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Abstract: We conducted a pilot study to investigate air quality indoors in two classrooms and out-
doors on the school grounds in a California community with historically high PM2.5 (fine particulate
matter, diameter < 2.5 µm). We used computer-controlled scanning electron microscopy of passive
samples to identify major PM types, which were used to help interpret continuous PM2.5 and black
carbon sensor data. The five major PM types were sodium salt particles with sulfur, calcium, or chlo-
rine; aluminosilicate dusts; carbonaceous combustion agglomerates; biogenic particles; and metal-rich
particles. Based on morphological evidence of water droplets, the salt particles are hypothesized to be
secondary aerosols formed via the reaction of sodium chloride fog droplets with sulfur from regional
sources. The carbonaceous agglomerates had unusual morphologies consistent with low-temperature
combustion and smoke from open-burning activities observed nearby. The passive PM sampler
and continuous sensor results indicated lower concentrations in the classroom equipped with an air
cleaner. Passive samples collected in one classroom exhibited enhanced PM10–2.5 crustal particles
and PM2.5 metal particles, suggesting a potential local PM source in that room. Future study designs
that enable longer passive sampling times would reduce detection limits and sample contamination
concerns. The determination of major airborne particle types in a given environment makes this
technique a useful and unique community exposure assessment tool, even in these limited-duration
(48 h) deployments.

Keywords: aerosol chemical composition; aerosol morphology; low-cost sensors; passive sampling

1. Introduction

Air pollution is one of the leading causes of mortality and morbidity worldwide,
with much of the burden attributed to PM (airborne particulate matter) [1]. Associated
respiratory and cardiovascular health effects are disproportionately suffered by those with
lower socioeconomic status [2], and children are particularly susceptible to correlated
respiratory and inflammation-related diseases such as asthma [3].

The toxicity associated with local PM exposures can vary depending on the specific
mixture of particle sizes, sources (indoor or outdoor), and compositions, highlighting the
need for targeted mitigation strategies [4–7]. However, such detailed information can
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be difficult to ascertain when PM exposure assessment methods are difficult to imple-
ment, expensive, or limited to mass concentration data only. Passive PM sampling has
been shown to be a convenient, unobtrusive, and relatively low-cost method to conduct
community indoor and outdoor air quality studies [8–10]. Passive PM samples can be
particularly informative when analyzed via scanning electron microscopy plus energy-
dispersive X-ray spectroscopy (SEM-EDS). SEM-EDS can be used to characterize individual
particles’ morphology, chemistry, size, and their likely sources [11–13].

This work is part of the Stockton Air Pollution Exposure Project (SAPEP), in which
continuous sensors measuring PM2.5 (PM with aerodynamic diameters less than or equal to
2.5 µm) and black carbon (BC) were deployed at a school in Stockton, California. Stockton
is located within the San Joaquin Valley, a designated US non-attainment area for the PM2.5
National Ambient Air Quality Standard (NAAQS). Stockton’s PM2.5 levels rank in the
top 5% of the state, and it possesses one of the highest asthma rates in California [14].

The objective of this work was to deploy passive PM samplers to identify the major
particle types present in two classrooms and outdoors on the school grounds. Addi-
tionally, these data can help interpret any differences that may be found between the
indoor classrooms using the continuous PM2.5 and BC sensors, as well as estimate airborne
PM concentrations.

2. Materials and Methods
2.1. Sampling Methods

The low-cost, passive PM samplers used in this study (UNC-PAS, RJ Lee Group,
Monroeville, PA, USA) (Figure 1a) are about the size of a dime and collect particles onto
coated, 0.1 µm pore polycarbonate filter substrates [15]. The sampler collects particles via
gravitational settling and diffusion. Mass concentrations are calculated using a particle
deposition velocity model that accounts for collection as a function of particle size [8].
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(d) CCSEM-EDS overview image showing random field selection (small dark squares) and detected
particles (blue dots). (e) Example of individual particle record including EDS data.
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UNC-PAS mass size fractions and particle size distributions have shown good co-
located precision and correlation with active PM samplers [11,13,16,17].

The passive samplers were transported in single sampler vials (Figure 1b) to and from
the site. The indoor samplers were deployed with the vial base as a stand on classroom
shelves approximately 2 m high. For outdoor sampling, each passive sampler was deployed
inside a weather shelter [18] (Figure 1c).

2.2. Sampling Design

Sampling was conducted at a kindergarten through 8th grade parochial school in
Stockton, CA, for two 48 h periods during the first two weeks of December 2021. Due to
public health considerations and logistical concerns during the COVID-19 pandemic, all
data collection, including the air sampling, was limited to those 48 h periods. The school is
in a residential neighborhood surrounded by busy surface roads; an interstate highway
1 mile to the west; and the Port of Stockton, an industrial area with heavy shipping and rail
traffic 3 miles away.

Three passive PM samplers were deployed by field staff in two indoor classrooms
and one outdoor location on the school premises (Figure 2) as a pilot addition to the
larger SAPEP study. The two classrooms A and B were chosen such that they enabled
comparison with other SAPEP air measurements, and between rooms with and without air
cleaners; Classroom A had a portable air cleaner (IQAir Health Pro Plus) running during
the study period while classroom B did not. In both classrooms, doors were typically open
and windows were closed. Classroom A was a prefabricated, portable, semi-permanent
classroom equipped with an HVAC system that had an ill-fitting MERV 6 filter (gaps were
observed) and minimal outside air ventilation. Classroom B was a permanent structure
with an HVAC that appeared to have a well-fitting MERV 6 filter and functional outdoor
air supply.
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Figure 2. Sampling map of the school site showing A and B indoor classroom locations and outdoor
sampling location C.

Passive PM samplers were co-located with continuous PM2.5 sensors and a pair of
BC sensors in all locations. The PM2.5 devices were low-cost nephelometers (Purple Air
PA-II, Draper, UT, USA) that utilized a community-developed, continuously updated al-
gorithm that regresses against local PM2.5 beta attenuation monitors and environmental
conditions [19]. The BC devices were low-cost aerosol absorption photometers (Aerosol
Black Carbon Detectors (ABCD), precommercial version) that have been validated previ-
ously in lab and field studies [20]. Due to device registration issues, the PM2.5 sensors only
operated during the final 32 h of the 48 h passive sampling period during the first week
but covered the entire 48 h sampling period during the second week (hereafter referred to
as Week 1 and Week 2).
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Two unexposed samplers from the same lot as the field samples were inspected
using SEM as laboratory blanks and were analyzed using computer-controlled SEM-EDS
(CCSEM-EDS) to blank-correct the sample results.

2.3. CCSEM-EDS Analysis

Particle size and elemental chemistry were measured with a field emission SEM
(Tescan MIRA3, Brno) with EDS (Bruker Quantax, Billerica, MA, USA) and automated
analysis software (IntelliSEM v1, RJ Lee Group, Monroeville, PA, USA). 500 microscope
fields were selected randomly by the IntelliSEM for each sample, and data were collected
for each individual particle (Figure 1d,e).

See Appendix A for details on the CCSEM-EDS analysis parameters and airborne PM
concentration calculations. Briefly, CCSEM-EDS data from each analyzed sample were
input into a custom software algorithm that calculated PM size fractions (PM2.5, PM10–2.5
(PM between 2.5 and 10 µm) and PM10 (PM < 10 µm)), elemental size distributions, mass
size distributions, and chemical types [4]. All PM concentrations were blank-corrected by
subtracting the average of the two blanks. Blank calculations used the nominal sampling
duration (T = 48 h). Particle types were defined using a combination of the automated
chemical types and a review of the acquired micro-images’ particle size and morphology.

3. Results
3.1. Airborne Particle Types

The number of particles analyzed via CCSEM-EDS ranged from 200 to 1000 particles
per passive sample. Observed particle sizes, morphology, and CCSEM-EDS chemical types
are shown in Figures 3–9. Together, these data suggest five major airborne particle types:
(a) fine, carbonaceous combustion agglomerates, 20 nm–10 µm w/20–200 nm primaries
(Figure 3); (b) coarse, biogenic, carbonaceous particles, 1–10 µm (Figure 4); (c) fine iron
(Fe)-, chromium (Cr)-, and nickel (Ni)-rich particles, 250 nm–2 µm (Figure 5); (d) predomi-
nantly coarse, aluminosilicate soil, dust, and crustal particles, 1–10 µm (Figure 6); and (e)
sodium (Na) salt fog particles with associated calcium (Ca), sulfur (S), and/or chlorine (Cl),
200 nm–6 µm (Figure 7).
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(i,j) Outdoor C, week 2. See Section 4.1 for discussion of the primary sizes in (a).
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Figure 7. Low magnification SEM images showing clusters of submicron, Na (S, Cl, and Ca) salt
particles in samples from Classroom A, week 1, and Classroom B, week 2, but absent from blank.
Magnified examples of individual particles from each sample are shown in the second row, along
with an extremely rare, 5 µm S-Cl particle from a blank sample average.
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Figure 9. Percentage of chemical types per sample by mass for (a) PM2.5 and (b) PM10–2.5. The size of
each pie chart is scaled by the non-blank-corrected mass concentration. See Appendix A for particle
type definitions.

Figure 8 shows elemental size distributions that are consistent with the above particle
types and sizes. Carbonaceous particles (“CO only” in Figures 8 and 9) include both particle
types (a) and (b) above. Week 1 carbonaceous size distributions were distributed bimodally,
corresponding to fine combustion and coarse biogenic particles. Week 2 carbonaceous and
salt particles exhibited more flattened shapes, possibly due to moisture from the 38 mm
(1.5 in) of rain recorded at the nearby Holt station during Week 2 sampling; only 0.5 mm
(0.02 in) was recorded during Week 1 [21]. The sizes of these flattened carbonaceous and
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salt particles were likely underestimated due to the low contrast with the substrate in the
flat areas (see Figure 7 for an example of a flattened salt particle). The morphology and sizes
of the biogenic particles in Figure 4 are generally consistent with fungal spores, hyphae, or
other plant fragments [22].

Figure 9 summarizes the compositions of CCSEM-EDS chemical types in each sample.
In the PM2.5 fraction, salt particles were the most prevalent chemical type in most samples,
with a mean and standard deviation of 44 +/− 18% salt per sample. The next most
common PM2.5 types were crustal particles (25 +/− 15%) and carbonaceous (17 +/− 12%).
The most prevalent particle types in the PM10–2.5 fraction were crustal (54 +/− 18%),
carbonaceous (27 +/− 17%), and salt particles (13 +/− 10%). Of the less common types,
unclassified (misc) particles ranged from 9.5 +/− 4.3% to 1.3 +/− 2.5% of the mass in
PM2.5 and PM10–2.5, respectively, and metal-rich particles ranged from 4.1 +/− 3.4% to
2.2 +/− 4.9% of the mass in PM2.5 and PM10–2.5, respectively. Phosphorus (P)-, Cl-, and
potassium (K)-rich particles were the smallest constituents of these samples, ranging from
0.5 +/− 0.9% to 3.1 +/− 7.0% of the mass in PM2.5 and PM10–2.5, respectively. The P-, Cl-,
and K-rich chemical class indicates agricultural fertilizers, plant fragments, and biomass
ash and thus represents components of the crustal, biogenic, and combustion particle types
described above.

Salt particle compositions and morphologies varied somewhat between the two weeks
(Figure 7). In Week 1, the observed salts were mostly Na plus S, with some particles
exhibiting Na only and no observed Cl. Fine Na and S curves were measured in all samples
(Figure 8). In one sample (Classroom B Week 1), several submicrometer Ca-S particles were
also observed, sometimes with a minor Na component, indicating fine gypsum (Figure 8).
These hygroscopic particles exhibited a typical morphology of fine spherical or cubic
crystals arranged in localized deposits, or “halos”, around a central particle, a pattern
caused by their crystallization under vacuum from their original droplet form [13]. In
Week 2, salt compositions were more evenly split between sodium plus sulfur, sodium, and
sodium chloride. Similar to the carbonaceous particles, Week 2 exhibited more flattened,
larger salt recrystallization morphologies (Figure 7).

The two blanks did not possess sulfur-rich salt particles of any of the above types.
However, both possessed 1–2 larger (5 µm) S-Cl particles each (see Section 4.2).

3.2. PM Concentrations, Size Distributions, and Comparison to Continuous Sensors

Table 1 presents blank-corrected passive PM concentrations, which ranged from 2.6 to
12.3 µg/m3 for PM2.5 and from 0.5 to 4.6 µg/m3 for PM10–2.5. The average and standard
deviations of the blanks for PM2.5 and PM10–2.5 were 1.6 ± 2.0 and 0.3 ± 0.4 µg/m3. The
first 48 h period outdoor sampler was damaged during retrieval from the shelter and could
not be analyzed.

Table 1. Sampling information, PM2.5 sensor averages, and passive sample PM results.

Week
Number

Sample Dates Description PM2.5 Sensor
Avg (µg/m3) Sample ID

Passive Samples (Blank-Corrected)

PM2.5
(µg/m3)

PM10–2.5
(µg/m3)

PM10
(µg/m3)

1 5 December 2021–7
December 2021

Classroom A 7.8 6940 3.9 3.4 7.3
Classroom B 13.6 6947 12.3 0.5 12.8
Outdoor C 17.9 6948 n/a a n/a a n/a a

2 12 December 2021–14
December 2021

Classroom A 12.3 6944 2.6 2.0 4.6
Classroom B 7.6 6949 4.9 2.3 7.2
Outdoor C 7.9 6943 5.1 4.6 9.7

a Sample malfunction, not analyzed.
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Measured PM size distributions from Week 1 (Figure 10) show that submicron PM
dominated the sample from Classroom B, while the sample from Classroom A had sub-
stantial coarse PM. The PM size distributions during Week 2 were similar between both
classrooms and the outdoor sample, but Classroom A’s concentration was the lowest. These
relationships are also reflected in the calculated PM concentration size fractions in Table 1,
which show the lowest PM2.5 in Classroom A during both weeks. The room differences for
coarse PM10–2.5, however, were inconsistent.
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Figure 10. PM size distributions (size bin-normalized mass concentrations (µg/m3) vs. aerodynamic
diameter (µm)) for outdoor Week 2 and both classrooms during Weeks 1 and 2.

Two-day averages and trends for the hourly PM2.5 sensor data are presented in Table 1
and Figure 11, respectively. Passive PM2.5, sensor PM2.5, and continuous sensor BC all
show similar trends of lower values in Classroom A vs. B, and Week 2 vs. 1. The exception
was Classroom A during Week 2, for which PM2.5 sensor data showed the highest average
concentration and several prominent peaks. These excursions were not observed in the BC
sensor, suggesting either non-BC PM2.5 composition, PM2.5 variation within the classroom,
or PM2.5 sensor malfunction.

Overall, passive PM2.5 averaged 4.1 µg/m3 lower than the continuous sensors in
pairwise comparisons across all samples (−59%). Note that the Week 1 comparison is
limited by incomplete PM2.5 sensor data (32 instead of 48 h). Outdoor PM2.5 measured
with a local air district beta attenuation monitor (BAM) approximately 2 mi away (Stockton-
University) [23] averaged 17 mg/m3 during Week 1. This is slightly higher than the
12.3 mg/m3 measured using the Week 1 passive sampler in the classroom without an air
cleaner (Classroom B); the outdoor passive sampler was damaged in Week 1. The outdoor
BAM PM2.5 average of 4.5 mg/m3 during Week 2 was only slightly lower than the passive
PM2.5 values for Outdoor C (5.1 mg/m3) and Classroom B (4.9 mg/m3).
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4. Discussion
4.1. Combustion and Biogenic Particles

The combustion PM observed in this study had somewhat unusual morphologies,
suggesting inefficient combustion, low temperatures, and amorphous organic carbon
(Figure 3). These particles are more consistent with smoldering biomass compared with
high-temperature combustion (diesel and other engine fuels) [24,25], but they possessed
more irregular, agglomerated forms. These particles were observed in both weeks and
at all sample locations. The agglomerate in Figure 3a exhibited uniquely large primary
particles up to 1 mm in diameter and may represent an unusually heavy organic carbon
mass coating or possibly a mixed agglomerate of combustion and biogenic material.

In rare cases, silicon (Si)-dominated 2–3 µm particles with a submicron structure were
observed, suggesting ash [26] (Figure 12). The particle in Figure 12b had measurable
fluorine (F), suggesting a possible plastic source. Together, these particles suggest impacts
from a low-to-medium-temperature burning source. These particles are consistent with
smoke from nearby open burning reported during Week 1 approximately 100 m away,
though better characterization of that source (and any other nearby combustion sources)
and prevailing winds would be needed to link them further.

The lower passive sampler concentrations compared to the PM2.5 sensors (though still
within 5 µg/m3) are consistent with previous studies that have observed overestimation
from PM2.5 sensors, depending on the algorithm used [27]. In addition, Castillo et al. [13]
found that combustion-dominated passive samples analyzed at CCSEM-EDS accelerating
voltages of 20 kV yielded lower concentrations than continuous monitors due to reduced
detection of combustion PM at this voltage. Despite the detection of fine combustion
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particles in this study at 20 kV, it is possible that the smallest carbonaceous, submicron
particles were under-detected (e.g., smaller diesel PM). When wildfires are expected to
be a dominant source, additional 5 kV analyses are recommended to improve detection
of this particle type, and have yielded good correlation with organic carbon-rich smoke
particles [25]. Nevertheless, the generally good agreement between PM2.5 measured
with passive samplers and regional BAM data suggests that any underestimation of mass
concentrations was minimal.
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Both are from the Classroom B, week 2 sample.

The presence of biogenic spore particles in these samples is not unusual for indoor
and outdoor environments and is consistent with other studies that have identified particle
types in air samples (e.g., [11,13]). Spores and pollen grains may be further identified at the
genus level—or in some cases, species or group levels—and may be useful for epidemiology
studies targeting allergy and asthma [28].

4.2. Salts

All detected S-rich particles were observed in combination with Na, Na plus Cl, or Ca.
Based on the strong morphological evidence of associated water, we hypothesize that these
S-rich salt particles are secondary aerosols formed via heterogeneous reactions of Na, Cl,
and Ca ions in fog droplets with S from local or regional sources.

One possible source of saline fogs is from San Francisco Bay [29], traveling inland via
the Sacramento–San Joaquin River Delta, though local radiation fogs are also common in
the Stockton area in the winter months [30]. Average relative humidity was >95% during
both weeks [21]. Another potential source is resuspension and rehumidification of sodium
hypochlorite aerosols from disinfecting misters that were used historically in this school.

Gypsum (CaSO4) is a common, natural constituent of coarse soil particles, but the
extremely fine gypsum particles observed in one sample suggest fog processing of calcium
ions together with S, a process analogous to flue gas desulfurization [31].

Two potential S sources of note are several petroleum refineries in neighboring Contra
Costa County to the west (gaseous compounds including hydrogen disulfide and sulfur
dioxide), as well as local storage facilities for refinery biproducts (solid sulfate powders or
elemental S). The latter biproducts are trucked in and out of the Stockton area and stored
in uncovered piles on the order of 30,000 tons each, where they are ultimately shipped
out of the Port of Stockton as agricultural products [32,33]. These pilings are located
approximately 3.5 miles upwind of the school site.

A potential confounder in these results is the rare 5 µm S-Cl particles observed in the
blanks, potentially from detergents or personal care products. Although these particles
differed substantially from the Na-Cl-S particles in the samples in terms of both their
prevalence and size, it is hypothetically possible that any S and Cl contamination could
disperse over the substrate and contribute to the S-rich salts in the samples. However, three
observations suggest that any such contributions were minimal: (1) EDS acquired from
substrate regions with no particles yielded no sulfur; (2) most non-salt particles contained
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no sulfur; (3) a passive sampler from the same production batch but deployed in a different
study in a different location (San Jose, CA, USA) exhibited NaCl particles without S.

The slightly different salt morphologies observed during Week 2 are consistent with
the higher droplet water content and the heavier rain reported that week. The rain in
Week 2 may also be consistent with the higher proportions of Cl in the Week 2 salt particles
if it reduced the residence time of these particles in the air and thus the amount of S that
could be incorporated into airborne salt droplets.

4.3. Particles in Classroom A Compared to Classroom B

Passive sampler PM2.5 data (Table 1) show that the room with the portable air cleaner
(Classroom A) had lower fine-particle concentrations than Classroom B in both weeks,
averaging 5.4 µg/m3 lower (−66%). Coarse PM10–2.5 room differences showed no clear
trend; PM10–2.5 was 2.9 µg/m3 higher (130%) in Classroom A than Classroom B in Week 1
but 0.3 µg/m3 lower (−12%) in Week 2. Classroom A exhibited lower passive PM2.5 and
PM10–2.5 than the outdoor sample (Week 2), consistent with the BC sensor results, which
also showed continuously lower BC in Classroom A than outdoors. Although there is a
greater likelihood of combustion BC sources outdoors (with the exception of indoor candles
or cooking), their typical particle size range is associated with high penetration efficiency
indoors [25]. As such, the lower concentrations in Classroom A still suggest the portable
air cleaner was effective. In Classroom B, which was not equipped with an air cleaner,
indoor concentrations were only slightly lower than outdoors for both the passive and
continuous data.

The CCSEM-EDS data show that Classroom A, Week 1 PM10–2.5 particles were pri-
marily Al-Si soil and dust (Figures 8 and 9). In addition, numerous fine Fe-Cr, Cr, and
Fe-Ni particles were present in the Week 1, Classroom A sample (Figure 5a–h). Although
dust and metal particles were most prevalent in Classroom A, Week 1, the presence of
some dust and minor metals is common and was observed in all environmental samples
(Figures 5 and 6). The enhanced presence of coarse PM10–2.5 and metals in Classroom A
during Week 1 suggests a potential local PM source such as dust resuspension or heated
materials with metal content such as reinforced candle wicks. During week 1, there were
evening activities reported in Classroom A, potentially involving lit candles.

4.4. Limitations

The 48 h passive sampling approach necessitated by the overall logistics of this study
yielded adequate data quality to determine qualitative particle types and room PM com-
parisons. However, two days is towards the low end of the 1–90 day range employed in
previous studies of similar environments, and thus yielded up to 10 times lower counts [13].
However, the counts in this study were comparable to previous 24 h samples in slightly
more polluted areas [11]. The major limitation of short passive sampling durations in lower-
PM environments is reduced particle collection, which limits detection of rare particle
types and yields poor statistics in the form of high Poisson counting error [11]. The limited
passive deployment in this work precluded co-located samplers to verify precision, but
the average number of counts, N, implies a Poisson error (=N−1/2) for PM2.5, PM10–2.5, and
PM10 of 5.9%, 35%, and 5.8%, respectively. This is comparable to the precision previously
reported for passive samplers deployed for less than 1 week [11].

A second impact of short passive durations and reduced sample collection is the
greater potential influence of any contamination observed in the blanks. In addition, the
blank PM concentrations of 1.6 and 0.3 µg/m3 for PM2.5 and PM10–2.5, respectively, were
high compared to the relatively low ambient concentrations at this site. Future study
designs with longer sampling times would decrease the blank concentration and detection
limit linearly with time, e.g., a 2 week duration would yield detection limits that are seven
times lower than 2 days. Future study designs that allow for longer passive sampling
times (>1 week) would increase the value of the passive sampling approach. In cases
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where return sampler retrieval visits are not possible on this timescale, the samples can be
retrieved by participants and mailed to the lab [34].

Finally, the predominance of airborne, hygroscopic salt, and gypsum in these samples is
associated with variable quantitation uncertainties [9]. Depending on the humidity present
during sampling, recrystallization of droplets into dried deposits of much smaller particles
can lead to errors in detection, counting statistics, particle volume, and deposition velocity.

5. Conclusions

This work utilized electron microscopy and passive PM samplers to identify particle
types based on their particle size, elemental chemistry, and morphology, and also to help
interpret continuous pollutant data from low-cost air monitors.

The determination of major airborne particle types in a given environment makes this
technique a useful and unique community exposure assessment tool, even in an extremely
limited deployment such as this work. The five major particle types identified with CCSEM-
EDS, in descending concentrations, were Na salt droplets with S and/or Cl; aluminosilicate
dusts; fine, carbonaceous combustion agglomerates and coarse biogenic particles; and
fine Fe-, Cr-, and Ni-rich particles. The fine carbonaceous PM observed in this study had
unusual morphologies suggesting inefficient combustion, consistent with reported smoke
from nearby open burning, though better characterization of that source, any other nearby
combustion sources, and prevailing winds would be needed to link them further. We
hypothesize that the numerous observed S-rich salt particles are secondary aerosols formed
via the reaction of NaCl fog droplets with S from local or regional sources.

The passive PM samplers and continuous PM2.5 and BC sensors show similar trends
of lower PM in a classroom equipped with a portable air cleaner, and during the week
in which rain was reported. Enhanced PM10–2.5 crustal particles and fine metal particles
suggested a potential local PM source in that room, consistent with short-term peaks
observed in the PM2.5 sensor data. These findings will help with the interpretation of the
broader findings of the SAPEP study when they become available.

Passive PM2.5 concentrations showed generally good agreement with regional refer-
ence monitors. As with any lower-cost PM device, however, passive PM2.5 concentrations
are best used for comparing relative trends and locations, as opposed to absolute values
for health or regulatory purposes. Future studies incorporating more extensive passive
sampling in additional classrooms, outdoors, in different seasons, and near regional sources
would add more capabilities to future studies.
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Appendix A. Passive Sampler Analysis Details

Passive sampler SEM-EDS analyses were conducted using secondary electron (SE)
and backscattered electron (BSE) detectors. SE imaging is sensitive primarily to sample
topography, while BSE imaging is sensitive primarily to atomic number. Before analysis, a
carbon coating was applied to all samples for enhanced conductivity and imaging. The SEM
was operated in high-vacuum mode at a working distance of 10 mm. Manual SEM-EDS
was used to inspect each sample prior to CCSEM-EDS.

CCSEM-EDS was run using a 20 kV accelerating voltage, a beam intensity of 10, a
micro-image dwell time of 10 µs, and the SE detector. Manual quality assurance checks of
each CCSEM-EDS dataset were performed to check for false negatives or false positives
due to filter pores or segmentation of particles larger than 10 µm.

A custom code incorporating a validated, size-dependent deposition model was
used to calculate deposition rates and convert the CCSEM-EDS particle count, size, and
elemental chemistry data into PM2.5, PM10–2.5, PM10, mass size distributions, and elemental
concentration size distributions [8]:

PMi = ∑N
n=1 Ei,nPMn= ∑N

n=1
Ei,nFn
vdep,n

=
1
T∑N

n=1

Ei,nmp,n

As,nvdep,n
(A1)

where PMi is either PM2.5 or PM10, Ei,n is the particle-size-dependent, US EPA PM2.5 or
PM10 inlet efficiency multiplier for particle n [9], PMn and Fn are the concentration and
mass flux contributions from a single particle n, N is the total number of measured particles,
T is the sampling duration, mp,n is the mass of particle n [=πρp,n dev,n

3/6], dev,n is the
equivalent volume diameter of particle n [=dpa,n/Sv], Sv is the assumed volume shape
factor (=1.6), ρp is the assumed particle density (=2.0 g/cm3), dpa,n, is the projected-area-
equivalent diameter of particle n (=[4 × projected area/π]1/2), and As,n is the substrate area
scanned during the analysis for the particle size range including particle n. The particle-
size-dependent deposition velocity to the sampler substrate for particle n is defined as
follows [35]:

vdep,n = Pc ×
{

vt +

[
D
Xd

× 1
Pc + (xc/xd)

] }
× Ecap (A2)

where Pc = porosity of the UNC-PAS cap screen = 0.30, D is the Brownian diffusion
coefficient, Xd = distance between cap screen and collection substrate = 0.982 mm, and
Xc = cap screen thickness = 0.132 mm. When sampling in low winds indoors or inside the
weather shelter, the ambient deposition velocity to the outside of the cap vt is assumed to
equal the gravitational settling velocity (=τg), where τ = ρ0 da

2Cc/18µ, µ is the dynamic
viscosity, g is the gravitational acceleration constant, Cc is the Cunningham correction factor,

ρ0 is unit particle density, da (=dev

(
ρpCc,dev
ρ0Cc,daSd

)1/2
) is the aerodynamic particle diameter, and

Sd is the dynamic shape factor (=1.4). The minimum detectable particle size for automated
acquisitions was da = 0.1 µm.

Individual elemental size distributions were generated by multiplying each particle
mass by the measured weight percent of the given element, and were not blank corrected
to allow comparison to blank elemental size distributions. All inorganic weight percents
were corrected for the non-negligible contribution of the substrate carbon background to
the beam X-ray excitation volume using the particle-size-dependent correction factor of
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Wagner et al. (2012) [11]. Primarily carbonaceous particles (“CO only” in Figure 8) were
defined as particles with carbon plus oxygen elemental weight percents = 99% or higher.
CO-only size distributions were generated by multiplying each carbonaceous particle mass
by 100%.

The custom code automatically assigned each particle one of six chemical types based
on its measured elemental weight percents, and then generated corresponding pie charts [7]:
(1) Cr, Ni, copper (Cu), or lead (Pb)-containing particles (“metal-rich”); (2) carbonaceous
(“CO only”, defined as above), indicative of soot, organic carbon, and plant matter;
(3) greater than 2% non-aluminum-silicate K, P, or non-sea-salt Cl (“K, P, Cl”), indica-
tive of agricultural sources and biomass ash; (4) aluminum silicates and Si or calcium
oxides, unless they contain P or non-sea-salt Cl (“Crustal”); (5) Na-containing particles
(“Salt”); and (6) all others particles (“Misc.”). Chemical-type pie charts were then generated
by calculating the relative mass percentages for each size fraction.
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