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HIGHLIGHTS

e Emission sources in the Midwest US
contribute disproportionately to PM, s
mass vs. oxidative potential of PMy s.

e Secondary sources, coal combustion,
biomass burning, and primary vehicular
emissions dominated PM, 5 mass.

e Local sources (industrial, parking, and
agricultural emissions) contribute
minorly to PMy 5 mass but substantially
to OP.

e Organic carbon and transition metals (e.
g., Cu, Fe, and Mn) showed moderate-to-
strong correlation with OP.
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ABSTRACT

Ambient fine particulate matter (PMy5) is associated with numerous health complications, yet the specific PMy 5
chemical components and their emission sources contributing to these health outcomes are understudied. Our study
analyzes the chemical composition of PM; 5 collected from five distinct locations at urban, roadside and rural en-
vironments in midwestern region of the United States, and associates them with five acellular oxidative potential
(OP) endpoints of water-soluble PMj; 5. Redox-active metals (i.e., Cu, Fe, and Mn) and carbonaceous species were
correlated with most OP endpoints, suggesting their significant role in OP. We conducted a source apportionment
analysis using positive matrix factorization (PMF) and found a strong disparity in the contribution of various
emission sources to PMy s mass vs. OP. Regional secondary sources and combustion-related aerosols contributed
significantly (> 75 % in total) to PMy 5 mass, but showed weaker contribution (43-69 %) to OP. Local sources such
as parking emissions, industrial emissions, and agricultural activities, though accounting marginally to PM, 5 mass
(< 10 % for each), significantly contributed to various OP endpoints (10-50 %). Our results demonstrate that the
sources contributing to PMy5 mass and health effects are not necessarily same, emphasizing the need for an
improved air quality management strategy utilizing more health-relevant PMy 5 indicators.
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H. Yu et al.
1. Introduction

Ambient fine particulate matter (particles with aerodynamic diam-
eter less than 2.5 um, PMj 5) has been recognized as a key air pollutant
that poses a serious threat to human health. Numerous studies have
reported its association with various health outcomes, such as
cardiovascular-related morbidity and mortality [1-4], respiratory [5-7]
and neurodegenerative diseases [8-10], low birth weight [11-13], and
risk of diabetes [14-16]. Consequently, World Health Organization
(WHO) Air Quality Guidelines (AQG) suggest using mass concentration
of ambient PMj 5 as an air quality index for regulation [17]. However,
the rationale of using PMy 5 mass as a health metric has always been
debated due to the complex and variable chemical composition of
ambient PMy 5. Mostofsky et al. [18] reported significant associations
between several trace elements in ambient PMj s, including Fe, Ni, and
V, and risk of stroke in patients with cardiovascular diseases in Boston,
MA, suggesting the likelihood of much higher toxicity of these compo-
nents carrying little mass. Bell et al. [19] found strong correlations be-
tween cardiovascular hospital visits for the Medicare population (i.e.,
people more than 65 years of age) and ambient concentrations of Ca, V,
and Zn. The same study also reported significant associations between
respiratory disease related hospital admissions and certain trace ele-
ments (Al, Ca, Ni, Ti, and V). These and several other studies [20-23]
indicate that the health impacts of PMj 5 could be driven by only a small
fraction of its mass, questioning the relevance and effectiveness of
regulating total PM; 5 mass.

Since ambient PMy 5 originates from heterogeneous sources, its
chemical composition is highly uncertain and variable in space and time.
Therefore, it is impractical to identify and measure all toxic components,
which highlights the need to derive a biologically-relevant property of
ambient PM; 5 that could better represent the health outcomes of PM5 s.
In recent decades, the oxidative potential (OP) of PMj3 5, which is defined
as the capability of PM; 5 to catalyze the depletion of antioxidants and
the generation of reactive oxygen species (ROS) in human body, has
been proposed as a potentially health-relevant metric. Numerous evi-
dences show a stronger association of OP with multiple health outcomes,
including cardiorespiratory emergency room visits [24-27], asthma
symptoms [28,29], respiratory hospitalizations in children [30],
increased fractional exhaled nitric oxide (FeNO) [31-33], and diabetes
prevalence [34,35], in comparison to PMy 5 mass. In more inclusive
terms, OP can be expressed with different endpoints, such as the con-
sumption rate of ascorbic acid (AA; OPAA), glutathione (GSH; OPGSH),
dithiothreitol (DTT; OPP™), the production rate of hydroxyl radical
(eOH) in surrogate lung fluid (SLF) or DTT (OPOH-SLF ang OPOH'DTT,
respectively), and the cellular generation of ROS (macrophage ROS) [28,
36]. However, multiple studies have reported different spatiotemporal
patterns [37,38] and different set of chemical species driving the
response of these assays [37,39]. Moreover, recent studies investigating
their spatiotemporal patterns have shown weak correlations among
these OP endpoints [39,40]. Our previous study, Yu et al. [40], reported
an overall poor-to-moderate correlations among five commonly used OP
endpoints in the Midwestern US, indicating that these endpoints
potentially represent distinct biological pathways. Hence, it is crucial to
assess multiple endpoints for a comprehensive OP analysis.

Although several metropolitan areas in the Midwestern US, such as
Indianapolis, Chicago, St. Louis, and Detroit, are generally recognized as
highly air polluted districts [41-44], a comprehensive investigation on
the sources of ambient PM; 5 in terms of its toxicological effects in this
region has been lacking. With the exception of our own study [45],
previous studies in the Midwestern US region have primarily focused on
the contribution of various emission sources to PM; s mass, in both
urban and rural areas such as St. Louis, MO [46], Chicago, IL [47],
Bondpville, IL [48,49], Detroit, MI [47,48,50], Indianapolis, IN [48], and
five cities in Iowa (i.e. Cedar Rapids, Des Moines, Davenport, Mont-
gomery and Van Buren) [51]. However, it is important to note that the
contribution of emission sources to PMys mass do not necessarily

Journal of Hazardous Materials 474 (2024) 134763

correspond with their contribution to the health effects. Huang et al.
[52] investigated sources of PMy 5 in Georgia (US) and their associations
with emergency department (ED) visits for three respiratory diseases (i.
e., asthma, pneumonia, and acute upper respiratory infections). Strong
correlations were observed for several anthropogenic sources, including
suspended dusts, metals, and natural gas, with all respiratory outcomes,
while these sources together accounted for less than 15 % of total PM; 5
mass. Pennington et al. [53] estimated the associations between PMy 5
concentrations of various sources and cardiorespiratory emergency
department (ED) visits, and observed strong correlations between res-
piratory ED visits and certain sources including biomass burning and
secondary organic carbon, both of which were again minor contributors
to PMy 5 mass (< 20 %). These findings pointed out the disparity of
emission sources to mass and health impact of PM; 5 and thus called for
shifting the focus from mass to other more health-relevant properties of
PM5s. To somewhat address this concern, our previous study [45]
conducted source apportionment analysis on cellular ROS generation
from ambient PM; 5 in the midwestern region of US. A large number of
PM; 5 samples (N = 241) were collected from five sites including both
urban and rural locations and analyzed for chemical composition,
including carbonaceous species, inorganic ions and water-soluble trace
elements, and cellular ROS in rat alveolar macrophages (NR8383). The
cellular ROS levels were largely attributed to two emission sources —
secondary organic aerosols in urban areas and agricultural emissions in
rural areas, both of which contributed minorly to the bulk mass of PMj s.
While macrophage ROS generation could be an important pathway for
assessing the cellular toxicity, it could miss other pathways for oxidative
stress occurring in the human body that could be captured by some of
the chemical OP assays. This could become even more important in the
context of Midwest US, which is rather an understudied region in terms
of PM3 5 health effects, and particularly OP measurements.

In this study, we present a comprehensive source apportionment
analysis for several acellular OP endpoints, i.e., OPAA, OPGSH, OPOH’SLF,
OPP™T, and OPPHPTT of water-soluble ambient PMj 5 in the Midwest US.
The same set of ambient PM5 5 samples as used in Wang et al. [45] were
used and analyzed for acellular OP. Note, the water-soluble acellular OP
data on these samples was also previously reported in Yu et al. [40]
which focused on the spatiotemporal distribution of PMj 5 mass and
acellular OP in the Midwest US. Our present study incorporates both
water-soluble acellular OP data reported in Yu et al. [40] and source
apportionment of PM; 5 mass reported in Wang et al. [45], while pre-
senting new investigation of the spatiotemporal trends of PMj 5 chemi-
cal composition as well as the associations of acellular OP endpoints
with chemical composition and emission sources of PMjy 5. To identify
the chemical species sensitive to each acellular OP endpoint, we con-
ducted a univariate regression analysis between OP and measured
chemical species of ambient PMjys. Finally, we performed source
apportionment on all OP endpoints using positive matrix factorization
(PMF), and compared the results with the source apportionment for
PM, 5 mass. This study provides the first analysis on the emission sources
of acellular OP in the Midwestern US and provides insights on the po-
tential sources which might pose a greater impact on the health out-
comes than simply contributing to the PM, 5 mass.

2. Materials and methods

2.1. Sampling campaign

We collected ambient PM; 5 samples using high-volume samplers
(Hi-Vol sampler, Thermo Anderson, nominal flow rate = 1.13 m®/min,
equipped with PMy 5 impactor) at five sampling sites located in the
Midwestern US, which involved three urban sites: Chicago (IL), St. Louis
(MO), and Indianapolis (IN), one roadside site in Champaign (IL) and
one rural site in Bondville (IL). The detailed sampling methods,
including sampling protocols and characteristics of each site, are
described in our previous publications [40,45]. Briefly, Chicago (CHI)
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and Indianapolis (IND) sites are located in university campuses (Illinois
Institute of Technology and Indiana University Purdue University Indi-
anapolis, respectively), and are surrounded by multiple parking garages.
St. Louis (STL) site is near an industrial zone, and close (< 1 km) to
Mississippi River. All urban sites are close to major highways (within 2
km of the sampling site), e.g., -90/94 (CHI), I-70 (IND and STL), and
I-74 (IND). Champaign (CMP) site is located on the roof of a parking
garage, and is adjacent (< 10 m) to a major road (University Ave.) in
Champaign city. Bondville (BON) is placed in a rural setting and is
relatively far from urban areas (closest city is Champaign, > 5 km).
PM, 5 were collected on quartz filters (Pall Tissuquartz™, 8” x 107)
simultaneously every week from Tuesday 0:00 to Friday 0:00 (duration
72 h) between May 2018 and May 2019 from all the sites, generating
241 samples in total (44 from CHI, 47 from STL, 54 from IND, 51 from
CMP, and 45 from BON). Further details of the sampling and weighing
protocols are described in the Supplementary Information (SI), Section
S1.

2.2. Sample extraction and preparation protocol

All OP assays and most chemical analyses were performed on water
extracts of PMj 5 samples. For measuring OP and inorganic ions, a few
(usually 3-5) punches were cut from filters using metallic punches
(16-25 mm diameter) and were immersed into 15-20 mL of de-ionized
water (DI). The volume of DI and number of punches were adjusted to
achieve ~100 pg of total PMy 5 mass per mL. The vials containing filter
sections suspended in the DI were sonicated in an ultrasonic water bath
for 1 h (Cole-Palmer, Vernon-Hills, IL, US). These suspensions were then
filtered through a 0.45 pm PTFE syringe filter to remove all water-
insoluble components including the filter fibers. After filtration, 10.5
mL of these extracts were separated and diluted with DI to 15 mL for OP
analyses. 3.5 mL aliquots from the remaining extracts were withdrawn,
and were diluted to 5 mL for inorganic ion analyses. In the same manner,
we extracted several additional punches (1—-3) of each filter in DI to
prepare for brown carbon (BrC) analysis.

For the measurement of water-soluble organic carbon (WSOC) and
metals, 2 punches (each of size 16 mm) were extracted in 5 mL DI, and
filtered in the same way as for inorganic ions. Out of this 5 mL, 1.5 mL
was used for TOC analysis after being diluted with DI to 25 mL. The
diluted extracts were acidified to pH = 2 by adding 20 pL of 70 % nitric
acid (HNOg, molarity = 15.8 M; Avantor Sciences, Radnor, PA, US) to
eliminate the interference of inorganic ions in TOC analysis [54].
Another aliquot (2.5 mL) of each 5 mL extract was separated and acid-
ified to pH = 1 (by adding 20 pL of 70 % nitric acid) to prevent the
precipitation of metals [55]. This fraction was further diluted to 5 mL
before getting analyzed for metals by ICP-MS [45].

2.3. OP assays

The details of OP analyses protocol, including setup of the instru-
ment and its operation, has been previously reported in Yu et al. [56]
and Yu et al. [40]. Briefly, we used our semi-automated multi-endpoint
reactive oxygen species activity analyzer (SAMERA) for measuring all
OP endpoints. In the first step, SAMERA withdraws 3.5 mL of diluted
filter extract, and mixes it with 1 mL of 0.5 M potassium phosphate
buffer (K-PB, pH = 7.4; treated by Chelex column to remove trace metals
prior to use) and 0.5 mL of a surrogate lung fluid (SLF; consisting of 2
mM AA, 1 mM GSH, 3 mM CA, and 1 mM UA. Simultaneously, another
3.5 mL of the PM extract is mixed with 0.5 mL of SLF and 1 mL of K-PB
(pH = 7.4) buffered disodium terephthalate (TPT; probe for detecting
eOH). At different time intervals, three small aliquots (50 pL) are
withdrawn by SAMERA from these mixtures (2 from 1st vial containing
sample, K-PB and SLF and 1 from the 2nd vial containing sample, SLF
and TPT) and are injected into three separate vials. These aliquots are
then diluted by DI and measured for AA, GSH and e¢OH. 2 mM
o-phthalaldehyde is added in one of the vials used for measuring GSH.
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In the second step, 2.1 mL of the PM extract is mixed with 1.4 mL of
DI, 0.5 mL of 1 mM DTT, and 1 mL of 50 mM TPT (prepared in K-PB; pH
= 7.4). At different time intervals, two small aliquots (50 pL) are
withdrawn and dispensed into two separate vials. DI is added to both
vials for measuring DTT and ¢OH. 500 pL of 0.2 mM 5,5’-dithiobis(2-
nitrobenzoic acid) (DTNB) is added to 1st vial to capture residual DTT.
Since the concentrations of PMj 5 were controlled at 100 pg/mL during
the extraction process, the concentrations of PM5 5 in RVs for SLF-based
(i.e., OPAA, OPS%H and OPOHSMF) and DTT-based (i.e., OPP™T and opoH-
DTTy endpoints were 50 pg/mL and 30 pg/mlL, respectively. After cali-
bration, the slopes of the change in concentration for these measured
species, i.e., AA, GSH, DTT, and eOH, are calculated as the depletion (for
AA, GSH, and DTT) and generation (for ¢OH) rates for respective OP
endpoints, i.e., OPAA, OPGSH, opPTT, OPOH'SLF, and OPPHPTT The sys-
tem was cleaned with DI after each step to avoid any carryover of the
reagents or samples.

After correcting OP with field blank levels, the OP values were
normalized using equivalent volume of the extracted PM; 5 sample, as
per the following equations:

OP, sample — OP, sample,raw — OP blank

rhsample
OP, sampleV = OP, sample
Cmmple

where: OPsqmpie raw and OPpyqni represent OP values of the sample and the
field blank, respectively; ri;qmpie denotes the mass concentration of PMy 5
in ambient air (pg/mg), and Cgqmple is the concentrations of PMy 5 in RVs
(ug/mL), and OP;gnmpev is the volume (of air) normalized OP value of the
sample.

2.4. Chemical analysis

Water-soluble elements (Ba, Li, Al, K, V, Cr, Mn, Ni, Cu, Zn, As, Se,
Pb, and Fe) were measured on the diluted extracts by a NexION 300X
inductively coupled plasma mass spectrometry (ICP-MS) (PerkinElmer
Inc., Waltham, MA, US) equipped with an integrated autosampler. A
daily performance check was run every day before using ICP-MS. For
preparing the calibration curve of all metals, Multi-element Calibration
Standard (PerkinElmer Inc., Waltham, MA, US) was diluted to desig-
nated concentrations of all metals (i.e., 0 ppb, 5 ppb, 10 ppb, 20 ppb, 40
ppb and 80 ppb) and analyzed by ICP-MS.

We employed a Dionex ICS-2100 ion chromatography (IC) (Thermo
Fisher Scientific, Waltham, MA, US) equipped with Dionex IonPac AG18
IC anion-exchange column to measure sulfate (SO‘Z{), nitrate (NO3), and
chloride (CI') ions in the water-soluble extracts of collected PM; 5 sam-
ples. Note, the levels of CI" were mostly below the LOD of our IC,
therefore we did not report Cl” here. For the measurement of ammonium
(NHZ), we adopted the protocol based on Berthelot reaction, as
described in Kanda [57]. Briefly, we used 5 mL of the diluted extract of
each sample into a vial, and consecutively added 1 mL of 400 g/L tri-
sodium citrate (NaCit), 0.1 mL of 40 g/L o-phenylphenol (OPP), and
0.05 mL of 0.8 % sodium hypochlorite (NaClO) to it. Five minutes later,
we added 0.1 mL of 0.5 g/L sodium nitroprusside (NaNP) (dissolved in
3 N sodium hydroxide solution) into the mixture, and placed the vial in a
water bath at 40 °C for 15 min. OPP reacts with NH7 in the extract under
the presence of NaNP, forming a blue indophenolic dye. The concen-
tration of this dye was then determined by measuring absorbance of the
mixture at 670 nm using a spectrophotometer (Shimadzu Corporation,
Columbia, MD, US). Ammonium sulfate [(NH4)2SO4] standard with
known concentrations (0 — 80 pmol NHj /L) were analyzed using the
same protocol to obtain the calibration curve for NH} measurement.

EC and OC were analyzed on a 1.0 x 1.0 cm? squared punch taken
from the PMj 5 filter. A Sunset Lab thermal/optical transmittance (TOT)
analyzer (Sunset Laboratory Inc., Tigard, OR, US) was employed
following the National Institute for Occupational Safety and Health
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(NIOSH) method 5040 [58] for measuring both EC and OC. WSOC were
measured using a Shimadzu TOC analyzer (Shimadzu Corporation,
Columbia, MD, US). Briefly, diluted and acidified PM; 5 extracts (see
Section 2.2) were added into a glass bottle (prebaked at 550 °C), and
organic carbon was then measured based on a catalytic oxidation
combustion technique, which oxidizes organic carbon into carbon di-
oxide (CO2) and measures produced CO,. WSOC concentration was
determined by calibrating the instrument with OC standards of known
concentrations (0 — 5 ppm) before each batch (~20 samples) of TOC
analysis. Brown Carbon (BrC) was measured based on a photometric
method. Absorbance of the PM extract at 365 nm with a background
correction (at 700 nm) was measured using an online spectrophotom-
eter (Ocean Optics Inc., Dunedin, FL) coupled to a liquid waveguide
capillary cell (LWCC-3100; World Precision Instruments Inc., Sarasota,
FL). The concentration of BrC in ambient air was calculated by the
following equation, as derived from Lambert-Beer law [45].

Ca

lCllnlo

Absgc = (Asssnm — A700nm)

where: Absp,¢ is the absorption coefficient of BrC at 365 nm (unit: Mm',
equivalent to ambient concentration of BrC), Azss nm and Azpp nm are the
absorbance of PMj 5 extract at 365 nm and 700 nm, respectively, is the
absorbing path length (1 m for this study), and C, and C; are the con-
centrations of PMy 5 in ambient air (ug/m>) and in water extracts (jg/
mL), respectively.

2.5. Quality Assurance/Quality Control (QA/QC)

We conducted positive and negative control experiments for all OP
analyses. We used a field blank filter extract as the negative control for
each set (usually ~10) of PM3 5 samples. Different compounds were used
as positive controls for different endpoints: Cu(II) for OP? and OPGSH,
Fe(Il) for OPP™SF| phenanthraquinone for OPP™ and 5-hydroxy-1,4-
naphthoquinone for OP®HPTT and SAMERA was calibrated weekly
with these positive controls. The coefficient of variations (CoVs) for
positive control experiments were less than 15 % [40], ensuring a good
quality assurance for all OP measurement. All analyses for EC and OC
contents were duplicated and the standard deviation of each group was
ensured below 5 %. For all other chemical analyses, one sample out of
each 10 samples was analyzed in triplicate to ensure the stability of all
measurements. Further details of QA/QC analyses for various chemical
analyses are provided in SI (section S2).

2.6. Statistical analysis

To assess the spatiotemporal variability in all chemical species, we
compared their differences among all sites and seasons using one-way
analysis of variance (ANOVA) test conducted in MATLAB, and the in-
dividual groups (i.e., between different sites or seasons) were compared
in pair by Fisher’s least significant difference (LSD) post-hoc test. The
differences were considered as significant and highly significant when
p < 0.05 and p < 0.01, respectively. Univariate linear regressions be-
tween OP and the concentrations of all chemical species of PM3 5 sam-
ples were conducted, and Pearson’s correlation coefficient (r) were
calculated. Correlations were characterized as moderate when
0.30 < r < 0.60, and strong when r > 0.60.

2.7. Source apportionment analysis

We used a positive matrix factorization (PMF) tool (EPA PMF 5.0) for
the source apportionment analysis. PMF model decomposes the profile
matrix of chemical species and other source-dependent properties of
collected samples into multiple factors with the species profile and
contribution to all samples, and reduces the objective function Q to
derive an optimum solution to the potential matrices of input data [59].
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Q is calculated with the following equation:

P
n m xiji,;g”‘fka
Q= Y —)
j=1

1y

=1 j=
where: x; is the concentration of species j in sample #i, gy is the
contribution of source k to sample #i, f; is the concentration of species j
in source k, and u; is the uncertainty for each x;;.

We included all chemical species discussed in Section 2.4 as the input
variables for source apportionment analysis. The uncertainties for each
species were estimated by propagating the uncertainties at each step
during the entire analysis process, including sampling and weighing
(derived from the PM, 5 mass data; 2 — 5 %), extraction (assumed 5 %,
not applicable to OC and EC), and analytical uncertainties. Analytical
uncertainties were determined by analyzing the positive control (for OP
endpoints), commercialized standards (multi-ion anion IC standard so-
lution for inorganic anions, standard solution of ammonium sulfate for
ammonium ion, TOC calibration standard for WSOC, and multi-element
calibration standard for water-soluble metals) or punches taken multiple
times (N > 6) from the same filter sample (for EC, OC, and BrC) and
calculating the standard deviation from these measurements. Values
lower than LOD were replaced by half of LOD, and their corresponding
uncertainties were set as 5/6 of LOD. Missing values were replaced by
the species median with their corresponding uncertainties as 4 times of
the species median [46]. The species with a low signal-to-noise ratio
(S/N < 3) were identified as weak species in PMF, and their un-
certainties were tripled to account for lower confidence in their
estimation.

OP normalized by the volume of air sampled (OP,, for all endpoints)
and PM, 5 mass were apportioned separately for each site. There are two
approaches to source appointment analysis of OP: the first is to include
OP as an input variable in a receptor model [45,60-63], and the 2nd is to
conduct source apportionment of PM; 5 mass followed by multiple linear
regression for assigning OP to each source [60,64-66]. Although, both of
these approaches have their own advantages and disadvantages as dis-
cussed in Puthussery et al. [62], method 1 is more effective to capture
the sources which are contributing negligibly to PM5 5 mass but signif-
icantly to OP,. Given this is the 1st study investigating the sources of
acellular OP endpoints in the Midwest US, we chose method 1 to
minimize the chances of missing an important source of OP;. Thus, OP,
was set as the total variable and categorized as a "weak" species in each
independent PMF run.

We removed the data for the samples collected during Independence
Day period (July 3-5, 2018) for source apportionment due to significant
effect of the episodic event of firework emissions on multiple chemical
species (e.g., Ba and K) and OP endpoints as reported in Yu et al. [56].
We ran the model multiple times (N = 20) for the base run with a seed
number of 15. Four to nine factors were tested for obtaining optimal
number of factors with highest goodness-of-fit parameter [i.e., Q
(robust)] and reasonable factor profiles. G-space plots were obtained to
check the correlations among individual factors. Factors with Pearson’s
correlation coefficients less than 0.4 in these plots were interpreted as
distinct, ensuring that our results are free from collinearity.

3. Results and discussion
3.1. PM3 5 physicochemical characteristics

3.1.1. Mass balance

The spatiotemporal distribution of PM; 5 mass in the Midwestern US
is reported in Yu et al. [40]. Briefly, the PM; 5 concentrations ranged
from 2.0 - 21.7 ug/m® (11.3 + 3.7 pg/m>, median: 11.0 ug/m>).
Compared to the short-term air quality guidelines suggested by WHO
(15 pg/m3, 24 h averaged PMy s5), approximately 18.3 % of our samples
exceeded this threshold, with highest exceedance rate (38.3 %) at the
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industrial site STL and lowest (2.2 %) at the rural site BON. Overall,
PM, 5 mass was homogeneous both seasonally and spatially across the
Midwest US. The distribution of PM, 5 mass is known to be influenced by
various meteorological factors that vary seasonally. For example, the
higher mixing layer height during summer may facilitate aerosol
dispersion [67], while a lower relative humidity during colder seasons
reduces hygroscopic growth of the particles [68]. These meteorological
factors may affect the mass concentration of ground-level PMj 5, leading
to a rather homogeneous distribution of PMjy 5 concentrations in this
region.

We also conducted a mass balance by comparing the reconstituted
PM, 5 mass concentration from measured chemical species [i.e., inor-
ganic ions, bulk organic matter (OM), EC, and water-soluble elements],
with the measured PM; 5 mass obtained by weighing the filters (Fig. 1).
The reconstituted PMjy 5 mass concentration was calculated by the
following equation:

¢m(PM2s),0c =Cm(OM) + ¢ (EC) + € (SO4) + ¢m(NO3) + ¢ (NHy)

+ Zcm (elements)

rec

where: ¢, (PMy5),,, denotes the reconstituted PM, 5 mass concentration,
and c,, denotes the mass concentration of each species, the unit for all
concentrations is pg/m>. C,,(OM) is calculated as 1.6 times OC for urban
sites (i.e. CHI, STL, IND and CMP) and 2.1 times OC for non-urban sites
(i.e. BON) [69].

Overall, an excellent correlation was observed between reconstituted
and measured PMys mass (R = 0.96 — 0.98), while the former
accounted for 53 — 64 % of the measured mass. Note, the elements
measured by ICP-MS did not include any water-insoluble components.
Previous studies have observed a substantial fraction of various metals,
e.g., Cu, Fe, and Zn, existing as a part of organic complexes [36,70],
which are probably insoluble in water. Roper et al. [71] have reported a
higher concentration of Ca, K, and Mg in methanol extracts than water
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extracts for a set of PMjy 5 samples collected in Sacramento, CA, indi-
cating their complexation with water-insoluble (and possibly
methanol-soluble) organic compounds. Furthermore, silicate salts — an
important water-insoluble chemical component in PMy 5 in the Mid-
western US region [47,51,72], were not measured in our study. All these
insoluble components can probably explain the remaining fraction of
unaccounted PM, s mass. Nevertheless, this does not affect the main
focus of our study, which is the source apportionment of OP, as OP was
also measured on the water-soluble fraction of PMys. Among the
measured chemical species, OM accounted for the highest proportion of
measured PM; 5 mass (28.4 — 34.7 %, averaged by sites), followed by
inorganic ions (16.7 - 27.3 %), EC (1.6 — 4.4 %), and water-soluble el-
ements had the least fraction (0.9 — 1.5 %). These levels of chemical
components measured in our study are comparable to the typical ranges
reported in other studies conducted in the US urban environments, such
as at Los Angeles [73], Baton Rouge [74], Atlanta [75], and New York
[76]. The average fraction of PM; 5 chemical components at five sites are
shown in Fig. 2, and the ambient concentration of these species for all
samples are shown in SI (Fig. S1).

3.1.2. Carbonaceous species

The seasonally-averaged concentrations of carbonaceous species,
including EC, OC, WSOC, and BrC are shown in Fig. 3. The temporal
(seasonal) and spatial (among different sites) variabilities of the chem-
ical species as determined by one-way ANOVA test are listed in Tables S1
and S2, respectively. EC levels at all sites ranged from 0.05 — 1.4 pg/m®
and accounted for 0.7 — 9.7 % (average: 3.1 + 1.5 %, median: 2.8 %) of
the PM; 5 mass. We observed strong spatial variation in EC concentra-
tion among five sites, with much higher EC level in larger cities (CHI,
IND and STL) than the roadside and rural sites in a smaller city (i.e.,
Champaign). The highest EC concentration occurred at STL in all sea-
sons (p < 0.01), except in winter when CHI exhibited the highest EC
level. BON, as the most remote site away from urban emissions, had the
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Fig. 1. Orthogonal regression of measured PM, 5 mass concentration (X axis) with reconstituted PM, 5 mass concentration (by summing measured chemical com-
ponents; Y axis) for the samples collected at (a) Chicago, IL (CHI); (b) St. Louis, MO (STL); (c) Indianapolis, IN (IND); (d) Champaign, IL (CMP); and (e) Bondville,

IL (BON).
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Fig. 3. Seasonal averages of the ambient concentrations of carbonaceous species in ambient PM; s: (a) EC; (b) OC; (c) WSOC; and (d) BrC at different sampling sites
in the Midwest US: Chicago, IL (CHI); St. Louis, MO (STL); Indianapolis, IN (IND); Champaign, IL (CMP); Bondville, IL. (BON).

lowest EC level across all seasons. There was not much temporal vari-
ation in the EC levels at any of the sites except at STL, which showed
slightly higher levels in summer and fall (p < 0.05). This localized in-
crease might be associated with industrial activities and coal combus-
tion, which are generally more prevalent during warmer seasons, as

further corroborated by the findings in Lee et al. [46], showing elevated
levels of at least three industrial activities (zinc smelting, lead smelting,
and copper production) during both summer and fall.

OC were in the range of 0.3 — 5.4 ug/m°>, and accounted for 4.5 —
37.9 % (average: 18.7 + 7.4 %, median: 19.0 %) of fine particulate
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mass; correspondingly, OM contribution was 7.7 — 78.3 % (average:
31.4 £ 12.7 %, median: 32.1 %). Different from EC, OC showed sub-
stantial seasonal variation at all sites, with highest OC levels in summer,
followed by spring or fall, and lowest in winter (p < 0.01). This seasonal
trend might be attributed to the enhanced formation of secondary
organic aerosols (SOA) facilitated by increased sunlight during warmer
months. Spatially, OC was highest at STL (p < 0.01). Other than that, it
showed marginal difference between large (CHI and IND) and small
(CMP and BON) city sites (p > 0.05). WSOC showed identical temporal
trend as OC, with highest levels in summer and lowest in winter
(p < 0.01). Compared to OC, the spatial distribution of WSOC was more
homogeneous among different sites. We found an excellent correlation
between WSOC and OC at all five sites (r = 0.87 — 0.94; Table S3),
indicating similar sources for both. On average, the fraction of WSOC
accounted for 45.7 +12.3 % of OC in PMy 5, with highest at BON
(53.5 %) and lowest at STL (36.9 %). Different from other carbonaceous
species, BrC showed limited variations in both spatial and temporal
trends. Spatially, BrC showed highest levels at STL and lowest at BON
(p < 0.01).

3.1.3. Inorganic ions

The seasonally-averaged concentrations of major inorganic ions,
including sulfate (SO?{), nitrate (NO3), and ammonium (NHJ), are
provided in Fig. 4. These inorganic ions in total accounted for 2.7 —
80.4 % (average: 23.1 £+ 13.1 %, median: 19.9 %) of PMy 5 mass. The
levels of SO3 ranged from 0.1 — 3.2 pg/m°® and was spatially uniform.
Seasonally, higher SO levels were generally observed in springtime at
CHI, CMP and BON (p < 0.01). SO?{ is produced through photochemical
oxidation from sulfur dioxide (SO3) to sulfuric acid (H2SO4); therefore,
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more intensive sunlight in springtime is expected to promote the pro-
duction of secondary sulfate aerosols [77].

In contrast, the temporal trends of NO3 and NHj were very different
from SO%. Both of these inorganic species showed similar temporal
pattern, with peaks in winter at all the sites, followed by fall or spring,
and were lowest during summer (p < 0.01 at most sites). A strong cor-
relation between NO3 and NHZ was observed at all the sites (r = 0.69 —
0.88), indicating ammonium nitrate (NH4NOs3) as the predominant
species for these ions in most of our PMj; 5 samples. This seasonal vari-
ability of NO3 and NHJ was consistent with the national trend in US [78,
791, resulting from more favorable conditions for partitioning of sec-
ondary NH4NOj3 to aerosol phase in winter, due to lower temperature
and shallow boundary layer [51]. Spatially, both of these ions showed a
homogeneous distribution throughout the year (p > 0.05).

3.1.4. Water-soluble elements

The seasonally-averaged concentrations of water-soluble elements at
all the sites are shown in Fig. 5. These water-soluble elements accounted
for the smallest fraction (0.4 — 18.9 %; average: 1.2 + 1.6 %, median:
0.9 %) of total PM5 5, with strong variations among seasons and sites.
Temporally, most elements, including Cu, Fe, Mn, Al, V, Cr, Ni, Se, and
Pb, showed strong seasonal variability (p < 0.05 in most cases) with
highest levels in summer at most sites (except for V at STL, which peaked
in fall), while the differences were less significant among other three
seasons. These elements are abundant in the earth crust and their higher
summer levels might result from more prominent resuspension of fugi-
tive dust during summer [80]. In addition to the crustal source, a variety
of anthropogenic activities also significantly contribute to the emissions
of these elements. Cu, Fe, and Pb are predominantly associated with
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Fig. 4. Seasonal averages of the ambient concentrations of inorganic ions in ambient PM s. (o) Sulfate; (b) Nitrate; and (c) Ammonium, at different sampling sites in
the Midwest US: Chicago, IL (CHI); St. Louis, MO (STL); Indianapolis, IN (IND); Champaign, IL (CMP); Bondville, IL (BON).
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Cr; (k) Ni; (1) Pb; (m) As; and (n) Se, at different sampling sites in the Midwest US: Chicago, IL (CHI); St. Louis, MO (STL); Indianapolis, IN (IND); Champaign, IL

(CMP); Bondville, IL (BON).

vehicular emissions from brake and tire wear as well as from combustion
engines [81-83]. Cr, Mn, and Fe have been identified in emissions from
industrial activities related to steel-manufacturing and other
metal-related industries [84,85]. V and Ni, characterized as important
tracers for heavy fuel oil use, are typically linked with shipping and
petroleum refinery operations [86,87]. Additionally, Se is associated
with various agricultural and industrial activities [88,89]. Other ele-
ments, which included Zn, K, Ba, As, and Li, showed marginal seasonal
variations (p > 0.05). Notably, K and Ba (Fig. 5f and g, respectively)
showed a very high standard deviation (329.2 % and 265.6 % of the
average, respectively) in summer at three large city sites (i.e., CHI, STL,
and IND). This was due to extremely high levels of these species
resulting from fireworks emissions during Independence Day celebra-
tion (i.e., samples collected from July 3 — 5, 2018) [56]. Vecchi et al.
[90] observed a substantial increase in the concentration of K (11 times)
and Ba (12 times) in fine particles during a fireworks episode in Milan,
Italy. Other studies have also reported a significant elevation of K and Ba
levels from fireworks emission during celebratory events like Chinese
New Year [91,92], Diwali in India [93,94], and Independence day in US
[95,96].

Spatially, it appears that the ambient concentrations of these water-
soluble elements were more dominated by the local emissions pertinent
to the sites. For example, Cu levels were highest at CMP (2.8 — 23.3 times
higher than at other four sites; p < 0.01; Fig. 5a) throughout the year,

due to its close proximity to a traffic intersection (frequent braking of the
vehicles). Note, Cu is one of the major constituents of brake wear
emissions [82,97]. High concentration of Cu at CMP site are consistent
with our previous studies using the samples collected from the same
location ([56,98,99]). CHI was abundant in Zn, Ba, and Li (Fig. 5d, g,
and h, respectively). Zn and Ba are important metal tracers of tire wear
and brake wear, respectively [81,97]. Due to its proximity to [-57
Expressway, one of the busiest highways in Chicago downtown area,
vehicles equipped with diesel and gasoline engines probably contribute
significantly to the emission of these species at CHI. Milando et al. [47]
also reported substantial contributions from vehicles to Zn (~20 %) at
Chicago [47,48]. The elevated levels of Li may be associated with local
industrial activities, such as battery manufacturing, metal plating, and
recycling facilities [45]. STL, as a site strongly affected by surrounding
industries, was enriched in Mn (Fig. 5¢) and V (Fig. 5i) throughout the
year, Ni (Fig. 5k) during fall, and Fe (Fig. 5b) during summer and winter.
Industrial emissions are one of the major sources of Mn [51]. Gatz [100]
first reported substantial emissions of Mn and Fe from a large steel mill
at Granite City, IL, which is 6.5 km northeast of our STL site. Subsequent
source apportionment studies [e.g. Lee and Hopke [72] and Amato and
Hopke [101]] have also found a steel processing factor contributing
substantially to Mn and Fe at this site. The emissions of V and Ni are
reported to be associated with crude oil combustion [87] and ship
emissions [55,102]. Ni was also found as a tracer for the diesel exhausts
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at this sampling site by Amato and Hopke [101]. Therefore, emissions
from surrounding industries, power plants, and ships are probably
responsible for the substantially elevated levels of water-soluble metals
at STL.

A higher level of Se was observed at BON during summer (p < 0.05;
Fig. 5n), which is related to the surrounding agricultural activities. As an
important supplement of nitrogen-based fertilizers, Se is largely emitted
in the atmosphere during fertilizer application period [103,104]. Other
water-soluble elements including Al, K, As, and Pb, which are abundant
in fugitive dust, showed relatively homogeneous spatial distribution
(Fig. 5e,f,1,m) in the Midwest US.

3.2. Correlation between OP and PM composition

To identify the species contributing to OP, we performed a correla-
tion analysis between different OP endpoints and the measured chemical
species by individual sites. Pearson’s r for univariate linear regression
between OP and chemical species for all the seasons combined (i.e.,
whole year) are listed in Table 1, while those separated by different
seasons (summer, fall, winter, and spring) are shown in Table S4 in SI.

3.2.1. Correlations with carbonaceous species

OC and WSOC consistently showed significant correlations with
various OP endpoints. Both OC and WSOC were moderately-to-strongly
correlated with OPGSHV, OPOHSLFy and OPP™Ty (r = 0.33 - 0.73) at CHI,
CMP and BON. As reported in numerous studies, OC has shown activities
in DTT assay [105,106], cellular GSH/GSSG assay [107], the generation
of eOH in SLF [108] and in AA [109]. At STL, OC was moderately
correlated with both eOH generation endpoints (i.e. OP?HSFy and
OPOHDTTy: v — 0.47 - 0.49). By contrast, no significant correlation was
observed for OP*v with carbonaceous aerosols at any sites. The con-
trasting patterns between OPP™T and OP” in their correlations with OC
have been reported in several studies [37,110,111]. For example, Yang
et al. [111] reported an excellent correlation of OC with opPTTy
(r =0.88 - 0.96) but a poor correlation with opAty (r < 0.3), using
different types of filters and extraction protocols on the samples
collected in Netherlands. Seasonally, correlations of OC with OP%Sty
and OPP™y were stronger during winter at CHI, IND, CMP, and BON
(r = 0.47 — 0.92) than summer (r < 0.4).

EC and BrC were moderately correlated with OPGSHV, OPOH'SLFV, and
OPP™y at CHI, CMP, and BON (r = 0.32 - 0.62) over the entire sampling
duration. Sporadic correlations of these two carbonaceous species with
other endpoints were also observed, e.g., OPA%v at IND (r = 0.42 - 0.50)
and OPPHPTTy at STL (r = 0.47 - 0.61). Both BrC and EC mainly orig-
inate from incomplete combustions like biomass burning and fossil fuel
combustion [112,113], which could partially explain their similar cor-
relation trends with OP. The correlations of both of these species with
SLF-based endpoints and OPP™Ty were stronger (r > 0.50 for most cases)
in winter, during which we believe that biomass burning was a more
dominant source. Note, both EC and BrC were correlated with K (a tracer
of biomass burning), which was also correlated with both SLF-based
endpoints and OPP™Ty (r = 0.45 — 0.84 for most cases during winter;
SI Table S4). A similar trend of strong correlation between EC, BrC, K
and all OP endpoints in fall at IND (r = 0.44 — 0.89) might also be related
to biomass burning, and is further corroborated with a decent correla-
tion between K and EC (r=0.58) and BrC (r=0.72).
Moderate-to-strong correlations of EC and BrC with SLF-based endpoints
and OPP™"v were observed in fall and spring at CMP (r = 0.62 — 0.97 for
EC and 0.41 - 0.75 for BrC); however, these correlations were not
accompanied by the correlations of K with these endpoints (r < 0.40).
Since CMP is adjacent to a busy traffic intersection, these correlations
might be caused by vehicular emissions — a prominent feature of the
roadside site, which contribute substantially to both EC [114,115] and
BrC [116,117].
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Table 1

Pearson’s r for correlation of water-soluble OPv versus PM, s chemical compo-
nents at (a) CHI; (b) STL; (c¢) IND; (d) CMP; and (e) BON. Correlations with
r > 0.60 are shown in bold.

(a) CHI opPMy OpSSty OpOH-SLEy opPTy QpOHDTTy
EC 0.10 0.32* 0.41% 0.627* 0.22
ocC -0.05 0.52%% 0.56"* 0.39* 0.19
WSOC -0.02 0.37* 0.71%% 0.33* 0.40*
BrC -0.07 0.59%* 0.10 0.55%* 0.17
S0% 0.14 0.67"* 0.37* 0.487* 0.08
NO3 0.10 0.34* -0.30 0.29 0.10
NHy 0.05 0.30 -0.24 0.37% 0.18
Cu 0.15 0.73%* 0.34* 0.23 0.13
Fe 0.03 0.36* 0.83"* 0.34* 0.35%
Mn 0.07 0.20 0.36 0.29 0.07
Zn 0.09 0.51%* 0.27 * 0.27
Al 0.02 0.36% 0.74* 0.19
K -0.10 0.39* 0.407* 0.31%
Ba 0.01 0.36* 0.32 0.07
Li -0.01 0.15 0.25 0.03
\% -0.01 0.17 0.467* 0.06 0.33*
Cr 0.02 0.33* 0.55%* 0.30 0.19
Ni -0.05 0.20 0.36° 0.10 0.24
Pb -0.04 0.23 0.63"* 0.17 0.28
As -0.01 0.417* 0.487* 0.33* 0.22
Se -0.08 0.39* 0.48%* 0.30 0.40%
(b) STL 0oPAy opstly OpOHSLFy opP™Ty QpOH-PTTy
EC 0.32 0.18 0.38* 0.42*
ocC 0.21 0.17 0.477* 0.29

WSOC 0.27 0.22 0.537* 0.25

BrC 0.08 0.23 0.11 0.32

S0 -0.18 0.01 0.00 0.01

NO3 -0.23 0.04 -0.28 -0.05 0.12
NH; -0.27 -0.12 -0.29 -0.06 0.17
Cu 0.927* 0.80%* 0.46%* 0.59* 0.08
Fe 0.09 -0.04 0.39* 0.12 0.25
Mn 0.12 0.04 0.36" 0.16 0.25
Zn -0.03 0.16 0.05 0.14 0.527%
Al 0.86"* 0.72%% 0.58%* 0.61%* 0.13

K 0.48%* 0.31 0.477* 0.38* 0.61%*
Ba 0.947% 0.79%* 0.51° 0.60"* 0.02
Li 0.21 0.14 0.46%* 0.24 0.36*
\% 0.11 0.23 0.50° 0.26 0.52%*
Cr 0.927% 0.71%* 0.497* 0.547* 0.03
Ni 0.16 -0.10 0.32 0.07 0.23
Pb -0.05 0.05 0.11 0.07 0.23
As 0.31 0.15 0.25 0.24 0.23
Se 0.19 0.04 0.12 0.08 0.32%
(c) IND OPMy opSSty OpOH-SLFy, OpOHPTTy
EC 0.50* 0.29 0.24 0.15
ocC 0.41% 0.17 0.30 0.02
WSOC 0.39% 0.17 0.33* 0.05
BrC 0.42* 0.30 0.11 0.17
S0% 0.45% 0.63%* 0.60"* -0.02
NO3 -0.04 0.23 0.07 0.28*
NH; -0.10 0.10 0.03 0.40*
Cu 0.45% 0.84"* 0.57%* -0.16
Fe 0.16 0.02 0.38* 0.27
Mn 0.26 0.30 0.62"* 0.16
Zn 0.33* 0.29 0.11
Al 0.39* 0.71%% -0.11
K 0.34* 0.36* 0.30%
Ba 0.41% 0.51%* -0.17
Li 0.57+ 0.49° 0.08
\% -0.01 0.45° -0.01
Cr 0.36* 0.477* -0.19
Ni -0.09 -0.11 -0.03
Pb 0.16 0.34* 0.04
As 0.36* 0.31% -0.07
Se 0.12 0.27 0.14
Se 0.19 0.12 0.32*
(d) cMP oPAMy op%stly OpOHSLEy opP™Ty OpOHPTTy
EC - 0.48+* «
ocC 0.427%

WSOC 0.34*

(continued on next page)
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Table 1 (continued)

BrC 0.40** 0.56"* 0.47+* 0.49%* 0.37**
so% 0.23 0.40"* 0.24 0.42"* 0.25
NO3 -0.09 0.11 -0.23 0.25 0.36"
NH} -0.08 0.20 -0.14 0.33* 0.477*
Cu 0.75%* 0.59%* 0.69" 0.67* -0.06
Fe 0.29 0.26 0.45" 0.40"* 0.28
Mn 0.29 0.32* 0.33* 0.33* 0.07
Zn -0.03 0.09 -0.07 0.06 0.11
Al 0.45** 0.41* 0.55"* 0.58"* 0.13
K 0.26 0.43"* 0.41%* 0.52%* 0.36
Ba 0.16 0.18 0.56"* 0.33* 0.14
Li 0.13 0.43" 0.38"* 0.35* 0.28"
\% 0.16 0.34* 0.28 0.23 -0.07
Cr 0.21 0.11 0.33* 0.21 0.03
Ni 0.07 0.17 0.24 0.12 0.35*
Pb 0.00 0.28 0.37* 0.14 0.397*
As 0.01 0.30* 0.39* 0.17 0.23
Se 0.05 0.30* 0.37* 0.17 0.30*
(e) BON oPMy opSshy OpOH-SLEy opPTy OpOH-PTTy
EC 0.16 0.50"* 0.19 0.35*
oc 0.17 0.46"* 0.47** 0.29
WSOC 0.37* 0.73** 0.43" 0.21
BrC -0.02 0.16 0.40%* 0.57**
so% -0.08 0.03 0.25 -0.08
NO3 -0.26 -0.31 0.12 0.28
NH} -0.16 -0.19 0.22 0.39*
Cu 0.54** 0.67* 0.52"* 0.11
Fe 0.51%* 0.67"* 0.51%* 0.20
Mn 0.40* 0.64"* 0.31% 0.11
Zn 0.21 0.46"* 0.10 0.19
Al 0.51%* 0.60"* 0.51%* 0.10
K 0.55** 0.59** 0.46"* 0.24
Ba 0.27 0.16 0.16 0.04
Li 0.35* 0.40* 0.38%* 0.447*
\% 0.36* 0.31* -0.02
Cr 0.38* 0.31* 0.18
Ni 0.24 . 0.15 -0.01
Pb 0.36* 0.51* 0.08 0.21
As 0.19 0.45* 0.16 0.25
Se 0.16 0.40* 0.10 0.24

* Single asterisks indicate significant (P < 0.05) correlations.
“ Double asterisks indicate highly significant (P < 0.01) correlations.

3.2.2. Correlations with inorganic ions

SO3 was moderately-to-strongly correlated with OP®Sty, QpCHSLFy,
and OPP™y at CHI, IND, and CMP (r = 0.37 — 0.67). Seasonally, SO%’
had moderate-to-strong correlations with SLF-based endpoints and
OPP™Ty at CHI, IND, and CMP in all seasons except winter (r = 0.45 —
0.90). Since SO%’ is not a redox-active substance, these correlations
might be attributed to secondary organic aerosol, which shares a com-
mon formation pathway with inorganic aerosols, i.e. photochemical
reactions in warmer and sunny periods [63,77,118,119].

Different from SO%’, there was no strong correlation of NO3 and NHj
with any OP endpoints in the yearly correlations. Although, we observed
some strong seasonal correlations of NO3 and NHj with opP%Hy and
opPTTy during colder seasons, e.g., at CHI (r = 0.46 — 0.75 in fall and
spring), STL (r = 0.55 - 0.84 in fall), IND (r = 0.70 - 0.80 in fall), CMP
(r = 0.54 - 0.88 in fall and winter) and BON (r = 0.42 — 0.74 in fall and
winter). This strong correlation pattern accompanied with the elevated
concentration of both NO3 and NHJ in colder seasons and might be
associated with the partitioning of some redox-active semi-volatile
organic compounds into particulate phase at lower temperature [120].
We observed some decent correlations of NO3 and NH} with OC and
WSOC during fall and winter at CMP and BON (r = 0.33 — 0.79), which
further indicates enhanced partitioning of both secondary organic and
inorganic aerosols during colder seasons.

3.2.3. Correlations with water-soluble elements
Several transition metals including Cu, Fe, Mn, and Zn have been
frequently linked to OP of PM; 5 as reported in numerous studies [37,
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110,121-126]. In our study, Cu was almost always correlated with all
SLF-based endpoints and OPP™"v at nearly all the sites throughout whole
year (r = 0.45 - 0.92). Seasonally, we found moderate-to-strong corre-
lation of Cu with most endpoints in all seasons, including spring at CHI
(r=0.54 - 0.97 for all endpoints), summer, fall and spring at STL
(r = 0.57 — 0.94 for most cases), summer and winter at IND (r = 0.50 —
0.99) and all seasons at CMP (r = 0.57 — 0.84 for SLF-based endpoints
and OPP™"v). This ubiquitous correlation of Cu with OP is consistent
with many previous studies using similar endpoints, e.g. OPA* [37,110,
111,127,128], OP%H [121,127], OPP™ [37,63,111,128] and OPOHSLF
[129-131]. Cu has the capability to form complexes with both DTT and
GSH, which have been shown to actively catalyze the oxidation of
remaining fraction (i.e., not complexed with Cu) of DTT and GSH,
respectively [132,133]. This complexation can explain the observed
correlation of both of these endpoints with the concentration of Cu. Cu
can also act as a Fenton reagent, transferring electrons to HoOy and
forming ¢OH [134,135], which is probably reflected in the correlation of
Cu with OPP™SLF, However, the production of ¢OH by Cu is hindered in
the presence of DTT due to the formation of Cu-DTT complex [132];
therefore, we did not see any correlation between Cu and OP°HPTTy,

We found a moderate-to-strong correlation of Fe with OP®HSFy at
all sites in the yearly correlation (r = 0.38 — 0.83). This correlation got
further enhanced in certain seasons, i.e., summer, fall and spring at CHI
(r = 0.74 - 0.92), fall and winter at IND (r = 0.66 — 0.89), and winter
and spring at BON (r = 0.63 - 0.88). The correlations of Fe with other
endpoints are more sporadic and were observed only during specific
seasons. For example, we observed limited cases of correlations between
Fe and OP°""P™Ty in fall at IND and CMP (r = 0.60 — 0.90). Fe is a known
Fenton reagent which catalyzes the reduction of HyO3 to ¢OH [134].
Numerous studies have reported significant associations of Fe with the
formation of e¢OH in SLF [129,131,136-138]. In contrast, our previous
study found that Fe alone had a marginal role in OP°"PTT, but it showed
strong activity in presence of HULIS [139]. Therefore, the conditional
presence and synergistic interaction of such organic compounds with Fe
might be the cause of these limited and sporadic correlations of Fe with
OPOHDTT i the present study.

Mn was correlated with only OP°SMFy at IND and BON in the yearly
correlation (r = 0.62 — 0.64). Since no studies have reported the sensi-
tivity of Mn in OP®™S'¥| this high correlation might be attributed to a
common source of Mn and an unidentified OP active species at these two
sites. Although, Mn has been shown to be capable of oxidizing DTT in
the laboratory studies [105,139], we did not see any significant corre-
lation of Mn with OPP™Tv at any site. This could be due to low intrinsic
DTT activity of Mn [3.6 nmol/min/pg in 0 — 1 pM Mn2*; 0.3 times of Cu
[139]] combined with its relatively lower concentrations at most sites
(0.02 - 0.5 times of Cu). Zn was also found to be moderately correlated
with OP%ty and OPP™v at GHI (r = 0.50 - 0.51), IND (r = 0.40 — 0.44),
and OP%Hy at BON (r = 0.48). While we are not aware of any study
reporting significant correlation between Zn and OP®Y, Ntziachristos
et al. [140] observed strong correlation of Zn with OPPTT in PMg 15
(r = 0.93) and moderate correlation in PMy 5 (r = 0.52). Two studies
have observed DTT loss in presence of Zn, attributing it to the strong
binding capability of Zn to DTT [105,141]. Lin and Yu [141] reported a
significant DTT depletion within 30 min of the reaction between DTT
and Zn, yet considered it to be a false positive result since Zn>* is not
redox active. Charrier and Anastasio [105] also observed insignificant
DTT consumption rate (0.05 + 0.06 pM/min) and implied that Zn has
no redox catalyzing effect on DTT oxidation. This led us to believe that
the sporadic correlations of Zn with these endpoints is coincidental
and/or related with a source containing Zn and other redox-active
species.

AL K, V, and Ni were also correlated with OP but only at few sites and
during specific seasons, although there is no consistent evidence for the
mechanistic role of these elements in any OP endpoints. Al had
moderate-to-strong correlations with all SLF-based endpoints and
OPP™Ty at all the sites (r = 0.36 — 0.86). As a crustal element, Al is
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majorly originated from fugitive dust which might be mixed with
vehicular emissions containing transition metals [80], some of which (e.
g., Cu and Fe) are active in several OP endpoints. A moderate-to-strong
correlation of K with SLF-based endpoints and OPP™Ty at STL (r = 0.48 —
0.95), IND (r = 0.40 — 0.81), and BON (r = 0.46 — 0.65), as discussed
earlier (Section 2.2.1) probably indicates the contribution of biomass
burning at these sites. V and Ni were strongly correlated with OPA%y,
OPOH-SLEy and opCHPTTy, during fall and winter seasons at STL (r = 0.63
— 0.95), which was accompanied by the intercorrelation of these two
species (r = 0.91 in fall and 0.59 in winter). Hu et al. (2008) reported a
strong correlation among V, Ni, OPP™T and macrophage ROS activity
(r = 0.76 — 0.94) at the Long Beach site in California, and attributed this
correlation to the emissions of these metals from surrounding ports. St.
Louis is the second largest inland port of US, and it serves for one third of
the total freight on Mississippi river. Thus, the emissions from ships may
contribute to atmospheric V and Ni, resulting into their correlations with
OP during colder months. Other water-soluble elements, including Ba,
Li, Cr, Pb, As, and Se were also observed to have weak-to-moderate
correlations with OP sporadically. These elements had extremely low
concentrations (< 5 ng/m3), and we do not have any evidence for the
significant OP activities of any of these elements. Therefore, their cor-
relations are probably associated with their major sources, which will be
discussed in the next section.

3.3. Source apportionment of PMy 5 mass and OP

The source apportionment was conducted separately with mass and
each individual OP endpoint, chosen as the total variable. Overall, we
identified 7 sources at urban sites and 6 sources at the rural site,
respectively. The common sources among all sites included secondary
sulfate, secondary nitrate, SOA, and biomass burning + coal

OPSSHy  QPOH

8.5%
\

PM, s mass

15.2%

7.7% 1.7%

STL 22.9%

IND

CMP

17.5%13.6%

19.5%
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combustion, while there were some local sources, existing only at spe-
cific sites, such as agricultural emissions at BON, industrial and shipping
emissions at STL, vehicular emissions, parking-related emissions, and
road dust at other sites (i.e., CHI, IND, and CMP). The chemical
composition profiles with their relative contribution to PMj 5 mass at
five sites are shown in Fig. S2, while the aggregate contribution of
various sources to PM5 5 mass and all OP endpoints are shown in Fig. 6.
Significant disparities were observed between the contribution of
various sources to OP vs. PM, 5 mass. The common sources, including
three secondary sources (nitrate, sulfate and SOA), combustion-related
factors (i.e., biomass burning and coal combustion), and primary
vehicular emissions (excluding BON), in total dominated PM3 5 mass
(>75 %) at all sites, yet their contributions to OP showed different
patterns compared to PM; 5 mass, which are discussed below.

Three secondary sources together accounted for less than half of total
PM, 5 at all urban and roadside sites (38.1 — 45.7 %) and approximately
two third at the rural site (67.4 %). Secondary nitrate was observed as a
major source at all sites (14.4 — 27.4 % of PM5 5 mass). As characterized
by elevated levels of NO3 and NHJ, secondary nitrate showed a higher
contribution during winter because lower temperatures and longer
nights favored heterogeneous hydrolysis of dinitrogen pentoxide
(N20s), promoting particle partitioning of ammonium nitrate. Although,
secondary nitrate showed some significant contributions to OPPTTy
(16.2 - 30.1 %) and OP®HPTTy (18.2 - 25.3 %) endpoints, its contri-
bution towards SLF-based endpoints was minimal. NH4NO3 does not
have any reported redox activity; however, there is a significant pres-
ence of BrC in this source, which has been reported to be active in both
OPPTT and opCHPTT endpoints [139,142].

Secondary sulfate is characterized by a predominant concentration
of SO% with elevated levels during spring and summer due to prevailing
photochemical reactions. The contribution of secondary sulfate to PMj 5

OPCTTy  QPOH-DTTy

Secondary Nitrate
Secondary Sulfate
Secondary Organic Aerosol
Biomass Burning and Coal Combustion
Parking Emission

Primary Vehicular Emissions
Suspended Dust

Ship Emission

Industrial Emissions
Agricultural Activity 1
Agricultural Activity 2

39.1%

18.9%

22.0%

17.0%

4.6%

Fig. 6. Annual aggregate contributions of various emission sources to PMy s mass and five acellular OP endpoints (OP**v, OP%!y, op°H-StFy opP™y, and OPOH
DTTy) apportioned by PMF at different sampling sites in the Midwest US: Chicago, IL (CHI); St. Louis, MO (STL); Indianapolis, IN (IND); Champaign, IL (CMP);

Bondpville, IL (BON).
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mass was relatively lower at urban sites (i.e., < 15 %). This source
showed a strong contribution to OPA*v and OP%Sy at CHI and STL (15.2
- 28.5 %), probably because of enriched WSOC and OC in this factor
only at these two sites. Previous PMjy 5 source apportionment studies
conducted in Chicago and St. Louis have also observed a significant
presence of OC in the secondary sulfate factor [46,47]. Lee et al. [46]
attributed this finding to the heterogeneous formation of organic aero-
sols under acidic environment during secondary sulfate formation. In
contrast, secondary sulfate accounted for 25.4 % of PM; 5 mass at the
rural site BON but contributed marginally to OP (10.7 - 16.3 %),
probably because insignificant OC (< 5 %) present in that factor.

The SOA source, characterized by its high WSOC content and OC/EC
ratio, prevailed during summer because of more intensive photochem-
ical activities. This source was also enriched in water-soluble Pb and Fe
at all urban sites (i.e., CHI, STL, and IND), which was presumed to result
from the complexation of these two transition metals with organic
species in the SOA [36]. Although accounting for only 10.7 — 17.6 % of
PMS, 5, SOA contributed substantially to both ¢OH generation endpoints
(15.3 - 49.6 % for OP°"SFy and 18.4 — 39.1 % for OPHPTTy) at three
urban sites (i.e., CHI, STL, and IND), where elevated fraction of both Fe
and Pb were observed. This can be explained by the synergistic reaction
between Fe and highly oxygenated organic species (e.g., quinones,
HULIS), leading to the formation of ¢OH in both SLF [70,143,144] and
DTT [139,145]. This organic-metallic interaction is further supported by
the source profiles at CMP and BON, where SOA factor didn’t show any
elevated levels of either of these metals and had lower contribution to
OP (13.7 — 23.1 %), similar PM 5 mass (17.6 — 22.4 %).

A combustion-related factor was also found at all the sites, with
significant levels of K, BrC (markers of biomass burning), As, Se
(commonly emitted from coal combustion), EC, and WSOC (probably
related with biomass burning). As described in our previous publication
[45], we labeled this factor as “biomass burning + coal combustion”.
This source was observed to increase during summer at all sites except
BON, probably due to more intensive coal burning from power plants
and the rising frequency of regional wildfires during summer. Previous
studies have documented significant impacts of wildfire-emitted PM3 5
transported over long distances from California and Canada on the air
quality in the Midwest US during wildfire seasons, typically occurring in
summer and fall [146,147]. This factor contributed substantially to
PM, 5 mass (16.4 — 26.5 %) and showed a significant contribution to-
wards certain OP endpoints, including opP%Hy (13.5 - 35.9 %), OPP™Ty
(14.3 - 30.6 %) and OPOHPTTy (11.8 — 24 %). Previous studies have also
found significant OP activities of PMy5 emitted from both biomass
burning and coal combustion. For example, Mudway et al. [148] re-
ported a substantial GSH depletion rate by the PM collected from dung
cake combustion. Dou et al. [149] observed high DTT activities of HULIS
extracted from both ambient PM and rice straw burning samples. Yu
et al. [66] conducted source apportionment of OPP™T of ambient PMj 5
in Beijing and found that coal combustion played the second most
important role in OPPTT among all PM sources.

Three vehicular-related factors (primary vehicular emissions,
parking-related emissions, and resuspended dust) were apportioned at
four urban sites (i.e., CHI, STL, IND, and CMP). Primary vehicular
emission source was characterized by its low OC/EC ratio (0.12 — 1.7)
and high level of EC and Zn, which are linked with emissions from
heavy-duty diesel vehicles (HDDV; e.g., Zn from tire-wear and EC from
direct diesel exhausts). This factor was a major source of PMj 5 at CHI,
STL, and CMP (25.3 — 26.1 %) and a minor source at IND (9.7 %), while
having a substantial contribution to OP*y (15.2 — 34.1 %) and OPP™Ty
(15.9 — 34.4 %) at all these four sites. These results are consistent with
those in Fang et al. [37], which reported a strong contribution of
traffic-related emissions to both OP*4y (44 %) and OP°™Ty (16 %), as
calculated using PMF and chemical mass balance (CMB) models. They
attributed this contribution to the co-existence of Cu and OC in this
factor, both of which are active in DTT [105,124,139] and AA [124,143,
150] assays. Note, the source profile of primary vehicular emissions
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factor in our study also showed significant amount of both of these
species (Cu and OC) at all four sampling sites.

Another vehicular emission factor specifically related to the parking
was also identified at CHI, IND, and CMP, with a dominant level of Cu,
which mainly originated from brake wear emissions. All these three sites
are surrounded by multiple parking garages. Although being a minor
source of PMy 5 mass at CHI and CMP (5.7 — 11.2 % of PM, 5), parking
emission contributed significantly to all SLF-based endpoints and
OPP™y (>20 %). From the source profiles (Fig. S2), we could observe
that Cu, which is known to play a key role in both SLF and DTT con-
sumption assay (further corroborated by the correlations of Cu with
these endpoints; r = 0.45 — 0.92, Table 1), had a substantial presence in
this source (46.2 — 71.4 % of Cu) at all three sites. Interestingly, parking
emission factor contributed marginally to OP°*PTTy (<3 %). Our pre-
vious study [139] had reported negligible OP°"PTT activity of Cu and a
strong antagonistic interaction of Cu with several PM components (e.g.,
Fe, Mn, quinones, and ambient HULIS) in OPPHPTT which could explain
the insignificant contribution of parking-related emission factor to this
endpoint. Finally, resuspended road dust factor, as featured by enriched
crustal elements like Fe, Al, and K, was also found at CHI, IND, and CMP
as a minor factor (0.8 — 4.3 % to PM, s mass). However, this factor
contributed significantly to OPOHSIFy (4.8 — 27.1 %), oP"™Ty (3.4 —
19.5 %) and OP°HP™Ty (18.6 % at CMP), which might result from the
abundance of Fe in this source.

Several other local sources, including an inland-shipping-associated
source characterized by elevated levels of V and Ni, an industrial
emission source with high concentration of metals (e.g., Al, Zn, and Pb)
at STL, and two sources related with agricultural activities at BON, were
also identified. These sources generally accounted marginally for PMj 5
mass, but their contribution to OP were significant. Ship emissions at
STL site accounted for only 2.6 % of PMj 5 mass, but contributed more
significantly to OP*v (9.4 %), oP"Ty (5 %), and eOH generation in
DTT (17.7 %) and SLF (22.5 %). Dreher et al. [151] used residual oil fly
ash (enriched in V and Ni similar to the composition of ship emissions
factor) for in vivo lung tests using male Sprague-Dawley rats, and
observed a strong association of V and Ni with the formation of ROS in
the pulmonary system. Several studies have also reported the contri-
bution of shipping emissions to OP** and OPP™T at different locations
using source apportionment approach [66,152,153]. An industrial
emission factor was identified at STL with a broad range of elevated
trace metals, e.g., Zn, Cr, Pb, Ni, Cu, and Mn, and metalloids (As and Se).
This factor contributed marginally to PMs 5 (7.6 %) but significantly to
0oP%Hy and oPPTTy (13.6 — 20.8 %). Two agriculture-related factors
were identified at BON. The first agricultural factor (“agricultural ac-
tivity 1) featured by elevated levels of As, Zn, Fe, Pb and WSOC is linked
with the utilization of fertilizers and herbicides [45] and contributed
marginally to PMys mass (5.5%) but substantially to OPCHPTTy
(50.3 %), probably because of the synergistic effects of Fe and WSOC.
The other factor (“agricultural activity 2”), enriched in Al, Ni, Cu, Fe,
and Mn, was considered as emissions from sprayer wear [45]. This factor
accounted for 7.6 % of PM; 5 mass but contributed substantially to all
SLF-based endpoints (21.2 — 40.8 %).

Note, although the performance of our PMF model for PM 5 mass
was excellent (R? = 0.77 — 0.99 for the estimated vs. measured PMy 5
mass; Table S5), it was moderate for the OP (R? for the estimated and
measured OP = 0.43 - 0.82). Many studies have reported non-linear
responses of various chemical components to OP endpoints such as
OPP™T [105,154,155] and OPCHPTT [132,145]. Moreover, both syner-
gistic and antagonistic interactions among PM chemical species have
been reported for several OP endpoints such as oprA [143,150],
OPOMSIF [70,143,150], OPP™T ([139,142,145,149,156]), and OPCHPTT
[139,145]. Clearly, these non-linear responses and interaction effects
are not effectively captured in the PMF which is based on a linear
combination of sources, causing relatively lower performance of PMF for
apportioning OP, compared to PM; 5 mass. As newer metrics of assessing
PM, 5 pollution are gaining importance, there is a need to develop
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improved statistical tools, such as integrating machine learning algo-
rithms to address the complex relationships between PMj 5 chemical
composition and source-based toxicities or health effects. Nevertheless,
the notable contrast in the contribution of various sources to PM5 5 mass
and acellular OP is interesting and matches with the findings of our
previous study [45] conducted at the same set of sampling sites, which
showed a strong disparity in the contribution of different emission
sources to PMy 5 mass vs. cellular OP using macrophage ROS assay
[major sources to macrophage ROS: SOA at urban sites (54-63 %), road
dust at CMP (54 %) and agricultural activities at BON (62 %)]. These
findings also correspond well with a recent study [64] conducted in
Europe using DTT as an OP endpoint, in which the authors found that
anthropogenic sources, such as vehicular emissions and anthropogenic
SOA had relatively low contribution to PM;( mass (< 10 %) but higher
contributions to OPP Ty (33 - 88 %). On the contrary, regional second-
ary inorganic aerosol (SIA) had the largest mass fraction (35 - 60 %) of
PM; but showed nearly negligible contribution to OPP™v at all sites.
Collectively, these studies demonstrate the caveat in our current regu-
latory policies which are focused only on mass concentrations, and
highlight the need for a better indicator to represent PMs 5 toxicity, to
minimize the mortalities associated with PM, 5 exposure.

4. Conclusion

Recent research has highlighted disparities in the contributions of
various emission sources to PM,s mass vs. OP across several
geographical regions globally, e.g. Europe [60,64,157], China [66,
158-160], and India [161-163]. Our present study builds on the foun-
dational dataset of water-soluble acellular OP and sources of PMs 5 mass
in the Midwest US discussed in our previous studies [40,45] and in-
vestigates the contribution of various PM, 5 sources to acellular OP. We
observed distinct seasonal trends for different chemical species, with
OC, SO%, and most water-soluble metallic species peaking during the
summer at most sites, while NO3 and NHj displaying higher levels
during winter. Spatially, EC exhibited substantial variation, with higher
levels at urban than rural sites. Several water-soluble metals probably
associated with local emission sources were also elevated at the specific
sites. Generally, the major contributors to PMy 5 mass were secondary
nitrate (14.4 — 27.4 %), combustion-related (i.e., biomass burning and
coal combustion) sources (16.4 — 26.5 %), and primary vehicular
emissions (9.7 — 26.1 %), while all of them had relatively lower con-
tributions to most OP endpoints (< 2 — 27.0 %). On the contrary, the
contribution of SOA to PM; 5 mass was relatively small (10.7 — 17.6 %),
while its contribution to OP?™Sy and OPPHPTTy was more significant
(18.4 — 49.8 %) at large urban city sites (i.e., CHI, STL, and IND) than at
small city sites (i.e., CMP and BON, 2.6 — 15.9 %). Compared to these
regional sources, local emission sources such as parking-lots traffic and
agricultural activities contributed more substantially to OP (up to 50 %)
at local city (CMP) and rural (BON) sites, respectively, despite their
minor contribution (< 15 %) to PM; 5 mass. These results corroborated
with the findings from previous OP-source apportionment studies,
highlighting the limitations of relying solely on PMj 5 mass as an indi-
cator of air pollution, and thus reinforce the need for a shift towards
more health-relevant metrics of PM; 5 pollution.

We acknowledge that our study had some limitations. First, we did
not include the measurement of meteorological parameters in our
sampling campaign. Although, our study was focused on quantifying the
contribution of various PMs 5 sources and their contributions to acel-
lular OP using the non-mechanistic, statistical approach (i.e., PMF), we
acknowledge that incorporating these meteorological parameters could
have revealed new insights into the modulation of source contributions
to OP through meteorological conditions. Second, our study did not
incorporate air mass trajectory analysis, which could have also provided
further insights into the origins and transport of aerosols from specific
sources such as biomass burning and industrial emissions. This could be
particularly important for future studies focusing on more localized
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areas, where integrating this analysis could significantly enhance the
understanding of source contributions to PMg 5 OP. Nevertheless, our
study highlights the need to develop the emission control strategies
which not only manage regional sources of PMy 5 pollution, but also
account for the local sources to minimize the overall health effects from
PM, 5 pollution.

Environmental implication

Oxidative potential (OP) has been purported as a health relevant
metric of ambient PMy 5, although ambient air quality standards are
based only on PM; 5 mass concentrations. Our study investigates the
sources of OP of PM; 5 across different sites in the midwest region of US.
Local sources such as industrial and parking emissions, and agricultural
activities, though contributing marginally to PM, 5 mass, significantly
impact OP. These findings highlight the need to develop the emission
control strategies which not only manage regional sources of PMy 5
pollution, but also account for the local sources to minimize the overall
health effects from PMj 5 pollution.
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