatio
NAs. Ortiz et al® and Barrowet al® concurrently developed techniques which coupled GC
with FTICR-MS for the analysis of methylated NA extracts. The technique developed byOrtiz
al.® utilized EI and chemical ionization with methane {CH,) and ammonia (GNHs) as
ionization sources, while Barrovet al®® used APCI. Chromatographic separation was
advantageous since it allowed the characterization of compdasses as a function of time.
HPLC has also been coupled to both FT4®RIB and OrbitragVS'’ for the characterization of
NAs in recent studies. However, when NAs were separated by HPLC and GC, structural isomers
typically coelute as a single peak. The chromatographic separdtiN® has been improved
by packed column supercritical fluid chromatography (SFC); Pereira and fMaleimonstreed
that SFC/OrbitragMS could partially and fully resolve isobaric chemical species, including
classical NAs and unknown sulfuand nitrogercontaining compounds.

1.4.5 Comprehensive taimensional gas chromatography mass spectrometry
Comprehensive terdimensional gas chromatography coupled to mass spectrometry

(GCxGC/MS) offers unparalleled chromatographic resolution and peak capacity, and has been
used in recent years to significantly improve the separation of NAs. GCxGC/MS has been used
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to analyze Ms within OSPW***>®* composite tailings pore watérgroundwate¥, petroleunt’,
and commercial NA mixturé§

1.4.5.1 Fundamentals of GCxGC

The first application of comprehensive tdonensional gas chromatography was
introduced in 1991 by Phillips and LI The GCxGC instrument (see Figure 2) is comprised of
two columns in succession to sefaranalytes using orthogonal separation. The primary column
is typically long (generally 3a.20 m), while the secondary column is shorter (typically ~1 m),
ensuring quick second dimension elution. The two columns are connected by a modulator which
collectseffluent from the first column, focuses it into a narrow plug, anrishjeets it onto the
second column. The detector records a-dingensional trace of modulated peaks, which are
then transformed and reconstructed into a-tivoensional chromatogram (sEgure 3). In the
first dimension, the analytes are generally separated based on boiling point, and with some
influence from the stationary phase of the column. The separations by the secondary column are
rapid and isothermal, and are based solely oniriteractions between the analyte and the
stationary phase.

Primary Oven

Injector l Secondary Oven

)

Primary Column Secondary Column

Modulator Detector

Figure 2. Diagram of GCxGC instrument.
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Modulation Transformation
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Figure 3. Schematic of the GCxGC separation of 3etating peaks and the transformation of
data into a GCxGC contour plot

2" Dimension

15t Dimension

There are numerous mddtor designs for GCxGC systefn€® but the most common is
the dual stage quad jet thermal modulator, developed by L&f@bration. This modulator is
used in the experiments described in Chaptets Rriefly, the quaget modulator consists of
two hot air jets and two cold air jets (see Figure 4a). The cold air traps and focuses the effluent
from the primary column, whiléhe hot air thermally desorbs the effluent. Another modulator
design is the two stage logtyle modulator (see Figure 4b), commercialized by Zoex
Corporation, which was used in Chapter 5 of this thesis. In this modulator design, the column is
looped twie within a manifold that is in the pathway of a hot and cold jet. The cold jet
continuously flows on a portion of the loop to trap and focus effluent, while the hot jet is pulsed
at regular intervals to remobilize the effluent.

(a) Cold Jets (b) Cold Jet Carrier Gas

= ] [—
Carrier Gas . .

Hot Jet
Hot Jets l

Figure 4. Schematic of ) dual stage quaét thermal modulator, and (b) twstage loop
modulator

There are several advantages that GCxGC offers ovediorensional chromatography
techniques, such as the potential for higher peak capacity, and signal enhancement dueto analyt
focusing by modulator. GCxGC is well suited to the -temgeted analysis of complex mixtures
since the technique produces structured-dimoensional chromatograms, which aid in the
identification of unknown$! Figure 5 shows the GCxGC contour plot of a standard mix
contaning alkanes, fatty acid methyl esters, and PAHs, and the second dimension separation of



Ph.D. Thesig David T. Bowman; McMaster UniversitChemistry

the three chemical classes is clearly demonstrated. Furthermore, structured GCxGC
chromatograms allow the rapid identification of structural isomers and homologgese Bi
displays a GCxGC contour plot which illustrates the chromatographic resolution of the methyl
esters of &, Co-, and Go- monocyclic carboxylic acids. It is observed that structural isomers
elute in bands on the GCxGC chromatogram (with similarrgkcimension retention times),

and an increase in alkylation leads to an increase in the second dimension retention time.

I EREDS

2" Dimension Retention Time (s)

1360

15t Dimension Retention Time (s)

Figure 5. GCxGC contour plot demonstrating the separation of a standard mixture comprised of
alkanes, fatty acid methyl esters (WAs) and polycyclic aromatic hydrocarbons (PAHS).
Primary column stationary phase: Bns, (5%Phenylymethylpolysiloxane; Secondary column
stationary phase: DR7, (50%phenyl}ymethylpolysiloxane.

10
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Masses: 184 170 156

C;0 Monocyclic Acid
Cy Monocyclic Acid
t

o
Cg Monocyclic Acid

:
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2"d Dimension
Retention Time (s)

1t Dimension Retention Time (s)

Figure 6. GCxGC contour plot demonstrating the stawe nature of the 2D chromatogram.
Isomers elute in bands with similar second dimension retention times, while homologues with
increasing degrees of alkylation, in general, possess increased first and second dimension
retention times.

1.4.5.2 Characteration of NAs by GCxGC/MS

GCxGC coupled to timef-flight mass spectrometry (TOFMS) was first applied for the
characterization of NAs (as methyl esters) in 2005 by état®", who analyzed two commercial
mixtures and one extract from a Syncrude tailings pond. The authors reported the
chromatographic resolution of individuadyalic and monocyclic NAs. NAs with higher degrees
of cyclicity (Z-values ranging between to-8) were detected in the samples, but the method did
not allow the resolution of isomers. Nevertheless, the authors noted that they were able to detect
differences in the patterns of the acyclic and monocyclic NAs between the three samples,
demonstrating, for the first time, the use of GCxGC/MS for the fingerprinting of NAs and
differentiation of sources.

To date, the most notable contribution of GCxGC/MS tostiuely of naphthenic acids
has been the structural elucidation of individual NAs. Since very few El mass spectra of NAs are
present within mass spectral library databases or in literature, NAs have primarily been identified
by (1) i nt er pkrneatvant & ombl orhastshes pbeucnt ra from firs
structural assignments, and (2) confirmation of structural proposals by comparing the GCxGC
retention times and El mass spectra of unknowns with that of commercially available or
synthesizedeaference standards. In lieu of reference standards, some NAs have been tentatively
identified based on mass spectral similarities to literature EI mass spetffae analysesfo
NAs by GCxGC/MS have firmly identified the following structural moieties by comparison to
reference standards: monocyelfé®, bicyclic*>%° tricyclic-***®  tetracyclic'®, and
pentacycli¢® alicyclic carboxylic acids; monocycht? and bicycli¢®®® aromatic carboxylic
acids; tricyclic®?’di carboxylic -aecmtdai niamgld 6tshuil dfiinene c a

11
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addition, steroidatype carboxylic acids have been identified in OSPW extracts based on their El
mass spectrd. GCxGC coupled to high resolution mass spectrometry (HRMS) has been used to
identify a number of diaromatic sulfgontaining carboxylic acids based on mass accuracy and
mass spectral fragmentation patteth§Vestet al demonstrated that GCxGC/HRMS (5 ppm
mass accuracy) was useful for distinguishing organic compounds from different heteroatom
classes, and the authors reported the identification of a numbess dét@cyclic carboxylic
acids'®

In recent years, GCxGC/MS has been used as a qualitative fingerprinting tool in the field
of oil sands forensics to investigate compositional differences between OSPWifferant
industried?, differentiate OSPW contamination in groundwater systems from naturally occurring
NAs?, and assess the temporal and spatial variations within tailing P3dftisiowever, to date,
only the occurrences of adamantaard steroidatype carboxylic acids have been investigated
in such studies.

1.5 Reclamation of tailings in the Athabasca oil sands region

1.5.1 Dry landscape reclamatianSandhillFen reclamation site

Composite tailings (CT) is a dry reclamation technology which is formed by combining
FFT with postprocessed sand and gypsum (Ca5@.,8; 1 kg per mof FFT). Gypsum acts as
a coagulant and assists in the separation of water frosotits. Composite tailings are placed
into minedout pits, where the mixture is allowed to dewater. The pore water released from the
CT material is recycled back into the extraction process. Once the CT deposit solidifies,

reclaimed landscapes can be kkshed overtog® *’
Syncrude Canadads Sandhi | | Fen Recl amati on
deposit in the AOSR. Sandhil | Fen hasdgnpda,n ar ea

north of Fort McMurrary, AB, Caada (57°02'23.6"N 111°35'30.0"W). At the site, an epast

mine pit was ifilled with 35 m of composite tailings material over an 8 year peffycind then
capped with 10 m of processed tailings sand. A 0.5 m layer ofittlayas placed over the sand

cap as a bader wetland construction, and development of the wetland began in the summer of
20117, First, stockpiled and salvaged peat matériah a nearby mine site was placed on top

of the claytill layer, then the peat was seeded with fen vegetation. The wetland was then
established by flooding the fen with freshwater from the Mildred Lake Reservoir in May 2012.

During the initial phases afetland construction in 2009, emissions of hydrogen sulphide
(H2S) gas were discovered at surface dewatering wells, suggesting the occurrence of microbial
sulphate reduction within the site. It has been previously shown that sulfate reducing bacteria
(SRB)occur within oil sands tailings pond®*'° and the adition of large quantities of gypsum
to tailings can stimulate such bacterial communities. Reid and W3rcharacterized this situ

12
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aqueous distributions of sulfur compounds at the site and deteg&dalj) within the surface

water samples collected from the overlying fen, and the pore water samples from the sand cap,
and composite tailings deposit. Bradfoetl al*** demonstrated that microbial communities
within the sand cap and composite tailings deposit Wegeading modern carbon sources at the
site. However, it is unknown whether NAs or other OS&&ved compounds were also being
utilized. It is plausible that the degradation of labile, modern carbon sources may stimulate the
degradation of recalcitranbmpounds, such as NAs, via the priming efféct® which would

be beneficial from a reclamation perspective.

1.5.2 Wet landscape reclamation: End pitlakes (EPLS)

End pit lakes (EPLs) have been proposed as a wet reclamation strategy whose purpose is
to provide a sustainable landscape featuckafinal remediation solution for oil sands tailings
and OSPW. EPLs are established by depositing FFT into an excavated mine pit, and covering the
tailings with a water cover. In contrast to tailings ponds, which serve as a temporary holding
basin for tdings during mine operations, end pit lakes allow the permanent storage df-f£FT.

Syncrudebdbs Base Mine Lake (BML) is the fir
BML is located at the Mildred Lake Mine site, which is approximately 35 km north of Fort
McMurrary, Alberta, Canada (111.622279W,57.010263N). The FFT deposit has a maximum
depth of 45 m, and a total volume of ~186 Rifhe FFT was deposited at the site caerl8
year period, from 1994 to 2012. The water cap comprises of a mixture of OSPW and fresh water
from Beaver Creek Reservoir, and possesses an average depth of 8.5 m. The approximate
volume of the water cap is 65 MmDuring the summer, the water cappiig/s thermally
stratified conditions and can be divided into three distinct zones: epilimnion, metalimnion, and
hypolimnion. The system experiences turnover in the fall and the spring. During the winter, the
water cap is ice covered and is weakly stradifiAn important consideration of BML is the
management and remediation of toxic compounds present in FFT and OSPW, such as NAs and
polycyclic aromatic hydrocarbons (PAHs). While the geochemistry of the water cap is expected
to be similar to OSPW initiallywater quality is expected to improve over time due to fresh water
inputs and natural attenuation. However, since the settling and dewatering of FFT will contribute
pore water to the overlying water cap, it is important thagj@ng assessments are penied to
monitor the longterm geochemical evolution of BML.

1.6 Thesis objectives and overview
The overall objective of this thesis was to develop analytical methodologies utilizing

GCxGC/MS for the improved characterization of individual NAs at oitlsaeclamation sites in
Fort McMurray, AB, Canada. Multidimensional chromatography is advantageous since it offers

13



Ph.D. Thesig David T. Bowman; McMaster UniversitChemistry

unparalleled chromatographic resolution and peak capacity, and allows the examination of
individual constituents within complex mixtures. tacent years, GCxGC/TOFMS (nominal
mass resolution) has been used to significantly improve the separation of NAs and, most notably,
resolve structural isomers. However, due to several factors (e.g. extreme complexity of NA
mixtures and lack of availablefezence standards), a large number of NAs within OSPW and
related samples are unknown. Moreover, the monitoring of NA isomer distributions by GCxGC
has great potential as a fingerprinting tool to aid in the differentiation of sources. However, very
little is known about the variabilities of isomer profiles within tailings ponds, reclamation sites,
or in rivers and ground waters. Only a few studies to’§Hdtthave begun to explore the spatial

and shorterm temporal variabilities of NAs, and such studies were limited to the monitoring of
single families of NAs. In addition, since it has been reported that structural isomers of NAs
display varying levels of susceptibility to degradatfdi the monitoring of NA isomer
distributions via multidimensional chromatography may allow greater insight into the cycling of
NAs.

The second chapter of this thesis presents an analytical mktbpdatilizing
GCxGC/TOFMS (with nominal mass resolution) for the improved separation of NAs. In this
study, GCxGC/TOFMS was used as a discovery tool to identify individual NAs within a pore
water extract from Syncrudeds Sandhil | Fen re

Thethird chapter of this thesis characterizes the spatial and temporal trends of individual
NAs at Sandhill Fen. This study demonstrates that GCxGC/TOFMS can be used as a
fingerprinting tool to differentiate sources of NAs and also monitor NA compositibaages.

Chapter four applies GCxGC/TOFMS to monitor the spatial and temporal trends of NAs
at Syncrudeds Base Mine L ake.-quanttatiee assdsamedngs i s t
of NAs by GCxGC/TOFMS (by external calibration). This study dematestrahat the
monitoring of isomers was useful for detecting subtle temporal and spatial differences, which are
not observed by comparing the total concentrations of each isomer series.

Chapter five reports the first application of GCxGC coupled to atagblution QTOF
MS for characterization of NAs. This study demonstrates that GCxGC/M®Ean not only
resolve structural isomers and generate isomer profiles, but can also provide information on
chemical classes, double bond equivalents, and carbon rairbbgeed on mass accuracy.
Furthermore, it is shown that Kendrick mass defect plots are useful for simplifying complex
GCxGC datasets and providing a global overview of the elemental compositions within NA
mixtures.
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Abstract

Rationale: Naphthenic acids (NAs) accumulate in oil sands prea#fested water (OSPW) as a
result of the watebased extraction processes, agpresent one of the toxic fractions in OSPW.
They exist as a complex mixture and so the development of an analytical method to characterize
and quantify individual acids has been angomg challenge. The multidimensional separation
technique of two dimesional gas chromatography (GCxGC) has the potential to provide a
fingerprint of the sources of NAs and can potentially resolve individual analytes for target
analysis. However, the identity and toxicity of a large proportion of the acids present in tailing
waters are still unknown.

Methods: Comprehensive twdimensional gas chromatography thokeflight mass spectromet

try (GCxGC/TOFMS) was used to characterize naphthenic acids in a pore water sample from a
Syncrude composite tailings (CT) deposit in ARddMurray, Alberta, Canada. The extractable
organic acid fraction was derivatized with diazomethane and the structures of selected resolved
esters were elucidated through interpretation of their electron ionization (El) mass spectra and, if
available, confimed by comparison with the spectra of reference standards.

Results The high resolving power of the GCxGC/TOFMS technique allowed for the structure
elucidation of numerous as yet unidentified acids in the CT pore water sample such as carboxylic
acids cormaining a thiophene, indane, tetralin or cyclohexane moiety. Seventeen members of the
previously reported class of adamant#yyee carboxylic acids in oil sands process water could
also be identified in the sample.

Conclusions This study underlines theomplexity of naphthenic acid isomer distributions in
composite tailings and provides a useful inventory of individual acids.
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1. Introduction:

The Alberta oil sands represent the third largest oil reserve in the world, containing in
excess of 170 bibn barrels of oif. Most oil from Alberta is produced using a warm water
caustic extraction process, which uses large volumes of water to isolate bitumen from sand and
clay? Tailings are produced as a-pyoduct and comprise of oil sands proeaffscted water
(OSPW), sand, silt, clay, and unrecovered bituh@il.sands tailings exist as an aqueous slurry
and are required to be stored-site in tailing ponds as a result of a zeischarge policy.
OSPW is known to be acutely toxic to aquatic biota, primarily due to the accumulation of
naphthaic acids (NA), polycyclic aromatic hydrocarbons (PAH), and &3lté/hile coarse
solids are able to settle quickly in tailing ponds, the fine particulates consolidate slowly to form
fluid fine tailings (FFT). Clarified OSPW is released slowly from the FFT into the ovgrlyin
water and is eventually recycled back into the extraction précess.

In order to accelerate the release of water from FFT for more rapid reclamation,
technologies such as the Composite Tailings process have been developed. Composite tailings
(CT) is a dry reclamain technology which combines fluid fine tailings with gypsum to form a
nonsegregating deposit. Gypsum acts as a coagulant and allows for the accelerated
consolidation of tailings. Pore water is also released from the CT, and is recycled back into the
extraction pocess. The CT deposits can be capped by sand and reclaimed landscapes (i.e.
wetlands) can be developed over the defiosit.

Naphthenic acids are traditionally defined as a complex mixture of aliphatic and alicylic
carboxylic acids (§H2.+02 where n = number of carbong = degee of unsaturation).
However, studies using higlesolution mass spectrometry have shown that oil sands tailing
waters also contain acids with aromatic rings, sulphur and/or nitrogen heteroatoms, as well as
acids with additional oxygen containing subsitts (GH2.:Ox, Wher e x i s%%an int
19 The structure of the majority of the individual acids that make up the NA profile is unknown,
primarily due to theomplexity of the mixtures and lack of readily accessible standarsre
are thousands of acids present in oil sands tailings waters, so that the development of an
analytical method for their identification and quantification has been agpiog challeng.

Such analytical methods would enable further characterization of toxic and/or biodegradable
components of naphthenic acid mixtures. It is expected that the profiling of individual organic
compounds, such as sulfur containing species, may allow fomglisthing sources of
naphthenic acids released to the environment.

Comprehensive twdimensional gas chromatography coupled to tofilight mass
spectrometry has been shown to be a promising tool to resolve individual naphthenic acids in
tailings watersand identify their structures.Previous analyses of OSPW have confirmed the
structures of individual naphthenic acidsisas diamondoid® tetra and pentacyclic acid®n
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the basis of a comparison with reference standards. In addition, st€t@iddl diaromatic
thiophene acid§ have been tentatively identified on the basis of their EI mass spectra.
Nevertheless, the identity of the large majority of the acids in tailings remains unknown.

In this study, comprehensivvo-dimensional gas chromatography thofeflight mass
spectrometry (GCxGC/TOFMS) was used to analyze the methyl ester derivatives of the acid
extractable organics (AEO) in pore water from a composite tailings reclamation site in Fort
McMurray, Alberta. Tle extract contains several thiophergyclohexaneindane and tetralin
type acids, whose structures were elucidated. Many isomers belonging to the previously
identified class of adamantane acids were also present in this sample. This study desceibes thes
new classes of naphthenic acids, increases the inventory of known acids, and exemplifies the
complexity of isobaric analytes within CT pore water.

2. Experimental
2.1 Sitelocation andsamplingmethods

Approximately 500 mL of pore water was collectemm a monitoring well installed at 9 m
depth in the overlying sandcap of a composite
site in Fort McMurray, AB on July 27 2011. Pore water samples were collected from the site
by an inertial lift pump sstem. The pore water samples were stored irci@a@ned Nalgene
plastic bottles a20°C and thawed prior to extraction.

2.2Chemicals andeagents

Dichloromethane (distilled in glass) was purchased from Caledon Laboratories
(Georgetown, Ontario, Canada)o aid in the identification of the unknowns, the following
compounds were purchased: adamantinarboxylic acid ( 99 %, Sigmaldrich, St. Louis,
MO, USA), adamantang-acetic acid (98 %, Sigmaldrich), 3,5dimethyladamantang-
carboxylic acid (97 %,SigmaAldrich), 3-ethyladamantan#&-carboxylic acid (Aldricf™®
Milwaukee, MO, USA), cyclohexane carboxylic acid (98 %, Sighdrich), 1-
methylcyclohexand-carboxylic acid (99 %, SigmaAldrich), 2-methylcyclohexand-
carboxylic acid (mixture of cis anttans, 99 %, Sigmaldrich), trans4-ethylcyclohexane-
carboxylic acid (Aldrich™®), 1,2,3,4tetrahydre2-naphthoic acid (98 %, Sigmalidanylacetic
acid (Aldrich*"®), 5-methylthiophene-carboxylic acid (98 %, Sigmaldrich), 2-
methylthiophene&-cartoxylic  acid  (Aldrici™,  5-ethylthiophene2-carboxylic  acid
(Aldrich“PR), 2,5dimethykthiophene3-carboxylic acid (Aldrich™?), 4-ethyl-5-methylthiophene
3-carboxylic acid (Aldrich™.

2.3 Extractionprocedure
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The protocol for the extraction of naphtiie acids from pore water was modified from the
method developed by Haai al'! Briefly, water samples (20 mL) were passkrbugh a sterile
Acrodisc 0.45 um syringe filter (Gelman Sciences, Ann Arbor, MI, USA), acidified to pH 2 and
extracted with dichloromethane (4 x 15 mL). The extract was concentrated to 1 mL by rotary
evaporation and quantitatively transferred to a glss in which it was further concentrated to
30 pL by blowing gently with nitrogen.-Blexyldecanoic acid in dichloromethane was added as
an internal standard (final concentration: 1 ppm). Diazomethane i€lgWas added dropwise
to the sample until thgellow colour persisted. The resulting methyl ester derivatives were
analyzed by GCxGC/TOFMS.

2.4 Analysis by GCxGC/TOFMS

Samples were analyzed using a Pegasus 4D system (LECO corp, St. Joseph, MI, USA).
The instrument utilized Rt 7sil ms (30 m x 0.25m x 0.15 pm) as the primary column and
DB-5ms (1 m x 0.1 mm x 0.1 um) as the secondary column. The primary oven was programmed
to hold for 1 minute at 40°C, ramp to 310°C at 2.5°C/min, and hold at 310°C for 20 minutes. The
secondary oven offset was set+#5°C relative to the primary oven. A modulation period of 4
seconds was used. The modulator offset was +15°C relative to the secondary oven. The ion
source and transfer line temperature were set to 200°C and 280°C, respectively. Helium was
used as the caer gas at a flow rate of 1 mL/min. The tiroéflight mass spectrometer (TOF
MS) scanned over a mass range of 30 to mlat a sample acquisition rate of 200scans per
second. Data processing was performed by ChromaTOF v.4.50.8.0 (LECO). Libraryesearch
were conducted with thRIST/EPA/NIH Mass Spectral Library 2008 (NIST (8aithersburg
MD, USA) and a user library containing the purchased reference standards.

3. Results anddiscussion
3.1 Thiophenetypecarboxylicacids

A series of alkyl substited thiophenecarboxylic acids has been identified in the pore
water extract. The extracted ion chromatogram (EIC) displayed in Fig. 1 shows the
chromatographic resolution of numerous-(@ethyl substituted), £(dimethyl or ethyl
substituted), and $£thiophenecarboxylic acids. An increase in the degree of alkylation of an acid
appears to lead to an increase of its first and second dimension retention times. Isobaric
compounds show a tendency to cluster together in the two dimensional chromatogram, allowing
for a rapid detection of analogues.

The methyl ester of-Bnethytthiophene2-carboxylic acid was identified in the sample by

comparison with the GCxGC RTs and the EI mass spectrum of an authentic standard (see Figs.
2A and 2B). The spectrum displays eominent molecular ion ain/z 156 with the expected
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[M+2] %S isotope peak. The base peaknét 125 results from direct bond cleavage of the ester
methoxy group, while the peakmatz97 represents the loss of the entire ester moie

In the sane vein, the presence of the methyl ester-ofe2hytthiophene3-carboxylic acid
in the sample was established. The mass spectrum (see Figs. 2C and 2D) closely resembles that
of its isomer shown in Figs. 2A and 2B, but it features prominent fragmeratong141 (loss
of CHﬁ andm/z 124 (loss of CHOH). The methanol loss is readily ascribed to aH shift
from the CH substituent to the neighboring ester {LHmMoiety. This rearrangement represents
an example of the scalled ortho-effect”: when the methyl substituent is in thetho position
relative to the ster, an energetically favourable shembereeting transition state is realized.

As a previous mass spectrometric study of some substituted thieptuameoxylic acid¥®
has shown that loss of,8 is clearly associated with tlwtho-effect, it seems reasonable to
assume that a significant peak for loss ofs0OH in the spectra of the methyl est of unknown
alkyl substituted thiophenecarboxylic acids is also due to this effect.

Two additional sample components that el ut
chromatogram of the above reference standards, yield the mass spectra presaegse@E and
2F. Comparison of these spectra with those of FigsD28aves little doubt that we are dealing
with positional isomers of the methyl esters identified above. Using the-effédai leading to
loss of CHOH as a criterion, we propose thiaé structure of the analyte of Fig. 2E contains a
methyl substituent positioned ortho to the ester, whereas the analyte of Fig. 2F does not.

A cluster of six isomers with apparent molecular ions&atl70 and similar fragmentation
patterns was also idéfied in the sample. We propose that these are methyl esters- of C
thiophene carboxylic acids. Their mass spectra are presented in FigukesT3©se of the
methyl esters of the reference standards, thaligggthyl3-thiophene and &thyl2-thiophene
carboxylic acids, are presented in Fig. 3A and 3B. Neither standard could be traced in the water
sampl e but both do elute in the @Aisomer cl us
sample. As expected, the spectra of the six isomers all yield aimgarsgy match in a mass
spectral library search with a user library containing the two standards.

Three G-thiophene carboxylic acids were identified in the sample by comparing their mass
spectrum, shown in Figs. 48, with that of the methyl ester dfethyl5-methylthiophenes-
carboxylic acid (Fig. 4D). The four spectra are similar in appearance and share a sulphur
containing molecular ion ah/z 184 and prominent primary fragment ionsnafz 169 (loss of
CHf) andm/z 153 (loss of CM. The spectmn of the reference standard displays two more
prominent peaks in the high mass regiez, m/z152, whose generation is readily ascribed to
loss of CHOH following a 1,5H shift, andm/z 139, whose mechanism of formation and
structure assignment is ledsvious. A detailed gaphase ion chemistry study involving labelled
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analogues would shed more light on this question. It could also lead to the assignment of specific
structures to the three identified-iophenecarboxylic acids.

In this context we netthat tentative structures of sulphur containing naphthenic acids have
been proposed in a recent sttfdyHowever, this is the first study in which structures of
thiophene acids have been established by comparison with reference standards. The presence of
thiophenetype hydrocarbons in petroleum and crude oils is well known and we propose that the
thiophene cdroxylic acids identified in our pore water sample are oxidative biotransformation
products of alkylated thiophenes. The bacterial oxidationmethylbenzethiophene has been
studied previousfy and it appears that theCH; substituent can be oxidized $#H,OH and
further to £LOOH. A similar biotransformation may well have occurred with alkylated
thiophenes in crude oil.

3.2Indane andtetralin-typecarboxylicacids

Indane and tetralinderived carboxylic acids alsappear to be constituents of the pore
water extract. The EIC chromatogram/¢ 130+116 of Fig. 5A shows the chromatographic
resolution of the methyl esters of this class of analytes.

The presence of the methyl ester ah@anylacetic acid (Analyte (Ih Fig. 5A) is shown
by the closely similar GCxGC RTs and El mass spectra of the analyte and its reference standard:
compare the spectra of Fig. 5B and 5C, which display a molecular rarz &80 and fragment
ions atm/z116 (base peak) ami/z74 originating from a McLafferty type rearrangeméft

The same appach made it possible to unambiguously identify tetr2lsarboxylic acid
(Analyte (4) in Fig. 5A) as a constituent of the pore water sample. The closely similar mass
spectra of Figs. 5D and 5E are characterized by a molecular mofz 890 and fragmeribns in
the high mass region ai/z158 (loss of CHOH via a 1,4H shift) andm/z130 (base peak). The
latter ion possibly results from a facile decarbonylation oilz158 ions into an energetically
favourable product ion.

The mass spectra of Anadg (2) and (3) of Fig. 5A, whose first dimension RTs are
considerably different from that of tetralfacarboxylic acid, are presented in Supplementary
Fig. S1A and S1B (Supporting Information). The two mass spectra are remarkably close to that
of tetralin2-carboxylic acid but we feel that in the absence of additional information a structure
assignment is not warranted.

To our knowledge, this is the first time that the above carboxylic acids have been

confirmed as constituents of CT pore water. Naphtleald¢atralin, and indangype acids were
recently identified in partially degraded petroleum fractions, and it was suggested that these acids
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may be indicative of bacterial processes occurring in resefRjoifhe degradation of
naphthalene has been studied previously, and it was shown that naphthateénetralintype

acids are produced as metaboliteshaf biotransformatiofi-?? It is proposed that tetralitype

acids may be produced following the reduction of naphthelgree acids, or alternatively,
following the carboxylation of tetralin hydrocarbdfisRefereme standards for -land 2
naphthoic acid were obtained, but neither acid was detected in our sample. The absence of
naphthalengype acids in the pore water may suggest an advanced stage of biotransformation
within the CT.

3.3 Cyclohexandypecarboxylicacids

Detailed studies by Rowlaret al>***have identified several cyclohexatype carboxylic
acids in a commercial naphthenic acid mixture derived from petroleum. It has not been
established whether OSPW also contains this class of acids but our study indicates that numerous
cyclohexandype carboxylic acids are present in the fi@@Fe water extract which is derived from
OSPW.

The parent cyclohexane carboxylic acid was identified by comparison of the GCxGC RTs
and the mass spectrum of its methyl ester with those of the authentic standard (see Figs. 6A and
6B). The mass spectrum dlays a molecular ion an/z 142 and a pattern of fragment ions
resulting from Hshifts and concomitant ring cleavage sucim#s110 (loss of CHOH), m/z87
(loss of QHf), andm/z55 (G4H;"). The same approach (see the mass spectra of Fids). 6@
to the positive identification of the methyl esters of the homologousarid 2methyt
cyclohexane carboxylic acids in the sample. Three additional analytes, whose mass spectra are
shown in Supplementary Figs. SZA (Supporting Information), may well be oth&h-
cyclohexane (or &£cyclopentane) carboxylic acid isomers, judging from their high mass spectral
similarity to the authentic standards and their similar RTs. The spectrum of Figure S2C may well
be that of the methyl ester ofr@ethytcyclohexane carboXg acid, as it is very close to that of
the authentic standard reported in the study by Roveaatf*

Finally, we note that the mass spectra of the set of mfzel70 analytes presented in
Supplementary Fig. S3A(Supporting Information) may well be assignedntethyl esters of
C.-cyclohexane and/or £ryclopentane carboxylic acids. The spectra are similar to those of the
methyl esters of 4thylcyclohexane carboxylic acid (Supplementary Fig. S3J (Supporting
Information), reference standard) anethylcyclohexane carboxylic acid (NIST 08 database).
Their GCxGC RTs are also in agreement with this proposal, as the analytes form a cluster with a
slightly increased SLand 2° dimensional retention time relative to the group of alicyclic acids
with M=156 discussedbove.

3.4 Adamantangypecarboxylicacids
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A previous studyf has shown that thisass of acids is an important constituent of OSPW
and numerous members thereof are also present in our CT pore water extract.

The presence of the methyl ester of adamanriacerboxylic acid in the sample was
established by comparison of its El mass spectand RTs with those of an authentic standard
(Figs. 7A and 7B). The methyl ester of adamaniaearboxylic acid was also identified. This
isomer elutes at a slightly longer retention time in the first dimension and yields the mass
spectrum shown in Spgementary Fig. S4A (Supporting Information). This spectrum is entirely
compatible with that reported in Rowlaatlaf>. The closely similar RTs and El mass spectra of
analyte and authentic standard (see Supplentary Fig. S4B and S4C, Supporting Information)
indicate that the methyl ester of adamantdaeetic acid is also a component of gample.

The dissociation characteristics of these analytes have been discussed previously by &owland
al.*?

Using the EI mass spectra and structure assignments of Roetlaid as a guide, we
tentatively propose that the spectra of the three analytes shown in Figs. 7C and Supplementary
S4D and S4E (Supporting Information) refer to methyl esters of methyl substituted adamantane
1-carboxylic acids. The spectra are chanazéel by a molecular ion ah/z208, a base peak at
m/z149 (loss of CI;DCOB), and prominent secondary fragment ionm&107 andn/z93. The
spectra of the four analytes presented in Figures 7D and SupplementaB4i34Bupporting
Information) also diplay these peaks, but they are dominated by odd electron fragment ions at
m/z176 (loss of CHOH) andm/z148 (probably resulting from the subsequent decarbonylation
of the m/z176 ion). The methyl ester of adamant@nearboxylic acid® shows basically the
same dissociation behaviouindicating that these four analytes are methyl substitut
homologues thereof.

The presence of the methyl ester of-8ifmethyladamantangé-carboxylic acid in the
sample was established by comparison of its mass spectrum and GCxGC RTs with those of an
authentic standard (see Figs. 7E and 7F). The spectrpiaydisa molecular ion am/z222 and a
prominent fragment ion an/z 163 (loss of CbDCOE). The five mass spectra presented in
Supplementary Figs. S585E (Supporting Information) are most probably methyl esters of
isomeric dimethyladamantanecarboxylicdsciThe spectra possess common fragments to that of
the reference isomer (Fig. 7F), but also display a peai/a190 (loss of CHOH) of varying
relative intensity. This variation is undoubtedly related to the position 6fGREOCH; group of
the isomerand its proximity to the methyl substituents.

A reference standard of&thyladamantang-carboxylic acid was also available. Its mass

spectrum (see Supplementary Fig. S5F, Supporting Information) shows a prominentipéak at
193 for loss of @H;f‘which clearly is of structure diagnostic value. This compound could not be
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detected in our water sample but the sample component with the mass spectrum shown in
Supplementary Fig. S5G (Supporting Information) is likely that of a closely related isomer.

4. Conclusions

In this study, an oil sands composite tailings pore water sample has been examined by
GCxGC/TOFMS and compelling evidence is provided for the presence of numerous naphthenic
acids that belong to five different classes of compounds. These incldmxya acids having
(alkyl substituted) thiophene, indane, tetralin, cyclohexane or adamantane as a structure motif.
The structure of a number of the individual components of each class could be firmly established
by comparing the EI mass spectrum andxGC RTs of the analytes with those of an authentic
reference standard. The compounds identified in this study enlarge the inventory of individual
naphthenic acids that may be used for fingerprinting samples of natural waters and
differentiation of input sorces.
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Figure 1. Two-dimensional contour plot illustratinthe extensive series of thiophetype
carboxylic acids found in composite tailings water samples. (EIC m/z 169+155+156).
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Abstract

Naphthenic acids (NAs) are naturally occurring in the Athabasca oil sands region (AOSR) and
accumulate in tailings as a result of wabesed extraction processes. NAs exist as a complex
mixture, so the development of an analytical technique toactezize them has been an-on
going challenge. The monitoring of individual NAs and their associated isomers by
multidimensional chromatography has the potential to provide greater insight into the behavior
of NAs in the environment. The aim of this studss to use comprehensive tdomensional gas
chromatography timef-flight mass spectrometry to monitor individual naphthenic acids within

a wetland reclamation site in the AOSR. Samples were collected from four monitoring wells at
the site and the extractwere found to contain numerous isomers of monocydicyclic-,
tricyclic-, indane, and tetralirtype carboxylic acids from the ,Ochemical class, and
monocyclic and thiophengype carboxylic acids from the S@hemical class. NA profiles
(comprisedof resolved NAs possessing the aforementioned structural moieties) were normalized
to the G tricyclic carboxylic acids (adamantatie and -2-carboxylic acid), and distinct
distributions were observed at each site. Few significant changes were obseevetheov
sampling period, with the exception of one well (Well 6A). At Well 6A, many isomers of
monocyclic (Q class) and sulfucontaining NAs underwent significant decreases over the
sampling period of the study, which we propose may be caused in pahte byotnward
movement of freshwater from the fen. In addition, percentage compositions were calculated for
each set of structural isomers, and multivariate statistical analyses (principal component analysis
and hierarchical cluster analysis) revealed higgttial variation at the site. However, consistent
distributions were observed for some sets of NA isomers (such jas:a@ Gotricyclic
carboxylic acids, and the;& and Gs-bicyclic carboxylic acids). Hierarchical cluster analysis
was able to differarate NA isomer distributions associated with the sand cap from the
composite tailings deposif.he methods and results presented in this study shed light on the
occurrence of NA isomer distributions at a wetland reclamation site and are not only afageleva

to the Alberta Oil Sands, but also to other petroleum deposits.
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1. Introduction:

The Alberta oil sands is the third largest oil reserve in the world and is estimated to contain
over 170 billion barrels of oft? The warm water caustic extraction of bitumen generates tailings
as a byproduct, which are comprised of oil sands proedtscted water (OSPW), solids (eg.
sand, silt and clay), unrecaeel bitumen, and dissolved metals and organic compdunds.
Naphthenic acids (NAs) are naturally occurring in oil sands deposits and accumulate in OSPW
and tailings porewatérNAs are traditionally defined as a complex mixture of atkybstituted
aliphatic and alicyclic monocarboxylic acids,tGn+zO2, where n = carbon number, Z = degree
of unsaturation), but the definition has beepanded in recent years to include chemical species
with aromatic ring functional groups, sulfur and/or nitrogen heteroatoms, and- raodo
polyoxygenated substitueds NAs are of environmental interest because they have been linked
with the acute and chronic toxicity of OSPW, and have the potential to migrate from tailings
impoundments into natural systems via surface and/or grouedwetchangé?'* The
monitoring of NAs derivedrom oil sands processing in natural waters is complicated due to: (a)
the extreme complexity of NA compositions, (b) the lack of knowledge of compositional
differences within source OSPW samples (e.g.: between industries and spatial variations within
tailing ponds), and (c) natural inputs of NAs into river and groundwater systems via the erosion
of exposed oil sands deposits. The combination of these factors creates significant challenges in
differentiating sources and/or demonstrating biodegradation h&set compounds in
environmental systems which need to be addressed in order to demonstrate the effectiveness of
reclamation activities.

Mass spectrometry (MS) has emerged in recent years as the most effective analytical tool
for the characterization dffA mixtures. Notable applications of M&ased techniques (often
coupled with offline and/or online fractionation) for the analysis of NAs have been summarized
in recent review article§:*® Comprehensive twdimensional gas chromatography mass
spectrometry (GCxGC/MS) is a promising tool in the field of environmental foréf&fcand
has been applied in recent studies related to the Alberta 0il?48nd&CxGC coupled with
nominaf®3® and high resolutioff ** MS has been used to significantly improve the
chromatographic separatiorf dlAs, allowing the resolution of structural isomers and other
isobaric interferences, and facilitating the structural elucidation of many individual’ffAs
36303740 The profiling of structural isomers via multidémsional chromatography has the
potential to shed light on the occurrence and fate of NAs in tailing ponds and the greater
environment. It has been shown that the biodegradation of NAs is structure specific, and the
position/degree of alkyl branching campact the extent of their transformatitt> Therefore,
resolved isomer profiles gerated by GCxGC/MS may be able to detect subtle differences in
NA compositions which, when analyzed by direct infusion MS or separation techniques with
lower peak capacity, are masked by theekdion of structural isomers and/or other isobaric
interfererces.
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In recent years, a few studies have begun to explore the application of GCxGC/MS in oil
sands forensics. The preof-concept study by Rowlanet al*® demonstrated that distributions
of methyl esters of adamantanerlmaylic acids resolved by GCxGC/MS could be used to
differentiate two OSPW samples from different industries. The authors suggested that variations
between the two samples may reflect differences in the extent of biotransformation of OSPW.
Frank et af® used GCxGC/MS and Orbitrap MS (with negative electrospray ionization) to
distinguish OSPW contamination in groundwater systems from waters exposed to natural
bitumen deposits. The authors reported that OSPW sources were characterized by the presence of
two families of steroidatype monoaromatic NAs (detected by GCxGC/MS) and measurements
of high G::0, ion class ratios (detected by Orbitrap MS). In a recent &tua\suite of advanced
analytical techniques (e.g.: GCxGC/MS, synchronous fluorescence spectroscopy, liquid
chromatographyuadrupole itne-of-flight mass spectrometry, gas chromatogragbgdrupole
time-of-flight mass spectrometry) were used to characterize the-temorttemporal and pond
scale spatial variations of two OSPW sample sets. The GCxGC/MS method was applied to the
sample setsn two companion studies: Frarét al®* monitored the suspected monoaromatic
carboxylic acids, and Lenggest al*’ monitored distributions of adamantameonc and
dicarboxylic acid¥’. The authors reported that the greatest differences were observed for the
pondscde spatial sample set, and the differences were most likely caused by differences in
tailing inputs and surface rwoff. However, despite the recent studies, there still remains a lack
of knowledge in the occurrences of many of the other NAs identific@SRW and related
samples, such as cyclohex&ié®*? bicyclic-?*% tetracyclie®, pentacyclie*®, indane®***
tetralin®**° and thiophengype® carboxylic acids. The aforementioned NAs have been reported
to contain diverse isomers distributions, whichy be useful from a monitoring perspective.

In this study, we report the use of comprehensivedimtensional gas chromatography
time-of-flight mass spectrometry (GCxGC/TOFMS) to profile resolved components within the
NA mi xture at S y rdluillr ked eecla@ationasdea BlEemerdbis iIsomers of
monocyclie, bicyclic-, tricyclic, monoaromatic bicyclit y pe car boxyl i 0 aci ds
chemical class, and monocyeliand thiophenéd y pe car boxyl i c0 achemi dalo
class were detected ithe extracts. NA profiles, consisting of isomeric carboxylic acids
possessing the aforementioned structural moieties, were normalized tq:the&yClic NAs
(adamantand-carboxylic acid and adamantaBearboxylic acid), and the relative abundances
were used to evaluate the temporal and spatial variation at the site. Furthermore, percent
compositions were calculated for each set of structural isomers to further assess the variability of
isomer distributions for each elemental composition identifiedeasite.

2. Materials and Methods:

2.1 Site Description
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The field investigation was <carried out

at

Sandhi | | Fen Reclamation Sit e.-Infithnosh ofsFort e i s

McMurrary, AB, Canada (57°02'23.6"N 111°35'30.0"W). At this site, an eg@st mine pit was
in-filled with 35 m of composite tailings material over an 8 year pefidG.omposite tdings is

formed by combining fluid fine tailings (FFT) with pegstocessed sand and gypsum
(CaSQA 2.8; 1 kg per m3 of FFT). Gypsum acts as a coagulant and accelerates the dewatering
of FFT. In 2009, the CT deposit was capped with 10 m of processedsand. A 0.5 m layer

of clay-ill was placed over the sand cap as a base for wetland construction, and development of
the wetland began in the summer of 261 Eirst, stockpiled and salvaged peat materials from a
nearby mine site were placed on top of the tithyayer, and then the peat was seeded with fen
vegetation. The wetland was then established by flooding the fen with fresHvestethe
Mildred Lake Reservoir in May 2012.

2.2- Pore Water Sampling:

Water samples (grab samples, volumes: 500 mL) were collected from four monitoring
wells at the site. There were two monitoring wells installed which sampled the intermediary sand
cgp (Well 6A: 9.7 m depth; and Sump Vault: 10 m depth), and two wells which sampled the CT
deposit (Well 8C: 25 m depth; and Well 5D: 17 m depth). A map of the study site and well
locations is shown in Figure S1. Each monitoring well was sampled at leasttimes and
monitored for over a one year period. Well 6A was sampled on July 27 2011, May 30 2012, and
Nov 6 2012; Sump Vault was sampled on July 27 2011, May 30 2012, August 7 2012, and
November 6 2012; Well 8C was sampled on July 27 2011, May 30 28#i2August 8 2012;

Well 5D was sampled on July 27 2011, May 30 2012, and July 13, 2013. Pore water samples
were collected from the site by an inertial lift pump system and were stored-olepred
Nalgene plastic bottles. All samples were kept on icé tirey could be stored in a freezer-at

20°C.

2.3- Chemicals and Reagents:

Dichloromethane (distiled in glass) was purchased from Caledon Laboratories
(Georgetown, Ontario, Canada). The following compounds were purchased and used as
recovery/internalstandards in this study:-Rexyldecanoic acid (96%, Signasddrich), 4-
tertbutylcyclohexand-carboxylic acid (99%, SigmaAldrich), and phenyll-cyclohexane
carboxylic acid (98%, SigmaAldrich).

2.4 - Extraction Procedure
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The pore water samples were exted using a methodology described in a previous
study® Briefly, water sample (20 mL) were filtered with an Acrodisc 0.45 um syringe filter
(Gelman Sciences, Ann Arbor, MI, USA) to remove suspended particles, and the pH was
lowered to < 2 using concentrated HCI. The water samples were then extracted with
dichloromethane (4 x 15 MLThe extracts were combined was then concentrated to 30 pL by
use of arotary evaporatgrfollowed by blowing gently with nitrogen. The carboxylic acids were
converted to methyl esters by adding diazomethane (dissolved in dichloromethane) dropwise to
the sample until the yellow colour persisted. Methyth&yldecanoate dissolved in
dichloromethane was added to the samples as an internal standard following derivatization (final
concentration: 1 ng/uL). -tertbutylcyclohexand-carboxylic acid and phemll-cyclohexane
carboxylic acid were added as recovery standards to assess extraction efficiency.

2.5- Instrumental Analysis

The methylated extracts were analyzed using a Pegasus 4D system (LECO Corp., St
Joseph, MI, USA). The instrument utilized RitXsl ms (30 m x 0.25 mm x 0.15 ym) as the
primary column and D& ms (1.5 m x 0.10 mm x 0.10 um) as the secondary column. The
primary oven was programmed to hold at 40 °C for one minute, ramp to 310 °C at a rate of 2.5
°C/min, and hold at 310 °C for 20 mifihe secondary oven offset was set to +5 °C relative to
the primary oven. A modulation period of 5.5 s was used. The modulator temperature offset was
+15 °C relative to the secondary oven. The ion source and transfer line temperatures were set to
200 °C and280 °C, respectively. Helium was used as the carrier gas at a flow rate of 1 mL/min.
The timeof-flight mass spectrometer was scanned over a mass range of m/z 30 to 500 at a
sample acquisition rate of 200 scans/s. Data processing of GCxGC/TOFMS datfaasqu
by ChromaTOF version 4.50.8.0 (LECO Corp), which included automatic peak finding with
mass spectral deconvolution. Library searches were conducted with the NIST/EPA/NIH Mass
Spectral Library 2008 (NIST 08, Gaithersburg, MC, USA) and a user lilm@maining NA
reference standards.

2.67 Identification of Naphthenic Acids

The identification of NAs in this study was reliant on the comparison of the relative
retention times and mass spectra of unknowns with: (a) the retention times and mas®ftpectra
authentic standards, (b) mass spectra from the NIST08 database, and (c) mass spectra found in
literaturé”*%3%%%2  \When the aforementioned materials were mogilable, NAs were
tentatively identified by manual mass spectral interpretation. The ElI mass spectra for all of the
NAs monitored in this study are presented in a mass spectral library report in the SI. The
identifications of the monocyclic, tricyclianonoaromatic bicyclic (indane and tetratype)
carboxylic acids from the ©Ochemical class and thiophene carboxylic acids from the SO
chemical class have been discussed in a previous’Stidscussion of the identifications of the
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bicyclic carboxylic acids from the Lclass and the sulftgontaining monocyclic carboxylic

acids (peculated to possess a tetrahydrothiophene and/or thiacyclohexane ring structure) are
found in the SI. The plots of the retention times for the swdéntaining monocyclic carboxylic

acids and bicyclic carboxylic acids are shown in Figure S2.

2.77 Statstical Analysis

Univariate statistical analysis was carried out using SPSS statistical software package
(Version 17.0.0, SPSS Inc., Chicago, Il, USA). Data was tested for normality and homogeneity
of variance using Shapi/i | k (U = 0. 05) and pectivelp Daadvicht e s t
did not meet the parametric assumptions of normality and homoscedasticity was log transformed.
Oneway analysis of variance (ANOVA) with < 0.01 was used to test for differences between
t hree or mor e -tastevasrusetb te§ fouddferantes ketween two means, \pith
< 0.01. Volcano plots were used to visualize changes within wells between sampling dates.
Differences were determined to be significant when fold change (FC) > +1.p &nd.0O1.
Principal component analgsi(PCA) and combined heat map and hierarchal cluster analysis
(HCA) were performed using MetaboAnalyst 32tHCA was based on Pearson distances and
Ward clustering algorithm. PCA and HCA were performed ontlagsformed and autoscaled
data. NAs which were not detected in more than 60% of the samples were removed from the
dataset prior to PCA and HCA.

3. Resuts and Discussion:
3.1 Detection of Relative Changes in NA Profile via the Monitoring of Individual NAs

Figure 1 displays a typical twdimensional total ion current chromatogram (TIC) of a
methylated pore water extract, and the complex nature of NAureitis clearly demonstrated.
A total of 110 resolved NAs belonging to 15 elemental compositions were identified within the
pore water extracts. Table 1 summarizes the number of isomers from each compound class
which were detected at the four monitoringllaieConsistent with previous studies employing
multidimensional chromatographic separation for the analysis of*NAS“*° numerous
structural isomers were detected for each elemental composition.

An objective of this study was to assess whether the monitoring of individual NAs via
GCxGC could shed light on temporal and spatial vanatiof the NA profile at Sandhill
reclamation fen. In order to differentiate the effects of differing levels of dilution from
compositional changes in the NA profile, the suite of identified NAs were normalized within
each sample to the ;C tricyclic carbaxylic acids (adamantarkcarboxylic acid and
adamantan@-carboxylic acid). The G tricyclic carboxylic acids were selected to normalize
each sample because the two isomers were observed to be prominent, stable components of the
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NA mixture. The ratio ofthe two G; tricyclic carboxylic acids did not significantly differ
between the extracts from the four monitoring wells {aag ANOVA:. p = 0.448).
Furthermore, the ratio of the total;Qricyclic carboxylic acids over the total;{tricyclic
carboxylic &ids was found to be statistically similar at each of the monitoring wells following
oneway ANOVA (p = 0.376).The extracted ion chromatograms displayed in Figure 2 show that
the full suite of G; and G tricyclic carboxylic acids could be detected atreaell, with the
same relative abundance.

Principal component analysis (PCA) was performed on the normalized dataset, and high
spatial variation was observed at the site. The PCA scores plot presented in Figure 3 shows that
the pore water extracts fromu®p Vault, Well 8C, and Well 5D clustered based on their
sampling location. The pore water extracts from Well 6A were distinguished from the other
wells, but were also separated from each other along PC1. This suggests that components within
the NA mixtureat Well 6A were undergoing a compositional change over the sampling period.
The heat map presented in Figure S3, which illustrates the relative abundance of each profiled
NA, is consistent with the PCA scores plot and clearly shows that unique pateeoisarved at
each well.

Volcano plots (see Figure S4) were used to visualize the number of NAs which were
significantly changed within each monitoring well (compared to the first sampling time point,
July 27 2011). Tables $56 lists the significantlyleered NAs from each sampling date, along
with their calculated fold changes apevalues. Well 6A displayed the greatest number of
significantly altered NAs. The samples collected on May 2012 and November 2012 from Well
6A possessed 12 and 46 significgraltered NAs, respectively. Worthy of note, the significantly
altered NAs from Well 6A were predominantly monocyclic NAs from theclass and sulfur
containing NAs. The sample collected from Well 6A on November 2012 possessed 10
monocyclic NAs and 29 slur-containing NAs which underwent a significant decrease relative
the first sampling period.

In contrast to Well 6A, very few changes were observed at the other wells from the site. At
Well 8C, there were two altered NAs detected in the samples from2BEd and August 2012,
both of which were sulfucontaining NAs. At Well 5D, ten and eight NAs were significantly
altered on May 2012, and July 2013, respectively. There were no significant changes observed in
the normalized NA profile at the sump vaultovthy of note, the magnitudes of the fold changes
at Well 6A were much greater than the other wells (see Figure S4).

3.2 Evaluation of NA Isomer Distributions at Sandhill Fen

While it has been established that numerous structural isomers exist forchramical
moieties within OSPW and petroleum samples, the spatial variability of such isomer
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distributions are not well understood. Percentage compositions were calculated for each set of
structural isomers to evaluate the variability of isomer distribatatrthe site. Briefly, the peak

areas of each isomer was divided by the sum of the peak areas of all structural isomers detected
in more than 60 percent of the samples from the datasetdétents that remained were
replaced with half of the lowest valuethe dataset, with the assumption that the missing values
were due to compounds being present below the detection limit.

Multivariate statistical analyses of the percentage composition dataset revealed that unique
NA isomer distributions were detected each monitoring well. The combined heat map and
HCA dendrogram pl ot (shown in Figure S5) vis
percent composition within its congener group, and the differences between the monitoring wells
are clearly obserek The HCA dendrogram plot shows that the pore water extracts are
segregated into two major clusters: extracts that originate from (1) the CT deposit and (2) the
sand cap. Each cluster is further differentiated into subclusters based on the monitoring well
Principal component analysis (PCA) was also performed on the dataset and-theénsional
scores plot is presented in Figure 4. It is revealed that the two components explained over 76% of
the variance in the dataset. The sand cap and CT depositesaropld be distinguished along
PCL1. Similar to the HCA results, the pore water extracts were observed to tightly cluster in the
PCA scores plot based on their sampling location, indicating the presence of relatively stable
fingerprints at each monitoringell.

As mentioned in the previous section, the profiles of tricyclic NAs from theh®mical
class were consistent between the four monitoring wells. The percentage composition graphs for
the Gy and Gy tricyclic NAs are presented in Figure 5. In castrtothe stable fingerprints of
Cy1 and Gatricyclic acids at Sandhill Fen, the occurrence of individual tricyclic carboxylic acids
have been previously shown to be variable in tailing ponds from twamed industriés. The
authors reported that specific;;:Cand G tricyclic carboxylic acids (e.g.: adamantahe
carboxylic acid, adamantat®ecarboxylic acid, 3methyladamantané-carboxylic acid, and
adamantané-acetic acid) could not be reliably detected in fresh OSPW samples from both
industries. The FFT deposited at the site is expected to be more aged than the fresh OSPW
samples from the study by Lenggeal.*’, so perhaps the reliable detection of adamantane acids
at Sandhill fen is the result of the enrichment cdiradntane carboxylic acids. Consistent with
our observations, Fowlest al>* performed anaerobic degradation studies of model PAHs and
NA surrogates and reported that adamantianarboxylic acid was not degraded after 260 days
by oil sands microbes under sulphageducing and methanogenic conditions.

Figure 6 displays the percentage graphs of thar@ G bicyclic carboxylic acids from
each sample in this study. Theg @nd G bicyclic carboxylic acids displayed distinct isomer
profiles at each monitoring well. The fingerprints of thebityclic carboxylic acids were the
most variable of the bicyclic acids. Figure 6a shows that Isomer 1 ofgthiey€lic carboxylic
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acids washe most abundant isomer in Well 6A, representing an average of 82% (+ 2) of the
relative percentage composition for the set of isomers. At other sites at Sandhill Fen, Isomer 1
was less dominant, representing an average percentage of 45% = 5, 17% 8% an@l at

Sump Vault, Well 8C, and Well 5D, respectively. In contrast to the add G bicyclic
carboxylic acids, the relative abundances of thga@d G, bicyclic carboxylic acids were also
consistent between the sampling wells (see Figure S6). Teenpgge compositions of the
monocyclic (Q), monocyclic (SQ@), and thiophene carboxylic acids were also calculated and are
presented in the Figures S7,-$8and S10, respectively. Generally, the percentage compositions
of the aforementioned naphtheniddscdisplayed unique fingerprints at each monitoring well.

As evident in Figures 4 and S5, the comparison of NA isomer distributions did not reveal
the compositional changes that were observed by normalizing each analyte tq-tihey€lic
carboxylic &ids. The NA profile changes detected at Well 6A on November 2012 were
predominantly driven by the simultaneous decrease of nearly all of the monocyclic carboxylic
acids (Q class) and sulfucontaining carboxylic acids (see Table S2). Since the relatatkrs
experienced similar fold changes, their relative proportions to one another did not significantly
change relative to the first sampling event.

3.3 Implications for the monitoring of naphthenic acids

This study illustrates the use of GCxGC/TOFMS$ tfte qualitative analysis of individual
naphthenic acids at Sandhill Fen. It was demonstrated that by normalizing the NA profile to the
Cy; tricyclic carboxylic acids, it was possible to assess the spatial and temporal variability of
individual NAs at thesite. Well 6A showed the greatest fold changes (when compared to first
sampling date), and it was observed that altered species were predominanttgauHining
carboxylic acids and monocyclic carboxylic acids, @ass).Worthy of note, the significat
changes at Well 6A coincide with the flooding of the fen in May 2012. While some of the
changes may be the result of the microbial degradation of NAs, the alterations may also be
caused by the movement of water within the site and the mixing of solreesoncurrent study
at Sandhill fer®, conservative satracers suggested the downward movement of water from the
overlying fen into Well 6A. Dissolved sodium and chloride concentrations within pore water
samples at Well 6A (samples collected on July and September 2013) were consistent with values
from the ovelying wetland, and were distinct from values measured at other wells within the
sand cap and CT deposit. The downward migration of water from the fen to the sand cap of
Sandhill fen was also supported by BradfetdaP®. The authors demonstrated that rhial
communities within the sand cap and composite tailings deposit were utilizing carbon sources
whos @i gnatures were c B0wlues freamthe few.ilnt didertoe a s ur
better elucidate the cause of the NA profile changes at Well GAayt be necessary perform
laboratory degradation studies where the source water is well characterized and water movement
is constrained. Understanding the biodegradation potential of individual NAs would help focus
reclamation strategies for oil sands proers.
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The NA isomer distributions were also evaluated for each elemental composition, and the
percentage composition calculations revealed that distinct distributions were present at each
monitoring well.It was shown that the relative proportions ofistural isomers could be used to
provide a fingerprint to distinguish samples from the composite tailings deposit and the sand cap.
There are a few possible reasons why distinct isomer profiles were detected at each site. The
composite tailings material wadeposited at the site over an 8 year period, and since the
locations of each well is spatially distinct (see Figure S1), it is likely that the tailings material
across the site originates from different oil sands ore which contains a unique distrdjution
NAs. Furthermore, each of the wells monitored a different depth at the site and differences
within each monitoring well may result from the weathering of NAs. The deeper CT material at
the site is presumed to be more aged, relative to the more shallanatrial, and has likely
been subjected to longer periods of natural attenuation processes which would be expected to
alter NA isomer profiles. Table 1 reveals that Well 8C, the deepest well in this study (25 m
depth), contains the lowest number of detdgsomers.

A limitation of this study is the small number of monitoring wells sampled from Sandhill
fen. Two wells were sampled within the sand cap and CT deposit, and each well monitored a
different depth and spatial location at the site (see FiglixeV#hile the results clearly show that
distinct NA profiles can be observed at each of the monitoring wells, a more in depth analysis of
the spatial variability of the site would be useful to improve our understanding of NA mixtures.
It would be valuabléo understand the variability of isomer profiles with changes in depth or
variations in small distances around a single location. Furthermore, the addition of ultrahigh
resolution mass spectrometry would be complementary to the data obtained from GCxGC/MS
experiments, since the accurate mass information obtained from such techniques can provide
additional information for chemical species which were not monitored by GCxGC/MS in this
study, and also analytes which are not amenable to GC analysis (see &airdwand Headley
et al’® and references therein). The complementary nature of multidimensional chromategraphy
based techniques and ultrahigh resolution mass spectrometry haddmeenstrated in recent
environmental studie:*>8%2
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Supporting Information:

Supporting information (SI) document contains: ten figures,tables, and descriptions of
identifications of bicyclic carboxylic acids and monocyclic sulfontaining carboxylic acids.

An additional SI document contains a mass spectral library report for the profiled naphthenic
acids.
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Second Dimension RT (s)

First Dimension RT (s)

Figure 1. Total ion current (TIC) chromatogram of athylated pore water extract from July 27
2011 at Sump Vault.
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Second Dimension
Second Dimension

Second Dimension
Second Dimension

First Dimension First Dimension

Figure 2. GCxGC contour plota§/z208 + 194) showing the chromatographic separation pf C
and G, tricyclic carboxylic acids from pore extracts sampled on July 2011.
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Figure 3. Principa component analysis (PCA) was used to differentiate the NA profiles
following normalization to the Ctricyclic carboxylic acids.
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Figure 4. Principal component analysis (PCA) of naphthenic acid isomer percentage
composition profiles compared betwebe fou monitoring wells at Sandhillén.
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Figure 5. Percentage composition graphs of the (a)add (b) G, tricyclic carboxylic acids.
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Figure 6. Percentage composition graphs of the (@u@ (b) G bicyclic carboxylic acids.
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Table 1 Number @ detected naphthenic acids from each monitoring well.

Chemical Naphthenic Acid Carbon Well 6A Sump Vault Well 8C Well 5D
Class Core Structure Number
O, Monocyclic Cs 7 7 2 3
Cy 14 14 3 12
Bicyclic Cs 9 9 9 9
Cy 15 15 15 15
Cio 11 11 11 11
Cu 10 10 10 10
Tricyclic Cu 2 2 2 2
Ci2 11 11 11 11
Monoaromatic Bicyclic Cu 3 3 0 0
SO, Sulfur-Containing Monocyclic Cs 2 2 2 1
Cs 7 7 5 6
Cs 7 7 5 7
Cy 2 3 3 3
Thiophene Cs 4 4 0 0
Cs 6 6 1 2
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Supporting Information

®
® Well 6A

Well 5D

@
Well 8C

Figure S1 A map of the study site, illustrating the locations of the sampling wells.
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Figure S2. The first and second dimension retention times for the analytes identified as (a)
bicyclic carboxylic acids and (b) sulkgontaining monocyclic carbglic acids.
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Figure S3.Heat map diagram showing the abundances of individual naphthenic acids, relative to
the G tricyclic carboxylic acids. Triplicate values are plotted for each sampling date. Data was
log transformed prior to heat map analysis.
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Figure S4.Volcano plots indicating the number of NAs that were significantly altered at each
sampling time point, when compared to first sampling date on July 2011. The peak areas of each
naphthenic acid were normalized to the sum of thdr€yclic carboxylic acids. Red dots

indicate NAs withp < 0.01 and fold change > + 1.5. Blue dots indicate NAs with p > 0.01 and/or
fold change < £ 1.5.
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Figure S5 Hierarchal cluster analysis (HCA) and heat map visualization of the isomer
percentage compdgin profiles with Pearson distance and Ward clustering.
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Figure S7.Percentage composition graphs of thea@d G monocyclic carboxylic acids from
the Q chemical class.
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C¢ Sulfur-containing Monocyclic Carboxylic Acids
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Figure S8.Percentage composition graphs of thg G, and G sulfur-containing monocyclic
carboxylic acids.
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C, Sulfur-containing Monocyclic Carboxylic Acids
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Figure S9. Percentage composition graphs of thesGlfur-containing monocyclic carboxylic
acids
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C, Thiophene Carboxylic Acids
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Figure S10.Percentage composition graphs of thehphene carboxylic acids.
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Table S1.logy(Fold Changes) anidog:o(p-values) values for significantly altered naphthenic
acids detected on May 2012 at Well 6A (Compared to July 2011).

Naphthenic Acid log,(Fold Change) -log, (p-value)
C, monocyclic carboxylic acid, methyl ester: Isomer 1 -0.886 2.315
C, monocyclic carboxylic acid, methyl ester: Isomer 14 -1.521 3.780
C, bicyclic carboxylic acid, methyl ester: Isomer 2 -1.044 2.950
C,, bicyclic carboxylic a@id, methyl ester: Isomer 10 -1.003 2.985
C, sulfur-containing monocyclic acid, methyl ester: Isomer 5 -0.968 3.356
2-methylthiophenes-carboxylic acid, methyl ester -1.618 3.454
methylthiophene carboxylic acid, methyl ester: Isomer 1 -1.306 3.116
5-methylthiophene2-carboxylic acid, methyl ester -1.353 3.389
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isomer -1.436 3.475
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isomer -0.903 2.652
dimethyl/ethylthiophene carboxylic acichethyl ester: Isomer 3 -0.875 2.435
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isomer -0.609 2.231
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Table S2.log,(Fold Changes) andlog;o(p-values) value for significantly altered naphthenic
acids detected on November 2012 at Well(&&mpared to July 2011).

Naphthenic Acid IogZ(FoId Change) -Ioglo(p-value)
Cy monocyclic carboxylic acid, methyl ester: Isomer 3 -0.649 2.391
Cy monocyclic carboxylic acid, methyl ester: Isomer 4 -1.520 4.499
2-methylcyclohexane carboxylic acid, metlegter -1.166 2.785
Cy monocyclic carboxylic acid, methyl ester: Isomer 5 -4.280 4.721
C, monocyclic carboxylic acid, methyl ester: Isomer 1 -0.609 2.041
C, monocyclic carboxylic acid, methyl ester: Isomer 6 -1.018 3.833
C, monocyclic carboxylic adi methyl ester: Isomer 10 -1.053 2.484
C, monocyclic carboxylic acid, methyl ester: Isomer 11 -1.249 4.084
C, monocyclic carboxylic acid, methyl ester: Isomer 12 -1.344 2.686
C, monocyclic carboxylic acid, methyl ester: Isomer 14 -3.189 4.919
Cy bicyclic carboxylic acid, methyl ester: Isomer 1 -0.650 2.929
C, bicyclic carboxylic acid, methyl ester: Isomer 2 -0.878 2.884
Cy bicyclic carboxylic acid, methyl ester: Isomer 3 -1.339 3.142
C, bicyclic carboxylic acid, methyl ester: Isomer 10 -0.614 2445
C, sulfur-containing monocyclic acid, methyl ester: Isomer 1 -3.360 4.760
Cq sulfur-containing monocyclic acid, methyl ester: Isomer 2 -2.067 3.474
C, sulfur-containing monocyclic acid, methyl ester: Isomer 6 -3.774 4.246
C, sulfur-containing monogclic acid, methyl ester: Isomer 7 -3.494 5.020
C, sulfur-containing monocyclic acid, methyl ester: Isomer 5 -3.319 5.042
C, sulfur-containing monocyclic acid, methyl ester: Isomer 1 -3.626 5.267
C, sulfur-containing monocyclic acid, methyl ester: Isarie -3.689 2.995
C, sulfur-containing monocyclic acid, methyl ester: Isomer 3 -3.774 4.246
C, sulfur-containing monocyclic acid, methyl ester: Isomer 4 -3.494 5.020
C, sulfur-containing monocyclic acid, methyl ester: Isomer 1 -2.603 4.500
Cy sulfur-containing monocyclic acid, methyl ester: Isomer 2 -2.846 3.893
Cy sulfur-containing monocyclic acid, methyl ester: Isomer 3 -2.651 4.363
C, sulfur-containing monocyclic acid, methyl ester: Isomer 4 -3.039 4.263
Cy sulfur-containing monocyclic acid, methgbter: Isomer 5 -2.386 4.061
Cy sulfur-containing monocyclic acid, methyl ester: Isomer 6 -2.950 5.167
C, sulfur-containing monocyclic acid, methyl ester: Isomer 7 -2.685 4.624
C, sulfur-containing monocyclic acid, methyl ester: Isomer 1 -2.666 4.916
C, sulfur-containing monocyclic acid, methyl ester: Isomer 2 -3.129 5.274
C, sulfur-containing monocyclic acid, methyl ester: Isomer 3 -2.834 4.235
2-methylthiophenes-carboxylic acid, methyl ester -3.609 4.313
methylthiophene carboxylic acid, methytes Isomer 1 -2.940 4.455
methylthiophene carboxylic acid, methyl ester: Isomer 2 -2.609 3.721
5-methylthiophene-carboxylic acid, methyl ester -4.866 5.687
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isome -5.098 5.623
dimethyl/ethyltliophene carboxylic acid, methyl ester: Isome! -5.465 4.932
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isome -3.205 4.069
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isome -1.788 3.769
dimethyl/ethylthiophene carboxylic agimethyl ester: Isomer £ -2.290 4.147
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isome -2.284 4.263
2-indanylacetic acid, methyl ester -1.381 3.134
tetralin carboxylic acid, methyl ester: Isomer 1 -2.128 4.330
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Table S3.logy(Fold Changs) andilog:o(p-values) for significantly altered naphthenic acids
detected on May 2012 at Well 8C (Compared to July 2011).

Naphthenic Acid log,(Fold Change) -log, (p-value)
C, sulfur-containing monocyclic acid, methyl ester: Isomer 5 -0.673 2.643
dimetyl/ethylthiophene carboxylic acid, methyl ester: Isomer -0.713 2.518
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Table S4.logx(Fold Changes) anidog;o(p-values) for significantly altered naphthenic acids
detected on August 2012 at Well 8C (Compared to July 2011).

Naphthenic Acid log,(Fold Change) -log, (p-value)
C, sulfur-containing monocyclic acid, methyl ester: Isomer 3 -0.784 2.108
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isomer -0.653 2.069
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Table S5:Log,(Fold Changes) anidog;o(p-values) for significantly alted naphthenic acids
detected on May 2012 at Well 5D (Compared to July 2011).

Naphthenic Acid logo(Fold Change) -logio(p-value)
Cg monocyclic carboxylic acid, methyl ester: Isomer 2 -0.477 2.333
1-methylcyclohexane carboxylic acid, methyl ester -0.653 2075
Cy monocyclic carboxylic acid, methyl ester: Isomer 7 -0.913 2.893
Co monocyclic carboxylic acid, methyl ester: Isomer 12 -0.934 2.477
Cy sulfur-containing monocyclic acid, methyl ester: Isomer 5 -0.936 2.011
Cg sulfur-containing monocyclic acianethyl ester: Isomer 1 -1.043 2.066
Cg sulfur-containing monocyclic acid, methyl ester: Isomer 2 -0.637 2.577
Cs sulfur-containing monocyclic acid, methyl ester: Isomer 4 -0.763 2.062
Cg sulfur-containing monocyclic acid, methyl ester: Isomer 7 -0.715 2.124
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isomel -2.832 4.127
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Table S6:Log,(Fold Changes) anidog;o(p-values) for significantly altered naphthenic acids
detected on July 2013 at Well 5D (Compared to July 2011).

Naphthenic Acid logo(Fold Change) -logio(p-value)
Cg monocyclic carboxylic acid, methyl ester: Isomer 2 -0.791 2.868
1-methylcyclohexane carboxylic acid, methyl ester -1.871 3.675
Cy monocyclic carboxylic acid, methyl ester: Isomer 7 -1.764 3.006
Co monocyclic carbwylic acid, methyl ester: Isomer 9 -0.964 2.035
Cy monocyclic carboxylic acid, methyl ester: Isomer 12 -0.628 2.053
Cs sulfur-containing monocyclic acid, methyl ester: Isomer 4 -0.837 2.087
Cg sulfur-containing monocyclic acid, methyl ester: Isomer 7 -0.846 2.762
dimethyl/ethylthiophene carboxylic acid, methyl ester: Isome; -2.972 4.262
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1. Identification of Bicyclic Naphthenic Acids

Bicyclic naphthenic acids (Z4) with carbon numbers ranging fromg @ C;; were
detected in the pore water extadtom Sandhill fen. Figure S2a shows the -tlimensional
retention positions of the methyl esters of thg;iChicyclic naphthenic acids. Due to the
structured nature of the GCxGC chromatogram, isomers with the same carbon number generally
elute in clustes on the two dimensional chromatogram. It was observed that an increase in
carbon number, or degree of alkylation, leads to an increase in both the first and second
dimension retention times of the cluster of isomers.

1.1 G Bicyclic Naphthenic Acids

The G bicyclic acids were observed as methyl esters and displayed molecular mofrs at
154. The methyl ester of endbicyclo[2.2.1]heptan@-carboxylic acid was identified in the
sample by comparison to the retention times and electron ionization (Ed)gpestrum of the
reference standard (see Figs. A3a and A3b in the mass spectral library report). The methyl ester
of exobicyclo[2.2.1]heptan@-carboxylic acid was identified by comparison with a NIST
library spectrum (see Figs. A3c and A3d in the masetsal library report). The endo/exo
isomeg of bicyclo[2.2.1]heptasiecarboxylic acid have been previously detected in an OSPW
sample:.

Five unknowns were tentatively identifieds G bicyclic acids by mass spectral
interpretation and comparison to the literature El mass spectra published byetdfieThe
five unknowns eluted in the same cluster on thexGC chromatogram as the methyl esters of
ende and exebicyclo[2.2.1]heptan®-carboxylic acid (see Fig. S2a). The El mass spectra for
the five unknowns are presented in Figures-ABethe mass spectral library report. In general,
the El mass spectra giay a molecular ion at/z 154 and a prominent base peakrdk 95,
which was generated by the loss of the entire methyl ester chemical moiety. A small fragment
ion atm/z122 (M-32, loss of methanol following hydrogen transfer) was detected in thrbe of t
aforementioned unknowns (see Figs. A3gthe mass spectral library report).

An additional unknown (EI mass spectrum presented in Figure A3j in the mass spectral
library report) possessed a spectrum which was similar to the methyl ester of
bicyclo[22.1]heptanel-carboxylic acid, previously published by Wilgeal®, and is speculated
to be an isomer.

Lastly, an unknown, whose mass spectrum is shown in Figure A3k in the pez$sals
library report, was detected in the sample, and we tentatively propose that the analyte is the
methyl ester of bicyclo[2.1.1]hexan@r bicyclo[2.2.0]hexane ethanoic acid. The unknown
displayed a molecular ion at/z154 and an intense base peaknét 80 (M-74, loss of methyl
ethanoate following hydrogen transfer). The presence of a base pe&k8&, rather tham/z
95, suggests that the unknown may contain @ Wbityclic ring skeleton, such as
bicyclo[2.1.1]hexane or bicyclo[2.2.0]hexane. Inraypous study, the El mass spectrum of the
methyl ester of bicyclo[2.2.1]heptaieethanoic acid was reportedand, similarly, it displayed
an intense base peak for the loss of thamoate side chain (M3, 100% relative intensity).
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1.2 G Bicyclic Naphthenic Acids

A set of 15 unknowns were tentatively identified as the methyl estersy diicgclic
carboxylic acid. Consistent with our assignments, Figure S2a shows thag theydic acids
form a cluster with increased first and second dimension retention times, relative to the cluster of
Cs bicyclic acids. The El mass spectra for the unknowns are presented in Figure A4 in the mass
spectral library report. Reference standard€gbicyclic acids could not be obtained for this
study, but tentative identifications were made following comparisons to literature EI mass
spectrd® of methyl esters with bicyclo[2.2.2Joctane, bicyclo[3.2.1]octane, and
bicycle[3.3.0]octane ring sketions.

The El mass spectra of five unknowns (shown in Figs.-&#&athe mass spectral library
report) displayed a molecular ion @iz 168, an intense base peaknaftz 109 (100% relative
intensity), generated by the loss of the methylated carboxy ra(meOCOE), and fragment
ions atm/z93, 79, 67, and 55. The El mass spectrum of the methyl ester of bicyclo[2.2.2]octane
2-carboxylic acid, which was reported by Wilde al®, disgayed the same molecular iomfz
168), prominent base peak/z109), and common fragment iome/g93, 79, and 67). However,
the literature EMS contained a large fragment ionmatz 139 (~90% relative intensity), which
was not present in the unknowiNevertheless, the abundant base peak at m/z 109 indicates the
four unknowns may contain ag®icyclic ring structure. However, the identities of the ring
structures (e.g., bicyclo[2.2.2]octane, bicyclo[3.2.1]octane, and/or bicycle[3.3.0]octane) are not
obvious without standards.

The EI mass spectra of the unknowns in FigurestAdiso displayed the/z109 fragment
ion, but with lower intensity (approximately 50% relative intensity). All of the unknowns
presented in Figures A4adisplayed the similar dgment ions amn/z67, 79, and 93. The/z
139 fragment ion (M29, loss of ethyl) was observed with in some of the detected compounds
(see Figs. Adg in the mass spectral library report), but it possessed a lower relative intensity
(~30-50% relative intasity).

The El mass spectra of three unknowns shown in Figures &dé characterized by a
small molecular ion ain/z168, a base peak ait/z95/94 (80100%, relative intensity), and other
fragment ions ain/z79, 77, and 67. The abundant base peaks/a95 (M-73) and 94 (M74)
indicate the presence of an enthanoate side chain. The mass spectra of Figlredsa4|
display a small fragment ion ah/z 136 (loss of methanol) andh/z 137 (loss of Crgo”),
respectively, which is typical of methyl estefihe mass spectra of the three analytes share
similarities to the mass spectrum of the methyl ester of bicyclo[2.2.1]hepretanoic acit
which also contained the same molecutar (m/z168) and intense base peak/£ 95, 100%
relative intensity).

The mass spectra of four additional unknowns are shown in Figures, & compounds
displayed a molecular ion at m/z 168, an intense peak/atl36 (loss of methanol), and
additiona fragment ions atm/z 109, 79, and 67. The mass spectra of the methyl esters of
bicyclo[3.3.0]octane-carboxylic  acid,  bicyclo[2.2.2]octarecarboxylic  acid, and
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bicyclo[3.2.1]octané-carboxylic acid displayed similar dissociation patterns and fragment
ions:

1.3 Gy Bicyclic Naphthenic Acids

A total of 11 unknowns were tentatively identified ag Ricyclic acids by comparison to
literature El mass spectrh manual mass spectral interpretations, and relative GCxGC retention
positions (see Fig. S2a). The EI mass spectra of #hki€yclic acids are presented in Figure A5
in the mass spectral librargport.

In general, the mass spectra of the liicyclic acids were characterized by a molecular ion
at m/z 182 and abundant lower mass fragment ionm@at81, 79, 67, 59, 55. Two analytes,
whose El mass spectra are shown in Figures A5a and A5b, @idpdagrominent fragment ion
atm/z123 (Mi 59, loss of CIglOCOE), which was similar to the literature mass spectrum of the
methyl ester of bicyclo[3.3.1]nonasBecarboxylic acid. Howewer, the two analytes did not
contain the M32 fragment ion (loss of methanol), which was present in the literature EI mass
spectrum.

The mass spectra of the remaining RBicyclic acids (See Figs AScin the mass spectral
library report) possessed fragnt ions atm/z 123, 81, 79, 67, 59, and 55. The identities of
bicyclic structures are not obvious but the presence of fragment iongE7 (loss of Ch) and
153 (loss of GHs), indicate that some of the unknowns may be alkylated homologuedeigC
bicyclo[2.2.2]octane, bicyclo[3.2.1]octane, bicyclo[3.3.0]octane, etc.) o (2.0,
bicyclo[2.2.1]heptane, bicyclo[3.2.0]heptane) bicyclic naphthenic acids.

1.4 G Bicyclic Naphthenic Acids

A collection of 10 unknowns were tentatively identified &g bicyclic acids by
comparison to literature EI mass speGtrananual mass spectral interpretations, and relative
GCxGC retention times (see Fig. S2a). The mass spectra of théc@lic acids are shown in
Figure A6 in the mass spectra library report. In general, the mass spectra were characterized by a
molecular ion am/z196, and a fragment ion at/z137, representing the loss of the entire ester
moiety (CH;OCOﬁ). In addition,predominant fragment ions were presenh&122, 107, 95, 79,

81, 67, and 55. Similar fragment ions were prevalent in the mass spectra of reference standards
(methyl esters of J%nethylbicyclo[3.3.1]Jnonané&-carboxylic acid, bicyclo[4.4.0]decatie
carbowlic acid, and bicyclo[4.4.0]decarlecarboxylic acid).

2. ldentification of Sulfur-Containing Monocyclic Naphthenic Acids

A series of unknowns were detected in the Sandhill fere pvater samples and were
tentatively identified as monocyclic naphthenic acids (NAs) from the c@@mical class. It is
speculated that the unknowns contain tetrahydrothiophene and/or thiacyclohexane ring structures
and a carboxylic acid functional groggee below). The plot displayed in Figure S2b shows the
retention times of the {£C;, Gg, and G monocyclic SQ NAs.

2.1 G SulfurContaining Monocyclic Naphthenic Acids
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Two analytes in the pore water extracts were tentatively identifie¢ aso@ocydic NAs
from the SQ chemical class. The EI mass spectra of the two analytes are presented in Figures
AlOa and A10c in the mass spectral library report. The El mass spectra were characterized by
molecular ions am/z 160, which possess the characteriskit § 2] *S isotope peak, and an
intense base peak at/z101 (loss of CI:;DCOB). The unknowns were confirmed as carboxylic
acids following the derivatization of a pore water sample (Well &ampled on July 27, 2011)
by BRy/methanolds;. The mass spectra tife deuterated methyl esters (see Figs. A10b and A10d
in the mass spectral library report) displayed a molecular ion which was 3 Da higher than the
nondeuterated methyl esters, thus confirming the presence of a carboxylic acid chemical moiety.
The base @ak ion atm/z101 is speculated to beslsS’, which we propose may be a methyl
substituteetetrahydrothiophene and/or thiacyclohexane ring. In agreement with our structural
assignments, lower mass fragment ionsn& 85 (GHsS"), 59 (GHsS'), and 45 (CHY have
been noted to be characteristic of tetrahydrothiophene ring structures in a previous mass
spectrometric study of methykt8/droxytetrahydrothiopher2-carboxylaté. The fragment ion
at m/z59 was identified as £15S" and not CHOCO' since the deuterated methyl esters also
possess the/z59 fragment.

The EI mass spectra (from NIST database) of thiacyclohexame methwy
tetrahydrothiophengype hydrocarbons were compared (see Figs. Alllethe mass spectral
library report) and both ring structures displayed similar dissociation patterthe unknown
acids and shared common fragment ions (réz101, 67, 59, and 55). However, the EI mass
spectra did not display any obvious diagnostic ions which allowed the differentiation of the ring
structures. The fragment ionmatz87 appears tbe more prominent in the thiacyclohexane ring
structures (Fig. A10f,h), but it was also detected in the EI mass spectrurpropy23-
methyltetrahydrothiophene (Fig. A10g).

2.2 G SulfurContaining Monocyclic Naphthenic Acids

A set of seven isomers \mitapparent molecular ions ratz174 were tentatively identified
as G sulfur-containing monocyclic acids. All of the isomers contained the [M ¥jisotope
peaks and were confirmed as carboxylic acids following derivatization bynBthanold;. As
shavn in Figure S2b, the nonocyclic SQ NAs showed a slightly increased first and second
dimension retention times, relative to thgr@onocyclic SQ NAs. The El mass spectra for the
C; sulfur-containing monocyclic acids are presented in Figure A1l inmigs spectral library
report.

Four analytes within the series (El mass spectra shown in Figs-dAltilanass spectral
library report) showed similar dissociation behavior to tlRgm®nocyclic SQ NAs discussed
above. The four isomers displayed molecutansi atm/z174, and intense base peaksnat115
(loss of methyl ester moiety). We suggest that the unknowns may be ‘mabsyituted
analogues of the two ¢Cmonocyclic SQ NAs in the sample (i.e. the methyl esters of
ethyl/dimethyttetrahydrothiopheneatboxylic acid, and/or methyhiacyclohexane carboxylic
acid).
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The EI mass spectrum of an additional isomer is shown in Figure Alle and is
characterized by a molecular ionmatz174 and a base peakrafz101 (M-73). Fedoralet al®
previously reported that the ElI mass spectrum of the methyl ester of tetrahydrothityzcatie
acid possessed a molecular iomdz 160 anda base peak ah/z87 (M-73). Given the similar
dissociation patterns, we suggest the isomer may be the methyl ester of - methyl
tetrahydrothiophene acetic acid, or thiacyclohexane acetic acid.

Lastly, there were two isomers within the series tentatiddntified as structural isomers
of tetrahydrothiophene propanoic acid. The mass spectra for the isomers (see FigugsnAllf
mass spectral library report). are consistent with the spectrum of the methyl ester of
tetrahydrothiophené-propanoic acid, présusly reported by Fedoradt al® The molecular ion
was observed ah/z174, and a base peak ion was presenmt/aB7 (M-87), resulting from the
loss of the methyl ester of propanoic acid. A fragment iom&t 143 was also observed,
corresponding to the loss of QBI.

2.3 G SulfurContaining Monocyclic Naphthenic Acids

A collection of seven unknowns were tentatively idigedi as G sulfur-containing
monocyclic carboxylic acids. The mass spectra for the seven isomers were very similar (See Fig.
Al2ag in mass spectral library report); each EI mass spectrum displayed a moleculanian at
188 and a large base peakvdz 101 (Mi 87, loss of methylated propanoic acid). In addition, the
seven compounds also possessed characteristic fragment iors8at (GHsS"), 59 (GHsS"),
and 45 (CHY. Using the El mass spectrum of the methyl ester of tetrahydrothiofhene
propanoic acitl as a guide, the unknowns were tentatively identified as isomers of
methyltetrahydrothiophene propanoic acid and/or thiatytane propanoic acid.

2.4 G SulfurContaining Monocyclic Naphthenic Acids

Lastly, there were three unknowns which have been tentatively identified ssIf@-
containing monocyclic carboxylic acids. The El mass spectra of the unknowns are prasented
Figures Al3ec in the mass spectral library report. The El mass spectrum of the three unknowns
displayed a molecular ion at/z202 with the [M + 2P*S isotope peak. The base peakné&115
is speculated to be a metkgdbtituted thiacyclohexane ringr a dimethyl/ethysubstituted
tetrahydrothiophene ring. The loss of 87 suggests the loss of propanoic acid from the ring
structure.
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Appendix: Mass Spectral Library Report

Summary:

Contains EIMS of the profiled naphthenic acids included in this study.
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1-methylcyclohexane carboxylic acid, methyl ester
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CO,CHy
500

124 141 156
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Cg monocyclic carboxylic acid, methyl ester: Isomer 1
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Cg monocyclic carboxylic acid, methyl ester: Isomer 3
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Cg; monocyclic carboxylic acid, methyl ester: Isomer 5
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2-methylcyclohexane carboxylic acid, methyl ester
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Cgz monocyclic carboxylic acid, methyl ester: Isomer 2
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Cg monocyclic carboxylic acid, methyl ester: Isomer 4
1000, 55 87
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Figure Al. EI mass spectra of the methyl esters of (a)ethylcyclohexane carboxylic acid, (b)
2-methylcyclohexane carboxylic acid, andgcunknowns tentatively identified as the methyl
esters of @monocyclic carboxylic acid.
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(Figure Continued on Next Page)
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