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Abstract: In Chile, Puchuncavi and Quintero face substantial environmental pollution challenges.
Industrial and vehicular emissions expose schoolchildren to elevated levels of pollutants, decreasing
sustainability and posing risks to both their health and educational advancement. The aim of this
study is to determine the distribution of heavy metals (Li, Be, V, Cr, Mn, Co, Ni, Zn, As, Se, Sr, Mo,
Cd, Sb, T1, Pb, and Cu) in the dust in and around the schools in these cities. We also evaluate the
associated carcinogenic and non-carcinogenic risks, as well as whether their concentrations affect the
academic performance (AP) of the students. The chemical composition of the collected dust samples
is analyzed using positive matrix factorization, and two interpretable factors related to two sources
of contamination (industrial and traffic + crustal) are determined. The health risk is assessed using a
model including inhalation, dermal contact, and ingestion, and the influence of metal concentration
on the AP of students is determined using an econometric model. The metal concentration is found
to be related to the distance to the pollution source, and differences are observed between indoor
and outdoor samples. The carcinogenic risk is low, while the non-carcinogenic risk is high in Greda
School. The levels of heavy metals inside and outside the schools are found to influence AP. In these
cities, children are exposed to high levels of environmental pollution, which may pose a risk to their
health and impact their AP.
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1. Introduction

Urban environments have high population densities and are therefore strongly in-
fluenced by anthropogenic activities. These activities create high levels of environmental
pollutants [1], which are subsequently transported into the atmosphere or towards the
Earth’s surface in both particulate and vapor phases [2]. The particulates may contain heavy
metals derived from different sources in urbanized areas, including vehicular emissions,
industrial discharges, and other activities [3].

Particulate matter denotes particles with size ranging from 1 to 10,000 pm, referred
to as dust, which are mostly susceptible to traveling long distances [4]. Dust is a well-
known matrix and is frequently the focus of environmental and human exposure studies.
Dust contaminated with heavy metals has drawn public attention due to its high toxic-
ity, persistence, and bioaccumulation [5]. Additionally, dust particles containing heavy
metals—particularly fine particles—can be re-suspended in the atmosphere or consumed
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by humans through ingestion, inhalation, and dermal adsorption [6]. Exposure to envi-
ronmental pollutants results from urban environments fostering economic advancement
without always guaranteeing the sustainable development of communities, thus posing
potential risks to nearby ecosystems, environmental quality, and public health. The dimin-
ished sustainability resulting from environmental pollution threatens the balance between
economic growth, environmental conservation, and social well-being, thereby jeopardizing
the health and quality of life of the population.

In this regard, highly concentrated pollutants affect the health of children, especially
schoolchildren who spend much of their time indoors. Therefore, it is crucial to assess
potentially toxic metal(loid)s in sensitive environments such as school classrooms [7].
The air quality inside schools is a growing concern and has a significant health impact,
possibly posing a greater risk than outdoor pollution [8]. Inside schools, dust can contain
various contaminants and trace metals that can be transported into classrooms and affect
schoolchildren who spend time in playgrounds, in gardens, and in nearby homes [9].

Such pollution is relevant for populations of children, who are more susceptible to
the adverse effects of pollution due to their still-developing respiratory and immune sys-
tems, lower body mass index, and respiratory patterns, causing pollutants to become
more concentrated in their systems [10]. Additionally, children are likely to ingest sig-
nificant quantities of dust as they commonly put non-food objects in their mouth and
repetitively suck on their hands and fingers, leading to a much higher absorption rate
of heavy metals [11]. Therefore, the pollutants that enter and deposit in the environment
of a classroom could provide an indirect measurement of air pollution. It is crucial to
identify and quantify pollution sources to determine potential health risks for school
populations [12].

Considering that childhood is a critical period for children’s development, exposure to
environmental pollutants can affect their respiratory, cardiovascular, and cognitive health,
which could impact their neurodevelopment and, consequently, their learning ability [13].
In this regard, some studies have shown that children exposed to air pollution achieved
lower results in neurobehavioral tests [14], exhibited structural impairment of neurological
function [15], and had lower intelligence quotient (IQ) scores compared to non-exposed
children [16]. Additionally, children exposed to elevated levels of nitrogen dioxide have
lower scores in quantitative, working memory, and gross motor skills areas, indicating
lower performance in neurobehavioral tests [17]. Additionally, children exposed to high
levels of black carbon had lower verbal and non-verbal intelligence and diminished scores
in memory assessments [16].

It is known that learning—and, consequently, academic performance—in children
depends on their cognitive functions [18], which could be affected through exposure to
environmental pollution. Some research has identified that exposure to traffic-related air
pollution is linked to cognitive function and, therefore, to the academic performance of
children [19]. Additionally, children with low socioeconomic status (SES), as well as those
belonging to ethnic minorities, may exhibit decreased cognitive functions in the face of
exposure to environmental pollution in schools [20].

In this context, the study of Pastor et al. in 2006 evaluated children from impoverished
communities in California exposed to environmental pollution, finding low results in
standardized tests of academic performance [21]. Another study, conducted by Moahi et al.
in 2011, showed that the majority of children exposed to high levels of air pollution in
public schools in Michigan had low performance in state-standardized tests of academic
achievement [22]. In Chile, the standardized test System for Measuring the Quality of
Education (SIMCE) is administered every year. SIMCE is an assessment tool for learning
applied to students across the country [23]. At present, there is no published information
on whether environmental pollution can affect the academic performance of Chilean
children exposed in the Quintero-Puchuncavi area. This information would be crucial for
implementing preventive or mitigating measures, especially considering that this Chilean
locality is currently designated as a “sacrifice zone”.



Sustainability 2024, 16, 2518

3 0f 31

Similar to cities in other developing countries, Puchuncavi and Quintero have many
environmental challenges. In Puchuncavi, the Ventanas copper smelter has emitted pol-
lutants (i.e., sulfur dioxide and trace metals) into the atmosphere that could include toxic
components which endanger both the environment and the health of school populations.
Since the opening of the Ventanas copper smelter in 1964 and until the first environmental
regulations in 1991, no measures were taken to mitigate these emissions. Despite the current
environmental regulations, the cumulative environmental effects of historical emissions
remain latent in the areas surrounding the Ventanas smelter, such as Quintero city, which
borders Puchuncavi to the south [24]. Both locations are called “sacrifice zones” as they cor-
respond to geographic areas with high levels of industrial activity, resulting in substantial
economic benefits for the country; however, these activities have had a disproportionate
environmental impact, leading to ecosystem degradation, reduced quality of life, and
increased health risks for the area’s inhabitants, thus diminishing sustainability. In this
context, the Ventanas Industrial Complex—the main cause of the high levels of pollutants
in the area—generates a significant portion of the energy supply for the central region of
Chile, underscoring its status as a crucial strategic asset for the country. Due to the extent of
contamination, population size, social mobilization, and significant health effects resulting
from past critical events, Quintero and Puchuncavi represent one of the most emblematic
sacrifice zones in the country, with the greatest environmental impact [25].

Therefore, exposure to trace elements in Puchuncavi and Quintero could pose a risk to
human health, which has been evidenced in several studies [24]. However, no studies have
been conducted on exposure to toxic metals in school environments and the associated
potential harmful effects on children’s health. Additionally, there are currently no studies
indicating whether such exposure can affect academic performance in children. Therefore,
the main objective of this research was to determine the distribution of trace metals from
various sources present in the dust collected in and around the schools of Puchuncavi and
Quintero. As secondary objectives, we determine the potential health risk that exposure to
dust (derived from the impact of metals from ultrafine particles that possibly come from
the Smelter) poses to schoolchildren through ingestion and dermal pathways, as well as
whether the concentrations of these metals could affect their academic performance.

2. Materials and Methods
2.1. Study Area

This study was conducted in the cities of Puchuncavi and Quintero (Chile), which
are situated 155 km northwest of Santiago, in the coastal area of Central (from V region).
The climate is Mediterranean, with intense winter storms (up to 100-120 mm/d). The
study area has been documented to be exposed to environmental pollution from industrial
complexes, where emissions of trace elements might include contaminants that pose human
health risks.

The most environmentally relevant factories in this area are the CODELCO Division
Ventanas copper refinery complex and the AES Gener coal-fired power plant complex.
There is a high amount of vehicular traffic in both cities, and their residents use the main
access routes to schools daily.

Based on the study goals, we selected schools located at different distances (0.91 to
5.83 km; see Table S1 and Figure S1) from the main industries in Puchuncavi and Quintero,
where the vehicular activity during the week due to scholarly activities was greater than
that in other locations.

2.2. Sampling and Analysis

The dust samples were collected from different schools (indoors and outdoors) in
Quintero and Puchuncavi, Chile (Table S1 and Figure S1). They were collected by two of
the authors (S.P. and M.B.) during school hours, specifically between 8 a.m. and 1 p.m.
For samples from inside classrooms, collection occurred during student recess periods,
ensuring they were not present. Outdoor samples were obtained while students were
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inside classrooms. Consequently, the researchers responsible for collecting the samples had
no contact with the students, either inside or outside the classrooms.

A total of 48 dust samples were collected within the schools and from dust around
the schools during the summer and spring of 2019. These samples were collected through
sweeping with a clean plastic brush into a clean stainless-steel tray. To prevent cross-
contamination, these articles were meticulously cleaned with acetone after each sampling
session. Once collected, each sample was stored in a properly labeled polyethylene bag,
which was hermetically sealed and then transferred to the laboratory for subsequent
analysis by the authors. During the analysis, we subjected the samples to a 72-h room
temperature drying process, followed by sieving through a 63 pm nylon sieve to eliminate
stones and biological waste.

In the chemical analysis, the dust samples underwent digestion and analysis following
the protocol outlined by Tian et al. in 2018 [26]. About 0.05 g of the samples was placed
into dry and pristine Teflon vessels for microwave digestion, with the addition of HNOj3,
HEF, and HClOy (ultra-pure) in a 3:1 ratio.

The dust samples were analyzed for Li, Be, V, Cr, Mn, Co, Ni, Zn, As, Se, St, Mo, Cd,
Sb, T1, Pb, and Cu using an iCAP™ RQ ICP-MS system (Thermo Fisher Scientific, Waltham,
MA, USA).

In our analyses, calibration was performed using Milli-Q water (Milli-Q Ultra-Pure
Water System; Germany), and the corresponding calibration curve was prepared from
certified E-Merck standards (Darmstadt; Germany). The reliability of the analytical data
was ensured through the preparation of respective standards and blank analyses, triplicate
sample analyses, use of suprapur acids, ultrapure water, utilization of a 1000 mg/kg stan-
dard (Merck) for calibration curve preparation, and analysis of certified materials (ISE 973).
For this substance, all acquired results showed statistical equivalence with certified values
(p < 0.05), affirming the robustness of the methodology and the accuracy of the estimated
concentrations. All analyses conducted in triplicate had a detection limit set as three times
the standard deviation of the mean.

2.3. Evaluation of Health Risks

Utilizing a health risk assessment model [27-29], we computed the exposure of
schoolchildren to heavy metals present in dust considering three pathways: inhalation, der-
mal contact, and ingestion. The exposure levels, quantified as daily doses, were individually
calculated for each trace metal and each exposure pathway using Equations (1)—(3):

Cdust x InhR x EF x ED
ATnoncarc x BW x PEF

ADD;y, = 1)

Cdust x SA x AF x ABS x EF x ED x CF
ADDy,, = 2
der ATnoncarc x BW @)

Cdust x IngR x EF x ED x CF
ATnoncarc x BW x ATcarc

ADDppg = ®)

where
ADD;y, = average daily dose associated with inhalation exposure (mg/kg/day),
ADDye, = average daily dose associated with dermal contact exposure (mg/kg/day),
ADDy,,g = average daily dose associated with ingestion exposure (mg/kg/day).
For a cancer risk assessment in children, the lifetime average daily dose (mg/kg/day)
was calculated for the three potential routes of exposure using Equations (4)—(6) [29]:

Cdust x InhR x EF x ED

LADD; ;. —
inh ATcarc x BW x PEF

4)

Cdust x SA x AF x ABS x EF x ED x CF
LADD,,, =
der ATcarc x BW ©®)
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Cdust x IngR x EF x ED x CF ©)
ATcarc x BW

LADDjy =

where
LADDj, = lifetime average daily dose associated with inhalation exposure (mg/kg/day);
LADDy,, = lifetime average daily dose associated with dermal contact exposure
(mg/kg/day);
LADDjyg = lifetime average daily dose associated with ingestion exposure (mg/kg/day).
The exposure factors and parameters used in the assessment were obtained from the
US EPA (Table 1).

Table 1. Variables and parameters of exposure applied in the risk assessment calculations.

Variables Definition Children Reference
C dust (mg/kg) Heavy metal concentration in dust Present study
BW (kg) Body weight 15 [30]
IngR (mg/day) Ingestion rate 200 [30]
InhR (m3/day) Inhalation rate 7.63 [6]
EF (d/y) Exposure frequency 274 [31]
ED (y) Exposure duration 6 [32]
ATcarc (d) Averaging time for carcinogenic effect 70 x 365 [6,31]
ATnoncarc (d) Averaging time for non-carcinogenic effect ED x 365 [31]
SA (cm?) Surface area of skin exposed to dust 2800 [30,33]
AF (mg/cm/day) Skin adherence factor for dust 0.2 [31,34]
PEF (m3/kg) Particle emission factor 1.36 x 10° [32]
ABS Absorption skin factor F O.AOOE 03 [6,34-37]
or As 0.
CFkg m~! Conversion factor 1x10°° [38]

Risk Characterization

The evaluation of potential health risks (non-carcinogenic and carcinogenic) associated
with each heavy metal was carried out using Equations (7)—(9):

ADDinh+der+ing
HQ=—=p @)
HI = ZHQinh+der+ing (8)
ILTCR = LADD,;, x CSFyp, ©)

where

HQ = hazard quotient for non-carcinogenic risk posed by a single element;

HI = hazard index for multiple exposure routes and substances;

ILTCR = incremental lifetime cancer risk associated with inhalation exposure;

CSF;, = cancer SF associated with inhalation;

RfD (reference dosage) = daily exposure assessment of possible risks to individuals.
This dosage is determined by considering children as a sensitive group over their lifespan.

To evaluate non-cancer risks, the Hazard Quotient (HQ) and Hazard Index (HI) were
utilized. An HQ exceeding 1 [39] raises concerns, signifying a potential non-carcinogenic
risk when pollutant exposure levels surpass this threshold. The Hazard Index (HI) provides
further insight: HI < 1 suggests no adverse health effects, while HI > 1 indicates a likelihood
of adverse health effects. For carcinogenic substances, the Incremental Lifetime Cancer Risk
(ILTCR) was computed. This metric quantifies the excess cancer risk over an individual’s
lifetime due to exposure to a contaminant. Expressed as a probability, the ILTCR indicates
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the likelihood of developing cancer attributable to such exposure. Overall, the US EPA [40]
has set an ILTCR threshold of 1 x 10~°, below which the risk can be considered negligible.
However, some authors have considered the acceptable range to be from 1 x 107° to
1 x 1074 [41].

2.4. Academic Performance

The academic performance of students in schools belonging to the geographically
described area was obtained from the System for Measuring the Quality of Education
(SIMCE) 2017 for the eighth grade (i.e., students aged between 13 to 14 years). The schools
included in this analysis and their general characteristics are detailed in Table 2, and
approximately 180 eighth-grade students were considered.

Table 2. General characteristics of the schools included in the analysis of academic performance
through the SIMCE test.

Location Schools Administrative Dependency Socioeconomic Level = Rural/Urban
Politécnico Public Medium-low Urban
Quintero Santa Filomena Subsidized Medium Urban
Inglés Subsidized Medium Urban
Greda Public Medium Rural
Puchuncavi Chocota Public Medium Urban
Horcon Public Medium-low Urban

The SIMCE test is a standardized learning assessment tool used in the Chilean ed-
ucational system, which is conducted annually and of a census nature. Its purpose is to
improve the quality and equity of education through recording information about stu-
dents’ learning achievements, promoting transparency and commitment to continuous
learning [23].

Due to its cross-sectional nature, we used the results of the eighth-grade SIMCE
test, which were formally requested from the Agency for Quality in Education under the
Ministry of Education of Chile (MINEDUC). The analyzed data included results from tests
in Language and Communication, Mathematics, and Natural Sciences [23].

The technical specifications of the SIMCE test distinguish and define thematic axes
(or content areas) and skill axes (or cognitive domains), defined by the Agency for Quality
in Education of MINEDUC. In the Reading assessment, three skill axes are distinguished:
locating, interpreting and relating, and reflecting. Similarly, the Mathematics assessments
includes three skill axes for evaluation: Knowledge, Application, and Reasoning. Addi-
tionally, in the eighth-grade Mathematics test, four thematic or content axes are identified:
Numbers, Algebra and Functions, Geometry, and Probability and Statistics. In the eighth-
grade Natural Sciences test, three skill axes are distinguished: Knowledge, Application,
and Reasoning. It is worth noting that, in eighth grade, Natural Sciences are presented
as a single subject that organizes its Learning Objectives into three axes, representing the
scientific disciplines of Biology, Physics, and Chemistry [23].

2.5. Statistical Analysis

The dust data set for Quintero and Puchuncavi was subjected to multivariate analysis
using positive matrix factorization (PMF). PMF was carried out to determine the contri-
butions and factors related to each source of dust inside and around the schools using the
PMF 5.0 software.

2.5.1. Positive Matrix Factorization (PMF)

PMF, a multivariate technique first described in [42] and further developed by the
US Environmental Protection Agency (EPA), is a factor analysis method with individual
weightings for matrix elements.
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The primary goal of Positive Matrix Factorization (PMF) is to perform factorization
on a data matrix X (n x m), where n represents the number of species and m indicates the
number of samples. This factorization results in the creation of two distinct matrices: G
(n x p) and F (p x m). The dimensions of G and F are determined through the factorization
process, in accordance with the following equation:

p
Xij =) Qik-fij + ¢ij (10)
k=1

In the context of Positive Matrix Factorization (PMF) analysis, Xjj represents the
concentration of the jth element measured in the ith sample; g; signifies the concentration
contribution of the kth source to the ith sample, depicting the contributions of each source;
fij indicates the mass fraction (mg/kg) of the jth species in the kth source, representing the
profile of each source; and ejj accounts for the part of the measurements not explained by
the model, referred to as the residual [42,43].

PMF aims to estimate these values through minimizing the sum of squares of the residu-
als. This minimization process is mathematically expressed by the following equation [42,44]:

m n .. 2
Q-ZZ(%) 1)
where )
eij = xij — Y, fir&kj (12)
k=1

and S;; is the uncertainty in the concentration of X;;.
To calculate the uncertainty in concentration Xj;, the following equation is used:

Sy = (12 + (@ x)h)"” (13)

In the context of the analytical measurements, J; signifies the detection limit for compo-
nent j, calculated as the value in the control sample plus three times the standard deviation
of the control value [43], and d; represents the relative uncertainty in the matrix value Xj;.
This uncertainty introduces an additional source of variability in the measured data.

These measures play a crucial role in evaluating the reliability of analytical results. The
detection limit (/;) acts as a threshold for discerning the presence of a specific component,
while the relative uncertainty (d;) reflects the potential variability in the matrix value Xj;.

For this study, various methodologies were assessed, revealing that the most favorable
outcomes were achieved through incorporating a consistent parameter tied to the detection
limit for uncertainty estimation. For major elements, if the variable value in a sample
surpassed its detection limit, the uncertainty in this value was determined as 10% of the
variable value plus one-third of the detection limit (X;; > LOD, §;; = 0.1 x X;; + LOD/3).
On the other hand, for trace elements with values below or equal to the detection limit, the
uncertainty was calculated as 5% of the variable value plus one-third of the detection limit
(X;; <LOD, S;; = 0.05 x X;; + LOD/3) [44-46].

The uncertainty assessment serves as a benchmark for differentiating species generat-
ing substantial signals. This benchmark relies on the signal-to-noise ratio S/Nj, a parameter
outlined in reference [47]. In our investigation, species exhibiting S/N < 2 were typically
classified as weak variables and, consequently, were excluded. As an additional criterion,
we employed the percentage of data surpassing the detection limit [44].

In determining the number of factors and interpreting the solution [47], the Q value
and the explained variation in the matrix F play crucial roles. To evaluate the appropri-
ateness of the Fpeak value, changes in the Q value were closely monitored. Through
extensive trials involving adjustments to the Fpeak value and thoughtful consideration of
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the physical significance of the extracted factors, it was decided that no rotation would be
applied (Fpeak = 0).

2.5.2. Econometric Model

To identify and model the factors that have impacts on academic performance in the
Chilean study case, an econometric multivariate model was developed. In the model, the
endogenous variable is the results obtained by eighth-grade students in the Education
Quality Measurement System (simce_performance). The exogenous variables in the model
are as follows: quantity of manganese in the sample (Mn), quantity of cobalt in the sample
(Co), quantity of arsenic in the sample (As), quantity of strontium in the sample (Sr),
quantity of cadmium in the sample (Cd), quantity of antimony in the sample (Sb), and
quantity of vanadium in the sample (V).

Thus, the following relationships were investigated for each school in the sample, both
for samples taken inside educational establishments (Model Indoor) and for samples taken
outside educational establishments (Model Outdoor):

Model Indoor : simce_performance; = g + 31 X Mn; + B, X Co; + B3 X As; + 4 X Srj + B5 X Cd; + 1, (14)

Model Outdoor : simce_performance; = 3y + 31 x Mn; + 3 x Cd; + B3 X Sb; + B4 X Vi + 1, (15)

where

i: the ith school sample;

y;: random error.

For this analysis, we considered 6 out of the 7 schools included in this research
(See Table 2). The school “El Faro” was excluded as it does not have an eighth grade.
Additionally, the heavy metal measurement results were analyzed only for the summer
season.

3. Results
3.1. Chemical Composition of Dust Inside Schools and around Schools

The trace metal concentrations (mg/kg) in indoor and outdoor dust collected from
school environments in Puchuncavi and Quintero are shown in Tables 3 and 4, respectively.

Table 3 shows that the mean trace element concentrations in dust collected inside the
schools were greater than those collected outside the schools.
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Table 3. Concentrations of trace elements in indoor dust from the analyzed schools, both in summer and winter seasons.
City (SS::In(iELSr) mgkg  Li Be % Cr Mn Co Ni Zn As Se Sr Mo cd Sb Tl Pb Cu
mean 19.6 2.6 396.6 490.2 665.3 36.7 119.8 1823.0 3319 317.0 252.9 123.1 15.1 108.6 1.1 324.5 44,187.6
jslle;ij:s max. 20.7 4.1 397.1 495.0 715.5 39.2 134.1 1860.7 332.5 319.8 254.0 124.9 16.6 110.0 1.2 330.1 45,572.7
min 17.8 1.7 396.0 482.1 614.6 321 101.3 1750.9 3314 312.5 251.1 121.5 12.8 107.0 1.0 321.7 42,318.8
mean 19.8 1.5 368.1 373.4 856.1 31.1 112.6 1030.4 147.6 164.1 272.6 54.3 6.4 35.1 0.3 190.4 27,086.2
Greda max. 22.1 1.6 369.8 3771 876.3 31.7 115.7 1035.7 148.6 168.3 287.1 58.2 6.7 379 0.3 197.9 28,782.7
PUCHUNCAVI min 176 13 3653  366.6 8311 307 1096 10219 1469 1563 2589 50.0 6.1 31.2 03 1838 250704
mean 12.1 1.8 342.8 439.9 742.2 13.1 150.4 529.3 47.0 82.6 295.5 8.1 1.5 12.0 0.2 51.8 428.2
C]iléoscigia max. 13.9 1.9 346.3 447.2 749.9 13.9 151.2 532.2 49.2 86.5 305.9 8.7 1.6 12.5 0.2 53.3 4454
min 10.7 1.7 338.5 435.1 733.6 12.0 149.4 525.3 43.5 79.1 282.4 7.2 1.3 114 0.2 50.8 4119
mean 12.2 14 392.6 481.3 889.5 13.8 164.2 483.3 66.2 86.8 291.3 4.6 1.0 6.3 0.2 41.8 338.9
Horcén max. 12.5 1.7 394.7 489.0 894.0 144 168.0 489.1 69.4 87.8 295.7 4.7 1.1 6.4 0.2 429 344.8
min 11.6 1.2 389.9 476.6 886.8 13.2 159.4 480.3 63.8 86.1 285.2 4.5 0.9 6.1 0.1 39.9 331.7
mean 14.6 1.3 4247 535.2 763.0 149 127.2 598.0 431 93.2 252.5 6.9 2.3 12.2 0.2 65.9 1137.8
FilS()aIIIll?na max. 15.7 15 434.3 541.1 764.7 15.2 133.0 613.8 45.2 94.2 257.1 7.7 2.3 12.8 0.2 67.8 1151.8
min 13.6 1.0 415.1 526.9 762.0 14.7 121.2 589.7 414 92.5 246.2 6.0 2.2 11.8 0.2 64.9 1118.4
mean 19.2 1.1 420.9 478.8 884.9 16.1 146.2 625.5 45.8 96.7 343.5 49 0.9 9.6 0.2 45.6 443.6
QIuniilte;-zsro max. 19.8 1.3 427.2 487.6 899.2 174 148.3 636.7 49.2 98.7 349.3 54 0.9 9.6 0.2 47.0 450.3
QUINTERO min 18.9 1.0 415.0 468.1 875.7 15.2 142.1 614.9 42.7 94.6 332.5 44 0.8 9.5 0.2 44.6 438.8
mean 13.2 2.0 405.8 436.8 965.0 154 148.1 607.7 43.0 95.2 277.2 4.3 14 9.2 0.2 66.3 626.2
Pgifﬁg;g" max. 145 20 4092 4473 9669 160 1528 6173 453 98.9 282.0 44 16 9.6 03 672 6353
min 12.4 19 403.1 431.0 961.8 15.2 144.8 601.2 40.5 89.9 274.2 4.2 1.2 8.8 0.2 64.5 620.2
mean 13.5 1.9 482.5 594.8 685.6 14.1 179.6 199.3 55.9 34.5 409.7 47 0.8 6.9 04 12.8 143.3
The Faro max. 154 2.0 4929 616.7 716.0 15.8 194.5 205.3 60.0 36.9 414.5 4.8 0.9 7.3 0.5 134 146.6
min 10.7 1.8 472.7 573.2 649.7 11.3 168.2 189.7 51.9 30.8 406.7 4.6 0.7 6.7 04 12.0 140.6
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Table 3. Cont.
City (SSC;‘:I’I‘:; mgkg  Li Be \% Cr Mn Co Ni Zn As Se Sr Mo cd Sb Tl Pb Cu
mean 165 16 3411 4357 6362 291 1194 17536 2782 3006 2377 989 126 909 05 3192 540810
Aclﬁf:s max. 173 16 3667 4696 6414 299 1286 18660 2869 3162 2508 1058 133 962 05 3309 547405
min 155 16 2932 4122 6269 277 1056 16291 2652 2849 2199 910 114 842 05 2999  53,056.9
mean 194 21 3575 3657 8471 298 1038 9498 1830 1728 2446 667 77 360 04 1865 98432
Greda mix. 200 22 3586 3686 8534 302 1098 9560 1857 1733 2486 698 79 374 04 1893 10,0720
PUCHUNCAVI min 184 20 3568 3620 8419 295 9.6 9429 1815 1720 2380 630 73 348 04 1848 97069
mean 142 19 4184 5054 6468 113 1624 6174 521 1136 2973 47 12 73 02 535 2765
ciéoscigia mix. 153 19 4216 5101 6591 118 1653 6235 534 1153 3096 47 12 78 02 553 2862
min 136 19 4160 5030 6396 107 1606 6116 512 1126 2882 45 11 71 02 524 258.4
mean 120 17 3305 4732 8320 114 1377 3894 395 7.0 3250 26 0.6 64 02 444 3640
Disiea max. 126 19 3368 4787 8356 116 1398 3948 407 711 3299 32 07 65 02 456 3683
min 112 16 3198 4652 8258 112 1360 3818 385 709 3212 23 05 62 02 432 3616
mean 93 17 4278 5452 6358 117 9.1 7286 764 1480 2572 6.0 14 100 02 675 14506
Fif;;team mix. 96 18 4386 5489 6576 129 1000 7529 777 1567 2627 6.6 15 109 02 697 14895
min 92 16 4215 5417 6247 107 930 7109 745 1425 2518 55 12 93 02 640 14294
mean 166 19 3515 3740 7902 122 1442  650.6 449 1190 3547 37 10 99 02 676 4418
Qluniilté:ro mix. 179 20 3568 3755 7946 129 1453 6558 470 1222 3562 3.9 12 105 02 696 4442
QUINTERO min 152 18 3465 3731  78l6 107 1429 6471 438 1172 3532 356 0.9 94 02 645 4382
mean 91 17 2935 3076 8731 109 1574 6206 529 1142 2544 32 17 86 02 625 2942
Pgﬁiflctz;go max. 94 18 298 3108 875 115 1612 6289 542 1168 2593 33 19 88 02 637 2999
min 87 14 2911 3055 8655 101 1547 6150 516 1118 2512 32 16 83 02 609 289.7
mean 115 16 3348 3633 7320 131 1463 3394 430 543 259.0 26 0.6 61 03 212 179.4
TheFaro  max. 124 17 3385 3676 7388 141 1490 3454 433 568 2604 28 07 65 04 218 1839
min 110 16 3280 3607 7201 124 1425 3359 425 523 2579 22 05 58 03 203 175.9
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Table 4. Concentrations of trace elements in outdoor dust from the analyzed schools, both in summer and winter seasons.
. School . .
City (Summer) mg/kg  Li Be v Cr Mn Co Ni Zn As Se Sr Mo Cd Sb Tl Pb Cu
Cred mean 17.0 12 3833 4791 5777 161 1046 8234 95.4 1388  237.1 41 50 361 04 1278 12,4848
Alre a max. 178 13 3927 4883 5787 173 1075 8254 98.0 1429 2394 478 53 393 04 1298 14,0757
erces min 161 1.1 3733 4647 5770 152 1012 8214 93.7 134.7 2342 410 46 340 04 1254 112945
mean 213 14 3711 4299 8522 289 1127  991.8 1430  160.1  280.2 515 56 333 03 1721 33,2334
Greda max. 229 15 3730 4376 8564 295 1145 9978 1461  161.7 2872 528 59 356 03 1729 35,387.2
PUCHUNCAVI min 204 13 3680 4241 8485 280 1103 9834 1403 1581 2712 499 54 304 03 1704  32,009.2
Bisi mean 234 09 3675 4474 9373 134 1414 3168 473 47.1 317.0 6.0 10 136 02 379 235.9
Chasma max. 246 09 3739 4556 9409 147 1463 3199 49.1 48.9 317.8 6.3 1.0 143 02 384 242.8
ocota min 223 07 3600 440.1 9342 127 1389 3113 453 449 315.8 5.8 10 123 02 373 231.6
Basi mean 113 17 3831 4032 8752 120  89.0 428.0 35.8 65.6 382.4 2.0 05 210 02 1633 140.2
HaSIC,a max. 114 1.8 380 4071 8812 120 913 4289 36.1 66.6 383.0 2.1 05 214 02 1663 144.3
orcon min 113 1.7 3817 4002 8722 120 878 4262 35.7 63.7 381.3 1.9 05 207 02 1604 132.3
S mean 18.0 12 4278 5912 6181 119 872 186.0 214 31.0 147.7 0.7 0.2 9.9 02 178 111.6
Fil anta max. 182 12 4340 59.1 6193 120  89.2 187.6 22.1 32.0 149.2 0.7 02 107 02 186 114.8
romena - in 178 12 4233 5841 6171 117 85.0 184.9 20.2 29.9 146.5 0.6 0.2 95 02 172 106.6
1 mean 129 12 3924 4499 8272 137 1294 4217 35.3 647 2725 26 08 104 02 626 228.4
Inglés
Quiitem max. 136 14 3946 4587 8292 145 1307 4256 36.0 66.0 273.9 2.8 08 106 02 631 2333
QUINTERO min 122 1.1 3902 4444 8257 133 1285 4193 34.3 62.6 271.6 25 07 102 02 623 2229
Politéen mean 141 21 4075 4638 8870 150 1534 3956 38.6 61.9 287.5 49 07 112 02 704 286.8
é’ l.eimco méx. 146 23 4108 4663  890.1 154 1581 4027 394 63.6 2909 5.0 08 116 02 712 295.8
WIEIO min 133 2.0 4042 4614 8849 144 1503 3920 382 59.0 2837 48 07 109 02 697 281.0
mean 154 21 3446 3936 10392 171 1031 2465 34.9 192 227.8 1.6 0.4 47 02 224 137.4
The Faro  méax. 157 21 3514 3999 10425 178 1046 2494 35.6 44.6 229.4 1.7 0.4 48 03 234 139.8
min 148 19 3406 3882 10362 162 1013 2433 34.1 39.8 224.6 15 0.4 46 02 213 134.9
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Table 4. Cont.
. School . .
City (Spring) mg/kg Li Be Vv Cr Mn Co Ni Zn As Se Sr Mo Cd Sb Tl Pb Cu
Cred mean 131 17 3853 4533 6486 171 932 623.2 91.5 102.7  252.8 302 35 261 02 1026 12,5359
Alre a max. 141 17 3885 4555 6508 177 969 625.2 92.1 103.1 2544 3.1 37 267 02 1062 13,3143
erces min 125 1.6 3828 4510 6464 166 905 620.3 91.0 101.9 2514 298 35 256 02 1001 11,260.6
mean 189 14 3270 4512 7337 119 1187  996.1 64.0 1644 2882 12.1 1.7 102 03 488 50999
Greda max. 193 15 3348 4555 7344 127 1204 9975 67.7 167.1  288.7 126 19 106 03 499 52498
PUCHUNCAVI min 182 14 3212 4481 7329 112 1169 9935 60.5 163.0 2872 112 15 9.9 03 473 49877
Bisi mean 168 26 4145 4262 10273 134 1430 3076 455 67.4 302.9 3.1 06 115 03 343 254.2
Chasmi max. 170 29 4192 4290 10329 140 1459  309.5 45.9 69.5 307.7 3.1 07 119 03 345 259.3
ocota min 165 24 4115 4226 10237 126 1411  306.1 453 66.1 299.9 3.1 06 111 03 342 248.1
Basi mean 123 19 3532 3990 7449 108 1661 1062.0  45.0 182.6  279.8 43 1.3 6.8 03 366 369.1
HaSIC,a max. 124 19 3557 4011 7487 109 1671 10674 453 185.2 2882 44 1.3 6.9 03  39.0 371.2
orcon min 121 19 3506 3979 7408 107 1646 10563 446 180.1 2722 42 1.2 6.7 03 353 365.1
Santa mean 119 18 3678 3631 7399 118 1109 2672 421 52.8 266.4 28 0.6 7.1 02 326 244.7
Filomena max. 124 19 3690 3661 7411 123 1119 2692 43.1 53.3 269.6 28 0.6 75 02 339 248.0
Schoo min 115 17 3669 361.0 7382 113 1099 2655 415 52.3 262.3 28 0.6 6.8 02 303 240.6
Inglés mean 13.6 17 3675 3759 8828 127 1233 4020 425 77.5 356.5 122 20 148 02 899 253.5
Quintero ~ max. 146 1.8 3697 3788 8858 132 1269  403.0 445 78.8 359.9 128 22 153 02 907 257.1
QUINTERO School min 122 17 3634 3719 8789 124 1202 4005 41.0 76.6 353.9 117 18 144 02 890 248.9
Politécnico mean 101 1.8 3263 4869  819.1 151 1558  262.3 315 61.9 235.5 15 0.4 6.4 02 249 210.4
Quintero ~ max. 107 19 3285 4906 8207 158 1582 2638 322 63.5 236.4 1.6 0.5 6.5 02 257 213.6
School min 97 1.8 3247 4823 8175 147 1520  259.8 31.1 60.2 234.6 14 0.4 6.3 02 240 205.3
The F mean 107 19 3937 4212 9693 159 1166 2422 35.5 43.6 256.0 15 0.3 5.9 02 235 313.2
Seh arlo max. 114 19 3972 4222 9763 162 1179 2440 36.7 445 258.9 1.6 0.3 6.0 02 249 318.4
choo min 101 1.8 3911 4199 9635 155 1145 2412 34.6 92 250.1 14 0.3 5.8 02 217 310.4
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3.2. Source Identification Using PMF

Using PMF, we evaluated the profiles of chemical species and analyzed the contribu-
tion of each factor to the total mass per sample (mg/kg). In the context of dust collected
within the school environment, we identified two prevalent factors. Figure 1 displays the
chemical profiles derived from this analysis. The key characteristics of the identified factors
are detailed as follows.
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Figure 1. Source profiles for dust from indoor school environments. The red points correspond to the
percentages of the species distributed in each factor.

Factor 1: The first component, “industrial”, explained 64% of the total variance and
was mainly associated with the contents of Cu, Mo, Cd, Sb, Pb, As, Zn, and Se (Figure 1).
The chemical profile of this factor suggests contamination from the copper smelter, located
less than 6 km from the schools where the dust samples were collected (Table S1). The
greatest contributions to this factor were found in the Greda (Alerces) and Greda schools.

Factor 2: The second component, “traffic + crustal”, represented 36% of the total
variance. The chemical profile of this factor was characterized by Li, Be V, Cr, Mn, Co, Nij,
Zn, As, Se, St, and T1. The greatest contributions to this factor were found in the Faro, Santa
Filomena, Inglés, Politécnico, Chocota, and Horcon schools (Figure 2).
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Figure 2. Concentration of indoor dust species as a percentage in the sampled schools.
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PMF was applied to determine the chemical species profiles and contribution of each
factor in the samples of outdoor dust collected from the schools and, similarly, two factors
were identified (Figure 3).
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Figure 3. Source profiles for dust in the outdoor school environments. The red points correspond to
the percentages of the species distributed in each factor.

Factor 1: The first component, “industrial”, explained 28% of the total variance and
was associated with the contents of Cu, Sb, Cd, Zn, As, Se, Mo, and Pb (contamination by
copper smelting).

Factor 2: The second component explained the greatest part of the variance (72%) and
was characterized by the presence of Li, Be, V, Cr, Mn, Co, Ni, Zn, As, Se, St, and Tl in the
samples collected from outside the schools.

3.3. Health Risk Assessment for Schoolchildren

The exposure of children to trace elements in dust through ingestion, inhalation, and
dermal contact was determined using Equations (1)-(9).

The HQ and HI were calculated for the trace metals that children were exposed to
from school dust collected inside and outside the selected schools in the cities of Quintero
and Puchuncavi (Tables 5 and 6). Nine toxic metals (V, Cr, Ni, Zn, As, Sr, Cd, Pb, and Cu)
were evaluated in the non-carcinogenic health risk assessment, while five toxic metals (As,
Cd, Cr, Ni, and Pb) were considered in the carcinogenic health risk assessment [48,49].
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Table 5. Hazard quotient (HQ) and hazard index (HI) for non-carcinogenic risk to schoolchildren in the cities of Puchuncavi and Quintero (indoor dust). Reference

dose values (relative toxicity values (RfD)) for the different exposure routes were derived from the US EPA [7,38,50].

City Schools HQ \% Cr Ni Zn As Sr Cd Pb Cu HI X HI
HQ ing 2.06 x 107° 6.05 x 107° 234 x 1076 234 x 1076 3.98 x 1074 1.60 x 107 5.42 x 1077 3.60 x 107° 481 x 10°* 1.00 x 1073
Greda HQ inh 453 x 1073 1.62 x 1076 1.67 x 1076 2.83 x 1074 3.87 x 10°° 256 x 107° 3.44 x 10°* 519 x 1073 265
Alerces HQ der 1.48 x 107! 259 x 107! 6.21 x 1074 8.35 x 1074 2.0 5.73 x 107° 1.55 x 102 1.72 x 1072 1.15 x 107! 2.64 ’
HI = ZHQ 1.48 x 107! 2.64 x 107! 6.25 x 1074 8.39 x 1074 2.0 5.75 x 107° 1.55 x 102 1.72 x 1072 1.16 x 107! 2.65
HQ ing 2.03 x 107° 483 x 107° 212 x 107¢ 1.29 x 1076 2.16 x 107* 1.69 x 1077 2.75 x 1077 211 x 107° 1.81 x 1074 490 x 107*
Gred HQ inh 3.61 x 1073 1.47 x 1076 9.23 x 1077 1.54 x 1074 1.97 x 1076 1.50 x 1075 1.29 x 1074 3.92 x 1073 155
reqa HQ der 1.45 x 107! 2.07 x 107! 5.62 x 1074 462 x 1074 1.1 6.04 x 107° 7.88 x 1073 1.01 x 1072 431 x 1072 1.54 :
PUCHUNCAVI HI 1.45 x 107! 211 x 107! 5.65 x 1074 465 x 1074 1.1 6.06 x 10~° 7.88 x 1073 1.01 x 102 434 x 1072 1.55
HQing 213 x 107° 6.17 x 1072 3.06 x 10~° 7.49 x 1077 6.47 x 10~° 1.94 x 1077 5.19 x 10~8 5.89 x 10~° 3.45 x 1076 1.61 x 1074
Basica HQ inh 1.22 x 102 5.59 x 1076 141 x 1076 121 x 1074 _ 9.75 x 1077 1.10 x 1075 6.48 x 107° 1.23 x 1072 775 % 10-1
Chocota HQ der 1.52 x 101 2.65 x 107! 812 x 1074 2.68 x 1074 3.39 x 10! 6.92 x 107° 149 x 1073 2.81 x 1073 823 x 1074 7.62 x 107! :
HI 1.52 x 107! 2.77 x 107! 242 x 1073 8.46 x 1074 9.95 x 10! 6.94 x 107° 1.49 x 1073 2.83 x 1073 833 x 1074 7.75 x 107!
HQ ing 2.02 x 107° 6.23 x 107° 2.96 x 1076 5.70 x 1077 6.90 x 107° 2.01 x 1077 3.19 x 1078 4.83 x 107° 3.44 x 1076 1.64 x 1074
Basica HQinh 467 x 1073 2.05 x 107¢ 4.07 x 1077 491 x 107° 228 x 1077 3.43 x 107° 246 x 1076 472 x 1073 783 x 10-1
Horcén HQ der 1.45 x 107! 267 x 1071 7.83 x 1074 2.04 x 1074 3.61 x 107! 7.20 x 1075 9.13 x 107* 230 x 1072 821 x 1074 7.78 x 1071 ’
HI 1.45 x 107! 272 x 107! 7.88 x 1074 2.05 x 1074 3.61 x 1071 7.22 x 1075 9.13 x 1074 231 x 1073 8.27 x 1074 7.83 x 107!
HQing 239 x 10°° 7.05 x 1073 219 x 10°° 8.66 x 1077 7.80 x 1075 1.66 x 1077 717 x 108 747 x 1076 127 x 1075 1.96 x 1074
Santa HQinh 5.28 x 1073 1.52 x 10~° 6.18 x 1077 5.55 x 107> 5.12 x 1077 5.30 x 107° 9.05 x 107 5.35 x 1073 8.97 x 10-1
Filomena HQ der 1.71 x 10! 3.03 x 107! 5.79 x 10~* 3.10 x 10~* 4,08 x 107! 5.95 x 107° 2.05 x 1072 356 x 1073 3.02 x 10723 891 x 107! )
HI 1.71 x 107! 3.08 x 107! 5.83 x 1074 3.11 x 1074 4.08 x 1071 5.97 x 10~° 2.05 x 1073 3.57 x 1073 3.04 x 1073 8.97 x 107!
HQ ing 2.16 x 107° 557 x 107° 2.84 x 1076 8.33 x 1077 5.92 x 107° 228 x 1077 3.76 x 1078 6.33 x 1076 434 x 107 1.51 x 1074
Inglés HQ inh 417 x 1073 1.97 x 1076 5.95 x 1077 422 x 107° 2.68 x 1077 450 x 107° 3.10 x 107 422 x 1073 714 % 101
Quintero HQ der 1.55 x 10! 239 x 107! 753 x 1074 298 x 1074 3.10 x 107! 8.15 x 107° 1.07 x 1073 3.02 x 1072 1.03 x 1073 7.10 x 107! :
QUINTERO HI 1.55 x 107! 243 x 107! 7.58 x 1074 299 x 1074 3.10 x 107! 8.18 x 107° 1.07 x 1073 3.03 x 1072 1.04 x 1073 7.14 x 107!
HQ ing 1.96 x 1075 4.86 x 107° 2.99 x 107° 8.02 x 1077 6.26 x 107° 1.74 x 1077 6.25 x 1078 7.20 x 1076 451 x 107 1.47 x 1074
Politécnico HQ inh 3.64 x 1073 2.07 x 107° 5.73 x 1077 446 x 1075 446 x 1077 5.11 x 107° 322 x 1076 3.70 x 1073 6.88 x 10-1
Quintero HQ der 1.40 x 1071 2.09 x 107! 7.93 x 1074 2.87 x 1074 3.28 x 107! 621 x 107° 1.79 x 1073 3.44 x 1073 1.07 x 1073 6.84 x 107! .
HI 1.40 x 107! 212 x 107! 7.98 x 1074 2.88 x 1074 3.28 x 107! 6.22 x 10~° 1.79 x 1073 3.45 x 1073 1.08 x 1073 6.88 x 107!
HQing 229 x 10°° 6.26 x 1073 3.19 x 10°° 3.52 x 1077 6.46 x 10°° 218 x 1077 2.86 x 108 1.90 x 1076 1.58 x 106 157 x 1074
Faro HQ inh _ 468 x 103 221 x 1076 251 x 1077 459 x 107° 2.04 x 1077 1.35 x 1076 1.13 x 1076 474 x 1073 778 % 10-1
HQ der 1.64 x 107! 2.69 x 1071 8.46 x 1074 1.26 x 107% 3.38 x 107! 7.81 x 107° 8.18 x 1074 9.08 x 107+ 3.77 x 107* 7.73 x 107! :
HI 1.64 x 107! 273 x 107! 851 x 1074 1.26 x 1074 338 x 107! 7.83 x 107° 8.18 x 107* 9.11 x 107* 3.79 x 10°* 7.78 x 107!
RfDpng 7.00 x 107! 3.00 x 1073 2.00 x 1072 3.00 x 1071 3.00 x 1074 6.00 x 107! 1.00 x 1072 3.50 x 1072 4.00 x 1072
Relat“,‘;futg:‘“ty RfDpn _ 2.86 x 105 2.06 x 102 3.00 x 1071 3.01 x 10~ _ 1.00 x 1073 352 x 1070 4.00 x 102
RfDper 7.00 x 1073 5.00 x 1073 540 x 1072 6.00 x 1072 1.23 x 1074 1.20 x 107! 2.50 x 10~° 5.25 x 107+ 1.20 x 102
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Table 6. Hazard quotient (HQ) and hazard index (HI) for non-carcinogenic risk to schoolchildren in the cities of Puchuncavi and Quintero (outdoor dust).
City Schools HQ v Cr Ni Zn As Sr Cd Pb Cu HI X HI
HQ ing 1.4 x 1075 40 x 1075 13 x 107° 8.0 x 1075 8.0 x 1075 1.1 x 1077 1.1 x 1077 8.5 x 107° 8.0 x 1075 3.0 x 1074
Greda HQ inh 3.0 x 1073 8.8 x 1077 44 x 1077 5.7 x 1075 7.9 x 1077 6.0 x 107° 57 x 1075 3.1 x 1073 414 % 101
Alerces HQ der 5.8 x 1072 9.8 x 1072 1.9 x 1074 13 x 1074 24 x 107 2.1 %1075 1.8 x 1073 23 %1073 1.1 x 1072 41 %107 :
HI 5.8 x 1072 1.0 x 107! 19 x 1074 21 x107% 24 x 107 22 %1075 1.8 x 1073 23 %1073 1.1 x 1072 41 %1071
HQ ing 13 x 1073 3.8 x 1073 15 x 1076 8.9 x 1073 8.9 x 1075 12 x 1077 9.4 x 1078 8.1 x 1076 12 x 1074 3.6 x 107
. HQ inh 28 x 1073 1.0 x 1076 6.1 x 1077 6.3 x 1075 6.7 x 1077 5.8 x 1076 8.8 x 1073 3.0 x 1073 44 % 101
reda HQ der 5.2 x 1072 9.3 x 102 2.25 x 1074 1.7 x 107 2.7 x 107! 25 x 1075 15 x 1073 22 %1073 1.7 x 1072 43 x 107! ’
PUCHUNCAVI HI 5.2 x 102 9.6 x 1072 23 %1074 26 x 1074 2.7 x 107! 25 x 1075 15 x 1073 22 %1073 1.7 x 1072 44 x 107!
HQing 1.4 x 107° 3.7 x 1075 1.8 x 107¢ 4.0 x 107° 40 x 107° 1.3 x 1077 2.1 x 1078 2.7 x 1076 1.6 x 107¢ 14 x 107*
Basica HQ inh 2.8 x 1073 13 x 107 19 x 1077 2.8 x 107° 1.5 x 1077 1.9 x 1076 1.1x107%6 2.8 x 1073 274 % 10-1
Chocota HQ der 5.9 x 1072 9.2 x 1072 28 x 1074 55 x 1075 12 x 107! 2.7 x 1075 34 x 1074 7.2 x 107 21 x 107 27 x 107! :
HI 5.9 x 1072 9.5 x 102 28 x 1074 95 x 1075 12 x 107! 2.7 x 1075 34 x 1074 73 x 1074 22 x 107 27 x 107!
HQ ing 1.4 x 1075 34 x 1075 1.6 x 1076 3.5 x 1075 35 x 1075 1.4 x 1077 22 %1078 73 x 107° 1.6 x 1076 13 x 1074
Bésica HQ inh 2.6 x 1073 1.1 x 1076 46 x 1077 25 x 1075 1.6 x 1077 5.2 x 1076 12 x 1076 2.6 x 1073 25 % 10-1
Horcén HQ der 55 x 1072 8.4 x 1072 25 x 107 13 x 107* 1.0 x 10! 2.9 x 1075 3.7 x107* 2.0 x 1073 22 %1074 25x 107! -
HI 55 x 102 8.7 x 102 25 %1074 1.7 x 107* 1.0 x 10! 29 x 1075 3.7 x107* 2.0 x 1073 23 x 107 25x 107!
HQing 15 x 107 41 %1075 13 x 107° 2.7 x 107 2.7 x 1075 8.9 x 1078 1.0 x 1078 19 x 1076 1.1 x 1076 1.1 x 107*
Santa HQinh 3.1 x 1073 8.8 x 1077 14 x 1077 1.9 x 107° 71 x 1078 13 x 1076 82 x 1077 3.1 x 1073 25 % 10-1
Filomena HQ der 6.0 x 1072 1.0 x 107! 1.93 x 1074 4. x 107° 8.1 x 1072 1.8 x 1075 1.6 x 107* 51 x 107 1.6 x 1074 24 x 107! i
HI 6.0 x 1072 1.0 x 107! 2.0 x 107* 6.7 x 107° 8.2 x 1072 1.8 x 105 1.6 x 104 51 x 107 1.6 x 1074 25 x 107!
HQ ing 1.4 x 1075 35 x 1075 1.6 x 107° 33 x 1075 33 x 1075 13 x 1077 3.6 x 1078 5.6 x 1076 1.6 x 1076 13 x 1074
Inglés HQ inh 2.7 x 1073 1.1 x 107¢ 25 x 1077 24 %1075 2.6 x 1077 40 x 1076 1.1 x 1076 27 x 1073 25 % 10-1
Quintero HQ der 5.7 x 1072 8.69 x 1072 25x107% 72 x 1073 1.0 x 107! 2.8 x 1075 59 x 1074 15 x 1073 21 x 107 25x 107! -
QUINTERO HI 5.7 x 1072 9.0 x 1072 25 x 107 1.1 x 1074 1.0 x 1071 2.8 x 1075 5.9 x 107* 15x 1073 21 %1074 25x 107!
HQing 13 x 107° 41 %1075 2.0 x 1076 3.0 x 1073 3.0 x 1075 1.1 x 1077 1.5 x 1087 3.5 x 1076 1.6 x 1076 12 x 1074
Politécnico HQ inh 3.1 x 1073 14 x107° 2.0 x 1077 2.1 x 1075 1.1 x 1077 25 x 1076 1.1 x 1076 3.1 x 1073 250 x 10-1
Quintero HQ der 5.5 x 1072 1.0 x 107! 3.0 x 107* 5.8 x 1075 9.0 x 1072 23 %1075 24 x107* 9.5 x107* 22 x 107 25x 107! .
HI 5.5 x 1072 1.0 x 107! 3.0 x 107* 8.8 x 107° 9.0 x 1072 2.3 x 107° 2.4 x 107 9.6 x 107* 22 x 1074 25 x 107!
HQing 1.4 x 107° 35 x 1075 14 x 107 3.0 x 107° 3.0 x 107° 1.0 x 1077 82 x 107~ 1.7 x 1076 1.4 x 107 1.1 x107*
Far HQ inh 26 x 1073 9.8 x 1077 15 x 1077 2.1 %1075 5.8 x 1078 12 x 1076 1.0 x 1076 26 x 1073 24 %101
° HQ der 5.5 x 1072 8.6 x 1072 21 x 107 43 x 1075 9.0 x 1072 2.1 %1075 13 x 1074 4.6 x 1074 20 x 107 23 x 107! g
HI 5.5 x 1072 8.8 x 102 22x 1074 73 x 1073 9.0 x 1072 2.1 %1075 13 x 1074 46 x 1074 20 x 1074 24 x 107!
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The HQ and XHI (Tables 5 and 6) values for all exposure routes in the Faro, Santa
Filomena, Ingles Quintero, Politécnico, Basica Chocota, and Basica Horcon schools were
below 1. In contrast, for the Greda (Alerces) and Greda schools, the ZHI value exceeded
1. Of the three exposure pathways, the highest hazard quotient (HQ) for arsenic via the
dermal route was found in indoor dust samples collected from Greda Alerces (2.09) and
Greda (1.13) schools.

Among the dust samples collected indoors at other schools, V, Cr, Cu, Pb, and As
presented the greatest non-carcinogenic risk among the nine heavy metals studied, whereas
Zn showed the lowest non-carcinogenic risks both indoors and outdoors. Dermal contact
was identified as the primary route of toxic metal exposure to children in the selected
schools, followed by inhalation and ingestion.

Subsequently, we computed integrated hazard index (XHI) values to assess the cu-
mulative content of all heavy metals in dust. This approach reflects real-life scenarios,
where children encounter a mixture of heavy metals rather than exposure to individual
metals [51].

Hence, upon evaluating the XHI values across all schools, children in Greda School
faced the greatest non-cancerous risk, thereby increasing their vulnerability to symptoms
such as nausea, loss of appetite, and headache.

Additionally, we performed an assessment of carcinogenic health risks among
schoolchildren, as depicted in Table 7. Given the absence of reference slope factors, the
evaluation of cancer risks (CR) was centered on As, Cd, Cr, Ni, and Pb, with a particular
focus on inhalation exposure.

All the values determined for the ILTCR inside and outside the schools were lower
than or very close to 1 x 107°, which is considered the safe limit by regulatory and
environmental agencies [40]. However, for carcinogenic health risks, only Cr and As
presented higher ILTCR values in all samples of dust collected inside and outside the
selected schools in Quintero and Puchuncavi (Table 7). Similarly, at the Santa Filomena and
Faro schools, the ILTCR values for Cr were 5.44 x 107 and 4.82 x 1077, respectively.
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Table 7. Incremental lifetime cancer risk (ILTCR) for indoor and outdoor dust inhalation exposure routes among the analyzed schools.

ILTCR Children (Indoor Dust) ILTCR Children (Outdoor Dust)
City Schools
Cr Ni As Sr cd Pb EILTCR Cr Ni As Sr cd Pb EILTCR
Greda Alerces 466 x 1077 241 x 1079 110 x 10~7 500 x 10~ 11 2.09 x 1079 324 x 10710 58x 1077 47 %1077 20x 1079 34 %1078 50 x 10711 65 x 1010 12 x 1010 51x1077
Greda 372 x 1077 218 x 1077 598 x 1078 202 x 10710 1.06 x 1079 1.90 x 10710 44 %1077 441077 23 %1077 37 %108 20 x 10710 55 x 10710 11 x 1010 48x1077
PUCHUNCAVI

Basica Chocota 476 x 1077 315 x 1079 179 x 1078 117 x 10-10 2.00 x 10710 530 x 10711 50 %1077 44 %1077 29 %1079 1.7 x 1078 64x 101 12 x 10710 36 x 10711 46x1077

Basica Horcon 480 x 107 3.04 x 1079 191 x 1078 8.89 x 10~ 11 1.23 x 10~10 434 x 10711 50x 1077 40x1077 26 x 1079 15x 108 15 x 1010 13 x 10710 1.0 x 1010 42 %1077

Santa Filomena 544 x 1077 225 x 1079 216 x 1078 1.35 x 10710 276 x 1010 672 x 10711 57 %1077 48x1077 20x 1077 11x 1078 46x 10711 58 x 10711 25 x 10711 49 %1077

Inglés Quintero 429 x 1077 292 x 1079 164 x 1078 1.30 x 10~ 10 145 x 10~10 570 x 10~ 11 45x 107 42x 1077 25x 1079 14x10°8 84 x 10~ 11 21 x 1010 77 x 10~ 11 43 %1077

QUINTERO Politécnico

Quintero 375 x 1077 3.08 x 1077 174 x 1078 1.25 x 10710 241 x 10710 648 x 10711 40x 1077 48x 1077 31x 1079 13 %1078 6.7 x 10711 87 x 10~ 11 48 x 10711 49x 1077

The Faro 482 x 1077 328 x 1079 179 x 1078 549 x 10~ 11 1.10 x 10~10 171 x 10~ 11 50x 1077 41x1077 22 %1079 13x 1078 50 x 10711 48x 10711 23 x 10~ 11 43 %1077

Slope factor values
used for calculation CSF 420 x 1071 8.40 x 1071 151 x 1071 850 x 1073 6.30 420 x 1072 CSF 42x 1071 840 x 1071 151 x 1071 850 x 1073 6.30 420 x 1072
of hazard indices.




Sustainability 2024, 16, 2518

19 of 31

3.4. Academic Performance

The six schools included in this research were all located in the previously described
geographical area. Their characteristics include the following: five out of the six are situated
in urban areas, and one is in a rural area; four are sub-schools, and two are subsidized, with
none being private. Regarding socioeconomic characteristics, four schools fall under the
middle socio-economic stratum, and two fall under the lower-middle stratum. Therefore,
the general characteristics of the schools analyzed regarding administrative dependency,
socioeconomic level, and location were similar and did not represent confounding variables
(see Table 2).

Regarding the indoor model’s performance, 92% of the variance in the endogenous
variable was accounted for by the variability of the exogenous variable (refer to Table 8).
The significance level of both comprehensive and individual model explanations exceeded
95%, often surpassing 99%.

Table 8. Result of econometric model for the indoor case.

. . . Standardized
Indoor Model Unstandardized Coefficients Coefficients . Sig.
Simce_Performance
B Std. Error Beta

(Constant) 415.622 4.285 97.003 0.007

Mn -0.217 0.004 —1.247 —49.282 0.013

Co 10.511 0.181 4.145 58.053 0.011

As —0.732 0.009 —-1.762 —83.064 0.008

Sr —0.348 0.009 —1.258 —40.117 0.016

Cd —14.571 0.664 —1.879 —21.954 0.029

R? = 92%,; Fstatistic: 7489.88: p_valor: 0.009.

An analysis of Table 8 reveals that variations in the quantities of manganese (Mn),
cobalt (Co), arsenic (As), strontium (Sr), and cadmium (Cd) significantly impacted indoor
sample performance by 5%.

In contrast, concerning the outdoor model’s performance, 96% of the variance in the
endogenous variable was accounted for through the variability of the exogenous variable
(refer to Table 9). The significance level of both the comprehensive and individual model
explanations exceeded 95%, often surpassing 99%.

Table 9. Result of econometric model for the outdoor case.

. . . Standardized
Outdoor Model Unstandardized Coefficients Coefficients . Sig.
Simce_Performance
B Std. Error Beta
(Constant) 412.901 30.976 13.330 0.006
Mn —0.119 0.012 —0.973 —9.941 0.010
Cd 11.647 0.686 1.400 16.968 0.003
Sb —1.936 0.143 —1.075 —13.562 0.005
\Y —0.165 0.056 —0.297 —2.952 0.098

R? = 96%; Fstatistic: 138.706: p_valor: 0.007.

Analysis of Table 9 reveals that variations in the quantities of manganese (Mn), cad-
mium (Cd), antimony (Sb), and vanadium (V) in the sample significantly impacted outdoor
sample performance by 5%.

4. Discussion

The main objective of this research was to determine the distribution of trace metals
from various sources present in the dust collected inside and outside the schools in the
Quintero and Puchuncavi area, which is located in a highly polluted coastal region of the
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fifth largest region of Chile. Our results indicated that the concentrations of heavy metals
are related to the distance of the schools from the source of pollution; they also identified
differences between samples obtained from indoor and outdoor areas of the analyzed
educational centers. Additionally, in the most-contaminated school in the area, elevated
concentrations of metals such as Co, Zn, Cu, As, Se, Pb, Mo, Cd, and Sb were detected.

The first of the secondary objectives of this study was to identify potential carcinogenic
and non-carcinogenic risks posed by the analyzed metals to the health of children. In this
regard, we did not find evidence of a carcinogenic risk for the health of the exposed
students; however, some schools were near the limit values, potentially posing a risk
to the children there. Finally, we determined whether the concentration of these heavy
metals could affect the academic performance of the exposed children, assessed through
the eighth-grade SIMCE test. Our results indicated that, in samples obtained from inside
the analyzed schools, the concentrations of manganese, cobalt, arsenic, strontium, and
cadmium influenced the academic performance of exposed students. Regarding samples
obtained from outside of the analyzed schools, the concentrations of manganese, cobalt,
antimony, and vanadium influenced the academic performance of exposed students.

Considering the distribution of trace metals from various sources present in the dust
collected inside and outside the schools, the concentrations of trace elements reported
in this study are higher than those in dust samples from general school environments
worldwide. For example, the mean concentrations of As, Cu, and Mo in dust collected
inside the Greda School were higher by factors of 20, 1500, and 50, respectively, when
compared to those reported by De Miguel et al., 2007 (Spain) [52] and Abdul et al., 2020
(Pakistan) [7]. Similarly, the concentrations of Zn, Pb, V, Cr, and Ni in the studies of
Olujimi et al., 2019 in Nigeria [53] and Chen et al., 2014 in China [34], were up to 10 times
lower than those reported in this study. In addition, V and Cr were higher in the Faro and
Santa Filomena schools and Ni and Sr were higher in the Faro School than in the other
schools sampled. Faro and Santa Filomena are located six kilometers from the industrial
complex in the area (see Table S1) and are also close (less than 700 m) to a bus terminal
and a company dedicated to boarding and disembarking ships, which could be sources
of vanadium in the schools as this element is enriched in emissions from crude or heavy
oil used in large ships and automobiles [54]. The average Co, Zn, Cu, As, Se, Pb, Mo,
Cd, and Sb concentrations were higher in the Greda (Alerces) and Greda schools (located
less than 3.3 km from the industrial complex) than in the other schools sampled. The
high levels of these trace metals inside the schools likely derive from external sources
(e.g., industrial activities and vehicular emissions) and may be transported into the schools
on the schoolchildren.

Regarding the concentrations of trace elements in the outdoor dust, our results indi-
cated higher mean concentrations of V (427 mg/kg) and Cr (591 mg/kg) in the summer at
the Santa Filomena School than at the other schools. Moreover, the mean concentrations of
Ni, Zn, Se, and Sr in dust around the schools were higher at the Horcon School than at the
other schools, possibly because Horcon is a popular tourist location, suggesting a greater
influence of anthropogenic sources such as motor vehicles. At the Greda (Alerces) and
Greda schools, the average concentrations of Cu, As, and Mo in the dust samples collected
outdoors were 60, 3, and 10 times higher, respectively, than those at the other schools
sampled, and the concentrations of Cu, Co, Zn, As, Se, Sb, Mo, Cd, and Pb in both indoor
and outdoor dust were highest among the sampled schools, suggesting the influence of
anthropogenic sources.

Next, we determined the chemical species profiles and the contribution of each factor to
the total mass per sample (mg/kg) through PMF and found that the first component—labeled
“industrial”—explained 64% of the total variance and was primarily associated with the
contents of Cu, Mo, Cd, Sb, Pb, As, Zn, and Se. The chemical profile of this factor suggests
contamination from the nearby copper smelter near the schools, with the most-affected
schools being the Greda (Alerces) and Greda schools, likely due to their proximity to
industrial complexes in the area and the trajectory of the prevailing winds (northeasterly).
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These results are similar to those reported in other studies, such as [55], in which the
sources of heavy metal contamination in urban dust in a continental city in eastern China
were determined, where Cu and Zn originated from emissions from the local smelting
industry. Similarly, other studies have found metal smelting to be one of the most important
anthropogenic sources of heavy metal emissions [56]. During the smelting process, the
heavy metals in minerals are evaporated from the matrix and eventually transported to
the atmosphere if pollution control technology is not applied [57]. In addition, it has
been reported that Cu is released during industrial activities such as metal processing and
smelting [58,59].

Regarding the second component, our results showed that 36% of the total variance
was explained by the “traffic + crustal” component. The chemical profile of this factor was
characterized by Li, Be V, Cr, Mn, Co, Ni, Zn, As, Se, Sr, and T1. The greatest contributions
to this factor were found in the Faro, Santa Filomena, Inglés, Politécnico, Chocota, and
Horcon schools. The presence of Mn, Ni, and Zn could be associated with vehicular sources
(related to brake and engine wear), which has also been reported in other studies [60,61].
The trace elements Zn, As, and Se have two possible sources: industrial (copper smelter)
and vehicular [26].

The trace elements Zn, Cr, Ni, Sr, and Co are related to traffic, as they are present in
vehicle exhaust [62-65]. These results are comparable with those of a similar study [66]
investigating the composition of dust in indoor and outdoor school classrooms in Kuala
Lumpur, in which it was found that the highest contribution was exhaust emissions con-
taining Cr and Ni. Similarly, Cr, Ni, V, and Co have been reported as markers of either
exhaust emissions or brake and clutch wear in other studies, such as [54,67].

On the other hand, due to the relationship between nickel and vanadium, the source
of these trace elements could be vehicular fuel combustion, which has been reported in
other studies [68,69]. Likewise, the elements Li, Be, and TI could be attributed to lithogenic
sources [46,70,71].

In the dust samples collected outdoors from the analyzed schools, PMF was applied to
determine the chemical species profiles and the contribution of each factor. In this regard,
two factors were identified: the first component—named “industrial”—explained 28%
of the total variance and was associated with the contents of Cu, Sb, Cd, Zn, As, Se, Mo,
and Pb, which are attributed to copper smelting contamination. The second component
explained 72% of the variance and was characterized by the presence of Li, Be, V, Cr, Mn,
Co, Ni, Zn, As, Se, Sr, and TI in the samples collected outside the schools. This high
percentage is logical as these outdoor samples were collected in front of the schools, where
there were high contributions from vehicular and lithogenic sources.

According to the above results, the sampled dust particles contained pollutants with
an anthropogenic origin, including an industrial source and traffic sources (e.g., related to
brake and wear).

Therefore, the sources of contamination inside these schools could be external; that is,
external atmospheric particles were carried in by the wind or on the children themselves,
originating from the copper smelter and vehicular sources.

Subsequently, we determined the children’s exposure to trace metals in the school
dust collected inside and outside selected schools in the cities of Quintero and Puchuncavi,
either through ingestion, inhalation, or dermal contact, using Equations (1)—(9).

The hazard quotient (HQ) and hazard index (HI) were computed for nine hazardous
metals (V, Cr, Ni, Zn, As, Sr, Cd, Pb, and Cu) for a non-carcinogenic health risk assessment.
Simultaneously, a carcinogenic health risk assessment focused on five toxic metals (As, Cd,
Cr, Ni, and Pb) was also conducted, assessing their potential health impacts [48,49].

The HQ and ZHI for all exposure routes in the Faro, Santa Filomena, Ingles Quintero,
Politécnico, Basica Chocota, and Basica Horcon schools were below 1, indicating that there
were no significant non-carcinogenic health risks posed by the trace metals in all samples
collected (indoor or outdoor dust). In the Greda (Alerces) and Greda schools, the HI value
exceeded 1, indicating a potential risk for non-cancerous effects. Among the three routes of
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exposure, the HQ for the dermic pathway was the highest for As in indoor dust collected
in the Greda Alerces (2.09) and Greda (1.13) schools. Because these HQ values exceed 1, the
children currently studying at Greda School are at potential risk of non-cancerous effects
from As.

Among the dust samples collected from other schools, V, Cr, Cu, Pb, and As presented
the highest non-carcinogenic risk of the nine heavy metals, while Zn showed the lowest
non-carcinogenic risks both indoors and outdoors. Dermal contact was identified as the
primary route of toxic metal exposure for children in the selected schools, followed by
inhalation and ingestion.

The assessment of heavy metal concentrations in dust was conducted through the
utilization of integrated hazard index (ZHI) values, reflecting real-life scenarios of children’s
exposure to a mixture of heavy metals, rather than individual metal exposure [51].

Considering the ~HI values for all of the schools, the children encountered the highest
non-cancerous risk inside Greda School, being at risk of experiencing non-cancerous effects
such as nausea, loss of appetite, and headache.

According to the obtained values for the different exposure pathways, even though
the HI values for the six schools fell within the safe range, the high concentrations of some
elements that could be emitted from anthropogenic sources pose a risk to the health of
children, especially considering the greater susceptibility of children due to their body
weight [72,73].

Likewise, we evaluated the carcinogenic health risks among the schoolchildren. Due
to the unavailability of reference slope factors, we assessed the cancer risks (CR) associated
with As, Cd, Cr, Ni, and Pb specifically for inhalation exposure.

All of the values determined for the ILTCR inside and outside the schools were lower
than or very close to 1 x 107° and were therefore within the safe limit established by regu-
latory and environmental agencies [40]. These results were similar to those of other studies,
where the values for carcinogenic risk were found to be lower than 1 x 1070 [50,66,74].
However, for carcinogenic health risks, only Cr and As presented higher ILTCR values in
all dust samples collected inside and outside the selected schools in Quintero and Puchun-
cavi (Table 7). This suggests that local environmental authorities should pay attention
to a potential carcinogenic risk at Greda School, where the detected value for As was
5.98 x 1078, whereas it was lower (3.7 x 1078) in the outdoor dust samples collected at the
same location. Similarly, at the Santa Filomena and Faro schools, the ILTCR values for Cr
were 5.44 x 1077 and 4.82 x 10~7, respectively. This trend in the Cr-associated carcinogenic
risk assessment for children was similar to those reported in other studies on pollution and
health risk assessments of trace elements in indoor dust in classrooms [7,53].

Finally, through the use of an economic model, we determined whether the con-
centrations of heavy metals inside and outside the classrooms of eighth-grade students
at schools in Quintero and Puchuncavi could predict their academic performance. Our
results indicated that, in the dust collected from inside the classrooms, higher concentra-
tions of Mn, As, Sr, and Cd were associated with lower academic performance assessed
through the SIMCE test. Meanwhile, higher concentrations of Co predicted better academic
performance for eighth-grade students. In dust samples collected outside the children’s
classrooms, high concentrations of Mn, Sb, and V predicted lower academic performance,
while high concentrations of Cd could indicate higher academic performance.

In this regard, Mn is a crucial element for the proper development of mammals
throughout their lives, but elevated concentrations of this compound can lead to health
disturbances [75]. In children, it has been observed that exposure to manganese can
impact neurodevelopment, learning, and, consequently, academic performance. Our results
support this statement and align with the conclusions of other authors. Various authors
have assessed the relationship between exposure to high concentrations of Mn in children
aged 6 to 13 from different countries and alterations in IQ [76], scores in intelligence test
(Wechsler Intelligence Scale for Children, WISC-IV) [77], scores in cognitive functions
(Raven’s Progressive Color Matrices Scale, PCM) [78], mathematics test scores [79], and
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scores on memory and attention tests [80]. The results of these studies have consistently
shown that higher concentrations of Mn to which children are exposed are associated with
lower performance in learning assessments and academic achievement. Furthermore, our
results indicate that, both inside and outside the classroom, higher levels of Mn decreased
the academic performance of the analyzed eighth-grade students, leaving them exposed in
their entire school environment to the effects of this element.

Similar to Mn, various studies have observed that exposure to elevated levels of As
in children aged 6 to 13 is associated with lower IQ scores [81], diminished cognitive
abilities (Wechsler Intelligence Scale for Children, WISC-1V) [82], low scores in mathematics
tests [83], and decreased visuospatial skills [84], as well as a reduction in vocabulary and
the assembly of objects and images [85]. Our results align with those of the mentioned
authors, but only in our indoor model (specifically, within the classroom). Considering this
result, it appears that exposure to As (arsenic) during the school day inside the classroom
may negatively affect the learning ability of the assessed children. On the other hand,
most of the mentioned studies have assessed As levels in the urine or blood of children; in
contrast, our study demonstrated that an invasive procedure is not necessary to identify
the effect of As concentration on the academic performance of exposed students.

On the other hand, Sr (strontium) is a metal that can be found in the air, soil, and
water. Our results showed that elevated levels of Sr in the indoor model predicted lower
academic performance in the evaluated students. In this regard, we conducted a search for
possible relationships or associations of Sr with cognitive function, neurodevelopment, IQ,
or academic performance in children, but no information on the subject was found. Some
studies have demonstrated possible relationships between Sr levels in water and certain
pathologies in the population. In this regard, it has been shown that Sr levels in drinking
water could prevent cavities in children when the concentration was 5-6 mg/L [86]. It
has also been observed that the levels of Sr are negatively correlated with the incidence
and mortality of cardiovascular diseases [87] and positively correlated with longevity [88].
Furthermore, Sr (strontium) levels are related with a hazard index (HI) above 1, indicating
evident non-cancerous risks [89]. Considering the above, it is possible that elevated Sr
levels could affect the cognitive function of children and, consequently, their academic
performance; however, further research is needed in this regard.

With respect to Cd, our results indicated that, in the indoor model, high levels of
Cd predicted lower academic performance in the evaluated students; meanwhile, in the
outdoor model, the results indicated the opposite. Cadmium is a rare element in nature;
however, the main sources of cadmium exposure in children are food, cigarette smoke, and
dust [90]. Furthermore, Cd is toxic to organs such as the lungs, kidneys, liver, digestive
system, and bone tissue, and can cause cancer and neurotoxicity [91]. Pre- and post-natal
exposure to this element has a detrimental effect on the child’s neurological development,
primarily due to increased oxidative stress that could induce neuronal apoptosis [92].
Regarding the effects on the neurodevelopment of children exposed to elevated Cd levels,
Tian et al. (2009) have assessed 4-year-old children, and their results indicated that IQ was
lower when children had higher levels of Cd in the blood [93]. Gustin et al. (2018) have
also identified an association between Cd exposure and a decrease in IQ [94]. Lui et al.,,
in 2022, assessed mothers and children during pre- and post-natal stages (2-3 years old),
examining the presence of 22 heavy metals in serum and urine and their relationship
with the neurocognitive development of the children using the Gesell Developmental
Diagnosis Scale (GDDS; Chinese version). Their findings indicated that higher pre-natal
exposure to Cd was associated with a lower Gesell Developmental Quotient (DQ) score,
indicating lower cognitive levels in the gross motor area; furthermore, in the post-natal
stage, increased Cd exposure was linked to a lower DQ score in language [95]. On the other
hand, some studies in children aged 2 to 14 years did not find relationships or associations
between Cd levels and neurodevelopmental assessments in children [91,96]. Considering
this information, more data are necessary to determine the effects of Cd on cognitive
functions, IQ, neurodevelopment, and academic performance in children.
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Regarding Co, in our indoor model, high concentrations of this metal predicted better
academic performance in the evaluated children. In this regard, no published information
was found on the effects of Co on learning, academic performance, cognitive function, or IQ
in children. However, there is information indicating that exposure to high concentrations
of Co in children aged 6-11 years was associated with a higher overall health score [97]. On
the other hand, Boraa et al., in 2019, demonstrated that Co concentrations >5 pug/L were
associated with low scores in memory tests in children under 18 years old [98]. Due to the
inconsistency in the published information and the limited amount of research available, it
is necessary to continue investigating the effects of Co on cognitive function, learning, and
neurodevelopment in exposed children.

Antimony is commonly found in the form of antimony trioxide, and is present in the
environment due to industrial activities or the weathering of rocks and soil runoff [99].
Our results showed that elevated levels of antimony outside classrooms of the analyzed
schools predicted lower academic performance. In this regard, no information was found
regarding the effect of antimony on cognitive function, learning, academic performance, or
neurodevelopment in exposed children. Some research, such as that of Cao et al. in 2016,
has associated its ingestion in children with non-carcinogenic and carcinogenic risks 100
times higher than the acceptable level in an integrated analysis of Pb, Cr, Cu, Zn, As, Se,
Cd, and Sb [100]. The study of Cheung et al. in 2008 demonstrated that, in secondary-level
students, the levels of antimony—along with other heavy metals ingested through the
diet—posed low health risks [99]; furthermore, the study of Jiang et al. in 2021 showed that
children are more susceptible to the non-cancerous effects of antimony [101]. These studies
indicate that high concentrations of Se may impact the overall health of children, but there is
a lack of information regarding its effects on cognitive function and learning. It is necessary
to continue investigating the potential effects of Se in children, particularly those exposed
to elevated levels of this metal due to living in highly contaminated industrial areas.

Finally, our results indicated that vanadium levels in dust samples collected outside
children’s classrooms predicted lower academic performance. Vanadium (V) is found in the
environment as a byproduct of the petrochemical industry, automobile manufacturing, fer-
tilizer production, and steel manufacturing [102]. The population is exposed to V primarily
through alcohol consumption, water, diet, and inhalation of contaminated air [103]. Some
studies have shown that exposure to V can cause adverse health effects, such as neurotoxic-
ity and cognitive deficit in rats [104], reproductive and developmental alterations [105], and
adverse birth outcomes [106], related to cognitive and neurodevelopmental alterations in
children. No studies were found that have assessed its effects on learning and academic per-
formance in children. Considering its effects on neurodevelopment and the described birth
outcomes, it is possible that its effects on variables associated with academic performance
could be similar; however, more information is needed in this regard.

Undoubtedly, the impact of pollution on children must be factored into the gov-
ernmental policies of the region and the country. Chile has made strides in managing
environmental pollutants in the Quintero and Puchuncavi area following numerous in-
stances of environmental alerts and the poisoning of residents, particularly children. These
incidents, largely stemming from emissions from local industries, prompted action from the
Chilean Ministry of the Environment. Their Atmospheric Prevention and Decontamination
Plan for the municipalities of Concén, Quintero, and Puchuncavi (D.S. N°105/2018) has
led to a reduction in pollution levels. However, this plan primarily addresses air pollutants,
overlooking soil and water contaminants, which pose challenges due to their prolonged
presence. Despite a decrease in critical events, these pollutants persist, indicating that cur-
rent measures—though significant—remain insufficient. We advocate for the incorporation
of our findings into public health policies and strategies at regional and national levels.
This should involve comprehensive control of pollution, encompassing not just air quality
but also soil and water management in affected areas. Given the elevated risks posed to
children’s health and education by soil contamination, interventions within and around
schools are particularly crucial. We urge relevant Chilean ministries to consider these
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recommendations for effective risk reduction, especially for vulnerable populations such
as children. In particular, considering that dust is a major reservoir of pollutants that can
enter children through various pathways, it is necessary to continue conducting thorough
research on the risks associated with carcinogenic contaminants present in schools and their
potential hazards. Therefore, it is imperative to seek support from governmental entities to
implement development and pollution mitigation plans targeted at anthropogenic activi-
ties, such as installing and maintaining adequate ventilation systems inside classrooms,
as well as promoting green environments (including gardens and recreational areas) in
schoolyards and nearby locations.

Limitations

One limitation of this research was its sole focus on the Quintero and Puchuncavi
zones, which constitute only one of the five sacrifice zones in Chile. We chose to concen-
trate on Quintero and Puchuncavi due to the significant population affected by severe
environmental pollution, resulting in numerous critical health incidents such as vomiting,
fainting, headaches, and respiratory crises, affecting both children and adults, including
vulnerable groups such as the elderly and pregnant women. This level of impact is more
intense and frequent in Quintero and Puchuncavi compared to other sacrifice zones in
Chile, leading to various social movements advocating for the regulation of industrial
pollution levels. Consequently, Quintero and Puchuncavi are emblematic sacrifice zones in
the country with the most significant environmental and social repercussions. The Ventanas
Industrial Complex is a major pollution source in the area, playing a vital role in regional
and national contexts as it hosts significant port activities, copper and heavy metal smelting,
energy generation, gas reception and distribution, and other operations. It contributes
substantially to the energy supply of Chile’s central area, making it a key strategic location
for the country geopolitically.

This sacrifice zone likely mirrors others in Chile and worldwide, characterized by
exposure to high levels of contaminants from industries that make essential economic
contributions but come with significant environmental costs.

As for limitations related to academic performance, we first identify the number of
schools analyzed. We analyzed approximately 50% of the schools in the area, but it would
be interesting to consider all of the schools located in this sacrifice zone in future research,
providing a comprehensive overview of public, subsidized, and private schools. On this
occasion, our analysis was conducted only in public and subsidized schools. Another
potential limitation is that some schools only offer basic education, while others only offer
secondary education. Therefore, it was not possible to compare the results of heavy metal
measurements with the same academic performance test for all students. Consequently,
in the analysis of academic results, we did not include all the schools from which dust
samples were taken, but only those teaching the eighth grade. In future research, it would
be beneficial to analyze or contrast the results of standardized academic performance
tests conducted at different educational levels or to consider other indicators of academic
performance and learning. In such cases, it would be valuable to differentiate the analyses
based on the sociodemographic characteristics of the children and their families, such as
parents’ educational level, family socioeconomic status, gender, etc.

5. Conclusions

The trace metal concentrations in dust collected from inside and around eight schools
located in two cities highly contaminated by emissions from a copper smelter and nearby
traffic were investigated.

The chemical composition of the collected dust samples was analyzed using the
receptor model PMF, allowing for the determination of two interpretable factors related to
two contamination sources (i.e., Traffic + Crustal and Industrial).

The trace element pollutant levels in these two cities were highest at the Faro, Santa
Filomena, Greda Alerces, and Greda schools. Furthermore, the highest concentrations of



Sustainability 2024, 16, 2518

26 of 31

Cu, Co, Zn, As, Se, Pb, Mo, Cd, and Sb were observed at the Greda School. According
to the results obtained, the three potential routes of exposure to dust are dermal contact,
inhalation, and ingestion.

Following the evaluation of non-carcinogenic health risks, children at Greda School
were found to face an elevated likelihood of experiencing non-carcinogenic health effects.
Conversely, in the assessment of carcinogenic health risks, all Incremental Lifetime Cancer
Risk (ILTCR) values were within the permissible limit set by the USEPA. Consequently,
the probability of developing cancer due to exposure to trace elements present in the dust
within and around these schools was deemed to be low.

Finally, in the indoor model, the variation in the levels of manganese, cobalt, arsenic,
strontium, and cadmium in the sample was found to influence the academic performance
of eighth-grade children, as evaluated through the SIMCE test. Meanwhile, in the outdoor
sample, the variation in the levels of manganese, cobalt, antimony, and vanadium in the
sample influenced the academic performance of the exposed students.

Consequently, strategies should be adopted by local environmental agencies to im-
prove the environmental quality in these schools, especially inside Greda School, where
students are currently exposed to industrial emissions enriched with potentially toxic
elements that may put their health, safety, and learning ability at risk.

These findings affirm the adverse effects resulting from exposure to elevated levels
of environmental pollutants among children. While this study focused on samples from
the Quintero and Puchuncavi area, recognized as an area representative of sustainability
challenges in Chile, the implications may be cautiously extrapolated to other regions in the
world that face similar geographic, economic, social, and pollution issues. Consequently,
prioritizing children’s health and development in any sacrifice zone is imperative. As a
burgeoning demographic, children are particularly vulnerable to the detrimental effects of
heightened pollution levels, which can significantly impact their quality of life, exacerbate
existing health conditions, and hinder cognitive development. Therefore, implementing
consistent monitoring of pollutants, regulations on industrial and vehicular emissions, and
potential mitigation strategies, alongside public education initiatives regarding health risks
and early warning signs, are crucial steps toward restoring sustainability in affected areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/sul6062518 /s1, Figure S1. Locations of the schools in the cities of
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located in the study area (the cities of Puchuncavi and Quintero).
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