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ABSTRACT: The remediation of oil sand process-affected water (OSPW) generated during the bitumen extraction in the oil
sand region of Canada is an area of ongoing research interest. One of the primary remediation challenges is the removal of
residual complex organic compounds present in the OSPW. In the present study, the molecular constitution of OSPW from
aerated and nonaerated wetland treatments were characterized in constructed wetland treatment systems. Negative-ion and
positive-ion atmospheric pressure photoionization (APPI) Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS) was used to provide extensive molecular-level analysis of the samples. Multiple aerated and nonaerated treatment
wetland systems were characterized in terms of naphthenic acids (NAs), oxy-NAs, heteroatom NAs class, and double bond
equivalent (DBE) versus carbon number to evaluate their molecular composition and variability. A broad range of heteroatom
compound classes with variable relative abundances were identified. The DBE versus carbon number analysis revealed different
levels of transformation of the compound classes, an indicator of NA fraction compound susceptibility to transformation. The
selectivity and the extent of transformation of the compound classes were a function of the wetland design. The
complementarity in the heteroatom classes detected in negative-ion and positive-ion APPI FT-ICR-MS highlight the need for
multiple ionization methods for more complete coverage of the distribution of components in OSPW. The detailed molecular-
level information can be useful for prediction of the fate and associated toxicity of the species and also treatment efficiencies of
the wetland systems.

1. INTRODUCTION
Oil sands have attracted much attention because of the decline
in conventional oil resources as much effort is focused toward
the establishment of alternative sources of oil.1 One of the
largest deposits of oil sands in the world is found in Alberta,
Canada.2,3 The current method used to separate bitumen from
oil sands by surface mining operations is based on the
application of Clark alkali hot process, which generates large
volumes of wastewater known as oil sand process-affected
water (OSPW).4−6 The OSPW is subsequently directed into
large tailing ponds. Furthermore, OSPW in tailing ponds can
mix with storm and surface water run-off, dyke drain water,
groundwater, and connate water (water that is naturally part of
the oil sands deposit), surface water, and shallow aquifer water
removed during site construction prior to mining, consolidated
tailings, fresh and aged OSPW, and water from wetland
reclamation.7−9 All these water that have made contact with oil
sands are collectively considered as OSPW.10 OSPW is a
composition of a complex mixture of metals, semimetals, salts,
and inorganic and organic compounds.11−13 The organic
constituents include classical naphthenic acids (NAs)/
oxidized-NAs (oxy-NAs), aromatics, and heteroatom NAs

such as nitrogen/sulfur/oxygen containing species.14,15 Classi-
cal NAs, oxy-NAs, aromatics, and heteroatom NAs are
genera l ly descr ibed as NA fract ion compounds
(NAFCs).16,17 The classical NA compounds are the primary
toxic constituent found in OSPW.8,18 The potential toxicity of
other species in OSPW is not established, but some insights are
emerging in the recent literature. For example, O3S classes
detected in negative electrospray ionization (ESI) were found
to induce oxidative stress and damages on the cellular
membranes of fission yeast (Schizosaccharomyces pombe)
cells.19 Other heteroatom NAFCs such as O2S species detected
by negative ionization mode were correlated to acute toxicity
to fathead minnow (Pimephales promelas) embryos.18,20 A
recent study linked the obstruction of the conveyor proteins
and the ATP-binding cassette (responsible for cleansing
foreign substances in the body) primarily to sulfur and
nitrogen-containing classes observed by the positive-ion ESI
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high-resolution Orbitrap mass spectrometry (MS).21 Effect-
directed analysis of OSPW found the nonacidic species of
oxygen (O2

+) observed using positive ionization mode to also
cause acute toxicity.18

Remediation of OSPW has become an area of much
interest22−28 in which constructed wetland treatment (CWT)
is an emerging and viable eco-technology.29 The wetland
designs are based primarily on the consortium of plants, soils,
hydroperiods, and microbes for efficient remediation.30,31

Developments in CWT technology are primarily focused on
gaining knowledge of the fundamental processes in wetlands
that can improve their performances.32 Some studies
demonstrated that specific transformation processes in treat-
ment wetland such as oxidation could be promoted to improve
the quality of wastewaters.30,33 Constructed wetlands are
characterized by specific conditions such as aerobic (aerated)
and anaerobic (nonaerated) conditions that support different
treatment processes for optimal removal of targeted com-
pounds.34 In aerated constructed wetlands, oxygen is increased
to levels required for the degradation of contaminants.35,36 The
application of constructed wetlands has led to improved water
quality. However, the analysis of NAFCs in such systems is
prone to interferences from biological materials like fatty acids
that can mask the characterization and quantification of
NAFCs at the molecular level.
Studies on the characterization of NAs conducted with gas

and liquid chromatography MS provide molecular-level
information. However, their ability to address the fundamental
problem of compositional coverage of OSPW is limited.17 The
complexity of the numerous chemical classes in OSPW
presents a challenge concerning molecular-level character-
ization. Fourier transform ion cyclotron resonance (FT-ICR)
MS is more appropriate for molecular-level characterization
and extensive coverage of the compound classes in complex
matrices than most other commonly used mass spectrometers
based on the maximum mass resolution and accuracy that can
be obtained for closely related ions.37,38 Detailed composition
of complex environmental matrices like OSPW using ultrahigh
resolution MS has been successfully reported.39,40 FT-ICR-MS
offers ultrahigh resolution (about 500 000 resolution at 400 m/
z) and accurate mass measurements (<1 ppm)41,42 that
facilitate unique compositional assignment of the many species
found in OSPW samples.39,40,43,44 Various ionization methods
such as ESI and atmospheric pressure photoionization (APPI)
coupled to FT-ICR-MS have been used to increase composi-
tional coverage of OSPW.14,40 On the other hand, some studies
have highlighted the uniqueness of the APPI technique in the
analysis of environmental samples14,40,45,46 to provide addi-
tional knowledge on the specific degradation mechanism and
transformation products in a complex heterogeneous mix-
ture.46

The net effects of the different treatments for OSPW
remediation are not fully ascertained, partially because our
understanding of the complete composition of the compound
classes is limited. For example, most analyses of OSPW polar
organics were based on negative ionization detection.47,48

Negative and positive ionization techniques preferentially
target different chemical species in petroleum samples.49 The
acidic species such as NAs (O2 species) are readily ionized by
negative-ion mode, whereas nonacid or basic species are
preferentially ionized by positive-ion mode.14,40,49 Conse-
quently, application of a single ionization technique is less
informative for full coverage of the composition of petroleum
samples.50 Comprehensive knowledge of the molecular-level
composition and environmental fate of OSPW in wetland
treatment is thus important for evaluating treatment efficacy as
well as estimation of their potential toxicological impacts. This
study reports the application of negative-ion and positive-ion
APPI coupled to FT-ICR-MS to broaden the molecular
characterization of wetland treatment samples previously
analyzed by negative-ion ESI.
Ion formations in APPI are performed in positive or negative

ionization mode. In the positive mode, basic analytes with high
affinity for proton are protonated with weak acids such as
formic acid (HCOOH) or acetic acid (CH3COOH) or react
with solvent or water clusters are more favorable for the
formation of protonated ions ([M + H]+). The acidic analytes
with high affinity for positive electrons are deprotonated with
weak bases such as ammonium hydroxide (NH4OH) to
produce [M − H]−. Furthermore, depending on the dopant,
the analytes could form either a radical molecular ion or
protonated molecules. For the toluene dopant, if the analyte
proton affinity is higher than the proton affinity of the benzyl
radical, a protonated molecule is preferentially formed, whereas
if the toluene radical cation electron affinity is higher than that
of the analyte, a radical molecular ion is formed.45,51 APPI is
very useful for the characterization of slightly polar or nonpolar
species and has the advantage of accessing compounds without
heteroatoms such as hydrocarbons.14 Also, the analysis of
toxicologically significant compounds such as PAHs and sulfur-
containing species that is not feasible with ESI is obtainable
using APPI.14,40,45,46,51

The exhaustive characterization of the molecular composi-
tion of OSPW−NAFCs from the aerated and nonaerated
wetland treatments was performed (i) to explore the fate of the
NAFC species detected by the two ionization methods in the
treatment systems by comparing their relative abundance and
(2) to evaluate the differences between the different treatment
wetlands in transforming the NAFC species detected. The
CWT differs mainly in flow configuration and the presence/
absence of aeration. Thus, their extent and preference to
eliminate certain species based on the heteroatom, double

Figure 1. Modified schematic representation of the pilot CWT set up.
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bond equivalent (DBE), and carbon number will likely be
different between each treatment design. The data from this
study may provide more insight on the treatments at the
molecular level which may enable future advancement in the
improvement of the efficiency of the systems. The chemical
species in the OSPW were characterized based on their relative
abundances, DBE, and carbon number distributions. This
approach provided qualitative information on wide ranging
compound classes and a broader comparison of changes in
their distributions in the aerated and nonaerated wetland
treatment systems.

2. MATERIALS AND METHODS
2.1. Treatment Wetland Samples. The investigations were

carried out in Contango Strategies Ltd, Saskatoon, Canada green-
house establishment. The constructed wetlands contain a series of
four identical cells operated as a closed system with the outflows
redirected into the first cell of each series to prolong the hydraulic
retention times (HRT). A modified schematic representation of the
pilot CWT set up is shown in Figure 1. Each cell of the aerated and
nonaerated treatment designs consisted of a Rubbermaid plastic bin
with dimensions of 56.52 cm × 58.42 cm × 48.26 cm (length × width
× depth) and filled with sand of porosity 0.26 up to 40 cm depth and
0.23 up to 30 cm depth, respectively, and both planted with sedge (
Carex aquatilis). The OSPW used for the CWT study was collected
from Shell Canada Limited’s Muskeg River Mine (now operated by
Canadian Natural Resources as of June 1, 2017) external tailings
facility at the Athabasca oil sand region of Alberta, Canada, and
brought in 1000 L plastic totes to the facility of Contango Strategies
Ltd. Saskatoon, SK, Canada, on July 15, 2015. The cells were
continuously fed with OSPW at a rate of 20 mL/min to achieve an
HRT of 4.73 days in the aerated wetland and 5.68 days in the
nonaerated system by means of FMI QG 400 pumps. The aerated
wetland treatment system consists of a vertical up flow design and
aerated with air stones, while the nonaerated wetland treatment
system was designed with a horizontal surface flow (HSF) design. For
this study, the temperature at the greenhouse facility was maintained
at 22 °C from 7 am to 7 pm and at 16 °C from 7 pm to 7 am.
Aqueous samples from the outflow were collected two times in a week
on the same day during the entire study from October through
November 2016 in each of the constructed wetlands. The samples
were collected in 500 mL plastic containers and stored at 4 °C prior
to analysis. The preparation of samples for analysis by the weak anion
exchange solid phase extraction has been previously reported.52,53

2.2. Analytical Method. 2.2.1. Sample Preparation. All samples
were dissolved in equal parts tetrahydrofuran to make a final solution
of 250 μg OSPW extracts/mL. As part of quality control and
assurance, an instrument solvent blank was run prior to actual
samples. The repeatability of mass spectra observed is estimated to be
greater than 95% based on replicate injections for ∼10 percent of
samples investigated.
2.2.2. 9.4 T FT-ICR MS. MS analyses were performed with a

custom-built FT-ICR mass spectrometer54 furnished with a 22 cm
horizontal room temperature bore 9.4 T magnet (Oxford Corp.,
Oxney Mead, UK) and a modular ICR data station (Predator).55 Ions
produced at atmospheric pressure within the external APPI source
(Ion Max APPI source, Thermo-Fisher Scientific, Inc., San Jose, CA,
U.S.A.) go into the skimmer region at a pressure of ∼2 Torr via a
heated metal capillary into an rf-only quadrupole into an octopole
provided with tilted wire extraction electrodes to enhance ion
extraction and transmission, where they accumulate for 50−500 ms.56

Helium gas passed into the octopole collisionally lowers the
temperature of the ions prior to conveyance through rf-only
quadrupoles (total length 127 cm) with an auxiliary rf waveform
provision57 into a 7-segment open cylindrical cell.58 Multipole ion
guides were operated at 2.0 MHz and 240 Vp−p rf amplitude.
Individual transients (150−200) of 6.1−6.8 s duration were signal-
averaged. Data were collected at maximum memory depth of the data

station hardware (16 million samples), apodized with a single-sided
Hanning apodization, and zero-filled to 16 mega samples (16 777 216
samples or 224). An additional zero fill brings the preFT data packet
to the 32 mega sample. As a result of increased complexity, broadband
phase correction59−61 was applied to mass spectra of the wetland
samples in order to promote the resolution of isobaric species. For all
mass spectra, the achieved mass spectral resolving power was close to
the theoretical limit during accumulation to collisionally lower ion
temperature before passing through a 200 cm rf-only octopole into an
open cylindrical penning ion trap (10 cm i.d. × 30 cm long).
Broadband frequency chirp excitation (70−700 kHz at a sweep rate of
50 Hz/μs and amplitude, Vp−p = 240 V) accelerated the ions to a
cyclotron orbital radius that was subsequently detected by the
differential current induced between two opposed electrodes of the
ICR cell. Conversion of ICR frequencies to m/z was done by the
quadrupolar electric trapping potential.62,63 The internal calibration of
the individual m/z spectrum was based on an abundant homologous
alkylation series with members that vary in mass by an extra
methylene (CH2) unit (14.01565 Da) and confirmed by an isotopic
fine structure based on the “walking” calibration equation,58 and mass
spectral peaks with a signal magnitude >6σ baseline root-mean-square
(rms) noise were detected. The masses determined based on the
International Union of Pure and Applied Chemistry (IUPAC) mass
scale in the experiment were changed to the Kendrick mass scale64 for
easy identification of homologous series for the individual heteroatom
class (i.e., species with equivalent CcHhNnOoSs composition, but vary
only by their degree of alkylation).65 For individual empirical formula,
CcHhNnOoSs, the heteroatom class, type (DBE = number of rings plus
double bonds to carbon, DBE = C − h/2 + n/2 + 1),66 and carbon
number, c, were organized for subsequent generation of heteroatom
class relative abundance distributions and graphical relative-
abundance weighted DBE versus carbon number images. Elemental
composition with the number of H unlimited, 0 < C < 100, 0 < O <
12, 0 < N < 2, 0 < S < 2, 0 < DBE < 30 were assigned. A molecular
formula was considered only if the corresponding 13C peak was found
for hydrocarbons and 34S peaks for sulfur assignments m/z were in the
range 150 < m/z < 1000. PetroOrg software67 was used for all mass
spectral peak assignments and data visualization.

3. RESULTS AND DISCUSSION

3.1. Distribution of Compound Classes. Raw data from
mass spectra analysis are processed using computer tools for
formula attributions into classes based on Kendrick mass
defect and sorted into heteroatom classes according to the
number and type of heteroatom (nitrogen, oxygen, and sulfur)
by measuring the exact mass.67 Moreover, the compositions of
crude oil can be conveyed by bar charts of the abundance
versus heteroatom classes, and such plots provide information
on the compound classes existing within a complex sample but
lacking in molecular-level information.68,69 Thus, the relative
abundance plot of NAs, oxy-NAs, and heteroatom NA
distributions represents a family of chemical classes with the
same proportion of elements or empirical formula detected in
negative-ion or positive-ion APPI-FT-ICR-MS. The relative
abundance was determined as the ratio of the magnitude of
individual peaks to the sum of the magnitude of all detected
peaks within each mass spectrum. APPI can produce radial
radical cations [M]+• in positive mode and radial anions [M]−•

in negative mode in addition to protonated and deprotonated
ions, and efficiently ionize nonpolar aromatic compounds with
and without heteroatoms present. However, only low
abundance of radical ions was detected in our samples. The
majorities were protonated ([M + H]+) and deprotonated ([M
− H]−) analyte ions.

3.1.1. Heteroatom Class Distribution by Negative-Ion
APPI-FT-ICR MS. High-resolution negative-ion ESI orbitrap-
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MS analysis of this OSPW−NAFCs in the nonaerated wetland
system was already presented and discussed in our previous
paper.53 Briefly, in the negative-ion ESI-orbitrap-MS, the Ox
classes have better ionization yield than in the negative-ion
APPI-FT-ICR-MS used in the present study. It is presumed
that this could be because of differences in ionization yield of
these compound classes. Thus, analytical instruments of
different design and or settings may likely generate varying
yields of ionization that could have an effect on the compound
class, DBE, and carbon number distributions. Furthermore, a
higher number of different heteroatoms within a molecular
assignment were observed in the present study by negative-ion
APPI-FT-ICR-MS than in the previous study. This further
reinforces the fact that the application of APPI provides
broader coverage of OSPW−NAFCs. Compound class
distributions derived from negative-ion APPI-FT-ICR-MS
analysis of the OSPW in untreated samples and in the aerated
and nonaerated wetland treatment systems are shown in Figure
2A. For untreated OSPW, Ox (x = 2−8) were the most easily
ionized species and accounted for ∼20.1% of the total relative
abundance. Barrow and co-workers14 observed higher
abundance of the Ox classes relative to other species in
OSPW using negative-ion APPI-FT-ICR-MS. It is well known
that low molecular weight carboxylic acids are more efficiently
ionized in negative-ion ESI ionization modes and are
disproportionally more abundant in NA samples. Therefore,
the carboxylic acids will be the most representative compound
classes observed in the negative ion.51 Among the detected Ox
classes, O4 species was the most easily ionized and O2 species
was the least ionized of these species. The lower relative
abundance of O2 compared to O4 observed by negative-ion
APPI is corroborated in the literature.40 In contrast, studies
performed using Orbitrap-MS15 and FT-ICR-MS70 have
reported a higher relative abundance of O2 relative to O4
species by negative-ion ESI. ESI yields quasi-molecular ions
through solution phase deprotonation reactions, whereas APPI
forms ions in the gas phase through three different
mechanisms.51

Among the Ox classes in the aerated system, the O2 class
showed a decrease in relative abundance which likely
corresponds to its transformation during treatment. However,
the distributions of most of the species are somewhat different
in the nonaerated treatment system in which the relative
abundance of the Ox species (x = 3−6) noticeably increased

(27.8%) compared to the untreated OSPW sample (21.6%).
The increase in relative abundance of Ox species in the
nonaerated system suggests that they are likely generated
within the system by oxidation of the lower Ox species. Aitken
et al.71 observed that a substantial amount of organic
carboxylic acids species could be formed during microbial
metabolism of crude oil organic compounds under anaerobic
conditions. The O9 and O10 acidic species (not detected in the
untreated OSPW) were detected in the aerated and nonaerated
treatment wetland sample and suggest that the generation of
these species may be due to the biological materials in the
systems.
The OxSy species were the second highest in abundance in

the untreated OSPW sample. The sum of the relative
abundances of OxSy species (x = 2−7) in the untreated
sample was 15.0%. Among the OxSy species in the untreated
OSPW, O3S, O4S, O5S, and O6S were the most abundant
species with relative abundances of 2.6, 4.8, 3.7, and 2.9%,
respectively (Figure 2A). It is worth noting in Figure 2A that
during treatment, the relative abundance of the OxSy (x = 3−
4) decreased in the aerated and nonaerated systems, whereas a
minimal increase in the relative abundance of OxSy (x = 5) was
observed in the aerated (4.7%) and nonaerated systems
(5.5%). This can be explained by the oxidation of O3S and O4S
classes to higher OxS classes. Some OxS2 were detected in the
negative-ion mode at very low relative abundance (0.74% total
relative abundance). The relative abundance of nitrogen-
containing species observed in the negative-ion mode is the
least among all the species (1.1% total relative abundance) in
the sample.

3.1.2. Heteroatom Class Distribution by Positive-Ion APPI-
FT-ICR-MS. The relative abundance of Ox species detected by
positive-ion APPI-FT-ICR-MS can be found in Figure 2B. The
relative abundance of Ox species was 12.1% before treatment.
The most easily ionized Ox species observed in the untreated
OSPW was the O4 class followed by O3 and O5 classes. During
treatment, the relative abundance of the O3 increased
minimally from 3.0% in the untreated OSPW to 4.0 and
3.8% in the aerated and nonaerated treatment systems,
respectively, while the relative abundance of the O4 did not
change in both systems. An interesting observation in both
wetland systems is the two-fold increase in the relative
abundance of the O2 class. This may suggest an accumulation
from the molecular breakdown of the respective higher NAFC

Figure 2. Relative abundances of the most abundant NAs, oxy-NAs, and heteroatom NAs determined for a single run analyzed in untreated OSPW,
aerated wetland treatment, and nonaerated wetland treatment on the final day of treatment: (A) negative-ion APPI-FT-ICR-MS and (B) positive-
ion APPI-FT-ICR-MS.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.9b00469
Energy Fuels 2019, 33, 4420−4431

4423

http://dx.doi.org/10.1021/acs.energyfuels.9b00469


species or NAFC-containing organic materials in the wetland
systems.
The OxSy were the most dominant species detected in

positive-ion APPI prior to treatment. The distribution of these
species was different in both ionization modes (Figure 2). For
example, the most prevalent OxSy species in positive-APPI
were O3S (22.4%), followed by O5S (5.1%) and O4S (3.6%).
The sum of the relative abundance of OxSy species in the
untreated sample increased from 33.3 to 44.5 and 40.0% in the
aerated and nonaerated systems, respectively. The relative
abundance of O3S species decreased to 19.5% in the
nonaerated system and does not change significantly in the
aerated system (22.8%). This result suggests that environ-
mental conditions are likely more favorable for the trans-
formation of O3S class in the nonaerated wetland than the
aerated wetland and indicates that the degradation character-
istics of the two treatment systems are different. The O3S
species remained relatively the highest abundant OxSy
compound detected in positive-ion APPI. The relative
abundance of O4S, O5S, and O6S classes in the treatment
wetlands (i.e., 5.5, 11.75, and 1.2%, respectively in aerated
wetland and 4.5, 12.5, and 1.1%, respectively, in nonaerated
wetland) was higher relative to the untreated sample (i.e., 3.6,
5.15 and 0.6% respectively) which may be due to oxidation of
the sulfur-containing compounds in OSPW. OSPW is
composed of sulfur-containing compounds that are readily
oxidized such as the sulfurs that have nonbonding electrons
and exist in low oxidation states (i.e., sulfurs present in
thiophenic compounds and sulfides found in sulfur-containing
carboxylic acid).70 Nitrogen-containing species (OxNy) were
detected by positive-ion APPI. The presence of the OxN2
species in OSPW formed from the dimerization of the OxN
classes was earlier suggested.70,72 Also detected in the positive-
ion APPI is the OxSy1Ny2 class. However, the relative
abundances of these species in the untreated OSPW were
very low (0.96% total relative abundance).
Overall, a comparison of the negative-ion APPI and positive-

ion APPI heteroatom class plots indicate differences in the
relative abundances among the compound classes in the
aerated and nonaerated wetland treatments. The trend
discerned in the distribution of most compound classes from

the aerated and nonaerated treatment systems was different for
both ionization techniques employed. For example, the relative
abundance of the O2 classes in the aerated and nonaerated
systems in negative-ion APPI showed reduction relative to the
untreated sample, while for the positive ion, the relative
abundance of this species increased. Furthermore, between the
aerated and nonaerated wetland treatments, some differences
in relative abundances were observed within the compound
classes for every ionization mode. These differences could be
due to the design and relevant operational conditions of each
wetland system. Recently, Li et al.29 reported that the extent of
removal of organic contaminants in constructed wetland is
dependent on the design and operational conditions.

3.2. DBE Versus Carbon Number Analysis. DBE versus
carbon number iso-abundance plots of FT-ICR-MS data is an
excellent tool for understanding the molecular composition of
complex samples. Additionally, speciation based on DBE
versus carbon number can provide compositional information
on the chemical species73 and is often applied in the analysis of
high-resolution mass spectra data derived from crude oil
samples.74,75 The responses of the compound classes detected
in petroleum samples such as crude oil samples are usually
displayed as plots of DBE versus relative abundance versus
carbon number to provide proper visualization of the
qualitative differences between samples as well as the most
representative species within a heteroatom class.68,73 DBE
versus carbon number distributions of the species of the
untreated OSPW and the aerated and nonaerated wetland
systems on the final day of treatment are discussed in this
section and are mainly focused on Ox (x = 2−4), OxS (x = 2−
4) and OxN (x = 3−5) classes. Effect directed analysis using
ultrahigh resolution MS associated acute toxicity of OSPW
mainly to classical NAs (O2

−), oxy-NAs, and basic chemical
species containing sulfur and nitrogen.18,20 In addition to O2

−

species, the compound classes O2S
−, O2

+, O2S
+, O3

−, O4
−, and

O3S
− contribute to acute toxicity of OSPW.19,20,76 Moreover,

the ratios of the abundances of O4S
− together with O2S

− and
O3S

− (O2S/O3S/O4S) and O2/O4 ratios have the potential for
use in environmental forensics to distinguish OSPW sources
and to monitor treatment performance by developing ratios to
evaluate the extent of biodegradation.77,78 However, the OxN

Figure 3. Isoabundance plots of DBE versus carbon number for Ox classes in untreated OSPW, aerated and nonaerated wetland treatments
detected by (A) negative-ion APPI-FT-ICR-MS and (B) positive-ion APPI-FT-ICR-MS (right). The color intensity on the scale depicts the relative
abundance of ions within the compound class.
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(x = 3−5) species were chosen because they are the most
abundant compounds in the positive-ion APPI. Therefore, the
selection of these species was based on these criteria in order
to evaluate their fate and behavior together with those of their
corresponding counterpart species of opposite polarity in these
wetland systems.
3.2.1. Oxygen-Containing Species. The plot of the DBE as

a function of carbon number in negative-ion APPI-FT-ICR-MS
for Ox (x = 2−4) that mainly represent NAs and oxygenated
NAs is shown in Figure 3A. The O2 exhibits two sets of distinct
most intense relative abundances for untreated OSPW at lower
DBE = 3−4 and C13−17 (77.6%) and at higher DBE = 7−8
and C17−20 (76.8%). This observation is in agreement with
the negative-ion ESI data previously reported for OSPW
analysis.52,79 An interesting comparison with our past study by
negative-ion ESI-HRMS showed that the highest intensity for
the O2 class is also centered on DBE = 3−4. However, with the
APPI data, higher distribution of DBE was observed (DBE =
2−12) than in the previous study with ESI data (DBE = 2−
8).53 This difference in distribution is likely because chemical
species with higher DBE values are more easily ionized by
APPI mode. Compound classes with DBE = 3−4 are likely
nonaromatic species, or they could be six-membered ring
species containing double hydroxyl groups and DBE = 7−8
species are probably aromatic compounds.79 It could be
noticed that the relative abundance of the species with DBE =
3−4 decreased during treatments. DBE changes with regard to
the relative abundance of the species with highest ionization
yield (DBE = 3−4) was observed in the aerated wetland
(25.4%) and the nonaerated wetland (23.2%). In addition, the
DBE changes observed for DBE = 7−8 and C17−20 were 42.9
and 32.9% for aerated and nonaerated treatment systems,
respectively. In both treatment systems, the species with lower
DBE values decreased more than those with higher DBE.
Previous studies hold the view that O2−NAs with higher
aromaticity are more recalcitrant to biodegradation than the
less aromatic congeners.25 However, the decrease in the
relative abundance of this species was more evident in the
nonaerated system and demonstrates that its efficiency for
transformation of the more aromatic species may be higher
compared to the aerated wetland system. The DBE versus
carbon number distribution of O3 class showed significant
dominance at DBE = 3−6 and C13−17 and that of the O4
class has the highest relative abundance at 3−5 and C12−18.

However, these species showed no change in their relative
abundances which may suggest that they are generated during
treatment in both systems. In addition, a recent study reported
that aerobic and anaerobic biodegradation of crude oil
generates O3 (hydroxyl fatty acids) and O4 (dibasic fatty
acids) classes.80

In the positive-ion APPI data Figure 3B, O2 compounds with
DBE = 8−9 and C16−19 (15.0%) were predominant in the
untreated sample. A similar increase in relative abundance of
these DBE species to 27.8 and 27.5% was detected in aerated
and nonaerated systems, respectively. The O3 class showed its
highest relative abundance in the untreated OSPW at DBE =
4−5 and C14−16 (43.8%). Also, there is high relative
abundance of the chemical class with DBE = 7−9 and C15−
17 (51.1%) in this sample. The relative abundance of these NA
class decreased less significantly in the nonaerated system
(42.6%), while better enhancement was found in the aerated
wetland (48.3%). However, enhancement in the intensity of
the relative abundance of these species of DBE = 7−9 and
C15−17 was discerned in both treatment systems (76.5% in
the aerated wetland and 78.6% in the nonaerated wetland) and
may indicate oxidation of some species to form high DBE
compounds. For the O4 class, species with DBE = 5−7 and
C14−16 were most prevalent in relative abundance. Relatively,
there was no apparent change in the DBE and carbon number
distributions for these compounds in the aerated and
nonaerated treatments.
The O2 species obtained by negative-ion and positive-ion

APPI revealed a similar trend and differences in the relative
abundance of DBE and carbon number distributions between
the aerated and nonaerated treatment systems. Additionally,
DBE and carbon number distribution for each Ox compound
class detected by negative-ion APPI were similar within each
sample but different compared to the data obtained by
positive-ion APPI and further highlight the need for
complimentary ionization techniques for the detailed charac-
terization of OSPW compounds. Pereira et al.47 reported the
distinction between O2 species with same empirical formula
detected by the negative-ion mode (NAs) and positive-ion
mode (non-acids or polar neutral species). The O2 species
detected in the positive-ion mode were tentatively assigned as
ketohydroxy, diketo or dihydroxy compounds.47,81

3.2.2. Sulfur-Containing Species. To illustrate the molec-
ular composition for sulfur-containing classes (O2S, O3S, and

Figure 4. Isoabundance plots of DBE versus carbon number for OxS classes in untreated OSPW, aerated, and nonaerated wetland treatments
detected by (A) negative-ion APPI-FT-ICR-MS and (B) positive-ion APPI-FT-ICR-MS (right). The color intensity on the scale depicts the relative
abundance of ions within the compound class.
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O4S) from the negative-ion APPI-FT-ICR-MS analysis, iso-
abundance plots of DBE as a function of carbon number are
shown in Figure 4A. In the untreated OSPW, the O2S class has
two sets of distinct regions of highest relative intensities
(abundance) at DBE = 4−5/C14−17 (12.7%) and DBE = 7−
9/C14−17 (18.5%), indicating the presence of both low and
higher aromatic species. This finding is consistent with the
bimodal distribution of O2S species reported previously in
untreated Athabasca oil sand bitumen by negative-ion ESI-FT-
ICR-MS.82,83 It is suggested that the high relative abundance of
DBE = 4 and DBE = 7 species represents two stable core
structures in this chemical class; species with DBE = 4 are
mainly thiophenic ring-containing carboxylic acids and the
more aromatic species with DBE = 7 are mainly
benzothiophenic ring components that contain a carboxylic
acid group.83 For this ionization method, two conspicuous
changes were recognized in the aerated and nonaerated
treatment wetlands. First, the two treatment wetlands
displayed selective transformation of the higher DBE = 7−9
(16.4 and 13.0% in aerated and nonaerated systems,
respectively). Prior to the wetland treatments, the species
with DBE = 4−5 had lower relative abundance than species
with DBE = 7−9. Second, in the wetlands, a reversed trend was
notable with the enhancement in the relative abundance of the
species with values of DBE = 4−5 (18.9 and 23.7% in aerated
and nonaerated systems, respectively). It is likely that the
transformation of larger DBE species in the treatment systems
contributed to the increased enhancement of the lower DBE
compounds. Previous studies have shown that microbes can
transform some precursor OSPW compounds with more rings
to species with fewer rings.84,85 The O3S class spread from
DBE = 3−10 and C10−20, and the dominant species detected
were at DBE = 4−5 and C14−17 in the untreated sample.
However, during treatment in the two wetland systems, no
significant change was noticed in the relative abundance of
these species. The O4S class identified in the untreated OSPW
had values of DBE = 2−10 and C10−20. The highest intensity
among this class in the untreated sample had DBE = 3−5 and
C14−16. This result obtained for the negative-ion APPI-FT-
ICR-MS analysis with species of highest abundance at DBE =
3−5 for the untreated OSPW sample is comparable to the
range of DBE (DBE = 2−5) for the O4S species as determined
by negative-ion ESI-FT-ICR-MS in our previous study.52

Moreover, within the two treatment wetlands, the intensities of

DBE distribution of the dominant species increased compared
to the untreated OSPW, indicating that some compounds were
enriched.
Figure 4B shows the DBE versus carbon number distribution

of OxS obtained by positive-ion APPI-FT-ICR-MS. The data
for O2S in untreated OSPW show distribution mainly from
DBE = 3−10 and the carbon number range of 12−19 and also
showed that species with DBE = 4−5 and C14−16 have the
highest relative abundance. There was no significant change in
relative abundance of DBE and carbon numbers observed of
these species. For the O4S class, an area of highest relative
abundance was observed at DBE = 4−6 and C13−16. In both
treatment systems, these species were enriched.
In summary, our data suggest not only that treatment in the

aerated and nonaerated wetlands changed the DBE and carbon
number profile of some OxS species, but also that the degree of
their transformation was comparable. Also, the distributions of
the O2S class in both negative and positive ionization modes
differ remarkably. For example, the O2S detected by positive-
ion APPI has one region of highest relative abundance at lower
DBE = 4−5 unlike negative-ion APPI O2S ions with two areas
of highest relative abundance (DBE = 4−5 and 7−9).
Therefore, the O2S class observed by negative-ion APPI
contains more aromatic species than the same compound class
by positive-ion APPI. Barrow et al.86 showed that O2S in
OSPW observed by the negative-ion mode and those detected
by positive-ion mode are distinct chemical species. The
abundance of O4S species detected by both ionization
techniques increased in the two treatment systems. The OxS
classes are not easily ionized by both negative-ion and positive-
ion modes because of the complexity of these classes of
compounds that may have different functional groups such as
sulfoxides and acidic sulfur compounds.47 This complex feature
of the OxS classes may be the reason for the recalcitrance
observed for the O3S and O4S classes in both wetland systems.

3.2.3. Nitrogen-Containing Species. The iso-abundance
plot of DBE versus carbon number of the most easily ionized
OxN classes (x = 3−5) as observed by negative-ion APPI-FT-
ICR-MS is displayed in Figure 5A. The highest relative
abundance of the O3N class was at DBE = 4−6 and C14−18
(15.4%). Low relative abundance was also observed for these
species at DBE = 8−9 and C15−17 (9.1%), indicating the
presence of more aromatic species. In the aerated wetland
systems, relative abundances of the species at DBE = 4−6

Figure 5. Isoabundance plots of DBE versus carbon number for OxN classes in untreated OSPW, aerated, and nonaerated treatment wetlands
detected by (A) negative-ion APPI-FT-ICR-MS and (B) positive-ion APPI-FT-ICR-MS (right). The color intensity on the scale depicts the relative
abundance of ions within the compound class.
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showed minimal change (13.6%) compared to the nonaerated
wetland (10.9%). Also, compounds with higher DBE = 8−9
decreased by 8.1% in the aerated wetland compared to 6.1% in
the nonaerated system wetland. This might reflect a higher
preference for the transformation of these species in the
nonaerated system. Before the commencement of OSPW
treatment, the O4N compound class showed apparently two
structural features at DBE = 4−12 and C11−23 (with highest
relative abundance at DBE = 6−9/C15−17) and compounds
of lesser intensity at higher DBE ≥ 16 and C ≥ 30. The O5N
class showed similar characteristics at DBE = 4−13 and C11−
26 (with highest relative abundance at DBE = 6−9/C11−26)
and compounds of lesser intensity at higher DBE ≥ 16 and C
≥ 30. This result strongly suggests that the OxN (x = 4−5)
with DBE ≥ 16 contain highly aromatic species with
multirings. These species are likely nitrogen-containing
structures that are present in petroleum samples.87 Decrease
in the relative abundance of the O4N compounds with DBE ≥
16 was noticeable in the nonaerated treatment system.
However, the O4N and O5N compounds with higher DBE
and carbon numbers were absent in the negative-ion APPI data
for the aerated wetland. Considering the disappearance of
these compounds when compared with the nonaerated
wetland, it could be inferred that they are preferentially
transformed in the aerated system. The presence or absence of
aeration generates several micro-environments within con-
structed wetland, which can support different microbial
populations, and diverse microbial populations have unique
preferences for the degradation of organic contaminants.88

However, determination of the microbial populations present
in each wetland design during the treatment process was not
evaluated in this study. Bedessem et al.89 employed pilot-scale
constructed wetlands ran in parallel in vertical upflow or HSF
regimes with the presence or absence of aeration for the
treatment of oilfield impacted groundwater. They observed
that the extent of removal of petroleum organic contaminants
was affected by the presence or absence of aeration.
Furthermore, the species with less cyclicity and alkyl chain
showed more resistance to transformation and imply that both
treatment wetlands preferentially transform higher ring
structures and alkyl chains than the species with fewer rings
and alkyl chains. For the O5N class (DBE = 4−13 range and
abundance-weighted average of 24 carbon), the abundance-
weighted average of carbons decreased to 22 and 23 carbons in
the aerated and nonaerated systems, respectively (i.e., a few
carbons less than that in the untreated OSPW sample). This
indicates that for these species, the transformation of the alkyl
chains is likely more favorable.
In Figure 5B, the isoabundance plot of DBE versus carbon

number for the OxN (x = 3−5) obtained using positive-ion
APPI is shown. The species with highest relative abundance
were observed at DBE = 4−6 and C14−16. There was no
significant change in the DBE and carbon numbers for O3N
classes detected by positive-ion APPI in both the aerated and
non-aerated wetland treatments compared to the untreated
sample. It appears that these species are more resistant to
transformation. In the untreated OSPW, O4N has the DBE
ranges of 2−9 and C12−19 and O5N has the ranges of DBE =
3−10 and C11−20. However, in the treatment wetland
systems for O4N and O5N classes, the relative abundance of
DBE and carbon number range of these species were enhanced
in the aerated system and in the nonaerated system. An
increment in DBE is probably due to the inclusion of cyclic

structures or double bonds to a carbon atom.40 Moreover, the
relative abundance of O4N species with DBE = 5−8 and C13−
17 increased from 37.4 to 44.9 and 44.2% in aerated and
nonaerated wetlands, respectively, and that of O5N species
with DBE = 5−7 and C13−17 increased from 20.0 to 24.5 and
24.1% in aerated and nonaerated wetlands, respectively. The
enrichment of the OxN (x = 4−5) compounds suggest that
they may be generated from the transformation of other
species during treatments or from other N-containing
compounds that have experienced ring opening of the hydroxyl
dibenzocarbazoles due to the addition of the carboxyl
functional group.90

DBE versus carbon number parameters were used to assess
composition and variability of OSPW compound classes.
Despite the differences in the data obtained by negative-ion
APPI for the OxN compound classes between aerated and
nonaerated systems, some similarities in the data by positive-
ion APPI were obvious for these compound classes. It is
believed that the differences between the treatment wetland
systems were caused by their different configurations mainly in
the flow path and with or without aeration. As previously
stated, selectivity and extent of transformation of some species
detected by both ionization modes thus depend on the design
of the treatment system.

3.3. O2−NA Transformation Rates. The natural loga-
rithm of the relative abundance of the total O2−NAs detected
by negative-ion and positive-ion APPI was plotted against time
(Figure 6) to determine the kinetics of their transformation.

The rate coefficient (k) for NAs from the techniques were
obtained from line of best fit for the first-order transformation
of NAs, indicating trends that fit the measured abundance over
time using kt = −ln([C])/([C0]), where C is the total
abundance at time t; C0 is the initial abundance at time 0; k is
the transformation rate coefficient (slope), and t is time (days).
The decrease in abundance for a given time t was defined as
changes in the abundance of the species (C) relative to the
initial abundance (C0) according to procedure previously
reported by Toor et al.91 but using total abundance of O2−
NAs rather than fractional abundance of the species. The
standard deviation of the slope reported in this work was
estimated from the regression line. The correlation coefficients
(R2) for the negative-ion and positive ion APPI are 0.9108 and
0.8740, respectively, suggesting a first-order kinetics with

Figure 6. Transformation rate of total O2−NAs in the aerated
treatment wetland monitored by negative-ion and positive-ion APPI-
FT-ICR-MS.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.9b00469
Energy Fuels 2019, 33, 4420−4431

4427

http://dx.doi.org/10.1021/acs.energyfuels.9b00469


positive correlations for the decrease in abundance over time.
It can be noted from the plot that the rate of transformation
was more rapid in the negative-ion APPI for O2

− species
(0.06176 ± 0.00864 d−1) than for O2

+ species detected by the
positive-ion APPI (0.02997 ± 0.00569 d−1). This reinforces
the fact that different populations of component ionization
efficiency vary with ionization methods and yield different rates
of transformation. Thus, the kinetic data suggest that the rate
of transformation was controlled by the chemical composition
and provided information on the magnitude of their trans-
formation which may determine if measures are required to
enhance the transformation rate of the compounds in the
treatment systems. The intent of this work was not to
determine or discuss the rates of transformation of total
classical NA but rather to further highlight that the data
obtained by negative-ion and positive-ion APPI significantly
differ and both ionization modes are important for a more
exhaustive elucidation of the fate of OSPW components in the
treatment wetlands at the molecular-level. In our previous
study by negative-ion ESI Orbitrap-MS, the rates of NA
components were reported for the nonaerated wetland. The
rates were recorded between 0.0464 and 0.0574 d−1 for DBE
and between 0.0308 and 0.0743 d−1 for the carbon number.52

In comparison, comparable magnitude was observed between
the rates of the negative-ion APPI and that of the individual
components obtained previously with negative-ion ESI. While
the data for this study indicated the effect of chemical
composition has on the transformation rates, it does not
adequately characterize the fate of NAs in the treatment
systems. The transformation rate is useful for determining the
remediation time span.

4. CONCLUSIONS

OSPW from aerated and nonaerated CWTs were analyzed
using negative-ion and positive-ion APPI-FT-ICR-MS. The
compound classes detected by the two ionization techniques
were categorized based on DBE and carbon number. Overall,
transformation of most NAFC species was achieved in both the
aerated and nonaerated wetland treatment systems. Informa-
tion obtained from the DBE versus carbon number analysis
revealed different levels of transformation of the compound
classes as indicators of their susceptibility to transformation.
The extent of the changes in distribution with regards to the
heteroatom class, DBE, and carbon number is dependent on
the type of wetland treatment system. Furthermore, the use of
negative-ion and positive-ion APPI-FT-ICR-MS provided
complementary data to previous analysis by negative-ion ESI
and enhanced the molecular identification of the organic
compound classes investigated. The OSPW−NAFCs observed
by these two ionization methods were compositionally
different with unique distribution of DBE and carbon numbers.
This compositional difference may probably cause contrasting
influence on the fate of these compounds and environmental
toxicity. Furthermore, for comprehensive information on
NAFC species present in OSPW, the use of one method of
ionization for the characterization of OSPW−NAFCs may
result in incomplete evaluation because some NAFCs may not
ionize at all.
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