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ABSTRACT: Pavement sealants are of environmental concern
because of their complex petroleum-based chemistry and potential
toxicity. Specifically, coal tar-derived sealants contain high
concentrations of toxic/carcinogenic polycyclic aromatic hydro-
carbons (PAHs) that, when weathered, can be transferred into the
surrounding environment. Previous studies have demonstrated the
effects of coal tar sealants on PAH concentration in nearby
waterways and their harmful effects in aquatic ecosystems. Here,
we investigate and compare the molecular composition of two
different pavement sealants, petroleum asphalt- and coal tar-
derived, and their photoproducts, by positive-ion (+) atmospheric
pressure photoionization (APPI) and negative-ion (−) electrospray
ionization (ESI) coupled with ultrahigh-resolution Fourier trans-
form ion cyclotron resonance mass spectrometry to address species (high-boiling and/or high oxygen content) that lie outside the
analytical window of other techniques due to ultra-high molecular complexity. In addition, we evaluate the toxicity of the water-
soluble photoproducts by use of Microtox bioassay. The results demonstrate that the coal tar sealant contains higher amounts of
PAHs and produces abundant water-soluble compounds, relative to unweathered materials, with a high abundance of PAH-like
molecules of high toxicity. By comparison, the asphalt sealant produces fewer toxic water-soluble species, with molecular
compositions that are consistent with natural dissolved organic matter. These results capture the mass, chemical diversity, toxicity,
and source/photoproduct relationship of these compositionally complex emerging contaminants from the built environment.
KEYWORDS: Fourier transform mass spectrometry, ICR, FT-ICR, atmospheric pressure photoionization, electrospray ionization,
polycyclic aromatic hydrocarbons, pavement, sealers

■ INTRODUCTION
Photooxidation of Fossil Fuel-Derived Products.

Fossil fuel-derived products such as crude oil and asphalt
binder are known to produce highly oxidized oil- and water-
soluble molecules upon weathering.1−6 Previous works identify
photooxidation by sunlight as a critical weathering process that
transforms fossil fuels in the environment into oxidized
photoproducts.7−12 Various pathways have been suggested
for the formation of oxidized water-soluble species from fossil
fuel-derived products. For example, the work performed by
Niles et al.3 suggests that solar irradiation of asphalt binder, a
common road paving material, yields polycyclic aromatic
hydrocarbons (PAHs) with high oxygen content, by photo-
induced oxidation and cracking reactions. These products can
then undergo polymerization (addition reactions) to produce
potentially toxic water-soluble compounds with higher oxygen
content and increased carbon number, for example, molecules

with up to 18 oxygen atoms and carbon number 35, relative to
the oxidized products before polymerization. In another study,
asphaltenes, a major component of crude oil distillation
residues and therefore central for asphalt materials, were
subjected to weathering in a solar simulator microcosm.1,13

The results indicated a direct correlation between asphaltene
molecular structure and their likelihood to produce water-
soluble compounds. Specifically, it was concluded that samples
with a high concentration of large, single aromatic cores (<7
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fused rings) leached limited amounts of water-soluble species.
In contrast, samples enriched in smaller, multiple aromatic
cores (<4 fused rings), interconnected by covalent bonds, were
shown to produce abundant water-soluble molecules whose
molecular composition resembled that of dissolved organic
matter (DOM). These results implicate various characteristics
of fossil fuel-derived products as being responsible for aiding
production of water-soluble photoproducts when exposed to
irradiation. Therefore, this finding suggests that similar
photooxidation trends might be seen for other fossil fuel-
derived products of widespread use in the built environment,
such as pavement sealants and roofing materials.
Pavement Sealants. A sealant is a black, shiny emulsion

that is sprayed or painted onto asphalt pavement in private
roads and driveways, and business-owned/public parking lots
to increase longevity of the pavement.14 This product is
marketed typically as a beautification and protection
technique; however, its use can have harmful effects on
wildlife and human health.14 Two types of sealcoats are
commonly used in the United States: coal tar emulsion sealant
and asphalt emulsion sealant.14 Coal tar sealants are composed
of coal-derived products such as coal tar pitch, a distillation
residue classified as a Group 1 human carcinogen by the
International Agency of Research on Cancer (IARC),15,16 that
contains ∼200 known PAHs, which include naphthalene,
anthracene, and benzo(b)thiophene.14,17,18 Coal tar sealant is
15−35 wt % coal tar pitch, plus an emulsifying agent, water,
sand, clay, and other additives.19,20 Because it contains a high
amount of coal tar pitch, the coal tar sealant, readily used in the
eastern U.S., is enriched in PAHs.14 Conversely, asphalt
emulsion sealant, used mainly in the western U.S., is
petroleum-based, comprised of petroleum distillation residues,
and contains lower amounts of PAHs.19 Sealcoats can undergo
physical weathering by storm water runoff, tire-contact,
snowplows, and general wear, and the coal tar sealant in
particular can produce fine particles with high PAH
concentrations.21,22 These fine particles can be trapped in
ponds, rivers, and streams, transported into larger water
sources, and trapped in sediment where they can be
photooxidized, yielding potentially toxic water-soluble species
and subsequently increasing the PAH content in water.14 For
instance, Mahler et al. traced the concentration, as a function
of time, of selected PAHs and azaarenes (N-substituted PAHs)
in runoff from pavements coated with coal tar- and asphalt-
based sealants.23 Runoff from the coal tar-sealed pavement
revealed disproportionally higher concentrations of known
carcinogenic PAHs and azaarenes, for weeks to months
following its application.23 Specifically, the median concen-
tration of 16 EPA Priority Pollutant PAHs in coal tar sealant
runoff was ∼10-fold higher than that derived from the
petroleum-based asphalt sealant.23 Although physical weath-
ering and subsequent contamination of waterways from the
sealants due to general wear have been investigated, the
chemical weathering and thus the molecular transformation of
pavement sealants due to direct exposure to solar irradiation
after application on road pavement and parking lots are still
relatively unknown.
Environmental Contamination from Coal Tar Sealant.

Evidence of contamination from weathering of coal tar sealant
has been studied in various locations, such as Austin, Texas,
U.S.A. and Minnesota, U.S.A., and has resulted in a ban of the
use of this product in favor of alternative materials, such as
asphalt emulsion or acrylic sealants.20,24−26 Specifically, the

work in Austin, Texas, has provided evidence for the PAH
concentration in streambed sediments of creeks adjacent to
large parking lots where coal tar sealant was used extensively.25

In 2006, the city of Austin became the first to ban coal tar
sealant and as a result, researchers saw an overall subsequent
decline in the concentration of the 16 EPA Priority Pollutant
PAHs in lake-collected sediment cores and bottom-sediment
samples by approximately 58% from 2012−2014.20 Further-
more, harmful effects on aquatic ecosystems and their
inhabitants have been linked to high PAH concentrations
from coal tar-based sources.14,19,26 Various studies have
revealed that leached PAHs from coal tar sealant, benzo(a)-
pyrene and benz(a)anthracene, are harmful to the overall
health of the aquatic ecosystems, including, but not limited to,
stunted development, liver problems, and death.14

To demonstrate the production of water-soluble contami-
nants from pavement sealants upon exposure to sunlight, we
employ ultrahigh-resolution Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) to investigate and
compare the molecular composition of the water-soluble
molecules leached from two different types of sealant upon
solar irradiation, that is, petroleum asphalt-based and coal tar-
based products. FT-ICR MS enables molecular character-
ization of compounds in the sealants and their photoproducts,
which are considered to be ultra-high complex mixtures that
would otherwise be difficult to resolve with low-resolution MS
techniques. The sealants, supplied as emulsions by Sitelab
Corporation, were applied on glass slides, dried under nitrogen
for 24 h (commercially suggested curing time), submerged in
water, and irradiated in a solar simulator microcosm to mimic
weathering in the environment. The oil-soluble photoproducts
were separated from their water-soluble counterparts and
analyzed by positive-ion (+) atmospheric pressure photo-
ionization (APPI) and negative-ion (−) electrospray ionization
(ESI) FT-ICR MS. The results indicate that the asphalt sealant
generates photoproducts that resemble typical dissolved
organic matter (DOM) seen previously for other petroleum-
based products. Conversely, photoproducts from the coal tar
sealant are PAH-like and present higher toxicity than asphalt
sealant. These results provide a basis for future work: namely,
how PAH assemblages change in the hours to days after the
application of sealant in a real-world setting. From an
environmental standpoint, these low molecular weight
(LMW) PAHs, such as the above-mentioned benzo(a)pyrene
and benz(a)anthracene, have chemical characteristics and
ecotoxicological properties different from those of high
molecular weight PAHs.27

■ EXPERIMENTAL METHODS
Pavement Sealants. Two different pavement sealants,

petroleum asphalt sealant and coal tar sealant, were obtained
from Sitelab Corporation (West Newbury, MA, U.S.A). The
samples were provided as ready-to-use products, which
contained emulsions of asphalt or coal tar mixed with water
and other additives, and were stored in the dark. Both sealants
are classified as Type 1 and have known PAH concentrations.
The asphalt sealant has an EPA Priority PAH concentration of
less than 50 ppm and the coal tar sealant contains between 50
000 and 75 000 ppm as measured by the EPA method 8270D-
SIM.28

Photooxidation of Pavement Sealants in a Solar
Simulator Microcosm. Films of pavement sealant were
prepared by spreading the emulsions, as they were received,
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onto a glass slide. All glassware used was cleaned and
combusted at 550 °C in a muffle furnace to remove any
organic carbon prior to irradiation. The layer of sealant was
dried under nitrogen, and additional layers were added until a
mass of 300 mg was obtained. Once fully dry (∼24 h), the
slide with the film was placed in a jacketed beaker, coupled to a
water chiller at 27 °C, on a glass ring to enable a stir bar to sit
underneath the glass slide (Figure S1). The sealant film was
submerged in 50 mL of deionized water (HPLC-grade, J.T.
Baker, Philipsburg, NJ). The prepared jacketed beaker was
placed in an ATLAS Suntest CPS solar simulator (300−800
nm, 250−765 W/m2 irradiance range, 1500 W Xenon lamp)10

and irradiated for either 24 h or 168 h, with magnetic stirring
(100 rpm). The periods of irradiation are equivalent to
approximately 6 and 42 days of exposure to natural sunlight in
Gulf of Mexico conditions.29 Dark controls were prepared
similarly, covered with aluminum foil, and allowed to stir for
the same time periods. After irradiation, all water was removed
with a Pasteur pipet, transferred to a clean/muffled glass vial,
and stored in the dark at approximately 3.3 °C to prevent
further oxidation. The irradiated sealant (oil-solubles) was
removed from the glass slide by dissolution in toluene (HPLC-
grade, J.T. Baker, Philipsburg, NJ) assisted by sonication
(Branson Ultrasonics, Danbury, CT, 22 kHz, 130 W), dried
under nitrogen, and stored in the dark for subsequent
molecular-level characterization.
Molecular-Level Characterization by 9.4 T FT-ICR MS.

Stock solutions of the starting and irradiated pavement sealants
were prepared in toluene at a concentration of 10 mg/mL and
further diluted to 100 μg/mL for analysis by (+) APPI coupled
with a custom-built 9.4 T FT-ICR mass spectrometer.30−32

The samples were directly infused at 50 μL/min into an Ion
Max APPI source (Thermo Fisher Scientific, Waltham, MA,
U.S.A.) at a vaporizer temperature of 320 °C. Gas-phase
neutrals were photoionized with 10.2 eV photons from an
ultraviolet krypton lamp (Syagen Technology Inc., Tustin, CA,
U.S.A). Positive ions were transferred into the mass
spectrometer via a heated metal capillary (∼350 °C) and
analyzed with a dynamically harmonized ICR cell.33,34

Approximately 5 mL of the collected water-solubles were
completely dried under nitrogen and diluted with methanol
(HPLC-grade, J.T. Baker, Philipsburg, NJ) to a concentration
of 400 μg/mL. The samples were directly infused into the mass
spectrometer via a heated metal capillary by use of (−)
microelectrospray ionization (ESI) at a flow rate of 0.5 μL/
min. For each spectrum, 150 time-domain transients were co-
added.35 Custom Predator and PetroOrg© Software enabled
data collection, Fourier transformation, phasing, mass spectral
calibration, molecular formula assignment, and data visual-
ization.35−37

Dissolved Organic Carbon Analysis of Water-solu-
bles. Dissolved organic carbon (DOC) concentrations were
measured with a Shimadzu (Columbia, MD, U.S.A.) total
organic carbon (TOC-V WS) analyzer. Each water sample was
diluted with deionized water (10 mL sample + 30 mL
deionized water). Samples were acidified to pH 2 with
phosphoric acid (H3PO4), and the acid injection in each
sample was 3%. 1.5% of sodium persulfate was injected as the
UV oxidizing agent. The sample concentrations were
determined with a six-point calibration curve between 0 and
50 ppm (0, 1, 5, 10, 20, and 50 ppm) from a laboratory-
prepared 1000 ppm organic carbon stock solution, which
consisted of potassium hydrogen phthalate and deionized

water. No blank injections were run between each sample
injection. To ensure that the samples were within the
calibration range, the auto-dilution feature on the TOC
analyzer was enabled. The acidified samples (pH 2) were
sparged for 3 min. The mean of three injections of 6 mL was
reported for every sample, and the coefficient of variance was
2% for replicate injections.
Microtox Bioassay Screening of Water-solubles. The

Microtox 40% screening test procedure (Microtox model 500
analyzer, Modern Water, New Castle, DE) was performed to
test the acute toxicity of the leached water-soluble species by
inhibition of Aliivibrio fischeri bioluminescence.38 The water-
soluble samples from the irradiations and dark controls were
carbon-normalized with deionized water to dilute all samples
to the lowest DOC concentration result (7.73 mg/mL),
measured from the above-mentioned DOC procedure. This
procedure enables toxicity to be measured relative to sample
composition, rather than absolute concentration. The samples
were prepared for the screening test according to manufac-
turer’s instructions (incubated, diluted with 2% sodium
chloride (NaCl) solution, and modified with 22% NaCl
osmotic solution to adjust salinity) and analyzed. The emission
of light from A. fischeri bioluminescent bacteria (490 nm)
added to the water samples was measured relative to a blank
sample and reported as percent effect (% effect).

■ RESULTS AND DISCUSSION
Molecular Composition of the Starting Material. To

gain insight about how the different sealants respond to
weathering in the environment, the molecular compositions of
the starting material (i.e., unirradiated sealants) were analyzed
by direct infusion (+) APPI FT-ICR MS. Analysis of the whole
asphalt and coal tar sealants revealed remarkable differences
between the samples. The thousands of peaks detected in the
mass spectra of the samples were calibrated with internal
homologous Kendrick series,39 and each assigned a unique
molecular formula (CcHhNnOoSs). The molecular formulas are
sorted according to their heteroatom content; for instance, all
formulas with only carbon and hydrogen comprise the
hydrocarbon class (HC);40 whereas species with C, H, and
one S atom make up the S1 class. Knowledge of the molecular
formulas enables the calculation of double bond equivalents
(number of rings plus double bonds to carbon), calculated
with the equation,41 DBE = c − h/2 + n/2 + 1, which
represents a measure of a compound’s aromaticity. Figure 1
displays the heteroatom class distribution (top) and iso-
abundance-contoured plots of double bond equivalents (DBE)
versus carbon number (bottom), in which the color scale
represents relative abundance (RA). Compounds with equal
DBE but varying degrees of carbon number (or CH2 units)
belong to the same homologous series. Previous work by
Bowman et al.42 utilized two-dimensional gas chromatography-
high-resolution mass spectrometry (GC × GC/HRMS) to
analyze coal tar and asphalt sealant and assigned 88 and 337
unique elemental compositions. By comparison, our analysis
with ultrahigh-resolution FT-ICR MS enabled the assignment
of 2290 and 12191 monoisotopic molecular formulas in coal
tar and asphalt sealant, a significant improvement in compound
accessibility and assignment because APPI can volatize and
ionize high-boiling point/heteroatom-containing compounds
which are not accessible and/or resolved by routinely used
GC-based MS techniques. The unirradiated whole samples
present high abundances of hydrocarbon (HC) and nitrogen
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(N1) species, above 15% RA. Asphalt sealant contains high
amounts of sulfur species (∼21% RA), which is consistent with
distillation residues from heavy petroleum.43 Conversely, coal
tar sealant contains a higher total abundance of oxygen-
containing species (O1‑4 classes), ∼10% RA, and almost 37% of
N1 compounds. This result is expected because coal tar sealant
is derived from raw coal and its byproducts which are known
to be highly oxygenated and comprise high amounts of
nitrogen-containing aromatic cores (azaarenes).44−49 The lack
of sulfur in the coal tar sealant is also expected because sulfur is
released, as H2S, during pyrolysis of coal.

50,51 The heteroatom
content also suggests that upon photooxidation, the irradiated
coal tar sealant will be abundant in Ox and NOx classes;
whereas, asphalt sealant products will likely be more abundant
in SOx compounds. Moreover, the bottom panel of Figure 1
reveals that the compositional ranges of the two sealants are
drastically different. Coal tar sealant extends to higher DBE
values (∼10 − 45), which indicates higher content of highly
aromatic compounds, likely with up to ∼16 fused aromatic
rings. For reference, the structure of coronene (7-rings, carbon
number = 24, DBE = 19) has been included in the DBE versus
carbon number plot for the HC class. In addition, coal tar
sealant features a compositional range with short homologous
series (low levels of alkylation), species with the same DBE but
varying carbon number: it contains almost-discrete abundant
series (green-yellow/red spots) with short carbon number
ranges for each DBE value that lies within the PAH region (red

highlighted region). This PAH region consists of the area
between two compositional boundaries: the planar PAH limit
and the catacondensed PAH limit. The planar PAH limit is a
compositional boundary for naturally occurring fossil hydro-
carbons and indicates that the DBE value of planar petroleum
molecules should not exceed ∼90% of its carbon content. DBE
values above this limit indicate the presence of fullerene-type
compounds, which are not naturally present in fossil fuels.52

The catacondensed PAH limit indicates the region at which
catacondensed PAHs would be present (DBE = 0.75C −
0.5).53−55 Conversely, species located to the far right are highly
alkyl-substituted and less condensed. Thus, molecules with
DBE values closer to 90% of their carbon number are alkyl-
deficient, pericondensed PAHs (which contain several carbon
atoms shared by more than two aromatic rings).56 In contrast,
the asphalt sealant compositional range features DBEs below
30 and extended homologous series, which indicates a high
abundance of less aromatic/alkyl-enriched compounds.
The results indicate that the coal tar sealant starting material

is enriched in near bare PAHs of environmental concern such
as, naphthalene, pyrene, and benzo(a)pyrene, among others
(shown in Figure S2). These PAHs are known to be
carcinogenic and have been included as harmful contaminants
on the EPA Priority Pollutant List.57 In contrast, asphalt
sealant comprises continuous series that occupy carbon
number ranges between 10 and 60 and below DBE 30. For
instance, the DBE versus carbon number plot for the S1 class

Figure 1. Heteroatom class distribution (top panel) and isoabundance color-contoured plots of double bond equivalents (DBE) versus carbon
number (bottom panel) derived from (+) APPI 9.4 T FT-ICR MS for the most abundant heteroatom classes from the analysis of asphalt sealant
(blue) and coal tar sealant (red) starting material.
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suggests the presence of an extended homologous series at
DBE = 6 and carbon numbers between 10 and 55, which
suggests abundant benzothiophene rings (DBE 6) with up to
∼45 carbon atoms in alkyl-side chains (CH2 units). The
differences in molecular composition between asphalt and coal
tar sealants suggest that upon photooxidation, the coal tar
sealant will likely produce oil- and water-soluble photoproducts
with molecular compositions near the PAH line (low
alkylation). Conversely, the asphalt sealant will produce oil-
and water-soluble species with various degrees of alkylation,
similar to other petroleum-based products.3,58−60

Photooxidation of Pavement Sealants. Films of coal/
asphalt sealants were irradiated in a solar simulator microcosm
to mimic weathering in the environment. After irradiation of
the two pavement sealants for two different time periods (24 h
and 168 h), (+) APPI FT-ICR MS was used to analyze the oil-
soluble photoproducts. The most abundant heteroatom classes
(RA > 1%) identified in the oil-soluble species are displayed in
the upper panel of Figure 2. The compositions for only the 168
h irradiation are displayed in the bottom panel because there
were no significant differences between the oil-soluble
products for their respective 24 and 168 h time periods in
both irradiations and dark controls (Figure S3). Compared to
the starting material, both irradiated sealants contain a higher
abundance of oxidized species, Ox and NOx. In particular, the
asphalt sealant reveals higher amounts of SOx species, as
expected based on the analysis of the starting material (high
sulfur content). Furthermore, the abundance of the HC class,
in both sealants, increased upon irradiation: the coal tar sealant
increased from 25.5% RA to 70% RA and asphalt sealant
increased from 15% RA to ∼35% RA. That increase suggests
that heteroatoms are potentially contained in labile moieties

connected to hydrocarbon cores, such as side chains, which are
released by photochemical reactions, and potentially trans-
formed into water-soluble compounds. Upon photooxidation,
these moieties can crack off the structure, which leaves behind
the hydrocarbon core. Compositionally, the two irradiated
sealants demonstrate results similar to their respective starting
materials. The irradiated asphalt sealant contains continuous
series that occupy low DBE (DBE < 30) and carbon number
(10−60) range. The coal tar sealant oil-soluble photoproducts
reveal “discrete” abundant series between carbon numbers 10
and 40 and up to DBE 35, which is a slight decrease in
aromaticity compared to the starting material. Moreover, the
irradiated compounds remain along the PAH limit line,
suggesting the continued presence of PAHs after photo-
oxidation (Figure S1).
In addition to the characterization of the oil-soluble

photoproducts, the water-soluble species produced from the
irradiations and dark controls of the sealants were analyzed by
(−) ESI FT-ICR MS, which targets polar/acidic species,
known to form through the photooxidation of hydrocarbons.59

ESI has been used to access the molecular composition of the
water-soluble photoproducts because it enables more uniform
ionization for that type of sample than APPI.1 Thus, it is widely
reported that (−) ESI FT-ICR MS is well suited for the
characterization of petroleum-derived DOM.59,61−63 Figure 3
shows the relative abundances and combined compositional
range for Ox (top) and NOx (bottom) classes detected in the
water samples upon simulated solar irradiation. Ox water-
soluble compounds from the asphalt sealant contain up to ten
oxygen atoms (O10 class), with higher abundances for
compounds with low oxygen number (O2−O5). The coal tar
sealant water-soluble products contain up to the O12 class and

Figure 2. Heteroatom class distribution (top panel) and isoabundance color-contoured plots of DBE versus carbon number (bottom panel) for the
most abundant oil-soluble species’ oxidized heteroatom classes derived from (+) APPI 9.4 T FT-ICR MS analysis of the 24 h and 168 h irradiations
of the asphalt sealant (blue shades) and coal tar sealant (red shades).
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are enriched in O4−O6 species. For both sealants, the
abundance of oxygen increases with irradiation period. For
N-containing water-soluble products, the coal tar sealant
contains much higher abundances of NOx classes (up to
NO13) than the asphalt sealant (up to NO10). That result is
expected based on the characterization of the starting
materials, which confirmed a higher abundance of nitrogen-
containing compounds for coal tar sealant. Furthermore, the
compositional ranges of the water-soluble species for both Ox
and NOx combined classes follow expected trends deduced
from the molecular composition of the starting material and
irradiated oil-soluble compounds. The asphalt sealant water-
soluble species exhibit a low DBE range (DBE < 15) and
extended homologous series with up to ∼25 CH2 units
(carbon atoms), indicating a higher degree of alkylation and
lower aromaticity than the coal tar products. The compositions
of the water-soluble species from the asphalt sealant can also
be compared to the respective oil-soluble species, which have
more extended homologous series. The length of a
homologous series increases from the addition of nonpolar
CH2 units; thus, asphalt-derived oil-soluble products have
higher hydrophobicity. In addition, the compositions of the

photogenerated water-soluble species from the asphalt sealant
resemble trends seen for typical DOM from other fossil fuel-
based products,3,10 but at lower DBE values.
Coal tar sealant water-soluble species feature higher DBE

(up to DBE 30) with carbon numbers up to 40. However, the
homologous series are narrower than for asphalt water-soluble
photoproducts. Furthermore, the photoproducts lie along the
PAH limit line, suggesting that PAHs, originally present in the
starting material, were able to move into the water upon
photooxidation. Comparison of the compositional range of the
water-soluble products and the oil-soluble species (coal tar
starting material and oil-soluble photoproducts, Figures 1 and
2) indicates that the water-soluble compounds do not contain
the defined/discrete homologous series with particular DBE
values and instead, feature a continuous compositional range.
This outcome suggests that photochemical reactions can cause
structural changes that affect the DBE. For instance, photo-
oxidation may cause oxygen incorporation as ketones,
aldehydes, or carboxylic acids. It is important to note that it
is difficult to make definitive conclusions about the molecular
composition of water-soluble photoproducts because of the
wide range of ionization efficiencies in (−) ESI, inherent to the

Figure 3. Heteroatom class distributions (left) and isoabundance color-contoured plots of DBE versus carbon number (right) for combined Ox
(top panel) and NOx (bottom panel) water-soluble species derived from (−) ESI 9.4 T FT-ICR MS analysis of the 24 h and 168 h irradiation
periods from asphalt sealant (blue shades) and coal tar sealant (red shades).
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tens-of-thousands of different molecules in the samples. (−)
ESI targets acidic species, which ionize more efficiently than
compounds with no acidic functionalities. Moreover, less
hydrophobic acids (low carbon number) ionize much more
efficiently via ESI than higher carbon number acidic species.64

Therefore, it is possible that the DBE versus carbon number
plots in Figure 3 do not completely represent the composition
of the water-soluble products. To see species difficult to ionize
by (−) ESI, extensive fractionation of the water-soluble species
is required, the topic of a future manuscript. For the purpose of
this work, conclusions about the composition of the whole/
unfractionated water-soluble sample are discussed.
The SOx classes for the water-soluble species were also

analyzed (Figure S4); however, the low abundance of sulfur in
the coal tar starting material resulted in few or no SOx species
detected in the recovered water-solubles. Moreover, the few
coal tar sulfur species consist of DBE values ≥ 3, suggesting the
presence of thiophenic functionalities (i.e., sulfur contained in
aromatic cores).65,66 However, the asphalt sealant does contain
abundant SOx species (up to SO11 for 168 h irradiation), which
exhibit a compositional range relative to the Ox and NOx
classes (DBE below 15, carbon number 5−30). Furthermore,
asphalt water-soluble sulfur species reveal abundant low DBE
compounds (<3 DBE), suggesting that sulfur is present (with
oxygen) as sulfides and/or sulfoxides (−S�O).66

The compositions of the water-soluble photoproducts
recovered from the dark controls are shown in Figures S5
and S6. The water from most of the dark controls shows little
to no definitive compositional trends. Conversely, the Ox
heteroatom group of the coal tar sealant 24 h dark control
reveals a considerable abundance of oxygen (up to O14) and
compositions that lie along the PAH limit line. The high
abundance of originally water-soluble oxygen-containing
compounds, which are leached into the water without
irradiation, can result from the processing of raw coal to
produce coal tar pitch during the pyrolysis of coal and coal
tar.67,68 It is possible that water-soluble species from coal tar
sealant are easily transferred into water without exposure to
irradiation due to the presence of the emulsifying agent
(characteristic of commercially available sealant emulsions).
However, these species are not detected in (+) APPI analysis
of the whole starting material, likely because of their much
lower concentration than HC/N1 compounds and more
efficient ionization of highly aromatic (DBE > 15)/
pericondensed aromatic cores. In contrast, the asphalt dark
control water-soluble species present a non-continuous
compositional range, which can be associated with background
chemical noise captured during MS analysis, indicating that
minimal water-soluble species are present. Furthermore, the
number of monoisotopic molecular formulas for the dark
controls can be compared to the irradiated samples to highlight
the diversity of species that were generated during photo-
oxidation. For example, for the 24 h dark controls, 665 and
2,400 molecular formulas were assigned for the asphalt and
coal tar sealants; whereas for the 24 h irradiation, 8427 and
7596 were assigned. The increase in molecular formulas was
also seen for the 168 h irradiation period: 1778 formulas for
the dark control increased to 6936 for asphalt sealant, and
1315 formulas for the dark control increased to 2711 for coal
tar sealant, indicating that upon photooxidation, more newly
formed water-soluble species are generated. The presence of
newly formed water-solubles is also supported by the reduced
compositional ranges seen for the dark control samples relative

to the irradiated samples. It should be pointed out that
complex mixtures suffer from selective ionization; however,
when sample sets are analyzed under the same conditions, the
accessed compositional trends, via MS, can be useful to
understand chemical processes, such as photooxidation. With
APPI, PAHs typically have higher ionization efficiencies due to
lower ionization potentials; whereas, in (−) ESI, there is
efficient ionization of oxygen-containing acidic species of
LMW.64

Quantification of Total Organic Carbon Leached
from Pavement Sealants. In addition to molecular-level
analysis, the amount of organics that were leached from the
pavement sealants into the water was quantified by DOC
measurements. Figure 4 displays the amount of DOC leached

into the water from the irradiated and dark control asphalt
(blue) and coal tar (red) samples. For both sealants, the
amount of DOC increased upon photoirradiation. For
example, the 168 h irradiated coal tar sealant produced nearly
three times the amount of DOC than the 168 h dark control.
The highest amount of DOC, ∼65.09 mg/L, was produced by
168 h irradiation of the asphalt sealant; whereas the same
irradiation period for the coal tar sealant produced only
approximately half that amount, ∼31.99 mg/L. In addition,
both the 24 h and 168 h dark controls produced more DOC
than has been seen previously for dark controls of other fossil
fuel-based products.3 The DOC results from the dark controls
suggest that there are compounds in the sealants that can easily
transfer into water without exposure to solar irradiation. These
water-soluble compounds could potentially be attributed to the
emulsifying agent that is added to the sealant for its application
in the built environment. Therefore, it is important to
understand how the coal tar sealant behaves, under solar
irradiation, without the presence of the initial water-soluble
compounds. To that end, a 24 h dark control for the coal tar
sealant was prepared and the water-soluble species were
collected. The remaining sealant on the glass slide was
submerged in a fresh aliquot of water and subsequently
irradiated for 24 h. This “washed” sample was separated and
analyzed in the same manner as previously discussed (Figure
S7), which included DOC analysis (Figure 4, right). The
resulting DOC measurement for the washed coal tar sample
was approximately 68 mg/L, which is ∼2× higher than

Figure 4. DOC measurements for water collected after 24 h and 168
h dark controls and irradiations of asphalt sealant (blue) and coal tar
sealant (red).
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observed for the 24 h irradiation experiment that contains the
initial water-soluble compounds and photoproducts. This
finding strongly suggests that the initial weathering process
(water washing) affects the amount of leachable photoproducts
with subsequent photoirradiation. Future research will aim to
understand this behavior further.
The molecular composition of the water-soluble species for

the 24 h washed coal tar sample is somewhat similar to that of
the 24 h initial irradiation (unwashed). As previously
discussed, the unwashed sample contains up to O12 and
NO13; whereas, the washed sample contains up to O11 and
NO11. However, the washed sample contains a higher total
amount of Ox species (∼53% RA) than the unwashed sample
(∼36% RA). For the NOx species, the unwashed sample
contains a slightly higher total amount (∼40% RA) than the
washed sample (∼32% RA). The unwashed sample occupies
slightly higher DBE ranges (up to DBE 30) than the washed
sample for both the Ox and NOx classes. Both compositional
ranges lie along the PAH limit line, demonstrating that PAH-
like compounds were still transferred into the water upon
photoirradiation, despite the wash beforehand.
Toxicity of Water-solubles Determined by Microtox

Bioassay. All water-soluble samples were subjected to
Microtox bioassay analysis to determine acute toxicity of the
water-soluble compounds produced from the sealant. In Figure
5, the percent effect (y-axis) on the bioluminescence is directly

correlated to the toxicity of the sample: the higher the percent
effect, the higher the toxicity of the sample. It is evident from
Figure 5 that the coal tar sealant is more acutely toxic than the
asphalt sealant, which shows little to no toxic effects. Both coal
tar dark controls exhibit the highest toxicity readings (∼90%),
and the irradiated coal tar samples were also high in toxicity,
but lower relative to the dark controls (between 50 and 60%):
trends seen previously for DOM samples in which exposure to
photooxidation over time decreased their toxicity.69 Due to the
high toxicity of the coal tar dark controls, the toxicity of the
“washed” sample was also measured at approximately 15%
effect, a drastic decrease from the irradiated coal tar sample.
That decrease suggests that the compounds that are initially
water-soluble before irradiation are the main source of the high

toxicity in the coal tar sealant. It is concerning that these
compounds are readily transferred to the aqueous phase, even
after following the recommended curing time: 24 h drying
prior to exposure to, for example, rain, traffic (in our case,
contact with water). These toxic compounds could potentially
be the parent PAHs that are easily transferred to the water and
kept solvated by the emulsifying agent.70 Once parent PAHs
have contaminated waterways, they are difficult to completely
remove and can be further exposed to weathering effects such
as solar irradiation.71 Thus, it is important to consider the
contribution to toxicity from the formation of oxidized PAHs
(oxy-PAHs) after photooxidation. Previous studies have
reported that oxy-PAHs pose a threat to humans and the
environment; and although their toxic effects may not be as
detrimental as their parent PAHs, they should still be taken
into consideration as important contaminants due to their
persistence and increased mobility in the environment.71 Note
that the present toxicity test is applicable to compare the
potential effects the sealants would have in a groundwater
environment and the species living within them.72−74 Toxic
effects on human cell lines require additional testing that will
be explored in future work.
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