Brazilian Journal of Analytical Chemistry
Pre-publication — Accepted after peer review Bﬁ:ﬂ&@
doi: 10.30744/brjac.2179-3425.AR-59-2025

ARTICLE

Low-Cost Particulate Matter Sensor in Indoor
and External Classroom Environments

José Henrique De Souza Fernandes' "<, Leonardo Marques Alves Ribeiro? ", Iéda Aparecida
Pastre® >, Cristina Maria Roque Ramiro de Oliveira* >, Fernando Luis Fertonani®

'Departamento de Metrologia, Pontificia Universidade Catdlica do Rio de Janeiro (PUC-Rio) ROR. Rua Marqués
de Sao Vicente, 225, Gavea, Rio de Janeiro, RJ 22451-900, Brazil

2Instituto de Quimica, Universidade de S&o Paulo (IQ-USP) RoR, Laboratério de Sensores Eletroquimicos e
Métodos Eletroanaliticos (LSEME). Avenida Professor Lineu Prestes, 748, Cidade Universitaria, Sdo Paulo,
SP 05508-000, Brazil

SDepartamento de Quimica e Ciéncias Ambientais, Universidade Estadual Paulista (UNESP) ROR, Instituto de
Biociéncias, Letras e Ciéncias Exatas (Ibilce). Rua Cristovao Colombo, 2265, Jardim Nazareth, Sdo José do
Rio Preto, SP 15054-000, Brazil

‘Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade de Lisboa (FCUL) ROR. Campo
Grande, 1749-016, Lisboa, Portugal

This study evaluates the concentrations

> TR of particulate matter (PM,, and PM, ;)

PM Sensor (B i, il R 5 ) in indoor and outdoor university
WA = classrooms using a low-cost particulate
External SIS TR Indoor matter sensor. Measurements were

. A conducted hourly, daily, and annually
: in a closed, air-conditioned classroom

at the Institute of Biosciences, Letters
and Exact Sciences (lbilce) of Sao
Paulo State University (UNESP)
throughout 2022. Results revealed that
PM,, levels consistently exceeded the

HYSPIT

“» : S World Health Organization’s (WHO)
b Analysis annual guideline of 15 ug m, aligning
wildfires in ﬂ with local CETESB data. Meanwhile,
average indoor PM, . concentrations

the northern 2.5

(12.5 £ 11.2 yg m) were almost three

times the annual WHO limit of 5 ug m. Peak values reached 43.75 ug m=, nearly 900% above the guideline,
raising significant health concerns, and the calculated hazard quotient (HQ) approached the reference
threshold. Outdoor PM, . concentrations showed similar trends, with multiple peaks surpassing recommended
thresholds. The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) analysis linked high
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PM levels to wildfires in central and northern Brazil and localized factors, including vehicle traffic and
classroom maintenance. Statistical analysis revealed no significant difference between indoor and outdoor
PM, . levels, emphasizing the influence of external pollution on indoor air quality. These findings show the
urgency of implementing targeted interventions, such as regular cleaning of classrooms, curtains, and air
conditioning systems, to mitigate PM exposure. The study highlights the need for improved air quality
management to ensure a safe learning environment for students and faculty.

Keywords: environmental chemistry, HYSPLIT, indoor air quality, low-cost sensor, PM, . concentration

INTRODUCTION

Air quality is directly linked to the concentration and size of particulate matter (PM) in the atmosphere.
According to the World Health Organization (WHO), in 2019, almost seven million premature deaths worldwide
(accounting for almost 12% of all deaths)' were partially attributed to poor air quality, compromised by high
levels of atmospheric PM.2

The term “aerosol” was introduced by Schmauss in 1920 to describe particles that remain suspended in
the air with high stability, particularly those smaller than 100 um in diameter.? Aerosols can exist in both solid
and liquid states. For many years, the atmospheric particle standards of numerous countries were based
on the measurement of the mass concentration of “Total Suspended Particles” (TSP). However, since TSP
often includes non-inhalable particles that have a lesser impact on respiratory and cardiovascular diseases,
there was no clear correlation between TSP levels and health effects.*

PM is categorized by size into coarse particles (PM, ), fine particles (PM, ), and ultrafine particles (less
than 0.1 um). PM is further classified by its emission sources, categorized as primary (natural sources such
as volcanic activity, forest fires, sea spray) or secondary (anthropogenic sources, including particles formed
through nucleation, condensation of gaseous components, and chemical and photochemical reactions
in the atmosphere). Secondary aerosols are divided into four major groups: sulphate aerosols, nitrate
aerosols, Cl-aerosols and secondary organic aerosols, with secondary anthropogenic fine particles having
a significant impact on human health.®

In indoor environments, concerns about air quality became prominent in the 1970s with the trend of
constructing sealed buildings for acoustic insulation, climate control, aesthetics, and security. This led
to an increase in health issues related to indoor air quality.® Poor indoor air quality is mainly caused by
inadequate cleaning of air conditioning systems, recirculation of air, and a lack of periodic control over
potential sources of contamination.” The fine fraction of indoor air typically contains a mixture of particles
from combustion processes and secondary particles generated by atmospheric chemical reactions,
including acid condensates, sulphates, and nitrates.® PM, , particles, in particular, can adsorb and carry
high concentrations of mutagenic substances, such as polycyclic aromatic hydrocarbons (PAHSs), which
are predominantly concentrated in PM, ,.°

Beyond direct health effects, aerosols have significant economic impacts,’® and exposure to these particles
is associated with cardiovascular diseases,''? pulmonary inflammation,'® bronchitis, asthma, and other
respiratory conditions,™ lung cancer," and an increased risk of diabetes due to exposure to PM,, ,."*"
Additionally, these particles can impair cognitive function in individuals exposed to them in closed, climate-
controlled environments,'® with increased carbon dioxide (CO,) levels further reducing concentration and
cognitive abilities. This study aims to assess the concentration of PM,  and PM, . in both indoor (closed and
air-conditioned classrooms) and outdoor university environments, with a focus on the impact of exposure
over time.

While indoor air quality has been extensively studied in residential and commercial buildings,®2?° university
classrooms remain underrepresented in the literature. Despite advances in understanding PM dynamics, the
complexity of factors influencing indoor pollutant concentrations such as outdoor PM infiltration?' and human
activity-driven particle resuspension?? remains poorly characterized in educational environments. This gap
is particularly critical in classrooms, where prolonged student occupancy and climate-controlled conditions
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may amplify exposure risks. By investigating the emission of these PMs on closed indoor classrooms, this
study seeks to contribute to assess the exposure of students to PM in these settings.

MATERIALS AND METHODS
Sensor configuration

The sensor used in this study was a commercially available portable multiparameter air quality sensor
(version 2.03) equipped with a PMS5003 sensor, suitable for measuring PM with diameters up to 10 um.
The measurements were divided between coarse (10 um to 2.5 ym) and fine particles (2.5 ym to greater or
equal than 1.0 ym). Although the sensor is sensitive to particles with diameters below 1.0 um, the ultrafine
particle fraction was not explicitly reported by the air quality sensor. According to the manufacturer, the
reported maximum errors are +10 ug m= in the concentration range 0-100 ug m=range, and +10 % in the
range of 100-500 ug m=3. The device was factory-calibrated following the manufacturer’s specifications.
This sensor employs a light-scattering approach to measure PM, ., and PM,; mass concentrations in real-
time with a total response time of about 10 seconds.

Additionally, it was equipped with a DHT11 module to monitor temperature and humidity. The DHT11
is a digital sensor capable of measuring temperature in the range of -40 to 80 °C with an accuracy of
10.5 °C and relative humidity from 0 to 100% with an accuracy of +2-5%. This combination allows the sensor
to provide comprehensive environmental data, offering insights into both PM and ambient conditions, crucial
for assessing air quality in indoor and external environments.

The PM values displayed on the sensor screen were manually transcribed during classes and subsequently
digitized into an Excel spreadsheet to enable systematic analysis and comparison with reference data.

257

Sensor sampling

Measurements were conducted with a single sensor on each weekday when classes were held, with a
minimum of eight indoor measurements per day. Additionally, outdoor measurements were taken every two
hours to map the concentration of PM on days when the spaces were in use, as is shown in Table I. This
systematic monitoring primarily focused on the C block at the Institute of Biosciences, Letters and Exact
Sciences of Sao Paulo State University (UNESP-Ibilce), which was selected because it hosted most of the
chemistry, mathematics, and physics classes (Lat: -20.785402, Long: -49.360823), providing a detailed
assessment of PM concentrations in both indoor and outdoor environments during active periods.

Table I. Sampling plan for 2022

1st Semester of 2022 2" Semester of 2022
Schedule Mon Tue Wed Thu Fri Mon Tue Wed Thu Fri
8 a.m. ID ID ID ID ID ID ID ID
9a.m. ID ID ID ID ID ID ID ID
10 a.m. oD oD oD oD oD oD oD oD
10:10 a.m. ID ID ID ID ID ID ID ID
11 a.m. ID ID ID ID ID D
12 p.m. oD oD oD oD oD oD oD oD
12:10 p.m. ID ID ID ID ID ID ID ID
1p.m.
2 p.m. oD oD oD oD oD oD oD oD

(continued on next page)
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Table I. Sampling plan for 2022 (continued)

1st Semester of 2022 2" Semester of 2022
Schedule Mon Tue Wed Thu Fri Mon Tue Wed Thu Fri
2:10 p.m. ID ID ID ID ID ID
3 p.m. ID ID ID ID ID ID
4 p.m. oD oD oD oD oD oD oD oD
4:10 p.m. ID ID ID ID ID ID
5 p.m. ID ID ID ID
6 p.m. ID ID ID ID
6:10 p.m. oD oD oD oD oD oD
7 p.m. ID ID ID ID

ID: Indoor sampling; OD: outdoor sampling.

All measurements were conducted at a height of 120 cm from the ground, approximately at the average
seated nose height, and positioned at the center of the classroom. During measurements, the door was
kept closed, and the air conditioner was operating to maintain consistent indoor conditions. The data
collection aimed to capture the presence and behavior of PM across three different temporal scales: hourly,
daily, and annually. This was achieved by calculating the mean PM concentration for each day, providing
a comprehensive analysis of PM variations over time.

The measurements were taken during class sessions because the primary objective was to assess the
actual exposure of students to PM. By measuring in the occupied classroom, we capture the effects of
human activity and occupancy on indoor air quality, which directly reflects the environment that students
experience.

Environmental Company of the State of Sdo Paulo (CETESB) comparison

To benchmark classroom PM measurements against the ambient urban air, we incorporated data from
a nearby CETESB monitoring station. The specific sensor model used by CETESB is not disclosed. The
station is operated by the state government environmental agency and is located at Lat: -20.784862, Long:
-49.398324. The station continuously records hourly PM concentrations and serves as a proxy for the city’s
overall air quality. In our methodology, we aligned the temporal resolution of our classroom measurements
with CETESB’s hourly data, ensuring consistency in comparison. This approach allows us to assess student
exposure within the classroom relative to the broader urban environment. Figure 1 displays a Google Maps
view depicting the spatial relationship between the UNESP campus and the CETESB station. Notably,
the map shows that the CETESB station is located at a significant distance from UNESP and is situated
in an area surrounded by several high-pollution sources, such as major roads and industrial zones. This
geographical context suggests that the higher average PM levels recorded by CETESB may be influenced
by these external sources, thereby providing a meaningful benchmark for comparing indoor and urban air
quality.
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Figure 1. Distance between C-block-UNESP and CETESB station.

Retro-trajectory HYSPLIT
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) is a widely used atmospheric

modeling tool developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resources
Laboratory.?>2¢ NOAA is the primary U.S. federal agency for monitoring and researching atmospheric and
oceanic processes, and its models are internationally recognized for applications in air quality and climate
studies. HYSPLIT simulates the dispersion and trajectory of particles in the atmosphere using a Lagrangian
framework, where an air parcel is tracked as it moves through space. This approach calculates advection
and diffusion separately, driven by meteorological data from numerical weather prediction models such as

the Global Forecast System (GFS).
In this study, twelve days of retro-trajectories were simulated throughout 2022 over the C block of UNESP,

resulting in a total of 36 retro-trajectories at three different altitudes: 500 m, 1000 m, and 1500 m.

Health risk assessment
To estimate the potential health impacts associated with exposure to particulate matter (PM), a quantitative
and

health risk assessment was conducted based on the mean concentrations obtained for both PM,

PM,,. The calculation considered the following parameters: inhalation rate (IR) (m3 xday™!), exposure
time (ET) (hours x day™1), exposure frequency (EF) (days X year™1), exposure duration (ED) (year),
body weight (BW) (kg), and averaging time (AT) (days). These parameters were integrated to determine

the Average Daily Dose (ADD) (mg x kg~! x day™?1), according to Equation (1).

ADD = CaierRxETxEFxED/waAT Equation (1)

Where C,;, is the mean particulate concentration in the air (mg x m~3).The values adopted for IR and
BW were obtained from the Environmental Protection Agency (EPA)® (21 to <31 years old) and Centers

for Disease Control and Prevention (CDC),?° respectively.
Subsequently, the Lifetime Excess Cancer Risk (ELCR) was calculated to evaluate potential carcinogenic
effects during the period of university attendance, assumed to be four years. The ELCR was derived from

the ADD and the slope factor (SF), as described in Equation (2).%°
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ELCR = ADD x SF Equation (2)

In this context, the slope carcinogenic potency factor (SF) was obtained from the literature.?' It is important
to note that, given the well-established evidence that PM, j exhibits less detrimental health effects compared
to PM, ., only PM, . concentrations were considered for the carcinogenic risk assessment.

In addition, the Hazard Quotient (HQ) was calculated for both PM, ; and PM, ; to estimate potential non-
carcinogenic risks, as expressed in Equation (3).%2

HQ (hazard quotient) = ADD/RfD Equation (3)

Where ADD corresponds to the average daily dose and RfD is the reference dose. The RfD was estimated
from the inhalation reference concentrations (RfC) established by the WHO, with values of 5 ug m- for
PM, . and 15 yg m= for PM, , as shown in Equation (4):

10’

RfD = RIC X IR/ Equation (4)

According to international guidelines, HQ values greater than 1 indicate potential non-carcinogenic
risks of concern, requiring preventive or corrective actions. Conversely, HQ values below 1 are generally
considered within acceptable limits of exposure.®

RESULTS AND DISCUSSION

The following represent the complete sampling/measurement periods in a broader context. The
measurement values, specifically the daily averages of PM, and PM, ., were compared against the WHO
limits and the data provided by the local CETESB station for the same period.

Hourly behavior of PM inside classrooms

During the afternoon of August 2, 2022, measurements of PM, and PM,, were conducted inside
active classrooms to assess PM levels and their behavior. Figures 2 and 3 present the results of these
measurements over a 60-minute period, with data sampled approximately every 5 minutes. Both PM, ; and
PM, , concentrations displayed similar trends throughout the 60-minute period, with PM, j values consistently
higher than those of PM, .

The average concentration of PM, . measured indoors was approximately 6.92 + 0.92 yg m= (or 6.92 +
13.6%), remaining below the 24-hour limit of 15 uyg m= recommended by the WHO.2 However, if this average
is extrapolated for the hole year compared to the annual limit of 5 ug m3, it exceeds the threshold, indicating
a potential long-term exposure risk. Conversely, the average PM, , concentration indoors was 11.42 + 1.49
pug m=2 (or 11.42 £ 13.0%), staying below both the WHO’s 24-hour limit of 45 yg m= and the annual limit of
15 ug m3 if the value is extrapolated, suggesting compliance with air quality standards for this pollutant.

Akey observation from these data is the relative consistency in individual measurements, with variations
close to 10%, which indicates a stable indoor air quality environment during the period of observation. Based
on this finding, the monitoring strategy was adjusted to be conducted on an hourly basis. The rationale for
this decision is that preliminary comparisons among different measurement intervals (every 10 minutes,
every 30 minutes, and every hour) did not reveal substantial short-term fluctuations that would justify
higher-frequency sampling. Thus, adopting hourly measurements still capture representative variations in
PM concentrations throughout the observation period. This approach allowed the data to consistently reflect
the ongoing indoor conditions without unnecessary redundancy in sampling.
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Figure 2. PM,, concentration in an active classroom environment, measured
every 5 minutes, compared to CETESB data.
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Figure 3. PM, . concentration in an active classroom environment, measured
every 5 minutes, compared to CETESB data.

Daily behavior of PM inside classrooms

On May 31, 2022, PM, , and PM, . sampling and measurements were conducted at consistent 60-minute
intervals, as illustrated in Figures 4 and 5, excluding the period allocated for lunch. These measurements
aimed to evaluate the behavior of PM throughout a day of academic activities.

Analysis of Figure 5 reveals a significant trend at the commencement of classes, where PM, . concentrations
approached the WHO recommended limit for 24 hours. This increase is likely attributable to the influx of
individuals into the classrooms, the movement of curtains, and the activation of fans in conjunction with
the air conditioning systems. Subsequently, PM,  levels decrease as students remain stationary during
instructional periods. A minimum concentration was observed at 10:00 a.m., corresponding with the recess
period, after which PM, . levels rise again due to the re-entry of students into the classrooms.

This pattern is consistently observed during the afternoon session, external classroom measurements exhibit
similar trends to the internal measurements, with internal values remaining near the WHO recommended
limits for 24 hours, which may adversely affect teaching activities. Internal PM, , concentrations, as shown in
Figure 4, follow a pattern analogous to PM, ., with concentrations decreasing between 6:00 a.m. and 11:00
a.m., reaching a minimum at 9:00 a.m., and decreasing again after 5:00 p.m. External PM, . measurements
occasionally exceeded CETESB values between 8:00 a.m. and 3:00 p.m.
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This observed behavior is likely a consequence of vehicular traffic both within the campus (parking lot)
and on adjacent public roads, as well as intra-campus activities performed by general services. However,
PM, . concentrations decrease relative to CETESB data from 4:00 p.m. to 6:00 p.m., coinciding with the
cessation of general services activities. In contrast, external PM, , concentrations generally parallel CETESB
data, except during the period from 12:00 p.m. to 2:00 p.m., when local measurements exceed CETESB
values due to increased traffic of cars and motorcycles in the parking area and public roads.

Overall, the data indicate that PM levels inside and outside the classrooms are influenced by both internal
campus activities and external traffic patterns. The proximity of internal PM, . measurements to WHO limits
underscores the necessity for effective air quality management strategies to maintain a conducive learning
environment.
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Figure 4. Concentration of PM,  measurements (Indoor/Outdoor) obtained at
60-minute intervals, compared with CETESB values on 2022-05-31.
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Figure 5. Concentration of PM, . measurements (Indoor/Outdoor) obtained at
60-minute intervals, compared with CETESB values on 2022-05-31.

Yearly behavior of PM inside classrooms

Throughout 2022, systematic sampling and measurements of PM,, and PM, ; concentrations were
conducted both inside and outside the classrooms. The results over the course of the year are presented in
Figures 6 and 7, which illustrate the temporal evolution of PM concentrations during 2022. The data show
that, for the most part, PM,  and PM, , concentrations, both indoors and outdoors, remained well above the
WHOQO’s recommended thresholds of 15 ug m=and 5 ug m=3, respectively. Furthermore, it is evident that the
data from CETESB and the measurements taken inside the classrooms follow a similar pattern.
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Exceptions to this trend are highlighted in orange rectangles in Figures 6 and 7. These anomalies are
likely due to sporadic rainfall during the second semester, which led to periods of higher humidity and
warmer conditions, resulting in atypical concentration levels during the study period.

The outliers observed at the end of the year, specifically on 2022-11-28 and 2022-12-12, were traced
back to specific events. These included maintenance activities near the classrooms, such as grass cutting
and sweeping with specialized equipment and manual blowers, as well as the release of chalk dust from
careless eraser cleaning within the classroom environment.

Regarding CETESB’s monitoring during the same period, several intense peaks in PM,  and PM, . were
recorded, all exceeding WHO guidelines. These discrepancies between the study’s findings and CETESB’s
data can be explained by the geographical location of the CETESB station, which is near a busy highway.
The increased vehicular traffic and lack of adequate tree cover likely contributed to these peaks.

Notably, during the first semester, the PM, ; and PM, . concentrations recorded by CETESB were significantly
higher than those observed in the classrooms. Conversely, in the second semester, this trend reversed.
This inversion may be attributed to temperature variations, as May to July are characterized by colder
temperatures, with chilly mornings and evenings. The presence of trees, as previously mentioned, helps
reduce temperature and acts as a barrier to PM, contributing to lower PM concentrations in the atmosphere.

As observed in Figures 6 and 7, there are some data gaps in CETESB’s records. These gaps are due
to maintenance issues in CETESB’s data collection and measurement systems, which prevented the
availability of PM,, and PM, . data for certain days.
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Figure 6. Average concentrations of PM,  for the year 2022, both outside and
inside classrooms, compared with CETESB data.
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Figure 7. Average concentrations of PMZ'5 for the year 2022, both outside and
inside classrooms, compared with CETESB data.

The annual data collected in this study, along with the measurements provided by CETESB’s monitoring
station, analyzed using a paired-sample t-test (df = 72, a = 0.05, two-tailed; t critical = £1.99) to assess
statistical differences in PM, , and PM, ; concentrations, the summarized results are in Table II.

The results indicate that PM, , levels measured indoors were slightly lower than those recorded by
CETESB, but this difference did not exceed the critical threshold and was therefore not statistically significant.
Similarly, outdoor PM, , concentrations were comparable to those reported by CETESB, with no significant
differences observed. Furthermore, a direct comparison between indoor and outdoor PM, . concentrations
revealed no significant differences, suggesting that the levels in both environments were statistically similar,
which can be explained because most of the indoor pollution in a classroom can be attributed to outdoor
pollution that was brought inside by the students. Pearson correlation analysis showed moderate positive
correlations for PM, . between CETESB and UNESP Outdoor (r = 0.44) and between Indoor and Outdoor
concentrations (r = 0.49), while the correlation between CETESB and Indoor was weaker (r = 0.29). This
indicates that outdoor levels were more strongly associated with both CETESB measurements and indoor
classroom concentrations, reinforcing the role of outdoor air as the main source of indoor PM, . pollution.

In contrast, the analysis of PM, , concentrations revealed a more pronounced disparity. Indoor PM,  levels
were significantly lower than those measured by CETESB. Likewise, outdoor PM,, concentrations were
also significantly lower than CETESB’s reported values, with very small p-values (p < 0.001), confirming
that the differences were statistically significant. However, the comparison between indoor and outdoor
PM,, levels showed no significant differences, indicating that the distribution of PM,  was similar in both
environments. Pearson correlation analysis for PM,, showed weak or no correlation between CETESB
and UNESP measurements (r = 0), but a moderate positive correlation was observed between Indoor and
Outdoor levels (r = 0.48). This suggests that, while CETESB’s PM, ; dynamics were influenced by localized
sources near the monitoring station, indoor and outdoor conditions at UNESP followed a more similar pattern.

These findings underscore a clear discrepancy in PM,  levels between the UNESP-Ibilce site and CETESB’s
monitoring station. The significantly higher PM,  levels reported by CETESB are likely attributable to its
proximity to a major highway, which contributes to elevated emissions of PM in the 2.5—4 ym range.* This
contrasts with the conditions at UNESP-Ibilce, where the absence of such localized sources of pollution
results in significantly lower PM,  concentrations.
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Table Il. t-test (one-way factor) and Pearson test for PM from CETESB compared with
annual indoor and outdoor PM measurements

Parameter PM, . PM,,
UNESP Indoor mean (ug m) 12.11 17.20
UNESP Outdoor mean (ug m) 13.77 19.22
CETESB mean (ug m?) 14.34 34.22
t-Statistic CETESB-UNESP Indoor -1.70 -6.69
t-Statistic CETESB-UNESP Outdoor -0.51 -6.46
t-Statistic UNESP Outdoor-Indoor -1.30 -1.38
Two-tailed p-value CETESB-UNESP Indoor 0.09

Two-tailed p-value CETESB-UNESP Outdoor 0.61

Two-tailed p-value UNESP Outdoor-Indoor 0.20 0.17
Pearson Test CETESB-UNESP Indoor 0.29 0.14
Pearson Test CETESB-UNESP Outdoor 0.44 -0.01
Pearson Test UNESP Outdoor-Indoor 0.49 0.48

All tests used a paired design with df = 72 (t Critical two-tail = £1.99).

HYSPLIT of the dispersion on three different heights

HYSPLIT simulations were conducted on days with observed peaks in PM,  and/or PM, . concentrations,
as well as on days with minimal concentrations. Figures 8A through 8G capture the air masses that reached
UNESP-Ibilce during peak moments at three different altitudes: 500 m, 1500 m, and 3000 m above sea
level. All of these days were characterized by air masses passing through the states of Tocantins, Para,
Mato Grosso, Goias, or a combination of these regions, where significant wildfires occurred (as shown in
Figure 9). This allows us to infer those wildfires in central and northern Brazil led to a substantial increase
in PM, ; and PM, . concentrations in the classrooms.

In Figure 8H, a PM peak was observed even in the absence of air masses from polluted areas, which
can likely be attributed to local issues. During this period, leaf blowers were used in front of the classrooms.
Conversely, in Figure 81, from December 12, 2022, the peak of PM concentration was caused by classroom
activities, in this case was the cleaning of an eraser inside the classroom.

Figures 8J through 8L illustrate the days with minimal particulate concentrations. No air masses passed
through polluted or fire-affected areas during these times, and the classrooms had been cleaned in the
preceding days.
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Figure 9. Map of Central Brazil with fire locations represented by dots from
“Projeto MapBiomas — Colegédo monitor do fogo” (2022).

All products, methods and tools of the MapBiomas Project are open access, transparent and publicly
available in the internet (https://mapbiomas.org/) for non-commercial use.

Toxicological analysis

The health risk assessment indicated that the average daily dose (ADD) associated with a four-year
exposure period only in the university environment is as in Table Ill when considering a mean PM,
concentration of 12.5 ug m? and a PM, , concentration of 17.2 ug m= respectively.

Based on these values, the hazard quotient (HQ) was almost exceeding the reference threshold of 1
with only the 8 hours at the university. This finding suggests that continuous exposure to PM, . at this level
is when looking at the hole day could associate with potential non-carcinogenic health effects, such as
respiratory and cardiovascular impairments, consistent with the health risk criteria established by the WHO
and the EPA.

Regarding carcinogenic risk, the excess lifetime cancer risk (ELCR) calculated using PM, | literature SF
value for both PM,  and PM,, resulted in values of much lower than the commonly accepted risk range
(10°to 10™), itis important to highlight that no specific slope factor for PM, . has been established in official
databases such as the EPA or WHO. Consequently, these results should be interpreted with caution, serving
as an indicative rather than definitive estimate of carcinogenic risk.

Table Ill. Average daily dose for the exposed time for man and woman in the classroom
ADD PM, ADD PM,

H H ELCR ELCR

mg X kg—l X day—l mg X kg—l X day—l Q2.5 Q10 c 2.5 c 10
Male 0.0001730 0.0002353 0.593607  0.269102 3.46 4.71
Female 0.0001708 0.0002322 0.593607 0.269102 3.42 4.64
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CONCLUSIONS

Upon evaluating the Figures 6 and 7 for the year 2022, it was evident that the presence of PM, , both
indoors and outdoors, consistently remained above the maximum value recommended by the WHO,
15 yg m3, throughout the monitoring period. These values generally aligned with the data monitored by the
local CETESB station. This assessment is crucial for ensuring air quality in the indoor working environment
of classrooms.

Moreover, for PM, ., which is significantly more harmful to human health and more resistant to physical
deposition, the average value was found to be 12.5 £ 11.2 yg m=(12.5 £ 90% pg m=) inside the classrooms.
This average is more than doble to the WHO’s maximum recommended value of 5 ug m=3. However, with
a standard deviation of 90%, the levels often exceed the WHO guideline by almost 5 times the maximum,
posing a potential health risk to students and faculty. Specifically, peak values for PM, . were recorded at
43 pug m=3, which is almost 900% higher than the WHO limit (5 uyg m=). For outdoor areas, long sampling
periods also revealed several intense peaks with values exceeding the WHO standard.

Therefore, even at average concentrations of 12.5 uyg m=for PM, ;and 17.2 ug m=for PM, , representative
of typical university classroom conditions, prolonged exposure may pose significant health risks. The
persistence of HQ values near 1 reinforces the necessity for mitigation strategies, including enhanced
natural or mechanical ventilation, installation of air filtration systems, and institutional policies for continuous
indoor air quality monitoring.

These findings underscore the importance of implementing policy measures, such as regular cleaning
of classrooms between sessions and continual cleaning of curtains and air conditioning filters, to improve
indoor air quality. This study did not monitor CO, levels, which can have a synergistic effect with particulates
on cognitive performance in classrooms.

In conclusion, the presence of PM, . and PM, , both inside and outside the classroom environment,
should be regarded as a significant concern. Students and faculty spend extended hours in classrooms
and corridors, making air quality a critical factor for their health and well-being.
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