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Abstract: Air pollution is a problem shared by the entire world population, and researchers have
highlighted its adverse effects on human health in recent years. The object of this paper was the
relationship between the pollutants’ concentrations measured in the air and the quantity of pollutant
itself inhaled by the human body. The area chosen for the study has a high environmental impact
given the significant presence on the territory of polluting activities. The Acerra area (HI) has a
waste-to-energy plant and numerous industries to which polluting emissions are attributed. This area
has always been the subject of study as the numbers of cancer patients are high. A survey on male
patients to evaluate the heavy metals concentrations in the blood was conducted in the two areas
and then linked to its values aero-dispersed. Using the air quality data measured by the monitoring
networks in two zones, one with high environmental impact (HI) and one with low environmental
impact (LI), the chronicle daily intake (CDI) of pollutants inhaled by a single person was calculated.
The pollutants considered in this study are PM10 and four heavy metals (As, Cd, Ni, Pb) constituting
the typical particulates of the areas concerned. The CDI values calculated for the two zones are
significantly higher in the HI zone following the seasonal pollution trend.

Keywords: PM10; chronicle daily intake; pollution absorption; pollution damage; heavy metals;
ecofoodfertility; land of fires

1. Introduction

The containment of pollution and its harmful effects on human health is an emergence
of public health worldwide. The World Health Organization (WHO) estimates that about a
quarter of the diseases occurring today are caused by prolonged exposure to environmental
risks/pollutants [1]. In particular, air pollution is among the top ten global health risk
factors that can lead to premature mortality [2]. Epidemiological cohort studies, mainly
conducted in the United States and Europe, have shown that long-term exposure to PM2.5
(particles with an aerodynamic diameter less than 2.5 µm) is associated with increased
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mortality from respiratory diseases, cardiovascular and lung cancer [2–7]. For this reason,
in environmental epidemiology, there has been a progressive increase in the development
and application of human biomonitoring as a tool for individual exposure assessment and
susceptibility and the association between pollutants and early damage. The search for bio-
logical indicators in tissues or body fluids has proven reliable for assessing exposure based
on environmental measures. It represents a fundamental approach to the characterization
and management of health risks. Risk assessment is better defined by direct measurement
of biomarkers of exposure and effect in body tissues and fluids versus extrapolation of
pollutant concentration data in soil, air, and water, reflecting actual individual exposure to
specific pollutants. The direct measure of exposure and the effect of biomarkers in tissues
and body fluids is much more relevant to the risk assessment than the extrapolation from
the concentration of pollutants in soil, air, and water, reflecting the real individual exposure
to that particular pollutant.

Air quality analysis is essential to determine the pollutants’ concentration and the
impact on the surrounding environment [8]. The effects of airborne pollutants purged
into the atmosphere over years of human activities are evident on land, water, food, and
human health [9]. According to the literature and the most capable worldwide monitoring
systems, the major pollutants present in the atmosphere are gas and particulate matter
(PM). NOx, SOx, O3, H2S, and volatile organic compounds (VOCs) are the most detected
gases. Atmospheric particulate matter is a set of solid and liquid particles with various
physical, chemical, geometric, and morphological characteristics [10]. It is considered
a good indicator of air quality [11]. The sources can be natural (soil erosion, marine
spray, volcanoes, forest fires, pollen dispersion, etc.) or anthropogenic (industries, heating,
vehicular traffic, and combustion processes). They are generally classified according to
their size: particles with a diameter less than 10 µm are identified with the abbreviation of
PM10, those with a diameter less than 2.5 µm as PM2.5, and those with a diameter less than
1 µm as PM1. In particular, PM10 (thoracic fraction) can pass through the nose and reach
the throat and trachea. Smaller particles such as PM2.5 represent the inhalable fraction and
can penetrate even deeper into the lungs, while particles with a smaller diameter can reach
the pulmonary alveoli. Particulate matter, considered a good indicator of air quality [11], is
made up of a set of solid particles of different nature, chemical composition, and size; it
varies from city to city according to the degree of development of the urban center and the
presence of industries, fuels used and type of domestic heating. The atmospheric particulate
remains in the air from 5 to 16 h [12] and can be transported long distances. Atmospheric
phenomena such as wind and rain can help dilute and reduce PM concentration in the air.
Particulates emitted into the atmosphere directly from the source refers to the primary type,
while the chemical–physical transformations of other substances are the secondary type.
The major components of atmospheric particulate matter are sulfate, nitrate, ammonia,
sodium chloride, carbon, and mineral powders. Numerous chemical substances, such
as polycyclic aromatic hydrocarbons (PAHs) and metals (such as lead, nickel, cadmium,
arsenic, vanadium, and chromium), can adhere to the surface of fine dust causing effects
on the health of the exposed population. PM causes several health effects, including many
respiratory-related ailments [13,14]. The International Agency for Research on Cancer
(IARC) has classified air pollution in Group 1, which is characterized by carcinogenic
substances for humans. The World Health Organization has defined guidelines to establish
concentration limits to control airborne pollutants. Each country has implemented these
guidelines with national directives: in Italy, the pollutants’ concentrations are regulated by
Legislative Decree 155/2010. This decree limits all pollutants’ annual, daily, and hourly
concentrations. Among the heavy metals included in the legislation, we find arsenic (As),
cadmium (Cd), nickel (Ni), and lead (Pb), and their annual limits are 6 ng/m3, 5 ng/m3,
20 ng/m3, 0.5 µg/m3, respectively. The toxicity of these metals on soil, water, and human
health are well known and extensively studied in the scientific literature [15].

Airborne heavy metals can enter the body through the skin, by inhalation, or ingestion
of contaminated water or food. Toxicity derives from the replacement of elements ordinar-



Processes 2022, 10, 1409 3 of 17

ily present in the body (blood, urine, and hair) with heavy metals and the alteration of the
normal functions of the various organs. In most cases, people are not exposed to quantities
of heavy metals that would trigger symptoms or require a test. Most chronic or acute expo-
sures have an occupational origin, particularly in the case of manufacturing industries that
use metals or produce batteries containing cadmium, lead, and mercury, or pesticides, con-
taining arsenic or may originate in places with high levels of environmental pollution [16].
Cd is very mobile in the soil and is absorbed by microorganisms that absorb organic matter
from the soil. It has been suggested that exposure to Cd doses has adverse effects on both
human male and female reproduction and affects pregnancy or its outcome. Exposure
to Cd affects human male reproductive organs/system and deteriorates spermatogenesis
and semen quality, especially sperm motility and hormonal synthesis/release [17]. The Pb
accumulation can negatively affect the soil pH and absorption capacity [18]. Heavy metals
can also affect the human reproductive system: cadmium and lead act on the reproductive
system, damaging it and limiting its correct functionality [19]. Cadmium and lead are
present, albeit in minimal quantities, in all foodstuffs that are ingested and contribute to
increasing the organism’s toxicity. Therefore, these heavy metals are introduced into the hu-
man body by inhalation due to the fraction present in the atmosphere and by ingestion due
to their presence in food, thus increasing the risk associated with them [17]. For example,
high levels of cadmium can adversely affect kidney functions, causing decompensation
due to its malfunction [20]. Arsenic negatively affects the digestive, urinary, cardiovascular,
and DNA methylation systems [21]. Generally, the need for nickel is completely satisfied
by the diet, but an excess can accumulate in the liver, kidneys, bones, and aorta. Excessive
nickel intake has also been associated with an increased carcinogenic risk, such as lung and
prostate cancers, heart attack, and stroke [22].

To verify the effects of environmental pollution on human health, it is necessary to
have detailed information on the concentrations of the major airborne pollutants. National
monitoring networks are available to measure the pollutants’ concentrations in the air.
Given their characteristics, the technologies implemented by these entities have a low
spatial and temporal resolution. Recently, sensors for low-cost air quality monitoring
based on IoT (Internet of Things) technology have been developed. This has allowed the
implementation of air quality monitoring networks with high spatial and temporal reso-
lution [23] that enable the detection of particulate matter of different sizes (PM10, PM2.5)
and the measurement of the concentration of gases in the atmosphere (SO2, NO2, CO, O3,
VOC), reliably protecting data integrity [24]. The new type of intelligent measuring device
could be easily installed in many parts of the city following an optimization in the choice of
places [25]. The available air quality data are the basis for developing mathematical models
for data spatialization [26] and forecasting [27]. Furthermore, dispersion models support ex-
perimental measures to define the behavior of pollutants in the atmosphere and verify their
long-term effects in case of accidental occurrence [28]. Monitoring the number of dispersed
pollutants and the implementation of long-term strategies to favor their reduction is neces-
sary to safeguard the health [29–31] of resident populations and travelers [32]. Outdoor
air quality can be reflected inside buildings, highlighting the importance of monitoring
pollution levels to implement filtering and ventilation systems. This is especially important
for home settings or other locations frequented by vulnerable individuals, for example,
schools and elderly care centers [33–35]. Comparing the data from environmental pollution
and exposure to chemical compounds with the actual contamination values found in the
organism can verify their consistency and deterministic association. This will also help to
translate the degree of exposure from the environment to the organism as a fundamental
step in understanding the environment/health relationship. Measuring these substances
and the resulting biological effect and establishing a close dose–effect relationship between
them represents the right path to sharpen biological risk assessment.

The Environmental Protection Agency defines exposure as the contact of an organism
(humans in the case of health risk assessment) with a chemical or physical agent [36].
Exposure involves any interaction, internal (e.g., respiratory tract) or external (e.g., skin) of
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the human body, with a contaminant present in the atmosphere. This phenomenon requires
that, at the same time, there is the presence of a human subject and high levels of pollutants
in a particular time and space [37]. It is quantitatively expressed by the duration of the
contact and the relevant pollutant concentration and can be assessed using air quality data
provided by air monitoring devices [38]. As defined by Asante and Duah, chronic daily
intake (CDI) measures long-term (chronic) exposures. It is based on the number of events
assumed to occur within an assumed lifetime for potential receptors. The intake value
defines the amount of a chemical absorbed during the exposure. In contrast, the absorbed
chemical quantity into the bloodstream during exposure is represented by the dose and is
calculated by considering physiological parameters. In general, the physiological parame-
ters are not readily available. Intake and dose are considered the same (i.e., a 100 percent
bloodstream absorption from contact is assumed) [39]. In this perspective, also considering
the study participants’ characteristics, the CDI was calculated for each metal compared
with the blood levels. In this work, air quality data measured by the regional monitoring
network were used to calculate the absorption of inhaled pollutants in areas with high
and low environmental impact in the Campania region (Southern Italy). The so-called
“Land of Fires” in the northern part of the Naples metropolitan area is characterized by
a multiplicity of pollution sources (illegal disposal of urban, toxic, and industrial wastes,
dumping practices, traffic, and intensive agriculture). It is considered an area of high
environmental impact. In comparison, the area with low environmental impact is Oliveto
Citra in the Province of Salerno [40]. Several serious concerns for general health, including
reproductive ones, in “Land of Fires” were reported. Bio-monitoring studies indicated
that trace toxics elements (e.g., Cr, Cd, Ni, Pb, Al) feature prominently in this area [41,42],
including dioxins [43]. In response to such serious concerns, the EcoFoodFertility initia-
tive [44] has been launched to better understand the environmental impact of toxicants on
healthy humans [42,45]. It is a multicenter, multidisciplinary research connecting human
lifestyle and dietary habits to the environmental consequences of exposure to toxicants. In
the frame of this project, the present paper aims to link the heavy metals in human blood
compared with the pollutant concentrations that are aero-dispersed. The measured PM10
and heavy metals concentration was used to calculate the chronicle daily intake (CDI) over
a year. Using the average population characteristics, the CDI equation parameters were set.
The reference year for the measurements was 2016. The calculated CDI values for PM10
and the heavy metals were compared considering the different impact areas (HI and LI).

2. Materials and Methods
2.1. Participants

The biomonitoring study was carried out in accordance with the Code of Ethics of the
World Medical Association [46], approved by the Ethical Committee of the Local Health
Authority Campania Sud-Salerno (Committee code 43/2015/06). The recruitment of all
participants within the fertile age (20–40 years old) across the two cities of the Campania
Region (Acerra in the Province of Naples and Oliveto Citra in the Province of Salerno,
as explained in Section 2.3, are representative of high and low environmental impact areas)
was conducted during 2016. Enrolment criteria were as follows: residence for at least
10 years in the study area, no known chronic diseases (diabetes or other systemic diseases),
no varicocele, no prostatitis, and other factors that could affect semen quality (such as
fever, medications, exposure to X rays, etc.), no reported history of drug abuse and no
known occupational exposures to toxic chemicals. The sample’s representativeness was
defined in relation to the numerous biomonitoring in these two areas, which have led to the
carrying out of various studies [47–51]. Data were collected by questionnaire and physical
examination, including the urogenital evaluation (testis volume and transrectal prostate
evaluation). Informed consent was obtained from all males before sample collection. The
mean age of participants from the low impact area was 30 years, and the Body mass index
(BMI) was 24.6, while for the participants living in the high impact area, the age and the
BMI values were 28 and 25, respectively. Upon enrolment, a code number (1, 2, 3 . . . n) was
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assigned to each volunteer by the recruiting andrologist (the recruiter). Each code number
was uploaded into a computer database along with personal and clinical information (e.g.,
age, BMI, area of residence). The examining andrologist (the evaluator, different from the
recruiter) performed semen quality evaluation, only having access to the code number
assigned to each sample. The participants’ characteristics are reported in Table 1.

Table 1. Participants’ average characteristics.

LI Area HI Area

Number of male participants 35 40
Age, years 30 28
Weight, kg 78 77
Height, m 1.77 1.76

BMI 24.6 25

2.2. Heavy Metals Procedure to Assess the Blood Concentration

Blood samples were collected from each subject by veni-puncture. Aliquots (500 µL)
of whole blood or semen contained in metal-free, no EDTA-containing tubes were placed
onto a ceramic evaporating dish and heated at 90 ◦C for 1 hr. After cooling, 1 mL HNO3
68% (Sigma Aldrich—Darmstadt, Germany) and 250 µL HClO4 (Sigma Aldrich, Darmstadt,
Germany) were added, and the mixture was heated at 150 ◦C until carbonization. Samples
were placed in a muffle oven at 550 ◦C for 5 hrs, and the resulting ashes were dissolved
in 10 mL 1% HNO3. The elemental analyses of whole blood of trace elements were
carried out by Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) by
an iCAP™ 7000 Series ICP-OES (Thermo Fisher Scientific, Waltham, MA, USA). To prevent
interference with calibration solutions, a matrix modifier was added to 100 µg/L yttrium
solution (Merck KGaA, Darmstadt, Germany). Elemental contents were calculated using
standard curves, and the final concentrations were expressed as mg/L. A stock solution
(ICP multi-element standard solution Certipur®, 1000 mg/L, Merck KGaA, Darmstadt,
Germany) was used to prepare the standard solutions. The limits of detection (LOD) and
quantification (LOQ) were calculated as the blank signal plus three or ten times its standard
deviation, respectively [42].

2.3. Air Quality

The areas considered in this study are two southern Italian cities of middle to small
dimensions, which can be regarded as high and low impact areas. The High Environmen-
tal Impact area (HI) is Acerra, in the Metropolitan City of Naples, Italy, where a waste
treatment plant has burnt 600,000 tons yearly since 2009. The study by Senior and Mazza
underlined that cancer-related deaths in that area are much higher than the Italian aver-
age [52]. Moreover, the city is densely populated and is surrounded by a fast road that
is highly trafficked. As a reference for the Low Environmental Impact area (LI), the city
of Oliveto Citra (in the Southeast of the Salerno province, Italy) was chosen (Figure 1).
The city, located in an area of relatively low human density, is characterized by a small
industrial area. Due to the peculiarity of the areas investigated, the particulate matter
PM10 (aero-dispersed particles with diameter < 10 µm) concentration was considered for
analysis in 2016. The average PM10 particulate concentration data for 2016 were taken
from the daily validated database of the Regional Environmental Protection Agency for
the Campania Region (ARPAC). In the HI area, the ARPAC regional air quality monitoring
network consisted of 3 measuring devices: Acerra Scuola (AS), Acerra Capasso (AC), and
Acerra Industriale, classified as suburban, industrial, and urban traffic stations. The average
of the three measuring devices was considered for the comparison with the LI area. In the
LI area, there is no ARPAC air quality monitoring station. However, due to the similarity
of both the orographic and the urban and extra-urban context, the population density, and
the number of industrial activities, the nearby ARPAC monitoring station (OL) located
in Battipaglia (province of Salerno) was considered. It can therefore be assumed that the
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PM10 concentrations detected in Battipaglia are similar to those recorded in Oliveto Citra.
To calculate the concentrations of heavy metals, the percentage compositions with respect
to PM10 measured by ARPAC for the reference year (2016) were used. The concentrations
obtained are reported in the Section 3.2 for each metal for the HI and LI zones.

Figure 1. Localization of the high and low environmental impact areas, Acerra (HI) and Battipaglia
(LI).

The measurement devices installed by ARPAC consist of buildings of approximately
6 m2 which contain all the instruments suitable for controlling the parameters relating to air
quality in accordance with the regulatory provisions of Legislative Decree 155/2010. The
particulate matter measurement method is defined by the UNI EN 12341: 2014 standard
“Ambient air-Reference gravimetric method for determining the mass concentration of sus-
pended particulate PM10 or PM2.5”. The measuring principle is gravimetry or absorption
by β radiation. The concentration values used in this study are obtained gravimetrically.
The reference method for the determination of PM10 particulate material is based on the
collection of the PM10 fraction on a special filter and subsequent determination of its mass
by gravimetric method in the laboratory after the conditioning filter has been carried out
under controlled temperature conditions (20 ◦C ± 1 ◦C) and humidity (50 ± 5%). The same
is carried out for PM2.5. In addition to the reference, there are equivalent methods for
measuring PM10 (for example, automatic instrumentation that exploits the principle of
absorption of β radiation by the sampled dust).

2.4. Pollutant Adsorption

To compare the air quality pollution with human health, the pollutant adsorption has
been evaluated by computing the chronicle daily intake (CDI, [µg/kg]). This calculation
has been performed according to Equation (1), developed by US EPA [53], and considers
both the particle-bunds metals and the inhalation rate effects. The equation is reported
as follows:

CDI = (Ci × IR × ET × EF × ED)/(BW × AT) (1)

where:

Ci is the contaminant concentration measured, [µg/m3];
IR is the inhalation rate [m3/h];
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BW is the body weight [kg];
ET is the exposure time [h/day];
EF is the exposure frequency [days/year];
ED is the exposure duration [years]
AT is the averaging time [days].

Considering the population characteristics of the whole population tested, reference
values for the inhalation rate for adult males (workers) were adopted according to ICRP
and set at 1.5 m3/h [54]. Likewise, the measured PM10 values were adopted for Ci.
The exposure time (ET) and the exposure frequency (EF) were set equal to 24 h/day
and 260 days/year, respectively. The exposure duration (ED) was considered equal to
24 years based on the US EPA [55]. Body weight (BW) was calculated as the average of the
population tested, equal to 77 kg. Moreover, according to the US EPA [56], the averaging
time (AT) was considered equal to 8760 days for adults for non-carcinogens, while for
carcinogens, it was considered equal to 25,550 days. The CDI was calculated to assess
the monthly people’s exposure to account for the pollutant amount retained until the test.
The contaminant concentration used to evaluate the adsorption was the PM10, while the
metals (As, Cd, Ni, and Pb) that are part of PM10 were defined by the legislative decree
55/2010. Since the metal measurements in PM10 are not directly available from the 2016
ARPAC data, their corresponding presence in PM10 was assessed using the measurements
available for 2019. This implies the assumption that the considered metals fraction in PM10
has been unchanged over the years.

3. Results and Discussion
3.1. Heavy Metals Blood Concentrations

The blood heavy metals average concentrations are reported in Figure 2. As explained
in Section 2.2, the measurements refer to 2016, and the metals values reported in Figure 2
are the average in the period considered. The metal concentrations are higher in the patients
belonging to the HI area. The average metals concentration has been calculated consid-
ering the whole patient set and adjusted for the age, BMI and attitude to smoking. The
corresponding average value and the 95% confidence interval (CI) are reported in Table 2.

Figure 2. Heavy metals average concentrations measured in the patient blood of the LI and HI area,
considering age, BMI, and attitude to smoking.
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Table 2. Heavy metals metrics.

Average Concentration, µg/L 95% CI

LI Area HI Area LI Area HI Area

Arsenic 8 15 6–12 9–23
Cadmiums 2.6 4.5 1.4–5.1 2.1–9.4

Nickel 23.5 71 8–68.4 26.1–193
Lead 59.7 79.6 39.3–90.7 46.6–135.9

The reference limit values for the heavy metals have been obtained from the ISTITSAN
Report [57]. According to the reference values, all the investigated heavy metals for the HI
area exceeded the maximum reference concentration. In particular, nickel was 32% higher
than the threshold, cadmium was 1.27%, and arsenic and lead were 1% below the threshold.
The Ni and Cd average values also exceeded the maximum reference concentration in the
LI area.

3.2. Air Quality

Analyzing the air quality data during 2016, there is a difference in the PM10 annual
average between the HI and LI areas by 33% (Table 3). Figures 3 and 4 show PM10 and
PM2.5 daily average concentrations in HI and LI areas. These values are often above the
law limit of 50 µg/m3 for PM10 and above 25 for PM2.5 µg/m3 compared to the LI area.
Compared to the LI, the HI area had higher exceedances over the law limit for both PM10
and PM2.5 observed over the years.

Table 3. PM10 and PM2.5 air quality indexes for HI and LI areas during 2016.

2016
Station

HI Area LI Area

AS AC AI OL

PM10

Annual average, µg/m3 39.4 42.5 33.6 25.7

Standard deviation, µg/m3 26.6 24.1 20.6 13.6

Minimum, µg/m3 1.8 5 2.8 3.2

Maximum, µg/m3 159.2 150.3 139.6 83.5

PM2.5

Annual average, µg/m3 18.0 — 17.8 18.8
Standard deviation, µg/m3 25.2 — 18.7 10.5

Minimum, µg/m3 1.8 — 0.4 0.9

Maximum, µg/m3 104.5 — 84.5 45.5

As shown in Figure 3, the PM10 concentrations measured in the HI area exceed the
law limit 66 times, but only 17 times in the LI area. In both areas the PM10 concentrations
are high during the winter period due to the usage of domestic heating. Moreover, as
previously said, the HI impact area is characterized by a high industrial development;
therefore, the difference in PM10 levels between the two areas could be attributed to it.
Figures 3 and 4 show low PM10 and PM2.5 concentration values during the summer due to
reduced use of domestic heating systems. The pollution levels of the two areas are different,
with the LI area levels being lower than those of the HI area. The minimum pollution level
is reached in August for the HI area and October for the LI area. Given the seasonality
of pollution, it is generally lower during the summer period, but considering that the LI
area is located 10 km from the coastal area and is crossed by a busy highway, the pollution
levels in summer are higher.
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Figure 3. PM10 daily average concentrations measured in the HI (dashed black line) and LI (solid
black line) area during 2016 from the ARPAC network. Exceedance from the law limit according to
the D.Lgs. 55/2010 (solid red line) is represented by red dots.

Figure 4. PM2.5 daily average concentrations measured in the HI (dashed black line) and LI (solid
black line) area during 2016 from the ARPAC network. Exceedance from the law limit according to
the D.Lgs. 55/2010 (solid red line) is represented by red dots.

The metals concentration values obtained using the percentages shown in Table 4 are
shown in Figures 5–8. Considering the metals percentages found in PM10, a first difference
is noted between the two areas. The metals values in the HI zone are higher than in the LI
zone. Consequently, Figures 5–8 show higher metals concentrations for the HI zone than
the L1 zone.

Table 4. PM10 metal concentration for HI and LI area during 2016.

HI Area LI Area

As
Annual average/± StandDev, µg/m3 0.6 ± 0.4 0.4 ± 0.2

% in PM10 1.7 1.5

Cd
Annual average/± StandDev, µg/m3 0.5 ± 0.3 0.3 ± 0.2

% in PM10 14 13

Ni
Annual average/± StandDev, µg/m3 5.1 ± 3.2 3.0 ± 2.1

% in PM10 14 12

Pb
Annual average/± StandDev, µg/m3 0.08 ± 0.00 0.1 ± 0.003

% in PM10 0.25 0.25
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Figure 5. Arsenic daily average concentrations measured in the HI (dashed black line) and LI (solid
black line) area during 2016 from the ARPAC network.

Figure 6. Cadmium daily average concentrations measured in the HI (dashed black line) and LI
(solid black line) area during 2016 from the ARPAC network.

Figure 7. Nickel daily average concentrations measured in the HI (dashed black line) and LI (solid
black line) area during 2016 from the ARPAC network.
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Figure 8. Lead daily average concentrations measured in the HI (dashed black line) and LI (solid
black line) area during 2016 from the ARPAC network.

The difference between metals in the winter months (Sept-Dec) corresponds to the
increase in domestic heating use. However, the HI area has values in metals higher than
those measured in LI, which remain low and constant for most of the year. The difference
between the values measured in the two zones is, therefore, attributable to a source of
additive pollution with respect to the basic pollution from heating and the problem also
encountered in LI.

3.3. Pollutants Adsorption

The CDI was calculated monthly (values are reported in Table 5) for 2016, using
Equation (1). Figure 9 shows that the absorption levels in the HI zone are, on average,
74% higher than in the LI zone. Furthermore, absorption is greater in the winter when the
concentrations of pollutants are notoriously higher. The minimum absorption occurs in
the HI zone in October (linked with the minimum PM10 levels described in Figure 3). This
stems from the high amount of rainfall recorded in October, which significantly reduced
the measured pollution levels (as reported in the ARPAC reports).

Table 5. Chronicle Daily Intake Expressed in µg/(kg*day).

Arsenic (As) Cadmium (Cd) Nickel (Ni) Lead (Pb)

LI Area HI Area LI Area HI Area LI Area HI Area LI Area HI Area

January 1.58 3.24 1.30 2.67 13.02 26.70 0.02 0.05

February 1.77 2.43 1.46 2.01 14.61 20.05 0.03 0.04

March 1.48 2.15 1.22 1.77 12.18 17.67 0.02 0.03

April 1.89 2.19 1.56 1.81 15.56 18.06 0.03 0.03

May 1.19 1.66 0.98 1.37 9.80 13.65 0.02 0.02

June 1.45 1.70 1.19 1.40 11.91 14.00 0.02 0.03

July 1.41 2.04 1.16 1.68 11.64 16.83 0.02 0.03

August 0.26 1.80 0.21 1.49 2.15 14.85 0.00 0.03

September 0.36 1.20 0.29 0.99 2.94 9.86 0.01 0.02

October 0.74 1.00 0.61 0.82 6.07 8.23 0.01 0.01

November 1.20 2.59 0.99 2.13 9.89 21.32 0.02 0.04

December 1.33 3.97 1.10 3.27 10.98 32.69 0.02 0.06
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Figure 9. PM10 CDI for the HI (solid black line) and LI (dashed black line) area for every month in
2016.

The CDI calculated for the metals considered (As, Cd, Ni, Pb) are reported in
Figures 10–13, respectively. The curves representing the HI and LI areas show a higher
percentage average difference for all the metals. In detail, for all the metals considered, the
difference between the HI and LI areas is around 40–50%.

Figure 10. Arsenic (As) CDI for the HI (solid black line) and LI (dashed black line) area for every
month in 2016.

The lead CDI values were below the oral reference dose (RfD) for lead (0.00014 mg/kg·day)
for all the months in both areas. CDI values of cadmium were above the oral reference
dose (RfD) (0.001 mg/kg·day) during 10 months in the HI area, achieving a maximum
in December of 3.27 µg/(kg·day). In contrast, the values for the LI area are above the
reference dose for 7 months. The HI area is highly industrialized, so the environmental
contamination from industrial cadmium and human exposure has increased [58]. Consid-
ering the CDI values for Nickel, they are below the reference dose (RfD) (0.02 mg/kg·day)
for all months and above the reference dose during the winter period (January, February,
November, and December). The CDI values for arsenic exceed the oral reference dose (Rfd)
(0.003 mg/kg·day) for all the months considered in the LI and HI area. The oral reference
dose (RfD) is assumed as the threshold value (obtained from US EPA) [55]. The metal
values were in line with those found in men exposed to road dust and high pollutants
levels [59,60]. The test of the CDI average values calculated for each metal and the p-value



Processes 2022, 10, 1409 13 of 17

obtained by the Poisson correlation were significantly different from zero. This highlights
that the two distributions come from different populations. The CDI values for each metal
indicate a proportionality between them and the measured pollutant concentrations. Above
all, this proportionality is expected, considering the pollution seasonality and its variability
during the year. When pollution levels are low, exposure is reduced, and consequently, the
amount of pollutants inhaled by the human body decreases [61]. The high heavy metals
concentration values measured in the HI area are probably linked to the heavy metals
aero-dispersed. The causes of the high pollution levels are found in the characteristics of
the areas considered. Industrialization, urbanization, traffic levels, and domestic heating
technology predominantly affect the pollutants emissions. The population considered is
also essential for the definition of pollutants absorption: age, attitudes to smoking, and the
amount of time spent in the open air are further factors that massively influence the CDI
value. A drastic decrease in pollution levels would be desirable to reduce the pollutants
absorption by inhalation, which would significantly reduce the CDI values. Knowledge of
the pollutants’ impact on human health is a fundamental tool for the conscious manage-
ment of the environment. The high values of heavy metals found in the bloodstream of the
patients examined must alarm the institutions to apply policies that significantly reduce the
concentrations of these metals. It is certain that installing air quality measurement systems
closer to the population with a greater space–time resolution would lead to a more detailed
and real-time analysis of pollution levels.

Figure 11. Cadmium (Cd) CDI for the HI (solid grey line) and LI (dashed grey line) area for every
month in 2016.
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Figure 12. Nickel (Ni) CDI for the HI (solid black line) and LI (dashed black line) area for every
month in 2016.

Figure 13. Lead (Pb) CDI for the HI (solid black line) and LI (dashed black line) area for every month
in 2016.

4. Conclusions

A survey of 75 male patients was conducted in high and low environmental impact
areas in 2016. The heavy metals blood concentrations measured in this study were higher
in the high impact area than in the low impact area. Starting from the air quality data was
calculated the impact of the heavy metals aero-dispersed on human health. The pollution
expressed as PM10 concentration is higher in the HI area than in the LI area. In the area
with high environmental impact, there is a variation in the concentration of PM10 during
the year, which on average reaches a minimum in the July–November period. The potential
pollutant adsorption in the HI area is 72% higher than in the LI area. The metals considered
(As, Cd, Ni, Pb) are part of the PM10 measured and are higher in the HI area, meaning
that people living in the HI area are more exposed to the pollutant adsorption. Further
development of this work includes implementing an air quality monitoring network in
the LI area to obtain more detailed information on the air characteristics. The results of
this study can be supported by the measurement of metal concentrations in the human
body. The next step of the study will be the urine analysis of the subjects belonging to the
two investigated areas to verify the effective human absorption of pollutants. Furthermore,
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it will be interesting to investigate whether the absorption is also linked to PM2.5, which
largely constitutes the airborne particulate.
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