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ABSTRACT: Fossil fuel-derived products commonly used to pave
roads, asphalt binder and coal tar pavement sealant, have been shown
to readily produce highly oxidized water-soluble photoproducts that
are of environmental concern. Previous work has also demonstrated
that alkane-insoluble, multicore asphaltenes potentially produce water-
soluble species after exposure to photoirradiation. In this work, two
main solubility fractions from the asphalt binder and coal tar sealant,
maltenes (alkane-soluble) and asphaltenes (alkane-insoluble), are
extracted, mixed in various ratios, and photoirradiated to decouple
their contributions and determine their individual roles in the
generation of water-soluble photoproducts in a solar simulator
microcosm. Negative-ion (−) electrospray ionization (ESI) coupled
with ultrahigh-resolution Fourier transform ion cyclotron resonance
mass spectrometry revealed the relative abundances and molecular compositions of the produced water-soluble species. Moreover,
the amount of water-soluble organic carbon was quantified to ascertain the contributions to organic carbon production from each
solubility fraction. The results revealed that maltenes, in both asphalt binder and coal tar sealant, produced abundant water-soluble
species, with a highly polydisperse molecular composition and a higher dissolved organic carbon concentration compared to
asphaltenes. The compositions of the water-soluble photoproducts suggest different photooxidation pathways for both materials,
which produce water-solubles with contrasting molecular features. The asphalt binder produced oxidized multicore species, whereas
the coal tar sealant yielded single-core oxy-polycyclic aromatic hydrocarbons.

■ INTRODUCTION
Water-Soluble Species Formed by Photooxidation of

Fossil Fuel-Derived Materials. The formation of water-
soluble molecules during solar irradiation of petroleum-derived
products (i.e., crude oil, asphalt binder, etc.) has been
extensively studied.1−10 Photooxidation of crude oil in a
solar microcosm that mimics accidental oil spills in the ocean
produces abundant oxidized species with up to 18 oxygen
atoms per molecule, with much higher O/C ratios than that of
the parent oils (e.g., 0.41 for weathered Macondo well oil vs
∼0.04 for the parent oil), which increases water solubil-
ity.5,11−16

It is critical to highlight that extra heavy fractions of crude oil
(e.g., vacuum residues and asphaltenes) are extensively used in
the built environment. Applications include road paving,
asphalt sealers, roofing materials, waterproofing systems, and
potentially material science (e.g., production of carbon
fibers).5,17−21 However, the chemistry of the emerging
contaminants from fossil fuels in the built environment is
not widely understood, with reports by Bowman et al.,22 Giger
and Blumer,23 and Magi and Di Carro,24 which suggest that
they contribute to the release of carcinogenic polycyclic

aromatic hydrocarbons (PAHs) into the environment as a
result of the weathering. Moreover, fossil fuel products are
known to be highly complex at the molecular level. For
example, PetroPhase 2017 asphaltenes isolated from a Middle
Eastern heavy crude oil contained ∼65,000 molecular formulas
and ∼196 peaks (>6σ) at a single nominal mass at m/z 627.25

Thus, it is important that instruments with high analytical
performance, such as Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS), are used to
access the ultrahigh complexity of these samples to facilitate a
better understanding of how these products behave in the built
environment.

Asphalt binder is composed of the highest boiling point
species that remain after high-temperature vacuum distillation;
this fraction is mixed with the aggregate to pave roads.17 In a
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recent work, an asphalt binder product revealed photo-
oxidation trends similar to those of crude oil samples.5,11,26

The produced water-soluble compounds revealed higher
amounts of oxygen, with the identification of compound
classes with up to 18 oxygen atoms (O18 class). The
compositional range of the water-soluble photoproducts
featured higher carbon numbers and double bond equivalents
(DBE = number of rings plus double bonds to carbon) as a
function of increasing the number of oxygen atoms per
molecule.5 This feature has been reported for a variety of
photoirradiated oil samples, such as Athabasca bitumen
asphaltenes and a low-boiling petroleum distillation cut,11

and may suggest polymerization (addition reactions) of
initially produced low-molecular-weight photoproducts as a
potential pathway for forming highly oxidized water-soluble
compounds with higher molecular weight.5,11

Analysis of coal tar sealant, a coal-based product used for
protecting private driveways, parking lots, and roadways, was
investigated recently.27 The material produced highly oxidized
water-soluble species, with up to 12 oxygen atoms per
molecule, with increased levels of toxicity due to its initial
high content of PAHs (PAH concentration = 50,000−75,000
ppm).27,28 The high PAH concentration of coal tar sealant can
be attributed to a high amount of coal tar pitch (∼15−35 wt
%) contained in the sealant. In addition, coal tar sealant has
been banned in various states and individual cities due to its
potential negative environmental impacts, such as extensive
fish kills in ponds near the application site and detrimental
developmental effects on marine life.28−33 Characterization via
FT-ICR MS revealed that upon irradiation, coal tar sealant
produces water-soluble oxidized hydrocarbons (up to O12
class) and N-containing species (up to NO13 class). These
compounds feature DBE ranges that lie along the PAH limit, a
compositional boundary for fossil fuels indicative of the
presence of bare/near bare PAHs.34,35 Thus, the results
highlight the abundant production of water-soluble oxidized
PAHs (oxy-PAHs) from materials routinely used in the built
environment.27

Role of Petroleum Fractions for the Generation of
Water-Soluble Contaminants in the Built Environment.
Petroleum and coal are fossil fuels known to consist of two
main solubility fractions: maltenes and asphaltenes. Maltenes
are the alkane-soluble, toluene-soluble fraction of crude oil and
typically exhibit low heteroatom content, low DBE, and high
H/C ratios (>1.2).36 Conversely, asphaltenes are the alkane-
insoluble, toluene-soluble fraction, known for their high
aromaticity and high concentration of heteroatoms such as
O, N, S, and V.25,37 Maltenes are generally enriched in
hydrocarbons [hydrocarbon class (HC)], whereas asphaltenes
contain higher proportions of heteroatomic classes (e.g., Sx,
NxOySz, and Ox), including metal complexes such as vanadyl
porphyrins (N4O1V1 class). Asphaltenes are also considered a
critical component in paving products, such as asphalt binder
and coal tar sealant, as they can dramatically change the
rheological properties of these materials.38,39 For instance,
research has been performed to determine how the size and
content of asphaltenes in asphalt binders contribute to asphalt
binder performance parameters such as the microstructure,
linear viscoelastic behavior, and creep rate.40,41 Noteworthy
results demonstrated that low amounts of asphaltenes (∼5 wt
%), relative to the maltene phase, result in 5.1 times higher
stiffness of asphalt binder. Furthermore, the creep rate
decreases with the increase in asphaltene concentrations,

indicating that asphaltenes play a central role in bitumen’s
elasticity.40

Moreover, previous work has provided evidence for two
asphaltene structural motifs that affect the production of water-
soluble photoproducts. Multicore asphaltenes consist of
multiple alkyl-substituted aromatic cores interconnected by
covalent bonds. These structural motifs have been demon-
strated to produce abundant oxygen-containing oil- and water-
soluble compounds upon solar irradiation, which potentially
occurs through photofragmentation and polymerization
reactions.11 Conversely, single-core asphaltenes, which consist
of a higher-molecular-weight aromatic core with alkyl side
chains, were shown to resist photofragmentation and produce
little to no water-soluble species.11 Additional work has also
revealed that maltenes can be transformed into asphaltenes
through crude oil photooxidation reactions conducted in solar
microcosms.42,43 These new discoveries suggest that asphal-
tenes are key components that contribute to the generation of
potentially harmful water-soluble contaminants that persist in
the environment.44 Thus, it is important to highlight that
asphalt binder contains a high mass fraction (∼17−60 wt %) of
asphaltenes (relative to ∼0.5−10 wt % in crude oils)17 and, as
noted earlier, produces abundant water-soluble species upon
solar irradiation.5 However, the role of potential interactions
between maltenes and asphaltenes in the production of water-
soluble photoproducts from paving materials is unknown,
including the effect of their mass fraction within asphalt
binder/sealers. The fact that water-soluble compounds are
produced from solar irradiation of both asphalt binder and coal
tar sealant supports the importance of analyzing each product’s
solubility fractions (i.e., maltenes and asphaltenes) separately
to determine how each fraction contributes to the production
of potentially toxic emerging contaminants. Although asphalt’s
maltene and asphaltene content has been investigated for
subsequent impacts on rheological properties, durability, and
performance,40,45 its implication as a source of dissolved
organic carbon requires research to revisit leachability to guide
the rational formulation of future environmentally friendly
asphalt and related fossil carbon-derived products.

Given the known toxicity of coal tar sealant water-soluble
photoproducts,27 it is important to understand which solubility
fraction disproportionally produces water-soluble, potentially
toxic molecules. It is likely that maltenes and asphaltenes
produce different proportions of water-soluble photoproducts
given their known differences in the solubility, heteroatom
content, molecular structure (content of single-core vs
multicore), and nanoaggregation state.25,36,46−49 Therefore,
this work aims to investigate the individual contributions of
maltenes and asphaltenes in the production of water-soluble
species formed during photooxidation in a solar simulator
microcosm. Given the compositional complexity of the paving
materials and products, ultrahigh-resolution FT-ICR MS is
used to determine the compositional differences of water-
soluble photoproducts generated from the irradiation of
different blends of the solubility fractions (maltenes/
asphaltenes) from asphalt binder and coal tar sealant by
combining maltenes and asphaltenes into blends at different
ratios, submerging films of the blends spread on a glass slide in
water, and irradiating them by use of a solar simulator
microcosm to mimic weathering of the materials in the
environment. The water-soluble photoproducts are subse-
quently separated from the oil-soluble counterparts and
analyzed by negative-ion (−) electrospray ionization (ESI)
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and positive-ion (+) atmospheric-pressure photoionization
(APPI) FT-ICR MS. The results indicate that the maltene
fraction from both road paving products are responsible for the
abundant production of water-soluble species with elevated
levels of dissolved organic carbon. Moreover, the composi-
tional results suggest that water-soluble photoproducts are
formed through different pathways during photooxidation,
which results in potentially different molecular structures.
These photooxidation pathways are the subject of future
research.

■ EXPERIMENTAL METHODS
Asphalt Binder and Coal Tar Sealant. Asphalt binder and coal

tar pavement sealant were obtained from Capital Asphalt
(Tallahassee, FL, USA) and Sitelab Corporation (West Newbury,
MA, USA). The samples were stored in the dark in airtight containers
and used as received. The binder is rated with a performance grade of
76-22, modified with a polymer to increase the rutting resistance at
high temperatures.5,50 The coal tar sealant has a known EPA priority
PAH concentration between 50,000 and 75,000 ppm, as measured by
the EPA method 8270D-SIM.51 The sealant consists of ∼15−35 wt %
coal tar pitch, an emulsifying agent, water, sand, clay, and other
additives.29,30 A schematic of the experimental workflow described in
the forthcoming sections is included in the Supporting Information
(Figure S1).
Asphaltene Precipitation. Approximately 300 mg of asphalt

binder and coal tar sealant (dried under nitrogen to remove water)
was transferred to glass vials separately where n-heptane (nC7) was
added dropwise to each product to isolate the C7 asphaltenes
according to a modified standard ASTM method (D6560-12).
Asphalt binder yielded ∼81.6 wt % C7 maltenes and ∼18.4 wt %
C7 asphaltenes, whereas coal tar sealant contained ∼83.1 wt % C7
maltenes and ∼16.9 wt % C7 asphaltenes. The solubility fractions
were separated by centrifugation and further cleaned by redissolution
in toluene and reprecipitation in nC7 assisted by sonication (Branson
Ultrasonics, Danbury, CT, 22 kHz, and 130 W). The fractions were
dried under N2 and stored in the dark for subsequent experiments and
MS analysis.
Asphaltene Extrography. Native (non-irradiated) C7 asphal-

tenes were separated into fractions based on single-core (island) and
multicore (archipelago) structural motifs by a shortened version of a
previously published extrography method.52 Native asphaltene
samples from asphalt binder and coal tar sealant were dissolved in
dichloromethane [high-performance liquid chromatography (HPLC)-
grade J.T. Baker, Philipsburg, NJ], adsorbed onto silica gel (1% mass
loading), dried under nitrogen, and sequentially Soxhlet-extracted
with acetone, heptane/toluene (Hep/Tol) (1:1), and toluene/
tetrahydrofuran/methanol (Tol/THF/MeOH) (1:1:0.05). The
three extracts were dried under nitrogen, weighed, and stored in the
dark.
Photooxidation of Maltene and Asphaltene Blends. The

solubility fractions (maltene and asphaltene) from the precipitation
process described above were weighed out to make up the appropriate
weight % ratios (1:0, 9:1, 1:1, 1:9, and 0:1 maltenes: asphaltenes) for
a total of approximately 30 mg of blended material. For example, a
ratio of 9:1 would consist of ∼27 mg of maltenes and ∼3 mg of
asphaltenes. To prepare films for irradiation, the blends were
dissolved in dichloromethane and spread in an even layer on a
clean glass slide. Thin layers of the mixture were repeatedly added and
dried under nitrogen until the entire 30 mg was transferred to the
glass slide in an even layer. Once fully dry (∼24 h), the slide was
placed in a jacketed beaker on a glass ring [to allow for a stir bar to sit
underneath the glass slide (Figure S2)]. The jacket system was
connected to a water chiller maintained at 27 °C. The film was
submerged in 30 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)2 and irradiated for 48 h, which

is equivalent to ∼12 days of exposure in natural sunlight,53 with
continuous magnetic stirring (100 rpm). After irradiation, the water
was removed from the beaker by use of a Pasteur pipet and stored in
the dark at approximately 3.5 °C to prevent further oxidation. The
irradiated film (oil-soluble photoproducts) was removed from the
glass slide by dissolution in toluene (HPLC-grade, J.T. Baker,
Philipsburg, NJ), dried under nitrogen, and stored in the dark.
Total Organic Carbon Analysis. A 10 mL aliquot of the

collected water that contains water-soluble photoproducts was set
aside for total organic carbon (TOC) analysis. No additional
modifications were made to the water samples prior to TOC analysis
so that the analyzed organics between TOC and MS analysis would be
as similar as possible. The analysis was completed in triplicate and
provided by Huffman Hazen Laboratory (Golden, CO). TOC
concentrations were determined with the UIC/coulometrics system
model 5012 by use of the Standard Methods 5310B (20th edition).54

TOC was measured directly by acidifying and sparging the water
sample to remove inorganic carbon before injection into a high-
temperature (900 °C) combustion furnace. The evolved CO2 was
detected by use of a coulometric detector at a detection limit of 1 mg/
L.
Precipitation of Oil-Soluble Photoproducts. The dried oil-

soluble photoproducts were dissolved in 1 mL of toluene and further
diluted with 40 mL of pentane (HPLC grade, J.T. Baker, Philipsburg,
NJ) to precipitate alkane-insoluble compounds as described in a
previous work.42 The oxidized maltenes (alkane-soluble photo-
products) were separated from the alkane-insoluble material depleted
in “occluded” maltenes (photochemically produced asphaltenes or
PPA) by centrifugation (Eppendorf 5810R, 3500 rpm for 10 min at
25 °C).55 Both fractions, photooxidized maltenes and PPA, were
dried under nitrogen, weighed, and stored in the dark for subsequent
MS analysis.
Characterization by FT-ICR MS. Water-Soluble Species. A 3

mL aliquot of the collected water that contains the water-soluble
photoproducts was completely dried under nitrogen and redissolved
in methanol (HPLC-grade J.T. Baker, Philipsburg, NJ) to a final
concentration of 250 μg/mL for analysis using by use of a negative ion
(−) ESI system coupled to a custom-built 21 T FT-ICR mass
spectrometer.56 (−) ESI is the preferred ionization method to analyze
water-soluble samples to target polar and acidic species commonly
contained in water-soluble fractions.11,57 The samples were directly
infused into the mass spectrometer via a heated metal capillary by use
of (−) microelectrospray ionization at a flow rate of 0.5 μL/min.
Approximately 1.0 × 106 ion charges were externally accumulated in a
Velos Pro linear ion trap (Thermo Scientific, San Jose, CA) and then
transferred to a dynamically harmonized ICR cell operated with a
trapping potential of 6 V.56,58 A Predator data station assisted with
data collection, with the coaddition of 100 time-domain transients
(3.1 s detection period). Custom Predator and PetroOrg© software
assisted with data collection, Fourier transformation, mass spectral
calibration, molecular formula assignment, and data visualization.59,60

Oil-Soluble Species. Stock solutions of unirradiated C7 maltenes
and C7 asphaltenes, the asphaltene extrography fractions, and the oil-
soluble photoproducts from the irradiated blends (oxidized maltenes
and PPA) were diluted in toluene to a final concentration of 100 μg/
mL for analysis with a (+) APPI source coupled with a custom-built
21 T FT-ICR mass spectrometer. (+) APPI is the preferred ionization
method to analyze oil-soluble samples to target nonpolar and
aromatic species typically contained in oil-soluble fractions.5,11 The
samples were directly infused at 50 μL/min into an Ion Max APPI
source (Thermo Fisher Scientific, San Jose, CA) at a vaporizer
temperature of 320 °C. N2 was used as a sheath gas (15 mL/min) and
auxiliary gas (10 mL/min) during ionization. Gas-phase neutrals were
photoionized with 10.2 eV photons from an ultraviolet krypton lamp
(Syagen Technology Inc., Tustin, CA, USA). Positive ions were
transferred into the mass spectrometer via a heated metal capillary
(∼350 °C) and analyzed with a custom-built 21 T FT-ICR MS.
Custom Predator and PetroOrg software assisted with data collection,
Fourier transformation, phasing, mass spectral calibration, molecular
formula assignment, and data visualization.59,61,62
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■ RESULTS AND DISCUSSION
Molecular Compositions of Native Solubility Frac-

tions. To gain insights into the molecular features of the
starting materials and their possible role in the chemistry of the
water-soluble photoproducts from the blends, the unirradiated
solubility fractions (maltenes and asphaltenes) from asphalt
binder and coal tar sealant were analyzed by direct infusion (+)
APPI FT-ICR MS. The thousands of peaks detected in the
mass spectra were calibrated with homologous Kendrick
series,61,63 and each was assigned a unique molecular formula
(CcHhNnOoSs). Compounds with equal DBE and heteroatom
content but differing carbon numbers belong to the same
homologous series. Simply, members of the same homologous
class series feature the same DBE but have different numbers
of CH2 units (alkylation degree). Molecular formulas are
sorted according to the heteroatom content; for example, all
formulas with only carbon and hydrogen atoms comprise the
HC class; whereas species with carbon, hydrogen, and one
oxygen atom make up the O1 class. Assignment of molecular
formulas enables calculation of DBE, which represents a
measure of each compound’s aromaticity. MS analysis revealed
distinct molecular and compositional differences between the
solubility fractions of asphalt binder and coal tar sealant. Figure
1 displays the heteroatom content (top panel) and DBE versus
carbon number plots (bottom panel) for the most abundant
heteroatom classes detected in asphalt binder (left) and coal
tar sealant (right) solubility fractions (maltenes in blue and
asphaltenes in red). Abundance-weighted H/C ratios and DBE
values are included in the upper left corners of the plots to
facilitate sample comparison. The asphalt binder native
asphaltenes contain more oxygen atoms (up to O4) than the
native maltenes (up to O2), which is consistent with the
reported higher heteroatom content for asphaltene species.64

The asphalt binder maltenes follow typical trends for alkane-
soluble compounds; this fraction contains abundant nonpolar
species (HC class) and sulfur-containing classes (S1 class),

which account for more than 60% of the relative
abundance.65,66 Moreover, the maltenes and asphaltenes
feature different compositional ranges. The asphaltenes extend
to relatively higher DBE values (DBE ∼30) and a “bimodal”
compositional range that features a distribution of compounds
clustered along the PAH limit line (red dashed line in each
plot). The PAH limit is a compositional boundary for naturally
occurring fossil fuel compounds and defines that the DBE
value of planar 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
abundant in fossil fuels.34 The compositional range along the
PAH limit suggests the presence of highly condensed, aromatic
species within the asphaltene fraction. This finding is not
surprising considering that asphaltenes are insoluble and
precipitate in alkane solvents due to their higher aromaticity
and higher heteroatom content. These molecular features
promote strong nanoaggregation, with direct implications for
asphalt binder rheological properties40,67 and the photo-
transformation of these species in the built environment. We
hypothesize that species with strong aggregation trends tend to
remain stable during irradiation, similar to their noted survival
upon advanced hydroconversion processes.68

The solubility fractions from coal tar sealant show markedly
different trends of heteroatom content and composition. The
coal tar sealant native maltenes are rich in HC species (∼92%
RA) and depleted in O1, N1, and S1 classes (<7% RA). This
behavior is expected because previous characterization of coal
tar sealant revealed a molecular composition dominated by
near-bare PAHs, which are known to ionize efficiently in APPI
MS.27 The native asphaltenes contain species with higher
numbers of oxygen atoms (up to O4) and higher amounts of
nitrogen-containing species (up to N2), following the expected
trend of asphaltenic compounds featuring higher amounts of
heteroatom-containing molecules than that in maltenes.
Compositionally, asphaltenes from coal tar sealant reveal

Figure 1. Heteroatom class distribution (top panels) and isoabundance color-contoured plots of DBE vs carbon number (bottom panels) derived
from (+) APPI 21 T FT-ICR MS for the most abundant heteroatom classes from the analysis of asphalt binder (left) and coal tar sealant (right)
solubility fractions: maltenes (blue) and asphaltenes (red).
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higher DBE values (AW DBE ∼21.7) than the maltenes (AW
DBE ∼15.8). The compositional ranges of both solubility
fractions from coal tar sealant lie along the PAH limit (red
dashed line) and contain short homologous series (species
with equal DBE but varying degrees of carbon number), which
highlights the high content of alkyl-depleted (near bare) PAHs
or bare PAH species.34,69 It is important to note the similarity
between the compositional ranges of coal tar sealant maltenes
and asphaltenes despite the differences in their solubility
behavior, which has been also reported for Illinois coal.70 The
insolubility of asphaltenes in alkane solvents can be attributed
to their much higher content of heteroatoms and polarizable
functionalities, which likely promotes multiple intermolecular
interactions, including hydrogen bonding, which increases both
molecular and nanoaggregate insolubility.70,71

Comparison of the compositional ranges between the
asphalt binder and the coal tar sealant reveals differences
consistent with trends previously noted for petroleum-derived
and coal tar-derived products.27 These include petroleum-
derived products (asphalt binder and distillation cuts) that
occupy a wider carbon number range (up to carbon number
60, with up to ∼57 members per homologous series) than coal
tar-derived compounds (up to carbon number 45 and only
∼10 members per homologous series). Thus, the petroleum
species studied here are highly alkyl-substituted. Furthermore,
it is important to highlight the contribution of each solubility
fraction to the overall content of the asphalt binder and coal tar
sealant. Precipitation with heptane revealed that both products
are composed of similar amounts of maltenes and asphaltenes:
asphalt binder contains approximately 81.6 wt % maltenes and
18.4 wt % asphaltenes and the coal tar sealant contains
approximately 83.1 wt % maltenes and 16.9 wt % asphaltenes.
Because both materials are known to produce abundant water-
soluble photoproducts after exposure to photooxidation,5,27 it
is important to understand the individual contributions of each
solubility fraction and whether molecular structure and
compositional features play a role in the formation of water-
soluble species. The large differences in the compositional

range and heteroatom content of the maltenes and asphaltenes
suggest that upon photooxidation, both solubility fractions will
likely produce different types (i.e., in terms of the compound
class and/or aromaticity) and abundances of oil- and water-
soluble photoproducts.

Because different asphaltene structures have been demon-
strated to contribute differently to the production of water-
soluble species,11 it is also important to understand the
dominant structural motifs for each product. For this purpose,
asphaltene extrography was performed for C7 asphaltenes
precipitated from both asphalt binder and coal tar sealant to
isolate and “quantify” fractions enriched in single-core or
multicore structures. A previously reported shortened
asphaltene extrography separation involves the adsorption of
asphaltenes onto silica gel for subsequent extraction.52 The
asphaltene/SiO2 mixture is dried down and extracted with
acetone, enabling the separation of highly aromatic compounds
with predominant dipolar intermolecular interactions with the
silica gel.52 The remaining silica and asphaltene mixture is
redried and extracted with Hep/Tol to isolate remnant alkyl
aromatics.52 The mixture is finally extracted with Tol/THF/
MeOH, with the ability to disrupt hydrogen bonds, thereby
facilitating the liberation of abundant O- and N-containing
multicore compounds from the silica gel.52 The gravimetric
yields for the extrography separation are displayed in Figure 2,
left panel. Nearly 67 wt % of asphaltenes from asphalt binder
was extracted in the Tol/THF/MeOH fraction, suggesting that
the dominant structural motif is multicore. Conversely,
approximately 84 wt % asphaltenes from the coal tar sealant
were eluted in the acetone fraction, indicating that they are
single-core species dominant. Figure 2, right panel, presents
the combined compositional range for HC and O-/N-
containing compounds (species with no sulfur atoms, leftmost
plots) and all the compositions with S atoms (rightmost plots).
The extrography results, along with the compositional
information presented in Figure 1, allow for hypotheses
about which blends are more likely to produce water-soluble
species. A previous work suggested that water-soluble photo-

Figure 2. Weight percent recovery (left) of asphaltene extrography fractions, acetone (blue), Hep/Tol (red), and Tol/THF/MeOH (green), with
combined compositional ranges (right) for the HC-, O-, and N-containing classes and S-containing classes for asphalt binder and coal tar sealant
asphaltenes.
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products are readily produced from multicore asphaltenes
(Tol/THF/MeOH fraction), whereas single-core asphaltenes
(acetone fraction) feature limited production of water-soluble
emerging contaminants.11 Thus, it is possible that the
asphaltene dominant blends (1:9 and 0:1) from the asphalt
binder, which are abundant in multicore asphaltenes, will
produce highly oxidized water-soluble species, whereas the
same blend ratios from the coal tar sealant will leach little to no
heavily oxidized species. The molecular and compositional
results from the unweathered maltenes and asphaltenes
provide a basis for these hypotheses regarding the expected
photoproducts. Thus, to test these hypotheses, the forth-
coming discussion will focus on the results obtained for the
photooxidized blends of asphalt binder and coal tar sealant.
Compositional Trends for the Oil-Soluble Photo-

products from Blends of Solubility Fractions from
Asphalt Binder and Coal Tar Sealant. After the irradiation
of the blends, the oil-soluble photoproducts were recovered
and separated through precipitation with pentane into oxidized
maltenes and PPA and then analyzed by (+) APPI FT-ICR
MS. The weight percentages of recovered oxidized maltenes
and PPA after precipitation with pentane are included in Table
S1. The heteroatom class relative abundances are presented in
Figure S3 and follow expected trends, with increased oxygen
content after exposure to solar irradiation.42 Generally, the
asphalt binder oil-soluble photoproducts (Figure S3, left panel)
present high abundances of oxygen- and sulfur-containing
species; the PPA fractions (bottom left panel) reveal classes
with higher oxygen content (up to O6 and SO5) than that of
the oxidized maltenes (up to O3 and SO3). Regarding coal tar
sealant, its oil-soluble photoproducts (Figure S3, right panel)
are abundant in hydrocarbon-, oxygen-, and nitrogen-
containing species, and as expected, the PPA fractions (bottom
right panel) feature heteroatom classes with more oxygen
atoms (up to O6 and NO4) than that of the photooxidized
maltenes (up to O3 and NO2). These results are consistent
with the much higher heteroatom content usually observed for
alkane-insolubles.25,37,42 Furthermore, Figures S4 and S5
display the compositional ranges for the oil-soluble photo-
products (after irradiation, oxidized maltenes and PPA) for
asphalt binder and coal tar sealant. Figure S5 displays the
compositions of the asphalt binder oxidized maltenes, which
reveal a more extended carbon number range (up to ∼50
carbon atoms per molecule) than that of their PPA
counterparts (only up to carbon number ∼40). Compositions
for asphalt binder PPA lie close to the PAH limit line, which
has been seen for PPA fractions in crude oil.42 Furthermore,
the compositional results highlight a bimodal distribution: the
region close to the PAH limit emerges and becomes prevalent
as a function of increased asphaltene content in the blends.

Figure S5 displays the compositions for the oil-soluble
photoproducts from coal tar sealant. Both oxidized maltenes
and PPA occupy similar compositional ranges (along the PAH
limit line) as expected because coal tar sealant is heavily
abundant in PAHs. The main difference lies in DBE values,
with PPA fractions occupying higher DBE values (up to DBE
35) than the oxidized maltenes (DBE ∼25). The composi-
tional trends for the oil-soluble photoproducts provide evidence
for the photooxidation of both types of fossil fuel-derived
products. However, it is crucial that we understand the
individual contributions of the solubility fractions to the
formation of water-soluble species that are leached upon
photoirradiation from the blends. We hypothesize that this

knowledge could guide the optimal formulation of environ-
mentally friendly paving materials. Thus, the remainder of this
paper will focus on the molecular composition and organic
carbon concentration of the water-soluble photoproducts.
Molecular Composition of the Water-Soluble Species

Generated Upon Photooxidation of Maltene/Asphal-
tene Blends from Asphalt Binder and Coal Tar Sealant.
Previous studies have demonstrated that fossil fuel-derived
materials readily produce water-soluble photoproducts, with
the TOC content increasing as a function of the irradiation
period.5,16,27,72 Here, we analyze the water-soluble photo-
products from the blends to determine potential correlations
between maltene/asphaltene content and organic carbon
production, the results for which can be seen in Figure 3.

Overall, the petroleum-derived asphalt binder produced much
higher concentrations of TOC (up to ∼99.3 mg/L) than the
coal tar-based sealant (up to ∼18.3 mg/L), consistent with the
previous studies that revealed that petroleum-derived materials
readily leach water-soluble organic carbon upon photo-
irradiation.5,27 For both the asphalt binder and coal tar sealant,
the water-soluble fractions from the 1:0 maltene/asphaltene
(maltene only) blend were measured at the highest TOC
concentrations; asphalt binder produced ∼99.3 mg/L and coal
tar sealant produced ∼18.3 mg/L. The amount of leached
TOC decreased as a function of decreasing maltene content in
the blends. The 0:1 maltene/asphaltene (asphaltene only)
blends featured the lowest TOC values (∼2.0 and ∼1.3 mg/L).
Thus, the results indicate that the maltene solubility fraction is
primarily responsible for the production of water-soluble
organic carbon during weathering processes. Specifically,
oxygen atoms are readily incorporated into maltenic
compounds through photooxidation. Note that maltenes are
initially abundant in nonpolar HC species, as shown in Figure
1. Photooxidation promotes the incorporation of oxygen atoms
into maltenic hydrocarbons, thereby increasing their solubility
in water. In contrast, weathering of asphaltene-dominant
blends results in the production of little to no water-soluble
organic carbon. This trend of TOC production could
potentially be attributed to the aggregation (self-association)
behavior of asphaltenes. The ability of asphaltenes to self-
aggregate could potentially prevent the asphaltenes from
leaching organic carbon into water when exposed to solar
irradiation.68,73 Moreover, a previous report demonstrated the
sample-dependent production of water-soluble species from
asphaltenes. Abundant water-soluble species were observed
from the irradiation of Athabasca bitumen asphaltenes.

Figure 3. TOC measurements for water collected after the 48 h
irradiations from the maltene and asphaltene blends from asphalt
binder (blue) and coal tar sealant (red).
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Conversely, the irradiation of Wyoming deposit asphaltenes
produced little to no water-soluble compounds, suggesting that
the leachability of asphaltenes into water is sample-dependent.
We hypothesize that the ability to produce water-soluble
compounds could be attributed to the origin and production
methods of petroleum samples.11 For example, Athabasca
bitumen is extracted from bitumen sands via a water-based
method, which could potentially impact the chemistry
(hydrophilicity) of the produced oil.74

Heteroatom Content of Water-Soluble Photoprod-
ucts. Water-soluble species produced from the irradiation of
the maltene and asphaltene blends were analyzed by (−) ESI
FT-ICR MS to access the polar/acidic photoproducts.57,75−77

Figure 4 displays the relative abundances for the Ox, NOx, and
SOx heteroatom classes detected in the water-soluble photo-
products for the five blends. It is important to note that not all
of the assigned heteroatom classes are depicted in Figure 4.
The heteroatom classes relevant to the results and trends
discussed (highly oxidized Ox, NOx, and SOx) are included.

Figure 4. Heteroatom class distributions derived from (−) ESI 21 T FT-ICR MS analysis of water-soluble species generated from various maltene
and asphaltene blends from asphalt binder (blue) and coal tar sealant (red).
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For both materials, similar trends in heteroatom content are
noted for the C7 maltenes (100 wt %) and the maltene/
asphaltene blends of 9:1 and 1:1. Specifically, the asphalt
binder maltenes (blue bars) contain up to O18, NO13, and
SO18; the asphalt binder blend 9:1, up to O18, NO14, and SO18;
and the 1:1 blend starts the trend of decreased levels of
oxidation, with only up to O12 and SO13, with further increases
in asphaltene content. Regarding the coal tar sealant, the C7
maltenes produce water-solubles with up to O17, NO15, and
SO10 classes; the blend 9:1 yields up to O17, NO15, and SO10.
Similar to asphalt binder, the coal tar photoproduct class
distribution for the water-solubles from the 1:1 blend
demonstrates that the degree of photooxidation decreases as

a function of decreasing maltene content: this blend produced
only up to O15, NO14, and SO9.

It should be noted that the heteroatom content of the water-
soluble photooxidized species follows the heteroatom trends
established in Figure 1. For example, Figure 1 reveals that
asphalt binder maltenes and asphaltenes present high
abundances of sulfur-containing molecules, and likewise, the
water-soluble photoproducts reveal high abundances of SOx
classes. Alternatively, coal tar sealant solubility fractions feature
low abundances of S-containing species but much higher
concentration of N-containing compounds, as reflected in the
respective water-soluble photoproducts. It should be noted
that the two asphaltene-dominant blends [1:9 and 0:1 (C7

Figure 5. Isoabundance color-contoured plots of DBE vs carbon number spanning the oxygen classes contained in the water-soluble species
generated from the asphalt binder maltene and asphaltene blends derived from (−) ESI 21 T FT-ICR MS analysis (top panel). Red dashed circles
highlight the compositional range of the heteroatom classes with low oxygen content. Proposed pathway of formation for asphalt binder water-
soluble species (bottom panel). Bonds highlighted in blue are represented as single bonds but can potentially exist as an aryl linkage, linear alkyl
chains, or cycloalkyl moieties of an unknown number of carbon atoms.
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asphaltenes only)] produced water-solubles in low abundance
(<2% RA), and in general, asphalt binder yielded photo-
products with higher oxygen content (up to O15) than that
from the coal tar sealant (up to O8). Overall, the heteroatom
trends strongly suggest that C7 maltenes play a central role in
the production of oxidized water-soluble photoproducts.

Several studies have been performed regarding the blending
of maltenes and asphaltenes to make artificial bitumen and to
optimize paving applications. For example, Hofko et al.
investigated the behavior of artificially blended bitumen at
different asphaltene concentrations to determine if the blends
behave like bitumen-derived materials in terms of rheological
properties.40 The authors found that the addition of
asphaltenes caused a shift in the morphological structure,
from a continuous “matrix” to a more polydisperse phase.

Thus, the maltenes are thought to form a continuous phase
with the asphaltenes, in which alkane insolubles (asphaltenes)
are “dispersed”. This idea, along with the fact that asphaltenes
feature an intrinsic tendency to self-aggregate and form
supramolecular networks,52,55,78 which can protect asphaltenic
compounds from photooxidation and even thermal cracking/
hydroconversion,68 suggests that the blending of asphaltenes
with maltenes makes them more readily available to photo-
oxidation.79,80 These findings are in agreement with the results
in Figure 4, in which photooxidation of the 9:1 and 1:1 blends,
for both asphalt binder and coal tar sealant, resulted in the
production of highly oxidized water-soluble species. The
previous work by Chacoń-Patiño et al. could shed some light
on the reasons behind the production of water-solubles from
asphalt binder native asphaltenes. In that report, multicore

Figure 6. Isoabundance color-contoured plots of DBE vs carbon number spanning the oxygen classes contained in the water-soluble species
generated from coal tar sealant maltene and asphaltene blends derived from (−) ESI 21 T FT-ICR MS analysis (top panel). Red dashed circles
highlight the compositional range of the heteroatom classes with low oxygen content. Proposed pathway of formation for coal tar sealant water-
soluble species (bottom panel).
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enriched asphaltenes produced abundant water-soluble species,
similar to the results noted for the asphalt binder (Figure 5).11

Conversely, single-core enriched asphaltenes produced little to
no water-solubles, similar to coal tar sealant results. Moreover,
the trends observed for the coal tar sealant suggest that the lack
of alkyl-substituents in the maltene/asphaltene molecules
could also contribute to the low levels of primary water-
soluble photoproducts, resulting in lower rates of secondary
photooxidation.81 One such pathway could include the
primary photooxidation of benzylic carbons, which generates
reactive species that subsequently photooxidize highly
aromatic/alkyl-depleted species or bare PAHs.82

Compositional Range for Water-Soluble Species
Derived from Asphalt Binder and Coal Tar Blends.
The water-soluble photoproducts from the asphalt binder and
the coal tar sealant blends occupy different compositional
ranges, as shown in Figures 5 and 6. The compositional
information is presented in combined DBE versus carbon
number plots for classes with low (O3−O7), moderate (O8−
O12), and high (O13−O17) oxygen content. For the three
asphalt binder blends that produced abundant water-soluble
species, the water-soluble photoproducts with a low content of
oxygen atoms (<5) reveal DBE values between DBE 1 and 12
and carbon numbers from 10 to 30. The compositional range
“shifts” to higher DBEs (up to ∼23) and carbon numbers (up
to ∼50) as a function of increasing oxygen content (i.e., O13−
O18 classes). The shift to higher DBE with a concurrent
increase in the carbon number, upon the addition of more
oxygen atoms, has been reported for a variety of samples such
as crude oil and whole asphalt binder5,11 and suggests two
possible photooxidation pathways for forming such highly
oxidized water-soluble photoproducts. One possible pathway
involves the presence of alkyl-substituted, high-ring-number
aromatic cores in the starting material, such as ethyl coronene.
High-ring-number species can incorporate more oxygen atoms
than lower molecular weight aromatic cores (e.g., ethyl
naphthalene), producing water-soluble/high-DBE species
with a higher number of oxygen atoms.44,83 Another possibility
is the concurrent fragmentation and oxidation of multicore
species to produce low-DBE oxidized “reactive” compounds
that can subsequently undergo addition reactions (polymer-
ization) to produce heavily oxidized species with higher DBE
values and carbon numbers, as shown in the bottom panel of
Figure 5.5,11 It is important to note that the bridges between
aromatic cores within multicore structures are represented as
single bonds in Figure 5; however, the nature of these bridges
is a topic of discussion, and they have been suggested to exist
as an aryl linkage, linear alkyl chains, or cycloalkyl moieties of
an unknown number of carbon atoms.25

Figure 6 presents coal tar sealant water-soluble compositions
that lie along the PAH limit line, with DBE values up to ∼25
for low oxygen classes (O2 to O6 classes). The compositions
extend to DBE 30 for heavily oxidized compounds (O17 class).
It is important to highlight that the water-soluble photo-
products from irradiated coal tar maltenes reveal a ∼1.3-fold
increase in the abundance weighted DBE as a function of the
increase in the number of oxygen atoms (i.e., from O2 to O17).
Conversely, the products from the irradiated asphalt binder
maltenes reveal a ∼1.8-fold increase in the DBE and a ∼1.9-
fold increase in the carbon number. These more pronounced
changes for asphalt binder photoproducts suggest the
occurrence of polymerization reactions during the photo-
irradiation of asphalt binder. Moreover, compositions of water-

soluble species from both asphalt binder and coal tar sealant
indicate that changes in the DBE and carbon number, as a
function of the increasing number of oxygen atoms, become
less pronounced as maltene content decreases.

It is important to highlight that coal tar sealant water-
solubles reveal a compositional range highly similar to that of
the starting material as they remain close to the PAH limit with
narrow distributions of carbon number (Figure 6) and
maintain an almost identical DBE range. Thus, when oxygen
atoms are sequentially added, the change in the DBE and
carbon number is not pronounced (highlighted by the red
circle in Figure 6), unlike the asphalt binder, suggesting a
photooxidation pathway other than polymerization. It is likely
that coal tar sealant photoproducts are formed by the
photooxidation of parent PAHs (with little to no alkyl
substitution) with a wide range of ring numbers (e.g.,
anthracene and coronene). We hypothesize that these species
are easily transferred to the aqueous phase with the aid of the
emulsifying agent, which is present in the formulation of the
coal tar sealant. Such an emulsifying additive is included in all
commercially available sealants to facilitate its uniform
application to paved roads and parking lots and keeps the
PAHs solvated in water.27,84 The PAHs in water can then be
photooxidized to form water-soluble oxy-PAHs, with high
oxygen content, that are detected in the water after solar
irradiation. The contribution to the formation of water-soluble
photoproducts from other additives (sand, clay, etc.) included
in paving materials is the subject of future work. The slight
increase in DBE as a function of the increasing number of
oxygen atoms could result from the photochemical incorpo-
ration of carbonylic functionalities such as ketones, aldehydes,
and carboxylic acids. The structural features of the water-
soluble photoproducts will be studied in a future work by MS/
MS.

Overall, the TOC measurements and the MS compositional
results suggest that maltenes are pivotal in the production of
water-soluble species from fossil fuel paving materials. As
mentioned earlier, this result could be due to the different
phases in which maltenes and asphaltenes exist. Maltenes,
which exhibit a continuous phase, can be readily accessed by
photooxidation, which yields abundant, oxidized photo-
products. Thus, the solubility of maltenic species in water
increases. Conversely, maltene-depleted blends contain
asphaltenes in a highly aggregated state. Therefore, asphaltenes
present fewer species available for photooxidation, and thus,
their oxygen content is not substantially altered to become
water-soluble.

■ CONCLUSIONS AND FUTURE DIRECTIONS
This work sought to compare the production of water-soluble
photoproducts from conventional solubility fractions, maltenes
and asphaltenes, of two compositionally different road paving
materials: asphalt binder and coal tar sealant. The results
suggest that maltenes are central in the production of water-
soluble compounds; however, asphaltenes may contribute to
the production of water-soluble species depending on their
concentration, aggregation state, and structural features
(single-core vs multicore). Moreover, the differences in
compositional trends suggest that asphalt binder and coal tar
sealant produce water-soluble contaminants through different
photochemical pathways, which will likely result in water-
soluble compounds that have different structural character-
istics. Thus, this work proposes two different photochemical
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pathways to produce water-soluble molecules: (1) photo-
fragmentation followed by photopolymerization and (2)
photooxidation of single-core PAHs. The investigation of
these two suggested pathways and the structures of the newly
formed water-soluble contaminants from road paving materials
will be the subject of future work.
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Hospodka, M.; Grossegger, D.; Nahar, S. N.; Schmets, A. J. M.;
Scarpas, A. Impact of Maltene and Asphaltene Fraction on
Mechanical Behavior and Microstructure of Bitumen. Mater. Struct.
Constr. 2016, 49, 829−841.
(41) Li, F.; Wang, Y.; Zhao, K. Connections between Asphaltene

Microstructures in Aged Asphalt Binders and Performance-Related
Engineering Properties. Constr. Build. Mater. 2022, 329, 127173.
(42) Glattke, T. J.; Chacón-Patiño, M. L.; Marshall, A. G.; Rodgers,

R. P. Molecular Characterization of Photochemically Produced
Asphaltenes via Photooxidation of Deasphalted Crude Oils. Energy
Fuels 2020, 34, 14419−14428.
(43) Pesarini, P. F.; de Souza, R. G. S.; Correâ, R. J.; Nicodem, D. E.;
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