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Abstract

Air quality management in Santiago (Chile) primarily relies on measuring atmospheric
particulate matter and other criteria pollutants. This data is generated mostly by fixed-site
outdoor monitoring stations, and the results are used to estimate population exposure.
However, this approach may not be able to capture individual variability arising from
differences in personal behaviors and microenvironmental transitions. Here we conducted
an exploratory case study using residential outdoor polyurethane foam passive samplers
and personal silicone wristbands to evaluate the potential polycyclic aromatic hydrocarbon
exposure patterns among a limited number of residents of Santiago (Chile). Our results sug-
gested that outdoor passive samplers and personal silicone wristbands revealed different
but complementary PAH concentration patterns. Outdoor passive samplers captured re-
gional spatial variability, whereas personal samplers revealed greater heterogeneity among
individuals even when sharing the same residential environment. These findings support
the value of integrating personal passive sampling into future assessment studies in urban
environments of Chile.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of persistent organic pollutants
produced mostly by the incomplete combustion of organic matter. PAHs are widely dis-
tributed in atmospheric, aquatic, and terrestrial ecosystems [1]. The main sources of PAHs
in urban environments of Chile and other regions of the global south include the com-
bustion of fossil fuels (e.g., diesel, gasoline, and kerosene), woodburning for household
heating or cooking, certain industrial emissions (e.g., waste treatment facilities and thermo-
electric plants), and potential long-range atmospheric transport from other nearby regional
sources [2—4]. Monitoring them and estimating the total human exposure is important
because of the known carcinogenic and mutagenic properties of some congeners [1,5]. This
is especially important in places where access to cleaner energy sources is limited and
where national environmental policies are often less stringent [6-8].

PAH concentrations and related human exposure are typically estimated using active
sampling methods. This involves collecting air samples by drawing air through glass fiber
or polycarbonate filters over periods of 24 h or more, with a primary focus on measuring
outdoor ambient air concentrations [9-13]. These measurements are often assumed to
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correlate with population-level exposure. However, it is expected that outdoor ambient
concentrations may differ from indoor concentrations due to the presence of different
emission sources and lower ventilation. Similarly, personal concentration levels (those
captured in the personal space) will be influenced by the time spent indoors and the ability
to move through various microenvironments during their daily routines.

Substantial evidence indicates that relying on ambient outdoor concentrations to
estimate indoor concentrations in the global south can lead to significant misrepresentations
of actual human exposure. This is primarily due to differences in indoor emission sources,
ventilation, and patterns of human mobility. For example, in woodburning contexts,
indoor PAH concentrations have been estimated to be up to three times higher than those
outdoors [14,15]. On the other hand, in warmer months without significant indoor heating
sources, outdoor concentrations may exceed indoor levels by more than four times [16].

Personal monitoring studies using either active and passive samplers are less common
in the global south. Active personal sampling has demonstrated that pollutant concentra-
tions and distributions, such as those of atmospheric fine particulate matter (PM2.5), can
differ markedly from those measured at fixed sites, largely due to individual time-activity
patterns and the diverse microenvironments encountered by participants [17]. Similarly,
passive personal sampling has revealed a high variability in concentration profiles to
pesticides and other chemicals, reflecting differences in daily routines and life trajecto-
ries [18-20]. Other studies in Latin America have also demonstrated the ability of personal
passive samplers to explore personal concentration profiles, although not comparing them
to fixed monitoring stations [21-24]. Few studies have focused on exploring the hetero-
geneity of personal exposure profiles in urban environments of the global south. The
existing knowledge underscores the limitations of using ambient outdoor measurements as
proxies for personal exposures, given the significant variability introduced by individual
movement through different microenvironments [25]. However, the specific contribution
of each microenvironment to overall exposure remains poorly understood.

In this exploratory case study, we compared PAH concentration profiles measured us-
ing residential outdoor passive samplers and personal silicone wristbands to evaluate their
similarities. We also explored whether shared residential environments were associated
with similar concentration distribution patterns in the personal sampling. This allowed
us to explore how personal mobility and daily activities may contribute to variability in
personal pollution profiles.

2. Materials and Methods
2.1. Study Area

Samples were collected in the Metropolitan Region of Santiago (Chile), an urban center
with over 8 million people in southwest South America. Santiago experiences severe air
pollution episodes regularly. The associated health impacts have been estimated to be
approximately 2490 premature deaths and 5350 pediatric asthma cases in 2015 which were
linked to exposure to atmospheric pollutants [26]. The primary sources of these pollutants
(e.g., atmospheric particulate matter, ozone, nitrogen oxides, and other semivolatile or-
ganic chemicals) are anthropogenic emissions from transportation, energy generation, and
residential combustion. The effects of these emissions are exacerbated by the city’s basin
geography and winter meteorological conditions (i.e., frequent atmospheric inversions)
that trap pollutants close to the surface [26-28].

2.2. Study Design

Eight sampling sites were selected in the city center (i.e., six households and
two university campuses). All sampling sites were located within the representative area
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of official monitoring stations from the Chilean National Air Quality Information System
(i.e., SINCA: “Sistema de Informacién Nacional de Calidad del Aire”) (Figure 1).

Figure 1. The Metropolitan Region of Santiago in Chile showing eight sampling sites (P1 to P8)
mainly distributed in the downtown area.

Sampling followed a comparative design in which one residential outdoor passive
sampler and two personal silicone wristband samplers were deployed at the same resi-
dential locations. One of the silicone wristbands was worn by mostly stay-at-home adults,
while the other was worn by adults who leave their household for work or study every
weekday. The outdoor and personal sampling campaigns were not conducted simulta-
neously, but over different deployment periods and were therefore spatially, rather than
temporally, comparable (Table S1). No tests were performed to determine the saturation
mass of PAHs in the collecting media and the ambient concentrations or air equivalent
concentrations were estimated based on the work by Wania et al. and others assuming
equilibrium conditions [29].

2.3. Ambient Outdoor Samples

Polyurethane foam disks (PUF) from Tisch Environmental Inc. (Cleves, OH, USA)
were used as passive sampling collecting media for the ambient outdoor samples. PUF
disks had an average volume of 209.5 cm?, average thickness of 0.56 cm, average density of
0.021 g cm~3, average surface area of 373 cm?, and average mass of 4.40 g. The PUF disks
were housed in direct-deposition passive air samplers (PAS-DD) from Tisch Environmental
Inc. and installed above 1.5 m from the ground in each household, without facing directly
toward the street. Before deployment, all PUF disks were precleaned in the laboratory
by rinsing with distilled water, then rinsing with methanol. Then, they were individually
cleaned by Soxhlet extraction with hexane (HPLC-grade, from HES Ltd., Santiago, Chile)
for 24 h, followed by an additional 24 h with acetone (HPLC-grade, also from HES Ltd.).
Each PUF disk was then dried under a hood for approximately 1 h and stored in individual,
airtight glass jars at —20 °C until deployment. Further details regarding sample collection
are provided in the Supporting Information (Table 52). Cleaned PUF disks were deployed
in PAS-DD samplers for approximately 5 months at all locations following previous studies
(PUF disks were deployed for only 75 days in sampling site P5 because the participant
relocated) [30]. After retrieval, samples were stored in the same individual air-tight glass
jars and stored at —20 °C until processing and analysis at the University of Chile.
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2.4. Personal Samples

All procedures were performed in compliance with relevant national laws and in-
stitutional guidelines from Universidad de Chile and were approved by the appropriate
institutional committee (certificate number 1871-FCS-UCH, 16 November 2018). Precleaned
silicone wristbands purchased from MyExposome Inc. (Corvallis, OR, USA) were used
to collect personal samples from two individuals in each household. Consent forms were
signed by all participants before sample collection, which consisted of 5-day deployment
periods (i.e., Monday to Friday). Participants wore the silicone wristbands for the deploy-
ment period continuously without removing them for sleeping or bathing, following the
procedures used in previous studies [18]. Participant compliance was assessed through
personal communication during the deployment week. After deployment, silicone wrist-
bands were removed and stored in air-tight individual PTFE bags at —20 °C until further
processing and analysis at the University of Chile. Additionally, each participant filled
a short anonymous survey focused on their daily routines during the deployment week,
including mode of transportation, commute times, and smoking habits (Table S1). More
details on sample collection are provided in the Supporting Information (Table 52).

2.5. Sample Processing

The exposed PUF disks were extracted using a Soxhlet extraction system and 180 mL
of ethyl acetate (GC-FID grade, HES Ltd.) for 16 h. On the other hand, exposed silicone
wristbands were cut into 1/2-inch squares and extracted using two rounds of 20 mL of
ethyl acetate in glass centrifuge tubes and a rotating shaker (model LCD MX-RL, Oni Lab,
Barcelona, Spain) at 60 RPM for 2 h each. The resulting extracts were then concentrated
using a TurboVap II (Biotage Inc., Uppsala, Sweden) to a volume of approximately 2 mL.
The conditions used for concentration were a flow rate of 2.0 L min~! of extra-pure nitrogen
gas and a bath temperature of 55 °C. The extracts were then fractionated by solid-phase
extraction (SPE) using 10 g pre-packed silica columns (Sigma Aldrich, Burlington, MA,
USA) and hexane, hexane/ethyl acetate (1:1), and ethyl acetate as eluents. The aromatic
fraction was recovered and further concentrated to 1 mL and stored in amber vials at 3 °C
until analysis. All extracts were analyzed by standard addition in a Shimadzu gas chromato-
graph (GC-2014AFsc, Shumadzu, Kyoto, Japan) equipped with a flame ionization detector,
utilizing an InertCap 5 column (GL Sciences, Tokyo, Japan) (30 m x 0.25 mm x 0.25 pum).
The injection volume was 1.0 pL in splitless mode, and ultra-pure helium was used as
the carrier gas at a flow rate of 1.1 mL min~!. The temperature program was set to 60 °C,
increased to 280 °C at 5 °C min~!, and held for 10 min.

The estimated concentrations in the final vials were transformed to total mass of PAHs
extracted from each PUF disk or silicone wristband. These results were transformed into
ambient concentrations or air equivalent concentrations based on equivalences reported
between the octanol-water partition coefficients (Kow) and the silicone-air and PUF-air
partition coefficients (Kgjjicone-air and Kpyr_ajr) for each compound [31]. The estimated air
equivalent volume captured by outdoor and personal passive samplers reported previously
was also used [32].

2.6. Ambient Concentrations

The ambient concentrations of chemicals sorbed onto the collecting media of passive
sampling systems can be determined using their individual kinetic and thermodynamic
properties. Additionally, sampling rates determined for each sampler configuration and the
mass of chemicals found in the collecting media (i.e., PUF disks and silicone wristbands in
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this study) are also used. Thus, for the PUF disks, we followed Equations (1)—(3), assuming
equilibrium uptake [29,30],

mass in collecting media ~ mass in collecting media

Ca= Va - Rxt M
_ ! ) kAir 1

Va = (K'pur-air) X (Vpur) x |1 —exp| ———— X = |t 2)
K'pup-air D

Log (Kpyr-a) = 0.737 Log (Koa) + 1.0982 3)

where C,4 is the ambient concentration of PAHs, V4 is the effective air volume, which de-
pends on the density-adjusted compound-specific PUF-air partition coefficient (K’ pyr_air),
the volume of the sampling media (Vpyr), the mass transfer coefficient in air (k4;,), the
effective thickness of the PUF disk (D), the total deployment time (f), and the sampling
rate (R) which has been shown to be approximately 4 m3 day~! for most nonpolar hy-
drophobic chemicals, including PAHs [32]. The PUF-air partition coefficient (Kpyjr_4;;) was
determined using its equivalence to the octanol-air partition coefficient (Kp4), following
previous studies [33]. The sampling rate was assumed to be 4 m3 day’l [34]. The ambient
concentration was then estimated using an available template designed to calculate air sam-
pling volumes for a wide range of priority chemical compounds for passive air samplers
using PUF and is based on references from various authors that are frequently updated as
knowledge on the subject advances [34].

For the silicone wristbands, the V4 was calculated following previous reports [31],
using predictive models based on the boiling points (BPs;) of chemicals to derive the
silicone—air partition coefficient (Kgjjicone-4ir) @s shown in Equation (4). The sampling
rate (R) for the silicone wristbands was assumed to be 3.44 m3 day’1 [31]. The ambient
concentration was then derived using Equation (1).

Log Ksiticone-air = 0.020 X BPyest 4 0.527 (4)

The estimated PUF-Air (Kpyr.a;r) and Silicone-Air (Kgjjicone-4ir) partition coefficients,
along with the sampling rates used, are shown in Table S3 of the Supporting Information File.

2.7. Quality Control

Authentic standards from ChemServices (West Chester, PA, USA) (i.e., anthracene,
fluoranthene, pyrene, retene, and chrysene) were used to build individual calibration
curves and to assess experimental recoveries in both PUF disks and silicone wristbands.
Additionally, seven field blanks were collected (i.e., 4 PUFs and 3 silicone wristbands),
consisting of 1 min exposure samples collected under the same conditions as the regular
samples and treated in the same manner in the laboratory, including extraction, fractiona-
tion, and analysis. The relative standard deviations (RSD, n = 16) for the retention times
and peak areas of the five standards ranged from 0.17% to 0.23% and from 4.8% to 6.2%,
respectively. The individual calibration curves showed an r? value ranging from 0.997 to
0.998. Average recoveries for the 5 PAHs ranged from 67% to 143% for the PUF disks and
49% to 83% for the silicone wristbands, which is in good agreement with previous studies.
The limits of detection (LODs), estimated as the average concentration plus 3 standard
deviations of the field blanks, ranged from 0.26 to 1.26 g mL~! for the PUF disks and from
0.34 to 2.18 pug mL~! for the silicone wristbands. The estimated concentrations of PAHs in
the PUF disks and the silicone wristbands were blank-corrected using the average of the
field blanks, but not recovery corrected, and signals detected below the LODs were set to
one-half the LOD for further processing as described previously [35].

https://doi.org/10.3390/atmos17070650


https://doi.org/10.3390/atmos17070650

Atmosphere 2026, 17, 650

6 of 12

During the preparation of this manuscript the authors used Elicit (January 2026
version) for the purposes of literature search. The authors have reviewed and edited the
output and are fully responsible for the content of this publication.

3. Results and Discussion
3.1. Outdoor Ambient Concentrations

The masses of individual PAHs captured in the PUF disks ranged from 0.11 to
18.4 ug disk ! (Table S4), with pyrene being the most abundant in nearly all samples
(i.e., except for sites P6 and P8). These abundances were used to estimate ambient outdoor
concentrations following Equations (1)~(3) that ranged from 0.17 to 44.21 ng m~3 (Table S5).

Previous studies analyzing PAHs in the atmosphere of Santiago have used a different
sampling approach (e.g., high-volume and low-volume air samplers to collect atmospheric
particulate matter in filters) and thus cannot be directly compared to the results obtained
with passive sampler methods. However, these are the only available references in the
literature and can serve as a general guide. Our results were in the upper range of previous
studies focusing on PAHs sorbed to ambient outdoor particulate matter in Santiago [36-38].
This was expected, as according to the literature, the passive samplers used in this study
(PAS-DD) have been reported to capture both gas-phase and particulate-associated PAHs,
compared to high-volume filter-based systems that capture only the PM10 or PM2.5 frac-
tions while overlooking the gaseous components [39]. Higher pyrene concentrations were
evident in the distribution of PAHs in ambient outdoor samples (Figure 2), particularly at
sites close to major highways such as P5 with 44.21 ng m 2. Most of the sampling sites
showed similar distribution patterns of PAHs. The distinctive patterns observed at sites P6
and P8 may be consistent with combustion-related activities at home, such as barbecues and
smoking, reported by residents at site P8 and students at site P6. Outdoor passive samplers
revealed spatial variability in PAH distributions that may be associated with the proximity
to different local emission sources (e.g., smoking, barbequing) and neighborhood-level
activities. This is relevant for exposure assessment, as fixed monitoring stations may not
fully capture this fine-scale spatial heterogeneity.
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Figure 2. Ambient outdoor relative concentrations for selected PAHs (ANT: anthracene, FLT: fluoran-
thene, PYR: pyrene, RET: retene, CHR: chrysene) for eight sampling sites in MRS in Chile.
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3.2. Personal Concentration Profiles

The masses of individual PAHs captured by the silicone wristbands ranged from 0.11
to 132.28 ug wristband ~! (Table S4). This was in the same range as the only previous study
in the area using silicone wristbands, although those values were reported for areas of the
city far from the downtown area, with relatively different emission sources, and with partic-
ipants with less mobility (i.e., high school students) [18]. Ambient concentrations estimated
using silicone wristbands were in the lower range of those estimated using the outdoor
samplers: 0.02 to 20.54 ng m~3 (Table S5). This difference may partially reflect reported
differences in the collection behavior of silicone wristbands and PAS-DD samplers [40],
and to different exposure routes, including indoor environments expected to have fewer
PAH-emitting sources (e.g., office spaces with electrical heating systems). Notably, these
concentrations were lower than indoor concentrations determined in previous studies in a
region of Chile characterized by woodburning (up to 291 ng m~3 in PM2.5-bound PAHs
from indoor samples), which may indicate the importance of the sources of energy used for
house heating in Chile [15], although direct comparison, as explained earlier, may not be
entirely advisable.

PAHSs captured with silicone wristbands showed a more heterogeneous distribution
than those captured with PUF disks. In some cases, the distributions were also dominated
by pyrene, as in outdoor samplers, but fluoranthene, anthracene, and chrysene also showed
significant concentrations (Figure 3). Other studies using silicone wristbands also showed
that pyrene was detected in relative high concentration in urban pollution in Uruguay and
North America [23,41]. This heterogeneity was less evident in outdoor monitoring, either
in traditional high-volume samplers or passive samplers.
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Figure 3. Ambient outdoor relative concentrations and air equivalent personal concentrations for
selected PAHs (ANT: anthracene, FLT: fluoranthene, PYR: pyrene, RET: retene, CHR: chrysene) for
six sampling sites in MRS in Chile. The bars represent the concentrations estimated using PUF disks,
while the red and blue lines represent the concentrations of PAHs estimated using silicone wristbands
(red = participant No. 1, blue = participant No. 2, for each sampling site).

Different concentration profiles were observed even among people living in the same
house, as evidenced by wristbands from sites P1, P3, P4, and P8 (Figure 3), which may reflect
differences in daily routines and mobility patterns. In several households, participants with
lower mobility showed lower relative concentrations than participants reporting greater
daily mobility. Similarly, the use of public transportation or walking was a characteristic of
those with higher relative concentrations (i.e., sites P1 and P3). The observed differences
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may be consistent with differences in daily routines and microenvironmental transitions
(Table S1), but the contribution of specific microenvironments could not be quantified in
this study.

3.3. Outdoor vs. Personal

There are fundamental differences between the PAS-DD and the silicone wristbands
used for passive outdoor and personal sampling, respectively. Based on previous re-
ports from urban and rural settings, the former may capture both gas-phase and particle-
associated PAHs, whereas the latter may only capture gas-phase PAHs, although sweat
has been demonstrated to be a contributor to the abundances found in silicone wrist-
bands [42]. Thus, the main objective of this study was not proving equivalence between
both methods but rather assessing the differences in PAH profiles and potential exposure
patterns between outdoor and personal sampling. For that, air-equivalent concentrations
were used because they provide a common reporting unit, but the comparison should be
interpreted primarily in terms of relative PAH profiles and exposure patterns rather than
strict quantitative equivalence. This distinction is fundamental to the interpretation of the
present work. The study was designed to determine whether two complementary passive
sampling approaches describe similar or different PAH concentration distribution patterns
within the same residential context, rather than validating one passive sampler against
another. Consequently, the observed differences should be interpreted as evidence that
residential outdoor and personal passive sampling provide complementary information
regarding potential PAH exposure patterns, irrespective of their different physicochemical
uptake mechanisms.

Increasing the number of fixed outdoor samples collected relative to traditional mon-
itoring improved the estimation of the spatial distribution of contaminants in Santiago.
However, these sampling sites still reflected the ambient time-weighted concentration of
PAHs at a particular point in space, which is also influenced by local atmospheric and
meteorological parameters (e.g., wind speed, wind direction, rainfall, and others). However,
they are not necessarily connected to personal-level contaminants.

Personal contaminant profiles are inherently more complex. Since people are con-
stantly moving, the time-weighted average concentration estimates reflect multiple po-
tential sources that may come into contact with each participant. Therefore, providing a
better understanding of environmental pollution from a receptor perspective. Comparing
residential outdoor passive samplers and personal silicone wristbands within the same
residential settings revealed cases in which concentration profiles may be more influenced
by personal mobility patterns, such as at sites P1 and P3. At the same time, there are
others in which the outdoor distribution of contaminants seems to play a significant role in
shaping personal concentration profiles, such as at sites P4, P5, and P7 (Figure 3). Although
it is known that environmental abundance alone may not predict individual exposure
effectively, this exploratory case study suggests that personal mobility through urban mi-
croenvironments may contribute to differences between residential outdoor and personal
PAH exposure profiles.

Overall, diagnostic ratios (e.g., FLT/(FLT + PYR)) indicated that 12 out of 20 samples
(60%) were associated with gasoline combustion (<0.5), as expected for a large urban area
such as Santiago (Table S6) [43]. However, diagnostic ratios should be interpreted with
caution given the potential transformations and mixed sources present in the area.

4. Limitations

This exploratory case study has some limitations that should be considered when in-
terpreting the findings. Outdoor passive samplers and personal wristbands were deployed
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over different sampling periods and deployment durations (mainly due to the nature of
each passive sampler technique used). Since PAH concentrations in urban environments
exhibit significant seasonal and meteorological dependence, the direct comparison between
sampler types should be avoided. However, the long deployment period for fixed outdoor
samplers ensured that the measurements reflected time-weighted average concentrations
rather than short-term pollution episodes.

Additionally, we cannot assess potential seasonal variation in the concentration of
PAHs in the urban atmosphere of Santiago. Despite this limitation, the observed hetero-
geneity in personal sampling profiles contrasted with the more homogeneous distributions
observed in fixed outdoor samplers. This evidence suggests that fixed-site monitoring
alone may not fully capture the variability observed in personal concentration profiles.

The ambient concentrations estimated were based on literature values for sampling
rates and partition coefficients, no performance reference compounds were deployed.
Thus, uncertainty estimates could not be provided. Finally, our assessment is based on
the interpretation of ambient concentrations. We did not collect biomarkers of exposure
and therefore cannot make direct inferences about individual-level risk. Nevertheless,
our findings align with evidence linking high ambient concentrations of PAHs to higher
exposures. Future studies combining personal passive samplers with urinary hydroxylated
PAH metabolites or other biomarkers of exposure would provide additional validation of
personal exposure estimates.

5. Conclusions

This exploratory case study suggests that, while fixed-site outdoor passive samplers
capture regional spatial distributions of PAHs that would not be captured by official
monitoring stations in the Metropolitan Region of Santiago, they may not fully reflect
the heterogeneity of the concentration profiles observed for people living in the area.
Personal monitoring using silicone wristbands revealed more heterogeneous distributions,
characterized by a significant variability among individuals even when sharing the same
residential microenvironment. However, the direct comparison between sampler types
should be avoided, given the differences in deployment time and duration.

These findings support the value of integrating personal exposure information into
future exposure assessment studies, particularly in urban areas where indoor sources of pol-
lution remain significant. Future studies involving larger populations, temporally aligned
sampling strategies, and detailed participant activity information would help clarify the
relationship between residential outdoor concentrations and personal exposure patterns.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/atmos17070650/s1. Table S1: Participant information collected after
personal sampling week. Only basic and anonymous information was collected; Table 52: Sample
collection details for ambient outdoor samples and personal samples; Table S3: log-transformed
Silicone-Air (Log Kgilicone-air) and PUF-Air (Log Kpyr.air) partition coefficients estimated for all
PAHs analyzed. The sampling rates (R) used for both sampling methods are also shown; Table S4:
Blank-corrected PAH total mass (ug) collected in ambient outdoor samples and personal samples
expressed as total pug in each PUF disk or silicone wristband, respectively; Table S5: Blank-corrected
PAH estimated ambient concentrations or air equivalent concentrations in ambient outdoor samples
and personal samples expressed as total ng m~3 for all samples collected; Table S6: FLT/(FLT + PYR)
diagnostic ratio for all samples collected. The values in bold represent those ratios greater than the
threshold that distinguishes gasoline vs diesel combustion (<0.5 for gasoline relat-ed combustion).
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original draft; C.A.M.: conceptualization, formal analysis, funding acquisition, writing—review and
editing. All authors have read and agreed to the published version of the manuscript.
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