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Abstract: Samples of airborne particles with aerodynamic diameters smaller than 10 µm (PM10) were
collected in 2021 at two households in the Metropolitan Area of Mexico City. Both sites are in areas
with different characteristics (residential or industrial zones). Simultaneous sampling indoors and
outdoors was carried out at the two locations, using low-volume samplers. The study aimed to
determine the indoor and outdoor gravimetric mass and elemental concentrations, identify emitting
sources and possible penetration towards the households enhanced by natural ventilation, and
assess risks to human health due to inhalation, ingestion, and dermal absorption, through hazard
quotients. Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Se, and Pb concentrations were
measured with X-ray fluorescence. Mass concentrations were higher indoors than outdoors, and most
elemental concentrations had similar values in both environments. Cluster analysis was applied to
identify possible emitting sources. The results showed a strong penetration of geogenic and industrial
emissions at the Iztapalapa site, while only particles of industrial origin entered the interior of the
Tlalnepantla dwelling, in both cases caused by the natural ventilation of the households. Health risks
due to exposure to particles containing Fe, Ni, Cu, Zn, and Mn are not significant, and Pb and Cr only
pose a risk via ingestion for men and women, although for children, there is a risk due to ingestion of
all these elements.

Keywords: PM10; Mexico City; indoor pollution; health risk; XRF

1. Introduction

In the last decades, people have spent more time in closed environments than outdoors,
up to 90% [1]. This situation has intensified since 2020 because of the COVID-19 pandemic,
becoming up to 100% in several places, and altered behavioral, learning, and eating habits,
among other effects [2]. However, the air quality in homes worldwide attracted interest
much earlier [3–8]. Among other pollutants, particulate matter (PM) is very important,
especially respirable particles, such as those with an aerodynamic diameter smaller than
10 µm (PM10) and 2.5 µm (PM2.5), as they can reach the upper respiratory tract and the
lungs, respectively [9]. A review of the origin, composition, and health effects of PM in
households was recently published by Zhang et al. [10]. Langer et al. [11] analyzed the
relationship between indoor air quality and building design. McCormack et al. [12] studied
the effect of daily activities on indoor particulate matter concentrations. Kwan et al. [13]
observed the presence of fungi and bacteria in North American houses. The seasonal
variations in indoor and outdoor aerosol concentrations were studied by Massey et al. [14].
All these works emphasize the necessity of carrying out studies to determine the mass
concentration and composition and assess the risk due to exposure to PM10 and PM2.5 in
indoor environments.

An important factor influencing the concentration of indoor pollutants in households
is ventilation, which can occur as mechanical ventilation, natural ventilation, and infiltra-
tion [15,16]. While mechanical ventilation can be carried out with air conditioning systems
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or fans, natural ventilation occurs through windows and doors. Infiltration means an
uncontrolled flow of air through leaks in the household walls or roofs [16]. All of them
allow an exchange of indoor/outdoor air, including chemical species produced either
inside the households or by external sources [10]. Thus, meteorological variables, such as
weather, wind velocity, temperature, humidity, and solar radiation, may influence indoor
PM10 concentrations, composition, and secondary aerosol formation [17,18]. In particular,
several authors have demonstrated that natural ventilation may reduce the risk of health
effects, such as asthma in children [19] and chronic obstructive pulmonary disease [20].

It has been found that certain elements present in PM10 may have effects on human
health. For example, Rosas-Pérez et al. [21] demonstrated (through in vitro experiments)
that the cytotoxicity of airborne particles is linked to the combination of the elements S, K,
Ca, Ti, Fe, Mn, Zn, and Pb, while the protein p53 expression, related to the development
of cancer, is affected by high concentrations of industrial emissions containing Cl, Cr, Ni,
and Cu. Moreover, exposure to Mn may induce motor alterations [22]. The oxidative
potential of the particles was found to correlate with the Cu/Zn content [23]. In contrast,
the presence of geogenic elements, such as Al and Si, has not been correlated with any
health risks. Therefore, determining the elemental concentrations in airborne particles is
necessary to assess possible health risks.

In Mexico, very little investigation has been performed about indoor air quality. Báez
and coworkers measured concentrations of carbonyl in several closed environments, such
as homes and office buildings [24,25]; Tovalín-Ahumada et al. [26] determined the exposure
of workers both in outdoor and indoor environments; Zuk et al. [27] and Carabalí et al. [28]
carried out extensive studies related to the emissions of wood stoves in rural houses;
Reynoso-Cruces et al. [29] published a paper about the elemental composition of PM10 and
PM2.5 in an electrostatic particle laboratory, including a risk assessment.

With this in mind, the present work aimed to measure mass and elemental concen-
trations of PM10 at two households in the Metropolitan Area of Mexico City (MAMC),
comparing outdoor and indoor values from samples collected simultaneously. X-ray flu-
orescence (XRF) was used for the elemental analyses. Using these results, it should be
possible to find out if the airborne particles were produced inside the houses or were
transported from the outer environment. Moreover, a risk assessment is presented for
the inhalation, ingestion, and dermal absorption of several elements. It is necessary to
emphasize that the analysis of PM10 is more convenient in the present kind of studies
than only PM2.5 because ingestion and dermal absorption are also considered, not only
inhalation.

2. Materials and Methods
2.1. Sampling and Analysis

Samples of PM10 were collected using portable MiniVol TAS 5.0 air samplers (Air-
metrics, USA), which operate at an air flux of 5 L min−1, on 47 mm polycarbonate filters
with 0.4 µm pore size (Whatman, Florham Park, NJ, USA). The filters were pre- and post-
weighed with a GA200D Ohaus electrobalance (resolution: 10 µg).

The sample sites were located at two households in different regions of the MAMC:
Iztapalapa, in the eastern part, and Tlalnepantla, in the northwestern area. Figure 1 presents
further details of the locations, while Table 1 describes characteristics of the residences,
habits of the inhabitants, traffic in nearby avenues, and other possible contributing point
sources next to the sites. As seen in Figure 1, the Tlalnepantla site is located between a
residential and a heavily industrialized area, and the Iztapalapa site lies in the middle of a
residential area. Both dwellings have natural ventilation; windows and doors were built
in compliance with the Mexican official standard [30]. In addition, Figure 2 displays the
typical activity schedule in each household from Monday to Friday; during weekends, the
homeworking activities did not occur, being replaced by cleaning or leisure.
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Figure 1. Map showing the location of the sites (Iztapalapa and Tlalnepantla) where the present
study was conducted. The shaded region represents the urbanized surface in the Metropolitan Area
of Mexico City, and the stars show where the Red Automática de Monitoreo Atmosférico (RAMA) UAM
Iztapalapa and Tlalnepantla reference stations are located.

Table 1. Characteristics of the sampling sites.

Item Iztapalapa Tlalnepantla

Coordinates 19◦19′40.93′′ N, 99◦02′59.48′′ W 19◦31′59.50′′ N, 99◦12′51.08′′ W
Building materials Brick, gypsum covered, painted Brick, gypsum covered, painted
Number of levels 2 1

Floor covering Ceramics Ceramics
Constructed area 108 m2 132 m2

Area of the studied room 29 m2

Number of inhabitants 5 4
Cooking Gas Gas
Smoking No No

Ventilation Natural, windows and doors open
at least 12 h daily

Natural, windows and doors open
at least 12 h daily

Distance to major avenues 300 m 450 m
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Figure 2. Typical activities schedule of the occupants of both households.

The MiniVol samplers were placed inside the living room of each residence and on
the rooftop to carry out simultaneous indoor and outdoor sampling. The campaigns took
place from 31 May to 2 August 2021, with a pause from July 6 to 19 (Iztapalapa) and from
9 August to 29 September 2021 (Tlalnepantla), exposing the filters during 23 h 50 min, from
8:00 h of the starting day until 7:50 h of the next day. The campaigns occurred during the
rainy season of the MAMC [31].

In Iztapalapa, the sampler was placed in the middle of the house’s first floor, on a
concrete column, at 1.3 m from the nearest window and 1.6 m in height. Outside, the
sampler was placed 1.6 m above the roof of the house and approximately 9 m from street
level; the household is located 1 km away from tall buildings. In the Tlalnepantla household,
the sampler was in the middle of the living room, at 1.6 m in height. Regarding the outdoor
sampling, the device was placed 1.6 m above the roof and nearly 5 m above ground level.
The site is at least 350 m away from tall buildings and 450 m from heavy-traffic avenues.

Elemental analysis was performed with XRF, employing the spectrometer built at the
Instituto de Física, Universidad Nacional Autónoma de México, operated at the Laboratorio de
Aerosoles [32,33]. This analysis is based on an X-ray tube with Rh anode (Oxford Instruments,
Mountain View, CA, USA), operated at 50 keV and 750 µA, and an Amptek 123-FastSDD
spectrometer with a resolution of 120 eV at 5.9 keV. The filters were irradiated at a high
vacuum (10−4 Pa). The XRF spectra were collected for 900 s and then integrated with
the quantitative X-ray analysis system (QXAS) [34]. The experimental uncertainties were
evaluated as explained by Espinosa et al. [35].

The detection system efficiency was determined with thin film standards (MicroMatter
Co., Vancouver, BC, Canada), irradiating each one in triplicate for 300 s under the same
operating conditions as those used for the filters. Moreover, the accuracy verification
was achieved through the analysis of the NIST standard reference material 2783, Air
Particulate on Filter Media; the results can be found in the works by Mejía-Ponce et al. [36]
and Hernández-López et al. [37].

Also, meteorological data (wind speed and direction and relative humidity) and PM10
gravimetric mass concentrations were obtained from the “Red Automática de Monitoreo
Atmosférico” (RAMA, its acronym in Spanish) website [38]. The stations were chosen
according to the closeness to their sampling sites: for Iztapalapa, the UAM station (located
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at 4.4 km west of the site), while for the second site, data from Tlalnepantla (TLA) station
were used (1.5 km southeast of the sampling site), as displayed in Figure 1.

2.2. Statistical Analysis

The Shapiro–Wilk test for normality was applied to each measured variable (mass and
elemental concentrations) at a p = 0.05 significance level. In case the distributions were
not normal, the non-parametric Kolmogorov–Smirnov test was employed to determine
if the means or medians for each variable were significantly different, using the same
significance level. The Keiser–Meyer–Olkin (KMO) and Bartlett’s sphericity tests were
applied to the datasets to determine if they were suitable for principal component analysis
(PCA). Additionally, cluster analysis (CA), based on Ward’s method of amalgamation and
Pearson’s correlation coefficients, was employed to identify possible sources of the detected
elements. All the statistical tests were carried out with the Stata® 15 package (StataCorp.,
College Station, TX, USA).

2.3. Health Risk Assessment

As an indicator of the health risk caused by elements in PM10 that may be enriched
indoors, the hazard quotient (HQ) was evaluated for men, women, and children. A useful
guide to applying this quantity is the US EPA criteria [39], which state that if HQ < 1,
non-cancerous effects are not highly probable. In case HQ ≥ 1, adverse health effects might
occur. Similarly, if HQ > 10, there is a high chronic risk to human health. Furthermore, the
US EPA determines a tolerable risk limit between 1 × 10−4 and 1 × 10−6 [39].

According to Embiale et al. [40], HQ can be calculated using the following equations:

Dinh =
C× InhR× ED× EF

BW × AT
(1)

Ding =
C× IngR× ED× EF

BW × AT
× 106 (2)

Dder =
C× AF× SA× ABS× ED× EF

BW × AT
× 106 (3)

HQ =
D

R f D
(4)

Here, C is the elemental concentration (mg m−3); ED represents the exposure dura-
tion (years); Dinh gives daily doses, Ding and Dder, for inhalation, ingestion, and dermal
absorption (mg kg−1 d−1), respectively; InhR corresponds to the inhalation rate (m3 d−1);
EF denotes the exposure frequency (d year−1); BW is the body weight (kg); AT symbolizes
the averaging time (years); IngR is the ingestion rate(mg d−1); AF represents the skin ad-
herence factor (mg cm−2 d−1); ABS indicates the dermal absorption factor (dimensionless);
SA is the skin surface area of an average man or woman (cm2); RfD is the reference dose
corresponding to each intake path (mg kg−1 d−1), used to approximate the upper limit for
determining if the daily exposure has a low probability of presenting adverse health effects.

In the present study, InhR takes different values for children (7.6 m−3 d−1), women
(11.2 m−3 d−1), and men (15.3 m−3 d−1) [19,28]. The data were extrapolated from the
sampling periods, which lasted nearly two months to one year. During the lockdown due
to the COVID-19 pandemic, people spent virtually all their time indoors. Thus, EF = 1 d y−1

and ED = 1 y. Average body weight for children is taken as 15 kg, 60 kg for women, and
70 kg for men [39], AT = 365 d, for extrapolating to one year, while IngR = 100 mg d−1;
SA is equal to 2011 cm2 for men, 1694 cm2 for women, and 1078 cm2 for children [40], and
ABS = 0.01. Finally, RfD takes different values for each element.
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3. Results and Discussion
3.1. Gravimetric Mass

A total of 96 samples (48 indoors and 48 outdoors) were collected at the Iztapalapa
site, and 100 samples at the Tlalnepantla site (50 each, indoors and outdoors). As a first
result, the mass concentration measured at the sampling sites outdoors was compared
with the data from the RAMA stations, measured simultaneously. Pearson’s correlation
coefficient r for the first site was 0.730, and for the latter sampling site was 0.510; both are
highly significant, as the probability that the gravimetric mass concentrations were not
correlated was less than 1 [41].

In addition, the mean gravimetric mass concentrations measured at both sites (indoors
and outdoors) are presented in Table 2. The Shapiro–Wilk test showed that the distributions
were not normal, so the Kolmogorov–Smirnov test was employed to compare the mean
gravimetric mass for each case. Figure 3 presents the corresponding Tukey diagrams: the
means for the outdoor sampling and RAMA data in both sites are equal (that is, the null
hypothesis of equal means is not discarded); on the contrary, the means of the indoor
samplings are significantly higher. This result indicates that, even when considering the
possibility of penetration from the exterior towards the households by natural ventilation,
certain indoor activities contributed importantly, so the PM10 concentrations are higher.
The explanation of these differences was attained through elemental analyses. Additionally,
in Figure 3, the Mexican official standard for a PM10 24 h average (70 µg m−3) is included,
demonstrating that it was exceeded only on a few occasions during the entire study.

Table 2. Mean gravimetric mass and elemental concentrations (ng m−3) measured in the
sampling sites.

Element Iztapalapa Tlalnepantla

Indoors n Outdoors n Indoors n Outdoors n

Mass a 41.9 (6.9) b 48 26.9 (6.9) c 48 38.5 (7.1) 50 27.6 (7.1) 50

Al 311 (44) 44 447 (56) 46 146 (30) 33 272 (42) 49

Si 1170 (80) 48 1510 (10) 48 402 (34) 50 967 (68) 50

P 43.2 (5.0) 48 40.1 (4.7) 48 84.8 (7.8) 50 71.9 (6.9) 50

S 786 (48) 48 833 (50) 48 423 (27) 50 425 (27) 50

Cl 640 (39) 48 551 (34) 48 440 (28) 50 404 (26) 50

K 234 (19) 48 278 (22) 48 183 (16) 50 222 (18) 50

Ca 1470 (91) 48 1280 (80) 48 324 (25) 50 883 (57) 50

Ti 63.0 (7.2) 47 66.8 (7.3) 47 31.3 (4.5) 38 45.1 (5.9) 49

V 9.8 (2.1) 17 13.0 (2.5) 19 9.1 (2.1) 19 9.1 (1.9) 20

Cr 23.1 (3.2) 48 28.0 (3.6) 47 26.1 (3.5) 50 25.8 (3.4) 50

Mn 21.0 (2.9) 44 26.1 (3.3) 47 19.1 (2.7) 45 24.4 (3.2) 47

Fe 372 (24) 48 518 (32) 48 175 (13) 50 422 (27) 50

Ni 14.0 (2.1) 38 15.6 (2.3) 41 14.4 (2.1) 44 15.9 (2.3) 43

Cu 53.4 (4.9) 48 31.5 (3.6) 48 24.5 (3.1) 47 21.5 (2.7) 48

Zn 69.2 (5.9) 47 70.1 (6.0) 48 67.1 (5.7) 49 101 (7.9) 50

Se 32.8 (3.7) 28 22.8 (3.2) 30 63.3 (5.9) 23 71.0 (6.5) 31

Br 17.9 (2.7) 27 23.1 (3.1) 25 71.6 (6.6) 25 70.1 (6.5) 32

Pb 75.5 (9.2) 38 78.6 (9.1) 45 19.1 (1.6) 16 27.1 (2.0) 15
a Values in µg m−3. b Values in bold typeface are significantly higher. c Numbers between parentheses represent
the combined uncertainty.
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3.2. Elemental Concentrations

A total of 18 elements (Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Se, and Pb)
could be observed in the PM10 samples using XRF. The mean concentrations and combined
uncertainties defined in the official Joint Committee for Guides in Metrology document [42]
are presented in Table 2. Again, the Shapiro–Wilk test was applied, and it was found
that most of the elemental concentration distributions were not normal. Therefore, the
Kolmogorov–Smirnov test was used for all the elements to establish differences between
indoor and outdoor values. According to Table 2, in Iztapalapa, most of the elements
had mean concentrations that were significantly equal indoors and outdoors, except for
Al, Cr, Mn, and Fe, which may have an industrial contribution. In contrast, only P was
significantly higher in the interior environment at Tlalnepantla, while geogenic elements
(Al, Si, K, Ca, Ti, Mn, and Fe) had higher concentrations outdoors, suggesting that there
may be a limited transport of soil dust towards the interior of the dwelling. In addition,
Zn had a higher value outdoors, possibly due to an industrial contribution [43]. It is
necessary to note that, as most elemental concentrations are similar indoors and outdoors,
the observed difference in total mass must be attributed to other chemical species, probably
organic, whose concentrations cannot be measured with XRF and that are released inside
the households. Examples are emissions from cooking activities [44,45], volatile organic
compounds (VOC), or formaldehyde related to furniture or cleaning products [46].

Furthermore, a brief study at the Iztapalapa site (indoors) during the 2021 dry–warm
season showed no significant difference in average PM10 concentration (39.9 (11) µg m−3)
as compared to the present work [47]. Recent data are not available for PM10 mass and
elemental concentrations in the Tlalnepantla area; however, the results published by Barrera
et al. [48] during the dry season of the year 2009 at a nearby site were useful for comparison.
During 2009, the mean PM10 mass concentration was 71.1 (3.8) µg m−3, while in this
work, the outdoor mean value at Tlalnepantla was 27.6 (7.0) µg m−3. Lower values were
also observed for the elemental concentrations. The reason may be a combination of
the precipitation during the present study (carried out during the rainy season) and the
lockdown due to the pandemic.

Average relative humidity (RH) was 66% for Iztapalapa (ranging from 39% to 98%)
and 62% for Tlalnepantla (in a 37% to 97% interval). The relationship of gravimetric mass
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and elemental concentrations with relative humidity was analyzed through the evaluation
of Pearson’s correlation coefficients, and no significant values were found. Namely, RH had
no influence on any of the concentrations measured in this study. This can be understood
because the campaigns were conducted during the rainy season when RH is higher, and
as reported by Wang et al. [49], dry deposition occurs and no correlation is observed with
PM10 or elemental concentrations.

The KMO and Bartlett’s sphericity tests showed that none of the elemental concentra-
tion datasets were suitable for the application of PCA. Hence, cluster analysis (CA) was
utilized to identify possible sources of the registered elements, including the indoor and
outdoor concentrations. Elements with an occurrence of less than 60% were not included.
The resulting dendrograms are presented in Figures 4 and 5 for Iztapalapa and Tlalnepantla,
respectively. Regarding the Iztapalapa results, it can be seen that the geogenic elements (Al,
Si, Ti, and Fe) from indoors and outdoors are grouped in the same cluster, demonstrating
there was a penetration of soil-derived particles towards the interior of the dwelling; the
contribution of indoor sources was not observed for these elements. A similar case occurred
for S and Zn: the particles with S are usually associated with ammonium sulfate, and those
with Zn are either related to industrial or traffic sources [36]. The remaining elements
seemed to be produced by different indoor and outdoor sources. For instance, the indoor
Pb may have originated from paintings and Ca from construction materials or indoor
cleaning activities [12,45].
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In Tlalnepantla, the geogenic particles were differentiated between the indoor and
outdoor samples. This is also supported by the fact that the mean concentrations of these
elements (Al, Si, K, Ca, Ti, Mn, and Fe) were significantly higher outdoors, as seen in Table 2.
Thus, there were different origins for these soil-derived particles. Cleaning activities
and construction materials may explain the indoor presence of geogenic particles [45].
Additionally, the cluster formed by indoor and outdoor S, Zn, and Pb indicates there was
transport toward the dwelling; these elements are usually present in the fine fraction of
PM10, so this penetration is more probable. Regarding the other two clusters, there must
have been a mixture of airborne particles that originated either indoors or outdoors. The
proximity of an extensive industrial area explains the presence of elements such as Cr, Mn,
and Ni.
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Figure 6 illustrates the significantly high correlation between S concentrations outdoors
and indoors, meaning that there was not a significant source inside the house. An important
issue to be pointed out is that the correlation between indoor and outdoor concentrations is
frequently not considered [3,50,51]. The results obtained in the present work demonstrate
that it is feasible to simply identify penetrating chemical species without the need to
appeal for high-quality models developed to describe the outdoor-to-indoor transport of
pollutants [52,53]. However, a model application might enrich the present data [54].
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These results are in good agreement with meteorological data. The wind roses for
both sites are given in the Supplementary Material (Figures S1 and S2). In the case of
Iztapalapa, the regimes change between June and July; however, in both months, there are
sources related to soil dust, explaining the presence of geogenic material, while S is virtually
ubiquitous around the MAMC [48]. For Tlalnepantla, the predominant winds came from
the northwest of the sampling site, an area with heavy industry, justifying the presence of
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the aforementioned elements in the household, including the penetration through windows
and doors.

To estimate if the measured elemental concentrations are comparable to those deter-
mined in households from other urban areas around the world, Table 3 contains results
published in previous works for PM10 and five elements whose concentrations are com-
monly measured [3,50,51,55,56]. It can be noted that the indoor values determined in the
present study were lower or of the same order of magnitude as compared to the other
urban areas, regardless of the difference in the MAMC size and the consequent number of
possible contributing sources. Therefore, aside from the observed penetration of particles
from the outdoors, a possible similarity among the indoor activities seems to strongly
influence the elemental concentrations.

Table 3. Comparison of PM10 elemental concentrations (µg m−3) determined in households from
different urban areas.

Site Mass (µg m−3) Fe Ni Cu Zn Pb

Iztapalapa, Mexico a 41.9 (16.1) 0.37 0.014 0.053 0.069 0.076
Tlalnepantla, Mexico a 38.5 (26.3) 0.18 0.014 0.024 0.067 0.19

Phitsanulok, Thailand b 88.3 (11.7) 2.7 0.3 1.1 1.3 1.7
Pune, India c 138.2 (68.2) 8 0.3 0.8 0.03 -

Kocaeli, Turkey d 56.9 (24.3) 0.213 0.004 0.088 0.161 0.125
Agra, India e 263 (127) 18 0.155 2.46 2.98 0.89

Hong Kong, China f 63.3 0.408 0.002 0.019 0.171 0.105
a This work; b Satsangui et al. [50]; c Srithawirat et al. [51]; d Pekey et al. [55]; e Rohra et al. [56]; f Chao and Wong [3].

3.3. Risk Assessment

The risk was assessed for only seven elements: Fe, Ni, Cu, Zn, Mn, Pb, and Cr. Table 4
shows the parameters specific to each element required to calculate the HQ values. It is
necessary to mention that the IRIS database [39] does not contain RfD for all the elements
(such as Pb), so the values were extracted from other works [40,57].

Table 4. Parameters used for risk assessment and indoor PM10 elemental concentrations.

Element RfD IUR SF G

mg kg−1 d−1

Inhalation Ingestion Absorption

Fe NA a 0.7 c 1 c NA NA NA
Ni 0.00005 c 0.02 b 0.04 c 0.0024 0.000084 0.04
Cu 0.04 c 0.4 c 1 c NA NA NA
Zn 0.91 b 0.3 b 1 c NA NA NA
Mn 0.00005 b 0.14 b 1 c NA NA NA
Pb 0.0035 c 0.1 c 1 c 0.00008 0.28 1
Cr 0.000008 b 0.003 b 0.025 b 0.012 0.5 0.025

a Not available. b Values from Integrated Risk Information System (IRIS); USEPA [39]. c Reference values obtained
from other authors [40,57].

Finally, the resulting HQ values are presented in Table 5 for men, women, and children.
It can be seen that, despite exposure to all these elements, most of them posed no apparent
health risk. However, there may be a risk due to Pb ingestion by men/women, as the HQ
values were greater than 1. The origin of this element in the dwellings may be, in addition
to contribution by transport from the outdoor environment, due to some building materials
or paintings [58]. Nevertheless, Pb was not observed in all the samples (38 at Iztapalapa
and 16 at Tlalnepantla), so the risk might be reduced. Cr may also pose a risk as the HQ
values were greater than 1, particularly for children. However, it would be necessary to
conduct a further chemical speciation analysis of this element, as only Cr(VI) is known to
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harm human health. Additionally, adverse health effects might occur for children due to
the ingestion of all these elements, as seen in Table 5, because HQ > 1 in both of the studied
sites. Of consequence are the high Ding values, which are of the order of 0.015 mg kg−1 d−1

for Cr in men and women and up to 2 mg kg−1 d−1 for children, for all the elements. This
points out the need for deeper studies to determine the indoor sources of these elements
and organic compounds to reduce the possible risks caused by ingestion by children.

Table 5. Risk assessment results for inhalation, ingestion, and dermal absorption of PM10 at the
Iztapalapa and Tlalnepantla households.

Element HQ inh HQ ing HQ der

Men Women Children Men Women Children Men Women Children

Fe Izt − − − 2.97 × 10−1 3.47 × 10−1 2.77 × 100 1.02 × 10−3 1.19 × 10−3 1.36 × 10−3

Tla − − − 1.40 × 10−1 1.63 × 10−1 1.30 × 100 4.79 × 10−4 5.59 × 10−4 6.39 × 10−4

Ni Izt 1.67 × 10−4 1.44 × 10−4 3.89 × 10−4 3.91 × 10−1 4.57 × 10−1 3.65 × 100 9.59 × 10−4 1.12 × 10−3 1.28 × 10−3

Tla 1.71 × 10−4 6.89 × 10−7 4.00 × 10−4 4.03 × 10−1 4.70 × 10−1 3.76 × 100 3.95 × 10−5 4.60 × 10−5 5.26 × 10−5

Cu Izt 7.94 × 10−7 6.89 × 10−7 1.85 × 10−6 7.46 × 10−1 8.71 × 10−1 6.97 × 100 1.46 × 10−4 1.71 × 10−4 1.95 × 10−4

Tla 3.67 × 10−7 3.92 × 10−8 8.50 × 10−7 3.42 × 10−1 4.00 × 10−1 3.20 × 100 1.68 × 10−3 1.96 × 10−3 2.24 × 10−3

Zn Izt 4.52 × 10−8 3.92 × 10−8 1.06 × 10−7 1.29 × 10−1 1.51 × 10−1 1.20 × 100 1.90 × 10−4 2.21 × 10−4 2.53 × 10−4

Tla 4.39 × 10−8 2.17 × 10−4 1.02 × 10−7 1.25 × 10−1 1.46 × 10−1 1.17 × 100 1.84 × 10−4 2.14 × 10−4 2.45 × 10−4

Mn Izt 2.50 × 10−4 2.17 × 10−4 5.83 × 10−4 8.39 × 10−2 9.79 × 10−2 7.83 × 10−1 5.75 × 10−5 6.71 × 10−5 7.67 × 10−5

Tla 2.27 × 10−4 1.11 × 10−5 5.30 × 10−4 7.63 × 10−2 8.90 × 10−2 7.12 × 10−1 5.23 × 10−5 6.11 × 10−5 6.98× 10−5

Pb Izt 1.28 × 10−5 1.11 × 10−5 2.99 × 10−5 4.22 × 10−1 4.93 × 10−1 3.94 × 100 2.07 × 10−4 2.41 × 10−4 2.76 × 10−4

Tla 3.25 × 10−5 1.49 × 10−3 7.58 × 10−5 1.07 × 100 1.25 × 100 9.97 × 100 5.23 × 10−4 6.11 × 10−4 6.98 × 10−4

Cr Izt 1.72 × 10−3 1.49 × 10−3 4.01 × 10−3 4.30 × 100 5.02 × 100 4.02 × 10+1 2.53 × 10−4 2.95 × 10−4 3.38 × 10−4

Tla 1.94 × 10−3 1.68 × 10−3 4.53 × 10−3 4.87 × 100 5.68 × 100 4.54 × 10+1 7.15 × 10−5 8.34 × 10−5 9.53 × 10−5

As a final issue, it is important to mention that the present study has several limitations.
First, as XRF gives only information about the concentrations of several elements, it is
impossible to determine the contribution of organic compounds. It is convenient to use
other complementary analytical techniques to gather more data. Second, the sampling
campaigns lasted only about two months, so it was necessary to extrapolate the results to
one year. Moreover, the use of low-volume samplers did not allow for a better resolution,
which is useful to distinguish the contribution of indoor activities. Lastly, the campaigns
had to be carried out during the rainy season, as starting during the dry–warm season was
impossible. There are three seasons in the MCMA: dry–warm (from February to May),
rainy (from May to October), and dry–cool (from November to February). The rainy season
presents lower levels of particulate matter pollution [59].

4. Conclusions

This work represents the first effort to measure the elemental concentration of PM10
in households in the MAMC together with a risk assessment due to the exposure to these
particles via inhalation, ingestion, or dermal absorption.

Although the gravimetric mass concentrations were higher indoors than outdoors, the
elemental concentrations were generally very similar. Thus, it was demonstrated that an
important contribution to the indoor particles must contain compounds not detectable by
X-ray fluorescence, pointing out the need to complement the analyses with other techniques.
In the studied sites, it was determined that geogenic and industrial emissions were the
principal contributors.

The high correlations between indoor and outdoor concentrations for several elements
proved that there was an important penetration of the particles towards the households,
while in other cases, it was possible to deduce that indoor sources are more important, such
as geogenic particles in Tlalnepantla. It was shown that using cluster analysis for indoor
and outdoor elemental concentrations allows for the identification of chemical species
detected indoors that were produced outdoors.
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As a final point, no significant risk to human health was found due to the exposure
to the elements present in PM10 in either household, except for Pb and Cr via ingestion
of the airborne particles by women and men. Nevertheless, an important risk due to
ingestion was found for children. It is important to emphasize the advantage of studying
PM10 instead of PM2.5 for this kind of investigation, as not only inhalation is considered.
Moreover, as the study was carried out during the rainy season, higher concentrations and,
consequently, higher risks can be expected during the dry–warm and dry–cold seasons.
All these findings may be important for public health, as adults are not threatened by the
studied pollutants, despite the long time spent at the dwellings. At the same time, it is
necessary to perform deeper studies to identify indoor sources to prevent exposure to these
pollutants and the derived risk to children.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14040734/s1, Figure S1: Wind rose for Iztapalapa during the
sampling period; Figure S2: Wind rose for Tlalnepantla during the sampling period.
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