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Abstract

Asphalt-related emissions are an understudied source of reactive organic compounds with the
potential to form organic aerosols (OA). Ambient aerosol mass spectrometry (AMS)
measurements of asphalt-related aerosols near a month-long road paving project showed
enhanced ambient OA concentrations with a mix of primary and secondary OA signatures. For
comparison, gas-phase emissions from real-world road asphalt samples at application (e.g.,
140°C) and in-use (e.g., 60°C) temperatures were injected into an environmental chamber and an
oxidation flow reactor to simulate varying degrees of oxidative aging, while measuring their gas-
and aerosol-phase oxidation products. Secondary OA formation was observed via both self-
nucleation and condensation with chemical properties dependent on asphalt temperature and
reaction conditions. The chemical composition of less-aged asphalt-related OA observed in
outdoor and laboratory measurements was similar to OA from other petrochemical-based sources
and hydrocarbon-like OA source factors observed via AMS in previous urban studies. The
composition of aged OA varied with degree of oxidation, similar to oxidized OA factors
observed in ambient air. Taken together, these field and laboratory observations suggest that
contributions to urban OA during and after application may be challenging to deconvolve from
other traditional sources in ambient measurements.

Keywords: Road paving, intermediate- and semi-volatile organic compounds, volatile chemical
products, organic aerosol, time-of-flight aerosol mass spectrometry
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Synopsis: Ambient observations and laboratory oxidation experiments show the chemical
composition of asphalt-related organic aerosol production resulting from multiple formation
processes with properties similar to that frequently observed in urban organic aerosols.

1. Introduction

Airborne fine-mode particulate matter (PM25) is largely comprised of organic and inorganic
aerosols that play important roles in air quality and human health. Organic aerosol (OA) now
represents a dominant fraction of U.S. PMas! and includes both primary organic aerosol (POA)
that is directly emitted, and secondary organic aerosol (SOA) that forms via atmospheric
oxidation of reactive gas-phase precursors.>* These precursors include volatile (VOCs),
intermediate volatility (IVOCs) and semi-volatile organic compounds (SVOCs) that are emitted
from a diverse mix of anthropogenic and biogenic sources with varying and uncertain
contributions to urban SOA.*+1°

Recent estimates suggest that SOA production from anthropogenic emissions of VOCs-SVOCs
from non-combustion-related sources (e.g., volatile chemical products) now exceed annual SOA
contributions from on-road gasoline and diesel vehicles in developed cities.>!!"!* Asphalt is one
urban source of /SVOCs, which are important SOA precursors, with widespread urban use and
emissions that can occur throughout its material lifecycle.”!#!8 Yet, its emissions can vary
considerably depending on material properties, application methods, usage, age, and

geographically-varying environmental factors (e.g., summertime surface temperatures).>!

Several prior studies have estimated volatile content in asphalt via mass spectrometry and
gravimetric techniques, and emissions of methane, carbon monoxide and other bulk VOCs,
polycyclic aromatic hydrocarbons (PAHs), and unspeciated lower volatility compounds (e.g.,
SVOCs) have also been shown.!!**-?7 Furthermore, the impact of asphalt-related emissions on
air quality has been investigated in ambient, laboratory and modeling studies.*?*-° Notable
examples include recent U.S. nationwide PM> s modeling effort with updated source profiles
including I/SVOCs,'* long-term emissions estimations for samples collected in France and the
U.S.,!1%?3% and molecular-level investigations of asphalt/asphaltene oxidation from solar
exposure.?®*! Some occupational exposure studies have also investigated short-term, near-source
exposure of construction workers to ambient hot-mix paving emissions with focus on bulk
particulate matter concentrations and select PAHs.?>* All these varied measurements identify
asphalt as a non-negligible source of reactive organic compounds. The chemical composition and
properties of OA resulting from asphalt-related emissions is not well established either from real-
world ambient observations® or laboratory studies, especially in comparison to other typical
urban sources (e.g. gasoline and diesel exhaust).
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Laboratory oxidation chambers and flow reactors (OFRs) simulate atmospheric chemical
processes with typical atmospheric oxidants (i.e., OH, NO3, O3) to simulate SOA formation from
single reactive precursors or mixtures.***! While larger Teflon-lined chambers generally
simulate short-term aging (6-10 hours) with atmospherically relevant oxidant concentrations,
OFRs can perform multi-day aging in minutes with high levels of oxidant exposure. Both have
been used widely with complex precursors from other sources that vary in composition and

magnitude with time (e.g. evaporative emissions from crude oil, ambient air, vehicle exhaust).**-
48

The overall objective of this study was to use a combination of ambient and laboratory
observations to examine the chemical composition of asphalt-related OA with varying degrees of
atmospheric oxidation. Ambient measurements in the vicinity of a I-month long road paving
event in Billerica, MA, were compared with laboratory experiments simulating short- and
longer-term atmospheric aging to examine the chemical composition of the OA formed from
asphalt-related emissions at application and elevated summertime in-use temperatures. Lastly,
we compared the chemical composition of our ambient and lab-generated asphalt-related OA to
the OA produced from diverse sources in prior laboratory experiments, and also with well-
established ambient OA factors from previous studies in urban areas.

2. Materials and Methods
Ambient aerosol chemical composition measurements

Measurements of ambient sub-micron particle chemical composition and size were performed at
Aerodyne Research, Inc. using a high-resolution time-of-flight aerosol mass spectrometer (HR-
ToF-AMS, Aerodyne, SN 215-122). The measurements occurred during 1-26 August 2014 that
coincided with nearby asphalt-paving activities and also during 27 August — 20 September 2020
that were under routine conditions without paving. Ambient air was sampled at 3 L min™! through
a 2.5 pm cut cyclone on an elevated outdoor platform outside of the Aerodyne Research Facility
of 45 Manning Rd., Billerica, MA (42.53, -71.27, 60 m a.s.l.), located ~200 m east of a major
freeway (US Route 3, see Figure S1).

The AMS sampled particles through a 100 um critical orifice and a standard aerodynamic lens
that transmits particles with vacuum aerodynamic diameters in approximately 70 nm - 700 nm
size range (dva, Liu et al., 2007),* forming a focused particle beam that is transmitted into the
detection region. Here, the non-refractory species are flash vaporized upon impact with a hot
surface (600°C). The particle vapor was ionized using electron impact ionization (70 eV) and
detected by the time-of-flight mass spectrometer (DeCarlo et al., 2006).%° Particle size (particle
time of flight, pToF) data was determined from the particle flight time in the vacuum chamber
after passing through a chopper.
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Providing baseline measurements over a longer time period, additional particle chemical
composition measurements were acquired for multiple days at a time from June 2013 to
December 2014 using various aerosol chemical speciation monitors (ACSMs). The ACSM
operates on the same principle as the AMS but without any particle size differentiation below its
PM; size cut. These instruments included either a quadrupole mass spectrometer or a unit mass
resolution time-of-flight mass spectrometer. All instruments had a standard PM lens and
sampled from the roof without a cyclone.

The AMS and ACSM instruments were calibrated for ionization efficiency of nitrate and relative
ionization efficiency of ammonium and sulfate using size-selected single component particles of
ammonium nitrate or ammonium sulfate following Budisulistiorini et al.’! HR-ToF-AMS data
were analyzed with Squirrel (1.631) and Pika (1.231) analysis software running in Igor 7
(WaveMetrics, Inc.). ACSM data was analyzed with Tofware (3.2.40211B2) or ACSM Local
(v1.6.1.1). The collection efficiency (CE) was set to 0.5 for all data.>? Positive matrix
factorization (PMF), a typical statistical method for analyzing OA contributions to PM, was used
to determine source factor contributions from common AMS PMF factors (e.g., HOA, BBOA,
LO-O0A, MO-OOA). PMF analysis of the HR-ToF-AMS data was performed in PMF
Evaluation Tool (PET 3.06, Ulbrich et al., 2009). Mass spectra for other sources or urban areas
for comparison were from the references herein (Tables S2-S3).

Oxidation chamber experiments

For short-term (i.e., less-aged) experiments, gas-phase emissions were sampled off of a large
piece (99.3 grams) of recently-paved (i.e. collected ~28 hours after application) asphalt from an
arterial roadway (grade unknown) that was heated to 140°C with no UV exposure to the sample.
The fumes were injected via a Teflon tube into a 10 m* Teflon chamber with 1 slpm clean
airflow to evaluate the production of primary OA without photooxidation. Subsequently, the UV
lights (peak A = 368 nm) were turned on to initiate secondary production under high NOx (4.5
ppm) conditions via HONO photolysis. HONO was produced from reacting 25 mL of dilute
sodium nitrite solution (10 g/L, > 99% Sigma-Aldrich, St. Louis, MO) with sulfuric acid
(95/98% Sigma-Aldrich, St. Louis, MO). It was subsequently bubbled into the chamber for
photolysis. The chamber was maintained at 25 °C under relatively dry conditions (<10% relative
humidity) and an OH concentration of ~1 x 107" molecules cm™ during the first hour of
oxidation. Deuterated butanol (d9-butanol; 90% Cambridge Isotope Laboratories) was also
injected into the chamber via a heated septum injector as an OH tracer (kon = (3.4+0.88) x10°12
cm® molecule! s!), which was measured using a quadrupole proton transfer reaction mass
spectrometer (PTR-MS, Ionicon Analytik, Innsbruck, Austria). The particle-phase effluent from
the chamber was measured using an HR-ToF-AMS.

Oxidation flow reactor experiments

Daytime and nighttime oxidative studies of gas-phase asphalt emissions simulating a range of
photochemical ages were conducted using a Potential Aerosol Mass OFR; Aerodyne Research,

4
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Inc.), which is a horizontal 13 L cylindrical aluminum chamber (46 cm long x 22 ¢cm ID)
operated in continuous flow mode, with 10 L min~' flow through the reactor. The calculated
mean residence time in the OFR was approximately 80 s. Across all OFR experiments, the input
relative humidity (RH) was controlled with a Nafion membrane and ranged 30-41% at OFR
temperatures ranging 26-28°C. For OH-OFR studies, OH was generated from the combined
photolysis of Oz and H20 at A = 185 nm plus photolysis of O3 at A = 254 nm using two low-
pressure germicidal mercury lamps. In a subset of experiments, NOx was also generated from
O('D) + N0 reactions following addition of 260-730 cm?® min™! of N>O to the OFR carrier gas
flow.>*3 For NOs-OFR studies simulating nighttime chemistry, N2Os vapor was continuously
generated in a laminar flow reactor (LFR) from the reactions NO> + O3 = NOs + Oz and NO3 +
NO: 2 N0s. The N>Os was then continuously injected into the dark OFR, where co-injected
asphalt-related emissions were exposed to NO3 generated from room-temperature thermal
decomposition of the N2Os.%®

Prior to experiments, PG 64-22 grade road asphalt samples were collected from a New Haven,
CT paving site and stored in a sealed container. For each experiment, new specimens of this
asphalt were heated to surface temperatures achieved during summer daytime in-use and
application (60° - 140°C) in a custom-made portable heated chamber described in detail
elsewhere.’ The gas-phase emissions were continuously injected into the OFR via a 10 cm
heated stainless steel transmission line at a flow rate of 1 L min™! with an additional 9 L min™! of
clean dilution air. The estimated total initial [/SVOC mixing ratios (also including minor
contributions of Ci9 — C12 VOCs) introduced to the OFR were 19 ppbv (60°C) and 112 ppbv
(140°C). To calculate the corresponding total external OH and NOj3 reactivities (OHRext,
NOs3Rexi) of the emissions, we assumed mean I/SVOC + OH and I/SVOC + NOs reaction rate
coefficients of 4x107!'! (Robinson et al., 2007) and 1x10* cm® molecule™! s (applying the
acenaphthene-NOs rate coefficient®® of 4.6x10713 cm® molecules™ s! to the ~ 25% aromatic
fraction of asphalt I/SVOCs> and assuming the remaining I/SVOCs were unreactive towards
NOs3). The calculated OH exposures were approximately (3.0 — 6.9)x10!° molecules cm™ s
(OHRext = 110 s") and (1.3 — 2.6)x10'"! molecules cm™ s (OHRex: = 19 s7) using an estimation
equation derived by Rowe et al. (2020), with an estimated uncertainty of £50%.® These OH
exposures correspond to 0.2 — 0.5 and 1 — 2 equivalent days of atmospheric exposure to [OH] =
1.5x10° molecules cm™ for 140°C and 60°C experiments, respectively.’” The calculated NO3
exposures in the OFR were approximately (4-8)x10'® molecules cm™ s (NO3Rex = 0.27-0.05 s71)
following Lambe et al.>® These NO;3 exposures correspond to ~1 day of equivalent atmospheric
exposure to [NO3] = 5.0x10% molecules cm™ s (Atkinson et al., 1991). In all experiments, the
particle-phase effluent from the OFR was analyzed using an Aerodyne ToF-AMS, while the gas-
phase effluent was measured using a Vocus proton transfer reaction (PTR)-ToF mass
spectrometer in a subset of experiments (TOFWERK AG).

3. Results and Discussion
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3.1 Ambient observations of asphalt-related organic aerosol

AMS-based field measurements were performed at the Aerodyne Research site in Billerica, MA
in August 2014. These measurements coincided with a number of paving projects in areas
surrounding Aerodyne including documented projects on 1-95 (MA DOT Project 606170) as well
as other paving activities nearby (e.g. US Route 3) (Figure S1). Aerodyne Research is
approximately 7 km north/northwest of 1-95. During the day, the wind was typically from the
south and the average windspeed was 3 — 5 km hr! meaning that paving emissions would arrive
at Aerodyne in about 1 — 2 hours, or less in the case of more nearby paving (Figure S2). At night,
windspeeds were very low, typically below 0.5 km hr'! and wind direction was variable. The
observations provided the opportunity to investigate the chemical composition of primary and
secondary asphalt-related OA beyond the immediate vicinity of a freshly paved surface. Figure 1
shows a large increase in monthly average PM-sized OA concentrations (monthly average:
18+13 ug m™) at the Aerodyne site in August, 2014. This enhancement is observed not only
when compared to the rest of 2013-2014 (avg: 3.3£1.9 ug m~, excluding August), but also to
August/September 2020 (monthly average: 3+2 pug m™), the closest year for which we had a late
summer month of AMS data sampled from the Aerodyne roof. The 2020 average at Aerodyne is
similar to regional OA in 2022 in other urban areas in the northeast US (3.1£0.6 ug m™; Figure
1).5-%! Figure 2 shows the AMS measurements during August 2014 in more detail. In
comparison to before and after the measurement intensive period, the OA concentrations were
elevated throughout the month (Figures 1-2a). During August 1 — 11, OA concentrations ranged
between 8.5 and 66 ug m (2-min averages) (Figure 2a) followed by a decrease over next 3 days
due to minor precipitation events (i.e., 0.8 — 17 pg m™). Thereafter, OA was generally elevated
again during August 16 — 25, ranging 4 — 39 ug m=. The highest loadings were observed on
August 26 reaching a 24-hr average of 90+79 ug m™ with a range of 27 — 516 pg m™ at 2-min
resolution. For comparison, OA at the same location averaged 3+2 pg m™ during August —
September 2020, which was similar to the 2013-14 measurements outside of the paving period.



217

218
219
220
221
222
223
224
225

226
227
228
229
230
231
232
233
234
235
236

£ 80 - -
) '®
3 Measurement s .
& intensive period ! AerOdI%lirlllz rizsel\jl‘xh site,
= X A Q-ACSM
3 X ¢ ToF-ACSM
§ 40 - ® HR-ToF-AMS
o 3
< N
@)
v 20
9
@)
£
< 0
A5

Figure 1. Daily averaged ambient OA concentrations at the Aerodyne Research rooftop site in Billerica, MA
using 3 variants of aerosol mass spectrometers, with average ambient OA concentrations for nearby urban
areas (brown) for comparison, including New Haven (2014)>-%2, Boston (2008)°’, Providence (2022)*° and New
York City (2014).5"2 The ambient OA concentrations for New Haven and Providence were estimated using
the annually averaged measurements of organic carbon via EPA’s Chemical Speciation Network* using an
organic mass-to-organic carbon (OM:OC) ratio of 2 based on prior studies.®>* The calculated OA
concentrations were consistent with previous airborne measurements of ambient organic aerosol in these
regions.!

The persistent OA enhancements in August 2014 suggest prolonged emissions during the nearby
road paving project. This was not a region-wide enhancement as regional daily PM2.s measured
at the MA Department of Environmental Protection von Hillern station (18 miles away) was
similar across 2014 — 2020 (Figure S3b-c). The local OA was enhanced by a factor of 5.1 when
normalized to regional PM3 s (i.e., ratio of medians in Figure 2a inset) highlighting the proximity
of the source. Despite the lingering effects of the pandemic-related shutdown, small changes in
traffic volume in 2020 were not enough to explain the large difference in OA in August 2014
relative to 2020 (Figure S3a). Furthermore, the size distribution of measured OA was different
between the two periods. The ion signal at m/z 57 (characteristic fragment for hydrocarbons)
peaked at ~550 nm in August 2014, shifted from more typical observations in September 2020
(~375 nm) and with 8 times higher mass loading (Figure S4).
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Figure 2. (a) OA concentrations (PM1) measured with an AMS during August 2014 and September 2020 at
the Aerodyne Research rooftop site, with (inset) a comparison of local OA to regional PM: s ratios for 2014

and 2020 showing 0™, 25" 50, 75t and 100™ percentiles, despite similar regional PM2.s concentrations
(2014: 9.2 pg m3; 2020: 8.0 pg m; Figure S3). Diurnal trends in August 2014 for (b) f4s and fa4 ion

fragments of the AMS spectra with (c) mean and median concentrations of total measured OA and (d) source
factor contributions to OA in August 2014. (e) Diurnal enhancement in total oxygenated organic aerosol over
HOA (3 OOA/HOA) in August 2014 relative to September 2020. All data in EST.

The five OA factors determined via PMF (section S1, figures S5-7) for August 2014 and three
for September 2020 (figures S8-9) showed different diurnal trends between the two periods that
would arise from variations in contributing sources. For example, HOA in August 2014, during
the road paving operations, was typically high overnight, from evening to early morning (8 PM —
6 AM) (Figure 2d), as opposed to morning (6 AM — noon) enhancement in September 2020
typical of commute-related maxima due to vehicular emissions (Figures S7-9). Furthermore, the
maximum nighttime HOA averages were 2 — 6.5 times higher in August 2014 than in September
2020. Daytime HOA was similar across the 2 periods, consistent with major roadway asphalt
application activities often occurring at night. Yet, the amount of OOA during daylight hours
was significantly enhanced in August 2014 relative to September 2020 (Figure 2b, e, S10),
suggesting SOA production leading to average ) OOA/HOA ratios exceeding 20 ug/ug.



257
258
259
260
261
262
263

264
265
266
267
268
269
270
271
272
273
274
275
276

277
278
279
280
281
282
283
284
285
286
287
288
289

290
2901
292
293
294
295

More broadly, the mean diurnal OA concentrations in August 2014 showed meteorologically-
influenced trends (Figure 2c). The mean concentration dropped from 22 pg m™= at 7 AM to a
minima of 13 pg m™ at noon, increasing some throughout the remainder of the day before
returning to elevated levels with nightfall (i.e., 22 — 40 ug m™). The contribution of hydrocarbon-
like organic aerosol (HOA) to total OA was significantly reduced between 8 AM — 6 PM, while
the three factors contributing to total oxygenated organic aerosol (OOA) showed trends distinct
from each other.

The less oxidized OOA factor (LO-OOA 1) was characterized by a major Co:H3O" fragment on
m/z 43 in addition to C3H7", and an O:C ratio of 0.25. LO-OOA1 was likely affected by
boundary layer dilution in the afternoon (Figure 2d: LO-OOA1) with median diurnal
concentrations dropping from nighttime averages of 1.4 ug m= to 0.6 ug m™ in the afternoon.
These diurnal patterns varied from LO-OOA2, which remained elevated throughout the day, but
dropped in the late evening, suggesting differences in OOA formation pathways that may be
associated with emissions pathways or chemical processes across the gas- and particle-phase, or
possibly variations in direct HOA emissions with the onset of paving activity. LO-OOA?2 was
more oxidized than LO-OOA1 with a higher O:C ratio of 0.5 and greater CO," signal on m/z 44.
More oxidized OOA (MO-OOA) was the most aged with an O:C ratio of 0.8. The median
diurnal concentration of MO-OOA was relatively similar across both the night and day, despite
enhanced daytime dilution possibly due to enhanced OOA production and aging from
atmospheric oxidation of precursor emissions, or additional production pathways.

On average, the total OOA including all observed OOA factors was a factor of 8 higher in
August 2014 compared to September 2020 (Figures 2, S6, S8), with average contributions of
11.5+5.7 pg m vs. 1.5+0.8 pg m™, respectively. For comparison, average HOA contributions
were 1.6+2.5 ng m> vs. 0.5+0.4 ug m™ during the respective intensive periods. ¥ OOA/HOA
ratios varied dynamically (Figure 2a,e), likely with on-site activities (e.g., application) and
environmental conditions (e.g., solar irradiance), ranging 0.8 — 267.4 (at hourly resolution) with
an overall average of 24.2+34.0 pg pg™! during the 2014 measurement intensive period,
corresponding to ~88% of OA during the paving period occurring as OOA rather than HOA on
average. For comparison, subtracting the 2020 average HOA and OOA to consider only elevated
levels in 2014, this value varied over the course of the day and was ~90% OOA on average
(A[SO0AT2014-2020/ ATHOA] 20142020 = 9.2£14.7 pg pg™) over the 1-month measurement period,
similar to previous work, which reported that oxygenated OA formed post-application can
exceed primary OA formed during application by a factor of 9 — 10.3°

Overall, ambient observations showed substantially enhanced OA concentrations in August 2014
when road paving occurred nearby, though this project is not assumed to be representative of all
projects as the OA contributions from paving activities are expected to vary with asphalt
feedstocks (e.g., composition), material properties (e.g., modifier additions), application methods
(hot vs. warm mix), environmental conditions, and other site specifics (e.g., project size,
pavement thickness). The authors are also not aware of the exact asphalt grade or any added

9
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modifiers. We also note that while our analysis suggests a major role of asphalt-paving sources
in the elevated ambient OA levels, other contributing sources during the observations in 2014
and 2020 may also exist, and gasoline- and diesel-powered construction equipment used during
paving likely also contributed to both HOA and OOA-precursor emissions in August 2014.
However, it was not possible to isolate their impact via the measurements in this study.

3.2 Laboratory investigation of asphalt-related organic aerosol

Field observations of OA from paving activities emphasized the need for laboratory chamber
and OFR experiments for the purpose of comparing the resulting OA spectra to ambient
measurements. In these tests, gas-phase precursor emissions from road asphalt at application
(140°C) and summertime daytime surface (60°C) temperatures were aged for a few hours and up
to 1 — 2 equivalent days simulating urban oxidation conditions (Table S1). The results showed
that asphalt-related OA can range from hydrocarbon-like to highly-aged organic aerosols
depending on differences in asphalt temperature and oxidation conditions. These results are
discussed in detail in the following subsections.

Chamber OA from high-temperature paving-related emissions

Short-term daytime aging was simulated in CMU’s oxidation chamber to study the chemistry of
emissions immediately following high-temperature asphalt application. Gas-phase precursors
emitted at 140°C were injected into a seedless, oxidant-free (hereon: “dark”) chamber, then the
lights were turned on after 3 hours to initiate photo-oxidation. We observed that injected
precursors rapidly formed unaged hydrocarbon-like OA within minutes under dark conditions
(Figure 3, S11). This dark chamber OA (HOADbc) had mass spectra similar to a previous ambient
AMS measurements (cosine similarity: 12° — 16°) made directly downwind of road paving, *
suggesting representative experimental conditions (Figure S12).

The ambient HOA factor observed during August 2014 road paving in Billerica (HOARBL14) was
very similar to the HOApc from the chamber study (cosine similarity: 15°). Both HOApc and
HOARBL14 were relatively unaged OA with comparable O:C ratios (0.03 vs. 0.05) that were much
lower than 0.2 in HOA from September 2020 (HOABL20). The AMS spectra of HOApc was
dominated by fragments with ion formula CyHon+1" (e.g. m/z 29, 43, 57 and 71) that represented
acyclic alkanes. Other major fragments included CnHon-1" (e.g. m/z 27, 41, 55, 69 and 83) and
CnHons" (e.g. m/z 67, 79, 81, 95 and 109) that are both typically cycloalkanes,® and aromatic
fragments (e.g. m/z 77, 91, 105 and 119). The dominance of non-aromatic fragments was
consistent with previously reported composition of asphalt-related precursor emissions at
140°C,’ and the aromatic fraction would also be somewhat susceptible to ring-opening during
oxidation.%®$” The contributions from functionalized fragments (CxHyO1) to the HOApc spectra
were expectedly minor under dark chamber conditions and were likely primary emissions
(Figure S11).

10
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Figure 3. Asphalt-related OA formed in short-term chamber experiments from emissions at application
temperatures. (a) OA concentrations measured via AMS (dia < 1 pm; wall-loss corrected) across the duration
of the experiment. (b) AMS spectra of OA produced under dark conditions and following photo-oxidation
with chamber lights on. (c) Bulk O:C and H:C ratios for organic aerosol before and during photo-oxidation.

After 2.4 hours, HONO was injected into the chamber and UV lights were turned on to simulate
daytime conditions. This led to a 50% increase in OA concentrations after the equivalent of 6
hours of atmospheric aging, indicating SOA formation during which the bulk O:C ratio increased
from 0.03 to 0.1 and the H:C decreased from 2.1 to 1.9 (Figure 3c). Via a modeling analysis, a
similar change in ambient asphalt-related OA concentration was attributed to photochemistry by
Seltzer et al.'* By comparison, the enhancement in the year 2014 relative to 2020 (AY OOA/
AHOA) averaging 9.2+14.7 pug pug' in ambient observations (Figure 2¢) with greater overall O:C
ratios indicates that over longer timescales following application, the majority of asphalt-related
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OA production will exhibit itself as oxygenated SOA, with variations with time of day, season,
source proximity, and degree of photochemical aging. While Figure 3a has been corrected for
particle losses to the chamber walls, the SOA production in this photooxidation experiment is a
lower bound due to well-known losses of reactive I/SVOCs®®% to the walls of the reaction
chamber during the 2.5 hr dark period.

The photo-oxidized chamber OA (OALc) showed comparable mass spectra to ambient LO-
OOA1 from August 2014 (cosine similarity: 17°) with a similar H:C ratio (OArc: 1.9; LO-
OOA1: 1.8). Yet, OALc was slightly less oxygenated than the ambient LO-OOA1 (O:C — 0.1 vs
0.25) with oxygenated fragments constituting 21% of OArc (Figure S13) and ~35% of LO-
OOA1. This broadly suggested that LO-OOA1 observed in the ambient measurements was
inclusive of a combination of less-aged gas- or particle-phase asphalt-related emissions
following paving, though some contributions from other combustion-based sources (e.g. diesel
vehicles) is also possible.

Photochemical aging also introduced differences between HOApc and OALc spectra. OArc
constituted of more cyclic species (fss:fs7=1.3) than HOApc (0.7), which may be the result of
the oxidation and partitioning of gas-phase organic precursors and/or the aging of particle-phase
species. The spectra of both OA types had similar relative contributions from large (> 150 m/z)
and smaller hydrocarbon fragments (e.g. m/z 41, 43, 55), but OALc expectedly had more
oxygenated fragments (e.g. m/z 28, 31, 44-46, 51), which is reflective of contributions from both
unaged or less-aged hydrocarbons and condensed secondary oxygenated species.

OA from longer-term simulated aging experiments

Gas-phase precursors emitted at both 140°C and 60°C were aged for longer effective durations
(0.2 — 2 equivalent days) in an OFR. The extent of aging varied across experiments depending on
the type of emissions and reactor conditions. The OA produced from emissions at 140°C in
unseeded tests (OFR-OAusi40) was less aged (0.2 — 0.5 equivalent day) and resembled HOA. The
mass spectrum of OFR-OAusi40 was dominated by hydrocarbon fragments with an O:C ratio of
0.05, comparable to 0.03 for HOApc. Yet, 12% of f43 in its mass spectra was constituted by
C>H30", which was entirely C3H7" in HOApc. Moderately-aged OA from a seeded experiment
with the same emissions (OFR-OAs140) had an O:C ratio of 0.18, yet hydrocarbon fragments still
dominated the mass spectrum.

We also found that daytime (OH) vs. nighttime (NO3) unseeded oxidation of emissions at 140°C
produced OA with comparable mass spectra (Figure S14) and bulk properties (H:C — 1.8; O:C —
0.05 vs. 0.09). This was somewhat unexpected because NO3 is a more selective oxidant and is
expected to react primarily with PAHs and other unsaturated compounds. PAHs constituted
<10% of the total precursor mass and the prevalence of functionalized organics was less than
hydrocarbons by an order of magnitude.® Yet, only slight difference was observed in the
chemical composition of OA. This could be due to nucleation of unoxidized precursors being the
dominant pathway of particle formation from emissions at 140°C as observed with HOApc in
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chamber tests. Despite similar chemical properties, the peak OA production of 0.8+0.4 mg OA
min! kg! asphalt observed under NOs oxidation was slightly lower than 2.5+0.2 mg SOA min’!
kg asphalt from unseeded daytime oxidation tests as well as 4+2.3 mg OA min™! kg! asphalt
estimated in previous work.’

While the gas-phase emissions at 140°C readily formed OA independent of photochemistry,
precursor emissions at 60°C primarily included IVOCs® that produced SOA mainly after
undergoing photo-oxidation. Under daytime unseeded oxidation conditions, the resulting OA
(OFR-OAuss0) was highly aged with an O:C ratio of 0.7 and was primarily constituted by
oxygenated compounds (62% CxHyO; and CxHyO- species). For reduced emissions at lower
temperatures (e.g. 40-50°C), the fs4 fraction in OA further increased by 35 — 80%, indicating
further photooxidation for aerosol formation with reduced OHRx (Figure S15). We also
observed that gas-phase oxidation products measured with PTR-ToF mainly constituted of small
compounds with less than 8 carbon atoms in oxidation experiments with emissions at 140°C.
However, the fraction of larger gaseous oxidation products (i.e., C4 > 8) increased considerably
in tests at 60°C, though their absolute abundance was greater at 140°C. This was possibly due to
relatively lower OA mass loading in the reactor at 60°C, which reduced the condensational sink
and gas-to-particle partitioning of gas-phase species as well as the OHRex; thus increasing the
OH exposure of injected precursors (aged 1 — 2 equivalent days) (Figure S16).

In addition to oxidized species, we also note minor contributions from precursor sulfur
containing organic compounds that were observed in the particle phase as sulfate (HRSO4). Their
signal enhanced linearly with total organics (HROrg) and were sensitive to UV exposure in OFR
tests (Section S2, Figure S17). Consistent with laboratory observations, a significant
enhancement in sulfate was also observed in Billerica during road paving in 2014 but not in 2020
(Figure S18), suggesting that high-temperature road paving could also make minor contributions
to ambient organosulfates at paving temperatures (Figures S17-18), but their absolute impact
may depend on the asphalt material used in paving operations.

The chamber and OFR tests showed that gas-phase emissions from asphalt can form OA in the
atmosphere via both direct condensation and secondary oxidation pathways. Both these pathways
were likely associated with enhancements in ambient OA downwind in Billerica during paving
in 2014, yet asphalt-related OA can span a range of aging and chemical composition dependent
on the type of emissions and oxidation conditions. While high-temperature (140°C) applications
show a greater degree of HOA-like or less-aged aerosols, the OA formed via photo-oxidation
spans lightly- to highly-aged OA under different emission and oxidation conditions.

3.3 Comparison of asphalt-related OA with source-specific and typical urban factors

Here, we examine similarities in the chemical composition of asphalt-related OA from our
experiments and ambient data with OA from other sources and ambient factors previously
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observed via PMF analysis. PMF often groups OA from sources that have similar chemical
features. So, asphalt-related OA from our mix of laboratory and ambient measurements was
compared to other urban sources and ambient factors to evaluate how its contributions might
appear in comparison to different sources or urban areas in prior studies.

Comparisons to source-specific OA from previous experiments

First, we compare OA from our asphalt tests with prior laboratory or near-source observations of
OA from a broad range of sources including fresh OA resulting from petrochemical, cooking,
wood- and biomass-burning emissions. Asphalt-related OA could be difficult to isotopically
differentiate from traditional combustion-based sources (e.g. vehicular exhaust) that are also
derived from petroleum feedstocks.”® "> However, its mass spectral features may vary depending
on precursor and aging conditions. We obtained unit mass resolution spectra of these sources
from the AMS spectral database (Table S2)7*"* and compared them over a mass range of m/z 12
— 125, which constituted 90 — 95% of the total ion signal for different OA included in this
analysis. The spectra of multiple sources within each category (e.g., different types of biomass-
burning OA) were averaged prior to a category-wide comparison but are reported in Table S2.
Lastly, each spectrum was normalized by the total ion signal in this range and compared via
linear correlation and cosine angle similarity.
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Figure 4. Comparison of OA produced from asphalt-related chamber and OFR experiments, as well as the
HOA factor measured at the Aerodyne site during the road-paving event, with OA obtained from
petrochemical, cooking and biomass burning emissions in prior laboratory experiments (see Table S2 for
study descriptions), and with HOA, LO-OOA and MO-0OOA factors from previous ambient studies (Table
S3). The box plots show 0, 25" 50t 75t and 100™ percentiles in cosine similarities and the green shaded
region represents a cosine angle of <30° within which the spectra are considered comparable. Note: All
experiments except the highly-aged (OFR) were performed with precursor emissions at paving temperature
(140°C), while the highly-aged (OFR) involved precursor emissions at summertime road surface
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temperatures (60°C). The terms less-, moderate- and highly-aged depend upon the degree of oxidation of the
OA formed in the OFR and are not to be confused with the equivalent aging during an experiment.

In these comparisons, we primarily discuss asphalt-related OA at hot-mix paving temperature
(140°C) because at lower temperatures (60°C) after several days of photochemical aging, OFR-
OAuseo was highly aged with f44 and f2s constituting >40% of the mass spectra and expectedly
did not correlate with any of the experiments without extensive oxidation in this study. On the
other hand, asphalt OA at 140°C was comparable to OA from petrochemical sources (Figure 4,
S19). For example, our chamber (HOApc, OALc) and unseeded OFR (OFR-OAusi40) tests
formed OA similar to combustion emissions from gasoline, diesel and plastics (cosine angle: 8°
— 24°; linear correlation coefficient, r > 0.85), with comparable m/z 44:43 and 55:57 ratios
(Figures S19-20). Among all cases, the strongest similarities were observed between HOApc and
OA from gasoline emissions and lubricating oil (8°, r > 0.95) (Figure S21). HOApc was also
highly comparable to average OA from different diesel exhaust studies (r > 0.9, 18°). Yet it
differed from diesel generator exhaust (r < 0.8 and 36°), which was more similar to aged OALc
and OFR-OAsi40 (r > 0.9 and 21°). Outside gasoline and diesel sources, flaming coal-based OA
showed comparable spectral features (12° — 34°), and similar m/z 44:43 and levoglucosan at m/z
(fe0) values. Asphalt-related OA was also sometimes similar to OA from meat-cooking
emissions (16° — 35°; r > 0.85) with comparable m/z 44:43 ratios (Figure S15), yet with m/z
55:57 and feo values lower by factors of 2 and 10, respectively.

In contrast, asphalt OA was distinct from most wood/biomass burning-related OA
(WBOA/BBOA) in our comparisons where mass spectra exhibited weak (r < 0.75) linear
correlations and large cosine angles (36° — 49°) (Figure 4, S19). WBOA and BBOA showed
strong levoglucosan signal (fe0), which were absent in asphalt OA. It was also more oxygenated
with an m/z 44:43 ratio of 0.25 — 1.4 versus 0.04 — 0.15 for asphalt and other petrochemical
sources (Figures S15, S20).

Comparisons to source apportioned OA factors from other ambient urban areas

The un-aged asphalt-related OA from our laboratory tests at application temperatures resembled
prior urban HOA factors from AMS measurements in megacities in the U.S., Europe, and China
(Figures 4, S22, Table S3)"* as well as the ambient HOA factor observed in Billerica during
paving in 2014 (Figure S23), which is consistent with prior observations by Faber et al.>*
examined paving-adjacent enhancements closely resembling HOA (Figure S12). The
application-related OA after 2.5 hours of aging in our chamber tests (OALc, Figure 3) was also
comparable to ambient HOA factors from prior studies (cosine: 24°£14°) (Table S3, Figure S24),
with expected variations in cosine similarity likely arising from slightly oxygenated aerosol mass
fragments influencing ambient HOA factors. Interestingly, the unaged HOA from the chamber
(HOADc) was broadly comparable (i.e., cosine <30°) to HOA from 40% of included ambient
sites, with this fraction increasing to 80% for the slightly-aged OALc. Similarly, OA from both

who
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486  seeded and unseeded OFR experiments (OFR-OAs140, OFR-OAusi40) resembled HOA from

487  nearly 50% of the cities in prior work (Table S3). Yet, this similarity to urban HOA factors (and
488  other OOA factors below) does not suggest that the majority of HOA (or OOA) in urban areas is
489  asphalt-derived, but demonstrates the difficulty in distinguishing asphalt-related OA from other
490  petroleum-related sources. In the case of HOA, this is a reflection of asphalt’s petroleum

491  feedstocks and the inherent nature of PMF source factors representing a mix of sources with

492  similar molecular signatures.

493  Expectedly, increased aging reduced similarity to ambient HOA factors, but moderately and
494  highly aged OFR-OA also showed greater similarities with LO-OOA and MO-OOA ambient
495  factors observed both in the 2014 near-paving ambient measurements and other urban studies
496  (Figure S22). For example in Figure 4, the highly oxidized OFR-OAuyseo was expectedly

497  dissimilar to HOA from all sites (cosine similarity >30°) but was very similar to MO-OOA
498  obtained from all prior ambient studies considered here (Table S3).

499  In summary, these comparisons with various major sources and ambient urban OA PMF source
500 factors show that distinguishing asphalt-related OA from the range of urban sources of direct OA
501  and reactive precursors is challenging. While fresh OA from hot-mix asphalt paving was

502  different from biomass-burning and meat cooking, it was statistically similar to OA from

503  gasoline and diesel-related sources (Figure 4, S23) as well as HOA source factors in urban

504  studies. Furthermore, atmospheric aging of primary condensed OA or SOA formed from gas-
505 phase precursors would contribute to the typically-observed LO-OOA and MO-OOA factors,
506 like those seen in the 2014 ambient measurements. In the case of highly aged OA from asphalt-
507 related emissions at summertime pavement temperatures, like the 60°C OFR studies here, the
508  resulting MO-OOA would be largely indistinguishable in ambient conditions (Figure 4). These
509  similarities across multiple atmospheric ages, coupled with fossil isotopic signature of asphalt-
510 related emissions,!!' could potentially result in misattribution of asphalt-related OA to other

511  prominent urban sources in ambient measurements and top-down assessments of emissions

512 across asphalt’s lifecycle. Further research is warranted to develop methods (e.g. identification of
513  marker species, isolating volatility-dependent contributions) to constrain the impact of asphalt-
514  related emissions on urban OA.
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