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ABSTRACT: Environmentally persistent free radicals (EPFRs) play an important role in aerosol effects on air quality and public
health, but their atmospheric abundance and sources are poorly understood. We measured EPFRs contained in PM, 5 collected in
Fairbanks, Alaska, in winter 2022. We find that EPFR concentrations were enhanced during surface-based inversion and correlate
strongly with incomplete combustion markers, including carbon monoxide and elemental carbon (R* > 0.75). EPFRs exhibit
moderately good correlations with PAHs, biomass burning organic aerosols, and potassium (R* > 0.4). We also observe strong
correlations of EPFRs with hydrocarbon-like organic aerosols, Fe and Ti (R* > 0.6), and single-particle mass spectrometry
measurements reveal internal mixing of PAHs, with potassium and iron. These results suggest that residential wood burning and
vehicle tailpipes are major sources of EPFRs and nontailpipe emissions, such as brake wear and road dust, may contribute to the
stabilization of EPFRs. Exposure to the observed EPFR concentrations (18 + 12 pmol m ™) would be equivalent to smoking ~0.4—1
cigarette daily. Very strong correlations (R* > 0.8) of EPFR with hydroxyl radical formation in surrogate lung fluid indicate that
exposure to EPFRs may induce oxidative stress in the human respiratory tract.

KEYWORDS: subarctic, free radicals, biomass burning, oxidative stress, residential heating

1. INTRODUCTION

Environmentally persistent free radicals (EPFRs) are pollutants
of growing concern that are contained within atmospheric
particulate matter (PM).'~* EPFRs are primarily formed from
incomplete combustion, including biomass burning, vehicle
exhaust, and coal combustion.””>~° Previous studies have
found that EPFR concentrations were positively correlated to
PM,;, NO,, and CO—common byproducts of coal
combustion, biomass burning, heating oil, and automobile
emissions.'’~'* In contrast to other short-lived radicals in the
atmosphere, EPFRs have much longer lifetimes from minutes
to over hours and days to no decay in the atmosphere.'”'*'°
Because of their long lifetimes, EPFRs can undergo long-range
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transport. Previous studies have observed regional and seasonal

10,17,18

variations in EPFR concentrations.” " ””"° One useful metric to

determine relative air quality risk in different regions is to
compare the EPFR concentration found within PM to the

. . . 11,12,1
concentration of free radicals found within cigarettes. S
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The first study using this metric found that nonextreme air
quality risk in the US has EPFR concentrations equivalent to
smoking 0.4—0.9 cigarettes per day."> In addition, EPFRs are
redox active and induce the formation of reactive oxygen
species (ROS) in the aqueous phase; hence, inhalation and
respiratory deposition of EPFRs may cause oxidative stress and
adverse health effects.”'"~**

Electron paramagnetic resonance (EPR) spectroscopy can
be used to detect and quantify EPFRs. EPFRs are formed in
postflame combustion in which aromatic products adsorb to
metal oxides which stabilize and catalyze EPFR production
through surface-mediated reactions.””>*>® Identifying metals
associated with EPFRs can help to determine sources of EPFR,
as some metals are good tracers for specific emission source.
Visible light and solar-simulated irradiation has been shown to
catalyze EPFR production from soot ;)articles and polycyclic
aromatic hydrocarbons (PAHs),””>” but we expect this
process is diminished with limited UV and visible irradiation
in winter in Fairbanks.

Fairbanks, Alaska, has a subarctic climate with very low
temperatures and short daylight hours in winter. Due to a net
heat loss from the surface, Fairbanks often experiences
temperature inversions in winter, amounting to 60—80% of
days.’>*' The surrounding mountains block wind to the
Fairbanks basin, preventing mixing and dilution, which leads to
the trapping and stagnation of polluted air with high levels of
PM and other pollutants in a shallow boundary layer.’***~**
As a result, Fairbanks often exceeds the daily National Ambient
Air Quality Standard for PM, (35 pg m™) in the winter.”’
Source apportionment studies have shown that wood smoke
and sulfate from sulfur-containing fuel combustion are
dominant sources of PM,, followed by gasoline and diesel
emissions.”””” A recent study has confirmed that wood
burning is a significant contributor to PM, s emissions in
Fairbanks during the winter of 2022.** Due to the increased
residential heating from wood and pellet residential stoves in
the winter, heightened levels of EPFRs are expected, but
EPFRs have never been measured in Fairbanks.

The Alaskan Layered Pollution And Chemical Analysis
(ALPACA) Campaign was conducted in Fairbanks, Alaska
during January to February 2022 to study wintertime subarctic
atmospheric chemistry and meteorology.”” The purpose of this
study is to quantify EPFRs over this period and to assess their
impact on the toxicological risk of inhalation of ambient
wintertime air. Using a PM,; high volume sampler, we
collected filter samples for detection and quantification of
EPFRs offline by EPR spectroscopy. We assess the relationship
between EPFRs and atmospheric gases, metals, and particulate
pollutants. By comparing our results with previous studies in
other environments, we aim to elucidate the impact of cold and
dark environments and meteorology on the EPFR concen-
tration. We also quantify the cigarette equivalence and the
relationship between EPFRs and hydroxyl radical formation in
surrogate lung fluid to assess the health implications of EPFRs
and their ability to induce oxidative stress.

2. MATERIALS AND METHODS

2.1. PM,; Collection. A PM,; high-volume sampler
(Tisch Environmental) was used to collect ambient PM,  at
a suburban house site in Fairbanks, Alaska (64.8502N,
—147.6755°E). Samples were collected for 23.5 h each day
from 01/16/2022 to 2/25/2022. The measured flow rate
fluctuated within 12% of the set flow rate of 40 cubic feet

min~'. Samples were collected onto a prebaked quartz filter
size 8 in. X 11 in. with a particle collection area of 7 in. X 9 in.
Filters were immediately wrapped in prebaked aluminum foil,
sealed, and then stored in the freezer (—18 °C) until analysis
with the exception of a two day period where filters were
transported in a cooler with ice packs from Fairbanks, AK to
Irvine, CA for analysis. Blank filters were collected once per
week by having them go through a normal sample preparation
and placing in the high-volume sampler for 30 s without air
flow without PM, 5 collection followed by storage procedure.

2.2. Environmentally Persistent Free Radicals
(EPFRs). The high-volume filters were analyzed for EPFRs
within 2 months of the time of collection by using an X-band
continuous-wave EPR spectrometer (Bruker, Germany). A
circular punch with a diameter of 1.0 in. was taken from each
high-volume filter for EPFR analysis. The EPFR concentrations
were quantified using a calibration curve of TEMPOL, 4-
Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (Sigma-Aldrich),
with a calibration range of 1.1-220 uM (Figure S1). The
parameters for EPFR measurements were as follows:
attenuation of 10 dB, a modulation amplitude of 3.0 G,
microwave power of 20.00 mW, and a receiver gain of 40 dB.
For EPFR analysis, the filter was placed into a quartz tube
(9.17 mm 1D., SP Wilmad-LabGlass) and then directly placed
in the resonator. The samples were scanned over the field
range of 3300—3700 G and averaged over S5 scans. Sample
stability was investigated by analyzing the filters again 6
months after collection (Figure S4). Two replicates were taken
using different filter punches from four different sample dates.
The error was calculated to be ~15% for those sampling dates
and assumed to be the percent error for all sampling dates.
Daily concentrations are presented as EPFRs per volume of air
(EPFR,, pmol m™>) and per mass of PM, (EPFR,, pmol
ug~"). EPFR, is relevant for addressing human exposure and
public health concerns, as people breathe in air by volume.
EPFR,, represents the relative contribution of EPFRs to
particles, which is indicative of the intrinsic toxicity of PM.
Thus, it is more reasonable to conduct correlation analysis for
EPFR, with ambient concentrations of various pollutants
(correlations of EPFR,, are included in SI for completeness).
We applied an ANOVA test to obtain the p-values, and the
determination coefficient R* was calculated using Pearson’s
correlation coefficient R calculated in Igor Pro to evaluate the
strength of correlation.*

Following Gehling and Dellinger15 and Chen et al,'' we
calculated the equivalent amount of cigarettes per day (EQ)
using the equation below.

RI

Rccig Ctar ( 1 )

EQ =

The amount of radicals inhaled with PM, ; is calculated as
RI (pmol/day). RCg is the radical spins in a gram of tar,
which was reported to be 1.75 X 10 radicals/g (0.0291 pmol
ug~") by Gehling and Dellinger15 and 4.75 X 10 radicals/ g
(0.0789 pmol ug™") by Chen et al.'' Both values were used to
calculate minimum and maximum estimations for equivalent
cigarette smoking. C,,, is the average mass of tar found per
cigarette (0.013 g), based on previous studies.'”'> RI can be
calculated as below

RI = EPFR,V = EPFR, Cp\V )
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where Vis the breathed air volume as assumed to be 20 m® per
day and Cpy; is the measured mass concentration of PM, 5 (ug
m™3).

2.3. Mass Concentrations of PM Composition. To
determine the organic carbon (OC) and elemental carbon
(EC) in PM, in Fairbanks, a 1.5 cm? filter punch from the
high volume filters was analyzed by a Sunset OC/EC analyzer
(Sunset Laboratory Inc. OR, USA) using the National Institute
for Occupational Safety and Health (NIOSH) 5040 analysis
protocol.”’ Total carbon (TC) is the sum of OC and EC. Mass
concentrations of daily PM,; (ug m™) were estimated
through summation of elemental carbon and nonrefractory
sulfate, nitrate, organics, and chlorine as measured by the AMS.
Note that AMS measures PM; without dust and salt (i.e.,
refractory species), which may lead to an underestimation of
PM, . The absolute difference between the calculated PM, ¢
and a PM, ; monitor located 800 m WSW of the house site
Fairbanks was ~25%.

Polycyclic aromatic hydrocarbons (PAHs), hydrocarbon-like
organic aerosols (HOA), and biomass burning organic aerosols
(BBOA) data were obtained from the High-Resolution Time-
of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) data
collected from PM, at the house site in Fairbanks (64.8502N,
—147.6755°E). A three-factor positive matrix factorization
analysis of the mass spectra yielded HOA, BBOA, and PAH
factors. Two distinct OA mass spectral factor profiles that best
describe the variability in the OA matrix were identified using
PMF based on the method described by Ulbrich et al."* We
label these profiles as BBOA and HOA. We named each factor
based on (1) similarity to previously published factor profiles,
which we downloaded from the AMS spectral database
(https://ciresl.colorado.edu/jimenez-group/AMSsd/), and
(2) expected diurnal behavior, as discussed below in the
subsequent subsection.”” The PAH factor was determined
using the method based on a modification of the standard
AMS “fragmentation table,” which was developed from
fragmentation patterns from laboratory standards of different
aerosolized PAHs.** While this method does not speciate the
PAHs, PAH are (relatively) resistant to fragmentation, and so
are easier to identify at larger m/z ratios.*> We did not observe
strong correlations between the PAH concentration and the
AMS PMF factors that would be indicative of a single
emissions source.

2.4, Gaseous Pollutants and Temperature Measure-
ments. SO, CO, O;, NO,, and temperature data were
monitored at a downtown location (64.8411N, —147.7275°E)
in Fairbanks which was 2 miles away from the house site. SO,
was measured using a Thermo 43C Pulsed fluorescence SO,
analyzer. CO was measured using a Thermo 48C gas filter
correlation CO analyzer. NO, was measured by using a
Thermo 42C Chemiluminescence NO—NO,—NO, analyzer.
O; was measured using a Thermo 49C UV photometric O,
analyzer. All gases, except CO,, were calibrated roughly weekly
using EPA certified standard gases and an O; generator to react
O; with NO when calibrating the NO, analyzer. Temperature
probes at heights of 23 and 3 m were placed at the downtown
site. Temperature probes were made of thermistors inside
metal sealed with epoxy, and calibrated using the method
described in Cesler-Maloney et al.”* They were deployed as
functioned aspirated thermometers with a fan keeping airflow
constant around the probes. Number of hours under inversion
was calculated by adding all hours of the day that experienced a

temperature inversion, dT = T at 23 m — T at 3 m greater than
0.5 °C.

2.5. ICP—MS Analysis of PM, ;. To measure the total
concentration of metals, one 1.5 cm? filter punch from the high
volume filter was acid-digested using aqua regia (HNO; +
3HCI). The filter was incubated in the acid at 99 °C and
shaken at a rotational frequency of 400 rpm using a
ThermoMixer instrument (Eppendorf North America, Inc,
Hauppauge, NY, USA) for 24 h. The acid-digested sample was
then diluted in DI to a final nitric acid concentration of 2% (v/
v) and filtered through a 0.45 ym PTFE syringe filter.*® The
metals were analyzed by inductively coupled plasma mass
spectrometry (ICP—MS, Agilent 7500a series, Agilent
Technologies, Inc,, CA, USA) following EPA method 6020
(EPA, 2014).” We measured concentrations of various
elements including magnesium, aluminum, potassium, tita-
nium, manganese, iron, nickel, copper, zinc, molybdenum,
antimony, and lead. Limits of detection are listed in Table SI.

2.6. Online Single-Particle Analysis. Real-time measure-
ments of the size and chemical composition of 627,088
individual aerosol particles with vacuum aerodynamic diameter
(d,,) of 0.1—1.0 ym were characterized using an aerosol time-
of-flight mass spectrometer (ATOFMS) based on the design of
Pratt et al.*® and described by Gunsch et al.*’ Individual
particle dual-polarity mass spectra were imported into
MATLAB (Mathworks) and analyzed using FATES, a custom
analysis toolkit.”” An adaptive resonance theory-based
clustering method (Art-2a)”" with a vigilance factor of 0.65
and learning rate of 0.05 for 20 iterations was used to group
similar single-particle mass spectra into clusters, which were
then used to identify individual particle sources, which will be
described in a forthcoming manuscript. For the work herein,
single-particle mass spectra were then searched for specific ions
of interest. Iron-containing particles were identified using a
peak area ratio of the two most abundant isotopes of iron (*°Fe
and **Fe) between 8 and 32 [half to twice the natural isotopic
ratio (16)];°*°? this criterion resulted in 5123 individual iron-
containing particles. PAHs were then identified in iron-
containing particles by the detection of molecular ions of
several PAHS,M—56 including naphthalene [m/z 128
(CyoHg")], acenaphthylene [m/z 152 (C,,Hg")], phenan-
threne/anthracene [m/z 178 (C,H,,")], pyrene/fluoranthene
[m/z 202 (C,¢H,o")], chrysene/benzanthracene/benzophe-
nanthrene/triphenylene [m/z 228 (C;sH,,")], and benzopyr-
ene/benzofluoranthene/perylene [m/z 252 (C,oH,,")]. These
searches resulted in 3109 individual particles being identified
as containing both iron and PAHs. Additional description of
trace metal- and PAH-containing particles will be the focus of
future manuscripts.

2.7. Hydroxyl Radical Oxidative Potential (OP°M)
Assay. The high-volume PM,  filters were analyzed for OP
by OH production in a synthetic lung fluid assay (OP°H). A
fraction from each filter was placed in a sterile polypropylene
centrifuge vial (VWR International LLC, Suwanee, GA, USA).
Due to the possible nonlinear response of OP end points with
extract mass concentration,”’ the punched filter fraction and
the volume of water used for extraction were determined based
on the PM, s mass loading on each filter to achieve a relatively
constant sample concentration 25 yg mL™" for OP°H analysis
in the reaction vial. Filters were extracted in deionized Milli-Q_
water (DI, Nanopure InfinityTM ultrapure water system;
resistivity >18 MQ/cm) via 60 min sonication (Ultrasonic
Cleanser, VWR International LLC, West Chester, PA, USA).

https://doi.org/10.1021/acs.est.4c01206
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Figure 1. Daily concentrations of EPFR,, EPFR,, NO,, SO,, O;, OC, EC, BBOA, HOA, and selected metals (Fe, K, and Ti) during the ALPACA
campaign. The gray boxes highlight the cold and warm pollution events during the campaign. Trace gas data has been reported as the averaged

value over the EPFR sampling period.

The PM extracts were not filtered, and the filter punch was left
in the extracts throughout the OP analysis so insoluble species
could be in contact with the reagents.”® Established protocols
were used for the OP®" methods,” with details given in the
Supporting Information. OP,°" is normalized by the volume of
air sampled (pmol min™' m™).

3. RESULTS AND DISCUSSION

3.1. Characterization and Time Series of EPFR. Figure
la shows concentrations of EPFRs per air volume (EPFR,)
and PM, ; mass (EPFR,,). A typical EPFR spectrum is shown
in Figure S2. The average g-factor of EPR signals for the course
of the campaign was 2.0021 + 0.0001. G-factors of <2.003 and
2.003—2.004 are indicative of carbon-centered and oxygen-
centered radicals, respectively.”'**** EPFRs observed in
urban air, with emissions from fossil fuels, industry, and
vehicles, often have g-factors ranging from 2.0027 to
2.0037.>'%%° The observed average g-factor in Fairbanks is
lower, but similar to the range of g-factors found in other areas
that have a significant traffic contribution such as Beijing,”
Xi'an,"" and Fujian®' with a g-factor of 2.0031—2.0038 and
Southern California highway sites with 2.0020—2.0032.°>%
Another study observed a similar g-factor of 2.0022 for EPFRs
associated with traffic emissions.'” The peak-to-peak distance
(AH,_,), which can provide an insight on the type of EPFR
species,” was found to be 6 + 1 G, which is similar to EPFR

14296

signals found in China,"! Germany,18 Pakistan,'” and
California.®”

The EPFR concentration per meter cubed of air sampled
(EPFR,) in Fairbanks ranged from S to 60 pmol m™> with
average concentration of 18 + 12 pmol m™>. The average
EPFR, in Fairbanks is higher than a suburban site in Irvine (14
+ 12 pmol m™ for PM, ;) and downwind of a wildfire site (8
+ 8 pmol m™® for PM,,),*“® but lower than EPFR, near a
highway site in Southern California (36 + 14 pmol m™ for
PM,).°>%* Note that actual ambient EPFR concentrations in
Fairbanks may be higher than our measured value because
EPFR analysis was completed 1—2 months after collection as
opposed to within 2 weeks for the near highway study.’”
EPFR, for the warmer urban climate of Xi’an, China was much
higher than Fairbanks, with a concentration ranging from 73 to
1154 pmol m™? in the winter (range of 4.44 X 10" to 6.95 X
10" spins m™)."" The winter EPFR, for Lahore, Pakistan was
also higher than Fairbanks, with a concentration of 48—480
pmol m™."7 This may be due to the fact that PM,
concentrations were also much higher in Xi'an (28—490 ug
m™>) and Lahore (522.2 + 222.0 pug m™>) compared to
Fairbanks (2—33 pg m3)."""”

The average EPFR concentration per microgram of PM, g
(EPFR,,) was 1.4 + 0.4 pmol ug™". If we assume the average
EPFR molecule has a MW of 200 g mol™' (assuming that
EPFRs are similar to anthraquinone), we find that ~0.03% of
PM, s mass would be attributed to EPFRs. EPFR_, in Fairbanks
is higher than EPFR measured in other cities including
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Table 1. Average EPFR, (pmol m~3), EPFR,, (pmol pug™"), EPFR-Equivalent Cigarettes per Day, and g-Factor Values of EPR
Spectra for PM Collected in Fairbanks (This Study), in Comparison to Previous Measurements at Highway Sites in Southern
California (Hwang et al., 2021),62 Irvine, CA (Hwang et al., 2021),62 Downstream of a Wildfire (Fang et al,, 2023),63 Xi’an
(Chen et al., 2019),"" Beijing (Yang et Al, 2017),® Linfen (Chen et AL, 2020),°° Mainz (Arangio et al., 2016; Filippi et al.,

2022),"%* and Lahore (Ahmad et al. 2023)"7*

EPFR, (pmol m™3)

Fairbanks (winter), AK 18 + 12
Highway, CA 36 + 14
Irvine (suburban), CA 14 + 12
Wildfire, CA (PM,) 2.9-7.6
Xi’an, China (winter) 349"
Beijing (haze), China (PM,) 5.11 x 10%°
Linfen (winter), China (PM, ) 300—600”
Mainz, Germany (PMrgp) 6.0 + 5.3°
Lahore (winter), Pakistan 200 + 120

EPFR,, (pmol ug™")

average cigarettes per day g-factor

14 + 04 0.4—1.0 2.0021 + 0.0001
2.5 + 207 0.7-1.9° 2.0027 + 0.0001
N/A 0.3-0.7° N/A

0.6 + 0.4 0.1-0.4 2.0028 + 0.0003
N/A 6.8—18.5" 2.0035 =+ 0.0003
N/A 996—2,700" 2.0032—2.0037
N/A 6-—32° 2.0034—2.0037
0.7 + 0.1 0.1-0.3” ~2.003

04 + 01" 3.9-10.6 2.0027—-2.0032

“Cigarettes per day value is originally reported value unless otherwise stated. “Indicates an estimated value based on reported results. PM, s values
unless otherwise specified. PMgp is the measurement of total suspended particles.
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Mainz, Germany,lg’64 Lahore, Pakistan'” and Irvine, CA,
during wildfires,”> but lower than measurements next to the
highway, as shown in Table 1.2

Figure 1 shows the time series of EPFR and gaseous
pollutants including CO, NO,, SO,, and O; as well as
particulate pollutants including EC, OC, BBOA and HOA.
Selected metals are also shown as tracers for biomass burning
(K) and nontailpipe emissions (Fe, Ti) including brake wear
and road dust (see Section 3.4). There were two noteworthy
pollution events during the campaign, characterized by high
levels of PM, 5 with ~30 ug m™>. The first event was from Jan
29 to Feb 3, 2022, which was a “cold event” in which
temperatures averaged from —35 to —16 °C with a major
emission source of residential wood burning.”” The second

14297

event was characterized as a “warm event” in which
temperature ranged from —12 to 2 °C during Feb 23-25,
2022, with enhanced vehicle emissions.*” During both events,
we observed a heightened concentration of EPFRs with 31 and
60 pmol m™ during the cold and warm events, respectively.
The extent of enhancement of EPFR, is more prominent
during the warm event compared with the cold event. This is
most likely because the yield of EPFR generation by biomass
burning is lower compared to vehicle tailpipes, as shown in
previous studies.”>®*

3.2. Correlation of PM Components with EPFR. One
important component of air pollution is PM,;. Figure 2a
shows that EPFR, and PM, ¢ have a strong correlation with R*
0.78. Surface-based temperature inversion, which often
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Figure 3. Correlation plots between daily average concentrations of EPFR, (pmol m™?) with mixing ratios of gaseous pollutants including CO, NO,
NO,, NO,, SO,, and Os. All correlations shown in Figure (a—f) have p-value < 0.01.

occurs under dark and cold conditions in winter in Fairbanks,
traps air pollutants in a shallow boundary layer.””** We
characterized surface inversion by the number of hours in a day
that had a temperature difference (dT) of >0.5 °C for dT = T
at 23 m — T at 3 m at a downtown site in Fairbanks. A day
during the campaign was in a surface-based inversion for an
average of 16 + 6 h. As shown in Figure 2b, we observed that
both EPFR, and PM, concentrations correlate moderately
with the number of hours under surface-based inversion with
R* > 0.5. These correlations illustrate that surface inversion
controls the atmospheric concentrations of EPFR and PM, .
There is no obvious influence of temperature or relative
humidity on EPFR, (Figure S3).

As PM,; is strongly correlated with EPFR, the source
apportionment of PM, may provide useful insight for the
source of EPFRs. Previous long-term source apportionment
studies for winter in Fairbanks have found that wood smoke
(20—80%), vehicle emissions (10—30%), and sulfate (10—
35%) are leading contributors to PM,; with minor
contributions from soil and road salt (both <49%) in winter
in Fairbanks.*****”°® This explains a strong correlation of
EPFR, with PM, s as wood smoke and vehicles can be source
of EPFRs, while sulfate does not contribute to EPFR
generation.26

EC and OC can be both generated from combustion,
including biomass burning, gasoline, and diesel combus-
tion.”>*’~% EC is often used synonymously with black carbon
or soot, and is used as a tracer for diesel exhaust
emissions.””’””" The observed OC is dominant from primary
emissions, most likely from residential wood or pellet stoves.
The OC/EC ratio can provide insights on the main
combustion source as it varies based on the type of
combustion: coal (0.3—13.5), diesel exhaust (0.2—0.9),
gasoline exhaust (1.1—3.6), and biomass burning (4.1-15.5;
up to 40 for wood combustion).'”**”> The OC/EC ratio in
Fairbanks ranged from 4.5 to 18 with an average of 10 + 3.
Coal combustion pollution from power plants is expected to be
minor in Fairbanks, as high stack heights are employed to limit
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ground-level pollution.” Wood combustion, used in residential
heating, is thought to be the major combustion type. During
the cold event, OC/EC reaches a peak with values above 15
(Figure 1c). The heightened OC/EC is expected as more
people use their wood or pellet stoves for residential heating
under very low temperatures. The AMS-derived BBOA factor
indeed shows its highest concentration during the cold event
(Figure 1d). Potential additional sources of OC include
cooking and oxidation of volatile organic compounds, but they
are unlikely to drive the higher OC/EC ratio observed here.’’
During the warm event, the OC/EC value decreases below 8.0,
indicating a substantial contribution of vehicle emissions, as
also shown by enhanced concentration of HOA (Figure 1d).

Figure 2c shows the correlations of EPFR, with mass
concentrations of EC, OC, and total carbon (TC), exhibiting
tight correlations. The correlation of EPFR, with EC (R* =
0.79) is stronger than PM, and all other pollutants (aside
from NO,, see section below), indicating that EPFRs in
Fairbanks are indeed formed by incomplete combustion.
Positive correlations of EPFRs with EC have also been
observed in Xi'an'' and at a highway site in southern
California.’” As shown in Figure 2d, EPFR, exhibits a strong
correlation with BBOA (R* = 0.50), suggesting that residential
wood burning is the major source of EPFR. EPFR, also has a
strong correlation with HOA (R* = 0.72). HOA serves as a
proxy from primary OA associated with traffic emissions.””~"
EPFR, showed its highest value during the warm event when
HOA peaked (Figure la), implying that vehicle emissions
produce EPFRs in a higher yield than wood burning, which is
consistent with a recent study.”® HOA was also slightly
enhanced during the cold event, which may imply that HOA
was also emitted by residential oil heating or that there may be
an increase of vehicle emissions in colder temperatures as
shown by previous studies.”””® Note that BBOA emissions
were far more enhanced than those of HOA during the cold
event, suggesting that BBOA plays a more significant role
during this period. We also observe a strong correlation
between EPFR, and PAH (R> = 0.55). PAHs are often
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Figure 4. Correlations between daily average concentrations of EPFR, (pmol m™*) with metal species (Al, Cu, Fe, K, Mn, and Ti). Correlations of
EPFRs with Al and Cu have p-value >0.0S. Correlations of EPFRs with Fe, K, Mn, and Ti and p-value <0.01.

associated with soot particles that can be emitted by both
diesel vehicles and biomass burning.79_82 Hence, our
correlation analysis implies that EPFRs are emitted by both
residential wood stoves, especially during the cold event, and
vehicles, dominantly during the warm event.

3.3. Correlation of Gaseous Pollutants with EPFRs.
Figure 3 shows correlation plots for EPFR, with various
gaseous pollutants. CO was observed to correlate strongly with
EPFRs (R* = 0.75), which is consistent with EPFRs being
associated with incomplete combustion, as discussed above.
While both NO and NO, correlate well with EPFR,, the
strongest correlation was observed between NO, and EPFR,
(R* = 0.80), which is expected as NO, is emitted by wood
burning and vehicles.**™* SO, was observed to correlate
moderately with EPFR, (R* = 0.43) as shown in Figure 3e. In
Fairbanks, SO, is emitted from fossil fuel combustion in a
power plant as well as indoor heating by fuel oil. The main
source of SO, near ground level is residential oil heating,** as
the plume from the power plant is injected above the inversion
layer and does not significantly contribute to ground level
pollution.86 This correlation between EPFR, and SO, is not as
strong as EPFR, with CO or NO, and oil heating is not known
to generate EPFERs, so this apparent correlation may stem from
meteorological conditions and the formation of a shallow
boundary layer. In winter in Xi'an, EPFR, was found to
positively correlate with SO, (R* > 0.55), suggesting coal
combustion as a major source of EPFRs."' We observe weak
correlation of EPFR, with SO, (Figure S6d), which is
consistent with the study in Shihezi, China which also
observed very weak correlation.'”

Generally, O; is formed as a result of photochemical
processes of NO, and VOC, but these processes are slow
during high-latitude winter, so most regional O; should be
transported from other regions during winter.”” In Fairbanks
we observe a low mixing ratio of O3, with an average of 10 & 7
ppb over the course of the campaign, significantly reduced

from the regional background of 30—40 ppb. In this study, we
found Oj to be strongly anticorrelated with EPFR, with R* =
0.6S, as shown in Figure 3f. The anticorrelation of EPFR and
O; is likely to be a result of high abundance of NO, which
titrates O; through the reaction NO + O; = O, + NO,, as
evident from anticorrelation of O; in the inversion layer
(Figure S9). Since EPFR, trends with NO,, this leads to an
anticorrelation of EPFRs with O;. This anticorrelation of
EPFR, with O; observed in Fairbanks is similar to our previous

study near a hi§hway sampling site,
" In contrast, a study in Xi'an

NO titration.

which was also affected by
"' observed a

positive correlation of EPFR, with ozone in the summer, and
an annual a positive correlation between EPFR, and O; was
observed in Shihezi.'> A weak correlation between EPFR_, and
O, is observed (Figure S6e), which indicates that EPFRs are
not efficiently quenched by heterogeneous reactions with O;.

In an attempt to observe correlations without the influence
of incomplete combustion, EPFR, values normalized by EC
were compared to the gaseous pollutants (Figure S8). In
addition, to minimize the influence of PM,, we investigated
correlations of EPFR, with PM,; (Figure SSa) and also
plotted the residuals of the correlation between EPFR and
PM, s against the residuals of the gaseous pollutants’
correlation with PM, (Figure S8). We did not observe
significant correlations for these analyses, confirming the
strong influence of incomplete combustion and pollutant
accumulation in the inversion layer on the observed
correlations in Figure 3 (see also Figure S10).

3.4. Correlation of Metals with EPFR Concentration.
Figures 4a—f and S11la—f show the correlations of EPFR, with
various metals (Al, Cu, Fe, K, Mg, Mn, Mo, Nj, Pb, Sb, Ti, and
Zn). Correlations between EPFR,, and metals are shown in
Figure S12. Potassium (K) was the most abundant metal
measured at the house site, with average concentration of 93 +
49 ng m 3, or approximately 0.7% of PM, s mass. We find that
K has a moderate correlation with EPFR, with R* = 0.43
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(Figure 4d). K is a marker for biomass burning with potassium
salts being internally mixed with soot (elemental carbon),
organic carbon, and other components.87_90 The moderate
correlation with K, which is much stronger than that found in
Xian (R*> = 0.11),'"" supports that EPFRs are emitted by
biomass burning in wintertime in Fairbanks. As there were no
wildfires and peat fires during the campaign (wildfire season
begins in spring and is extremely rare in winter in Fairbanks),
K is emitted most likely from residential wood stoves.

Iron was observed to have the highest metal correlation with
EPFR, with R* > 0.7. Iron, which is mainly emitted from traffic
emissions and biomass burning,gl’92 was the second most
abundant metal with an ambient concentration of 43 + 18 ng
m™>. Its concentration reached a peak on the same days when
EPFR, reached its maximums during the warm event, implying
the significance of traffic emissions especially by nontailpipe
emissions as Fe is emitted substantially by brake wear. Iron and
copper have been shown to correlate well with EPFRs at
highway sites in Southern California.”> There is a negligible
correlation observed with copper (Cu), and weak correlations
observed with molybdenum (Mo) and antimony (Sb) (R* <
0.2), which are elements associated with brake wear
emissions.””~”® Copper has been previously shown to stabilize
EPFR, but the half-life for copper EPFR stabilization is much
shorter than that for iron.” While zinc and nickel oxides are
very effective to prolong EPFR lifetime,” we observe a
moderate positive correlation of EPFR, with Ni and no
significant correlation with Zn (Figure S11).

Mineral dust is a major source of iron, aluminum,
magnesium, and manganese as well as titanium. Dust was
also observed to be a main source of EPFR in Xi’an, China.'""”
Dust emissions should be low in Fairbanks in the winter due to
snow covering up much of the land and soil, and negligible and
weak correlations are observed between EPFR, and Al or Mg
emissions in Fairbanks, respectively (R* < 0.16). Due to the
extremely low temperatures in Fairbanks, rocks or gravel are
added to the road for traction in the winter, resulting in road
dust that is mostly a combination of crustal minerals.
Suspended road salt aerosol was detected by the ATOFMS
especially right before the cold event, as neighborhood
residents were observed applying salt to entryways and
walkways even though the city of Fairbanks does not apply
salt to the roads.

Figure 4e,f, show Mn and Ti have moderate and strong
correlations with EPFR,, respectively (R*> > 0.4). These
correlations suggest an influence of road dust on EPFRs in
Fairbanks. Iron and titanium oxides are known to stabilize
EPFRs.*”**** Ti is also a major component in brake wear
particles.”® Thus, tight correlations of EPFR, with Fe and Ti
suggests that nontailpipe emissions may play a role in
stabilization of EPFR, if they are internally mixed. Since the
PM, s sampler was located in a residential area, the results may
vary if compared to a downtown location in Fairbanks where
there is more vehicle traffic. As we observe higher EPFR,
during the warm event with greater vehicle emissions and a
correlation with titanium throughout the campaign, this
supports the importance of vehicular emissions, and the
related road dust, to EPFR emissions.

To further examine the existence of iron and PAHs within
the same particles, we examined online single-particle mass
spectrometry data were examined. Iron was observed in ~1%
of the individual submicron particles (particle diameter of 0.1—
1.0 ym), by number, measured by the ATOFMS. Of the

identified iron-containing particles, the majority (48%, by
number) were identified as residential heating (primarily wood
burning) particles with a prominent potassium peak [m/z 39
(K*)], organic carbon [e.g,, m/z 27 (C,H;") and 50 (C,H,")],
elemental carbon (C,*), and sulfate m/z —97 (HSO,”)
(Figure S). PAHs {e.g, naphthalene [m/z 128 (C,Hg")],

0.1

0.01

Relative Area

0.001

-100 -50 0 50 100 150 200
m/z

Figure S. Average dual-polarity mass spectrum [relative ion peak area
(arbitrary units) vs mass/charge, m/z], showing negative (left) and
positive (right) ions produced within the ATOFMS in the
measurement of individual aerosol particles. This mass spectrum is
the result of averaging 3109 single-particle mass spectra for only the
individual particles that were measured to contain both iron (m/z S6,
Fe', highlighted in red) and PAHs (prominent PAH molecular ions
and fragment ions shaded in green). Additional prominent ions
include potassium (m/z 39, K*) indicative of biomass burning, nitrate
(m/z —46, NO,™, and —62, NO; "), and sulfate (m/z —97, HSO,").
Additional unlabeled peaks include elemental carbon clusters (C,*,
e.g, m/z —36, C;*), organic carbon (e.g, m/z 37, C;H"), and
ammonium (m/z 18, NH,").

acenaphthylene [m/z 152 (C,Hg")], pyrene and fluoranthene
[m/z 202 (C,¢H,,*)] were observed within 60%, by number,
of the iron-containing residential heating particles. Higher
molecular weight aromatics, including benzofluoranthene/
benzopyrene (m/z 252) and benzoperylene/indenopyrene
(m/z 276)} were also measured. Previous research has
similarly observed that wood/biomass combustion can be a
dominant source of Fe-containing aerosol particles.””””
Together these results support the coemission and internal
mixing of Fe and PAHs from biomass burning. Gasoline and
diesel combustion particles accounted for 28% of the iron-
containing particles, by number, measured by the ATOFMS.
Of the Fe-containing particles from vehicle emissions, 50%, by
number, were identified as containing at least one PAH marker
ion, supporting vehicle emissions as an additional source of
EPFR in Fairbanks. Therefore, the majority of submicrometer
particles containing both iron and PAHs are predominantly
from residential heating and vehicle emissions. As PAHs are
precursors of EPFRs and they can be considered as a proxy for
EPFRs, these observations support the conclusion that
residential wood burning and vehicle emissions are major
sources of EPFR.

4. IMPLICATIONS

We calculated that breathing in Fairbanks winter outdoor air
containing EPFRs would be equivalent to smoking on average
0.4—1.0 cigarettes per day, with the minimum being 0.1 and
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the maximum being 3.2 cigarettes per day (Table 1). Note that
this calculation is based upon outdoor air, while most residents
spend much of their time indoors, especially when temper-
atures outdoors are often far below freezing. The recent study
by Yang et al.'” found that indoor PM, 5 mass concentration
was found to be significantly lower than outdoors in Fairbanks
during the ALPACA campaign, while indoor PM, s concen-
trations can be greatly enhanced by indoor activities including
pellet burning and cooking.'” From an exposure perspective,
EPFR cigarette equivalence should be studied for outdoor air,
infiltrated air, and air influenced by indoor sourced pollution.
Gehling and Dellinger'® concluded that 0.4—0.9 cigarettes per
day would represent nonextreme air quality (35—60 ug PM, 5/
m® average over 24 h). Therefore, Fairbanks primarily has
nonextreme air quality, but may be a concern for public health
after prolonged temperature inversion in which we observe
higher concentration of EPFRs (see Section 3.2). As shown in
Table 1, this value in Fairbanks is comparable to that in Irvine,
CA,” but lower than those in highly polluted Chinese cities
including Shihezi,'* Xi’an,"" and Beijing.S

EPFRs with a semiquinone type structure are known to be
redox active, which means that they can induce the formation
of ROS upon inhalation and respiratory deposition to lung
lining fluid, causing oxidative stress and adverse health
effects.””'*"'%> EPFRs can reduce molecular oxygen to
superoxide radicals,'” which can then be transformed to
*OH that can induce oxidative damage to biomolecules

including proteins and lipids if it overwhelms antioxidants.'**

As shown in Figure 6, we observe that OP,°" correlates
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Figure 6. Correlation between OP°" (pmol min™' m™>) and EPFR,
(pmol m™3). The correlation of OP°" with EPFR, has a p-value <
0.01.

strongly with EPFR, with R* = 0.83. This tight correlation
suggests that EPFRs are strongly related to *OH production in
surrogate lung fluid. It also indicates an important role of lung
antioxidants as a previous study observed a moderate
correlation of EPFRs with OH formation in water.”” Our
results imply that exposure to EPFRs and inhalation and
respiratory deposition of PM may cause oxidative stress and
adverse health effects. A very recent study has observed a
positive correlation between cytotoxicity and EPFR concen-
tration.'”* Another recent study by Yang et al. (2024) showed
that PM oxidative potential in Fairbanks is comparable to that
in Atlanta and Los Angeles.'” As the relationship between PM
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oxidative potential and ROS formation is complex and remain
unelucidated,'*® in our follow-up study we plan to investigate
ROS and oxidative potential by PM collected in the
atmosphere and in a house in Fairbanks during the ALPACA
campaign.
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