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In this paper we describe our work aimed at designing a system able to measure the particulate mat-
ter (PM) concentrations via an optical particle counter (OPC) and simultaneously collect it via standard
2.5 cm filters for laboratory characterization. The Port of Civitavecchia (Italy), one of the most important
maritime hubs of the Mediterranean Sea, was selected as a test site for an eight-months monitoring cam-
paign. Comparison between the data provided by our device with those from the referenced and certified
monitoring stations from the governmental Regional Agency for the Protection of the Environment (ARPA
Lazio) allowed to define clear threshold values (PM;o = 25 ug/m? and PM,5 = 10 ug/m?3). These thresh-
old values need to be considered when correcting the OPC raw data with respect to the humidity (RH)
conditions. The sample material was characterized through optical microscopy and SEM-EDS (scanning
electron microscopy coupled with energy-dispersive X-ray fluorescence) and spectroscopy (FTIR, Raman),
showing a variegate composition from Al-Fe-oxides to silicates, carbonates, and sulfates, to coal and amor-
phous carbon together with microplastics and textile fibers. As a final test, we analyzed the PM trends
provided by our device during the COVID-19 lockdown, when stringent restrictions in the human activi-
ties caused well-known fluctuations in the atmospheric pollution. We again observed an evolution of the
PM peaks in excellent agreement with the results yielded by the ARPA Lazio monitoring stations. This
result provides a valuable confidence test for our devices highlighting the effectiveness of the presented
strategy for airborne particulate-matter monitoring.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction vant sources are of anthropogenic origin, such as industries, trans-

port, and energy production factories (Kumar et al., 2014). The

Atmospheric pollution is a major issue affecting the ecosys-
tems (IHME, 2018), it may be of natural origin (e.g., sea salt, vol-
canoes, mineral dust, biogenic emissions; Mokadem et al. 2014;
Silva et al. 2020; Trejos et al., 2021), but nowadays its most rele-
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growing of urbanization and the related human activities requires
an intense energy consumption, and, as a result, a variety of pollu-
tants such as carbon monoxide (CO), nitrogen dioxide (NO,), ozone
(03), sulfur dioxide (SO,), and particulate matter (PM) are released
into the atmosphere negatively affecting all ecosystems, the health
of organisms and human health (e.g., Piazzolla et al., 2021).
Highly populated areas, such as metropolitan and industrial dis-
tricts, are often not capable to match the air pollutant emission
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standards (Kumar et al., 2021; Li et al., 2018). Considering that 40-
45% of the world’s population lives within 100-150 km from the
seashore, hence the coastal anthropized areas act as major pollu-
tion hot spots (Cole et al.,, 2011). This problem is particularly ev-
ident where maritime hubs are: 25% of the overall world energy
consumption is due to transport, and over 80% of world trade is
maritime (Gobbi et al., 2020 and references therein).

The pollutants released in the atmosphere can enter the ma-
rine environments through wet and dry fallout (Bunzl et al.,
1984) directly into the sea or through river solid load, conse-
quently generating toxic effect on living organisms (including hu-
mans) through bioaccumulation and biomagnification processes
(Scanu et al., 2015; Kumar et al., 2021; De Nazelle et al., 2017).
Consequently, this implies, directly and indirectly, an increasing
rate of human disease and death (Kumar et al., 2021).

According to the European Environment Agency Air Quality Re-
port 2020 (EEA Report No. 9/2020), among the whole air pollutants
exceeding worldwide emission standards, the particulate matter
(PM) has the most severe impact on health (Brunekreef and Fors-
berg, 2005; Minguillén et al., 2012; Zhang et al., 2018) and on
ecosystems (Grantz et al., 2003; Zhang et al., 2018). The PM is a
mixture of suspended particles with a nominal average diameter
<10 pum and it is further clustered through the aerodynamic di-
ameter in PM; (<1 wum), PMys (<2.5 um) an PMyg (<10 pm),
respectively (Agrawal et al., 2021). The term of PM also includes
droplets with diameter <10 pum. Volcanic eruptions, dust storms,
forest fires, and sea spray are the natural sources of PM; fossil fuel
combustion and industrial activities are instead the main anthro-
pogenic sources of PM pollution (Gozzi et al., 2017).

The PM concentration depends on many factors; a key-role is
played by (i) the sources, (ii) the regional background (i.e., nat-
ural vs. anthropogenic PM) and (iii) the atmospheric conditions
(Minguillon et al.,, 2012). Overall, the latter (e.g., wind speed and
direction, rain, temperature, and relative humidity) have a strong
effect in directly influencing diffusion, dilution, accumulation, and
removal of air pollutants in a specific area (Kaminska, 2018;
Hu et al., 2021), also controlling the PM concentration at the very
local scale (Kavak Akpinar et al., 2006).

The concentrations of PM,s and PM;y associated with en-
vironmental hazard are regulated by European emission stan-
dards (Directive 2008/50/EC). Accordingly, the annual threshold is
25 ug/m3 for PM, 5 while being 40 pg/m3 for PMyg; a daily limit
of 50 pg/m3 should not been exceeded more than 35 times (days)
per year.

Despite the development of innovative air quality monitor-
ing technologies (Gozzi et al., 2015, 2017 and references therein),
the air pollution is still a relevant issue needing a better com-
prehension of the airborne pollutants’ behaviors and character-
istics (Gozzi et al, 2015, 2017; Van den Bossche et al., 2015;
Khaniabadi et al., 2018; Soggiu et al., 2020). Even if the existing
official and certified networks based on static stations are capable
to produce reliable data, their high costs do not permit to develop
a satisfactory and up-to-date spatial and temporal analysis of air-
borne PM (Peters et al., 2013; Gozzi et al., 2015; Thompson, 2016;
Jerrett et al., 2017). Therefore, there is the need of novel monitor-
ing networks based on smart, compact, portable, and, above all,
low-cost devices to generate a spatial-dense, reliable, and real-time
monitoring of the airborne pollutant (Gozzi et al., 2015).

In this work, we present the results of an eight-month PM mea-
surement campaign within the major maritime hub of Port of Civ-
itavecchia (northern to Rome, Italy; Fig. 1). The main aim was the
test of a newly designed low-cost (ca. 1000 €) device equipped
with an OPC (optical particle counter) sensor able to measure but
simultaneously collect the airborne material for later laboratory
studies. The raw data are statistically evaluated and discussed in
comparison with the referenced and certified data from the (few)
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air quality monitoring stations from the ARPA Lazio network in-
stalled in the same area. This calibration allowed us to evaluate the
performance of the OPC as a function of the hygroscopicity condi-
tions (Crilley et al., 2018) and explore the effectiveness of the sta-
tistical approach based upon the k-Koéhler theory (Petters and Krei-
denweis, 2007) to derive the corrected dry mass. Lastly, we verified
the capability of our device to monitor extremely variable events of
anthropic PM production such as those expected at the end of the
Italian hard lockdown because of the COVID-19 pandemic.

2. Materials and methods
2.1. Air pollution monitoring site

The municipality of Civitavecchia with a stable population of ca.
50 K inhabitants belongs to the Metropolitan City of Rome Capital
(Latium, Italy) since the 1st of January 2015. It is located on the
eastern Tyrrhenian Sea, 70 km north to the city center of Rome
and less than 50 km north to the Rome-Fiumicino International
Airport “Leonardo da Vinci” (IATA airport code: FCO) with the lat-
ter one classified as one of the 50th busiest international airports
with more than 49 M passengers per year prior to the COVID-
19 pandemic (official data at December 2019; https://www.adr.it/).
The municipality of Civitavecchia hosts the Port of Civitavecchia
(also known as “Port of Rome”) representing one of the most im-
portant Italian hubs for the maritime transport. It is also part of
the “Motorway of the Sea of the south-west Europe” (Fig. 1a). The
Port extends to the NW of the city of Civitavecchia (Fig. 1b) and is
characterized by the presence of regular (“Ro-Ro”) and cargo ferry
piers and also carrier ship docks. It also hosts the Rome Cruise
Terminal, making this port one of the main hubs for Mediter-
ranean Cruise tourism (Bonamano et al., 2017; Cafaro et al., 2018;
Martellucci et al., 2021). The Port of Civitavecchia, together with
the FCO airport, constitutes also one of the most important touris-
tic and commercial hub system of the southern Europe and of the
whole Mediterranean region.

The municipality of Civitavecchia is also characterized by the
presence of the following national strategic structures: the gas-
fueled combined-cycle Tirreno Power Station (TPS) and the coal-
fired ENEL Torrevaldaliga Nord Power Station (TVN; Piazzolla et al.,
2020a, 2020b; Gobbi et al., 2020). Both these power plants are lo-
cated at the NW termination of the Port area (Fig. 1b). Lastly, the
Port of Civitavecchia, the FCO Airport and the city of Rome are con-
nected via the highway system belonging to the European Route
“E80” (Supplementary Data, Fig. S1).

It is worth noting that the air quality of the municipality of
Civitavecchia is currently monitored only by nine static stations
(Fig. 1b) belonging to the governmental Regional Agency for the
Protection of the Environment (Agenzia Regionale per la Protezione
Ambientale - ARPA). Five stations are from the ARPA Lazio: (i) sta-
tion n°15 “Civitavecchia” in the city center (linear distance from
the low-cost device, hereafter “distance”, ca. 1.4 km), (ii) station
n°60 “Porto” at the southern “Varco Vespucci” access to the port
area(distance ca. 0.3 km), (iii) station n°83 “Villa Albani” located
north to the city center (distance 0.6 km), (iv) station n°84 “Via
Morandi” southern to the city center (distance ca. 1.9 km), and (v)
station n°85 “Via Roma” close to the city center (distance 0.75 km).
Since the month of May 2016, eleven stations from the former
ENEL (Ente Nazionale per I'Energia Elettrica) monitoring network
are managed by the ARPA Lazio. Four of these latter stations are
within the area of interest and they are: (i) station n°103 “Fiu-
maretta”, close to the port (distance ca. 0.83 km), (ii) station n°104
“Faro”, in the eastern and upper part of the city town (distance ca.
2.6 km), (iii) station n°105 “Campo Oro”, southern to “Via Morandi”
station (distance ca. 2.4 km), and (iv) station n°106 “S. Gordiano”,
southern to the Civitavecchia town (distance ca. 3.4 km).
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Fig. 1. (a) Simplified map of the western Mediterranean Sea; the EU “Motorway of the Sea of South-West Europe” (e.g., Papadimitriou et al., 2018) are indicated in cyan
and the location of the Civitavecchia maritime hub is the yellow square. (b) Satellite image of the Port and Municipality of Civitavecchia (Image 2021 TerraMetrics from
Google Earth Pro, Data SIO, NOAA, U.S. Navy, NGA, GEBCO; courtesy of Google) with mooring piers by ship category and location of the governmental ARPA Lazio (red dots)
and ARPA Lazio Ex-ENEL (blue dots) air quality monitoring stations indicated. The weather monitoring station (yellow dot) and the site of installation of the tested low-cost
device (green dot) are also indicated. The location north to the Port of the two TVN and Tirreno power plants is also reported in Fig. 1b.

The setting of the Port of Civitavecchia clearly represents a valu-
able target area for monitoring the anthropogenic PM and for the
development and testing a new device that could also implement
the existing low-density nodes air quality monitoring governmen-
tal network.

The system tested during this study was installed on the roof
of the Laboratory of Experimental Oceanology and Marine Ecology
(LOSEM; University of Tuscia, Viterbo, Italy) building which is lo-

cated in the southern area of the Port, close to the ARPA Lazio
station n°60 “Porto”, to a certified weather monitoring station and
also to the city center of Civitavecchia.

2.2. PM monitoring set-up

A PM monitoring campaign, from December 2019 to August
2020, was developed based on the original low-cost device pre-
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Fig. 2. (a) Simplified scheme of the device presented in this work. (b) The assembled
and (d) the Micro Diaphragm Gas Pump used.

viously presented and tested by Gozzi et al. (2015, 2017) (Fig. 2)
and designed to be transportable and easily implementable with
further additional sensors. As shown schematically in Fig. 2a, the
device (Fig. 2b) is powered by an AC/DC power supply and uses an
Arduino board, equipped with an ATmega microcontroller for the
sensors management and data transfer. The PM sensor is an Op-
tical Particle Counter (OPC-N3) manufactured and certified by Al-
phaSense® (Fig. 2¢), which is able to quantitatively measure PM;,
PM, s and PM;y concentrations in real-time using a LASER inter-
ferometry system, and to provide the airborne microparticles size
and mass/air volume. Data transfer is carried out via the SPI (Se-

OPC-equipped low-cost system. (c) The AlphaSense®© optical particle counter OPC-N3

rial Peripheral Interface) protocol, through a 4-logic signals. More-
over, our designed system is connected to an IoT cloud server,
through an integrated GSM module equipped with an UART (Uni-
versal Asynchronous Receiver-Transmitter) interface, in order to
access the data remotely from any personal computer or smart-
phone, without the need of an external memory. The device used
here has been also equipped for the first time with an additional
set-up to collect the particulate, consisting of a micro-pumping
and a filtering system able to sample in real-time PM > 0.4 mm
(Della Ventura et al., 2017). The activation of the Micro Diaphragm
Gas Pump (Fig. 2d), at predefined time intervals, is managed by
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a digital output of the Arduino board through a Low-DropOut
(LDO) voltage regulator. The filters can be easily removed at de-
sired intervals to be transferred to the laboratory for further mi-
croscopic and chemical analyses. This sampling set-up represents
the main novelty and innovation of our device with respect to tra-
ditional monitoring stations used by governmental agencies such
as the ARPA Lazio, as well as other available commercial low-
cost systems. In fact, in environmental pollution assessment stud-
ies, it is crucial to be able to characterize, besides the amount,
also the typology (morphology and composition) of solid pollu-
tants (Kgabi et al., 2008; Adachi et al., 2010; Zeb et al., 2018;
Dong et al., 2018, 2019). This information is essential to iden-
tify the source(s) of the airborne pollution and to develop effec-
tive environmental protection strategies. The instrument, for the
development and testing campaign, was connected to the mains
electricity allowing therefore a continuous operating time without
standby when working. The system was set on voltage range of
4.8 to 5.2 VDC as required by the OPC-N3 counter. The OPC-N3
operating parameters were measurement mode 180 mA, digital in-
terface SPI (Mode1) via USB, particle range 0.35 to 40 mm with
24 bins size categorization, total flow rate of 5.5 L/min and maxi-
mum particle count rate of 10 K particles/second. Furthermore, the
operativity of the Arduino board is factory-certified for air tem-
perature in the range —40 to 85 °C, whereas the AlphaSense®
OPC-N3 counter is factory-certified for temperature ranging —10
to 50 °C. Moreover, the OPC-N3 counter is certified also for RH in
the range 0-95%. No specifications are given for oxygen content in
air.

During the test campaign, the PM concentrations were moni-
tored at intervals of ten minutes, whereas sampling filters (glass
fiber filters, 25 mm in diameter and 0.7 um mesh) were weekly
collected (with a frequency ranging from 2 to 7 days). The num-
ber of particles measured by the OPC in each dimensional class
was automatically converted into pg/m3 of air through a built-in
factory-determined calibration routine (Crilley et al., 2018) and cer-
tified by AlphaSense®. The hourly average PM;, PM,5, and PM;q
concentrations are reported in Supplementary Data, Table S1. The
daily average concentrations of PM;, PM, 5, and PM;q classes were
calculated (Supplementary Data, Table S2) in order to compare the
raw data with respect to the available certified daily data from
the governmental ARPA Lazio monitoring network (http://www.
arpalazio.net/main/aria/sci/basedati/chimici/chimici.php).

2.3. PM morphological characterization

The sampling filters were preliminary examined with an opti-
cal stereoscopic microscope. Selected microparticles extracted from
the filters were characterized by combining optical and scan-
ning electron microscopy (SEM; SNE3200M Table top SEM by
SEC, Korea), and Raman (Horiba; Japan) and Fourier Transform
Infrared (FT-IR; Bruker, USA) spectroscopies. Analyses were done
at DAFNE-L (Istituto Nazionale di Fisica Nucleare, INFN) in Fras-
cati (Rome, Italy). The SEM investigations were developed using
a SNE3200M microscope, equipped with a high-resolution energy-
dispersive (EDS) Bruker detector (XFLASH Detector 410 M) and the
ESPRIT 1.9 software. The micro-FI-IR spectra were collected using
a Bruker Hyperion 3000 microscope attached to a Vertex V70 op-
tical bench. A quartz source was used for the IR beam, coupled
with a KBr beam-splitter and a mercury-cadmium-telluride (MCT)
detector for measurements both in the medium IR (MIR) and in
the near IR (NIR). The Raman spectra were acquired using a Horiba
NRS-5100 spectrometer, equipped with a 532 nm green laser. Spec-
troscopic data were then compared with the open-source database
Open Specy ( Cowger et al., 2021) for a proper identification of the
analyzed compounds.
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2.4. Meteorological background

Modeling how and where the air pollutants are transported
within a specific area requires the knowledge of the local vari-
ability of the weather conditions (or meteorological background).
This being the case, in the following we discuss the PM concen-
tration with respect to the wind parameters (i.e., speed and di-
rection) and to the relative humidity (RH) as measured by the
Civitavecchia Coastal Environment Monitoring System (C-CEMS;
Bonamano et al., 2016). Wind speeds data were expressed in m/s
whereas wind directions were in °N, whereas RH is expressed in
0-100% scale (Supplementary Data, Table S3).

Concerning air temperature, Horemans et al. (2011) demon-
strated a low correlation between PM and daily temper-
atures in the Alhambra locality in Spain. Furthermore,
Elminir (2005) demonstrated only an interesting positive re-
lationship between ambient air temperature and O3 and NO,
pollutants, whereas a weak to insignificant relationship between
the air temperature and the primary pollutants. Consequently, we
decided to focus here only on wind characteristics and RH, which
represent, for the study area, the most relevant weather variables.
However, as outlined by Gao et al. (2019), the daily temperature
could affect the PM background value. Therefore, we believe that
temperature is not relevant at this stage of development in the
selected Mediterranean coastal area, but it will certainly become
of high interest when the device will be tested in continental
areas and/or mountain environments.

2.5. Workflow for the analysis of variance

To evaluate the discrepancy between the low-cost device and
the selected ARPA Lazio referenced stations, we developed in this
study a classic and widely applied analysis of variance (ANOVA;
Piras et al., 2013). This procedure is based on the evaluation of the
existing relationship between the correlation coefficients (“Multi-
ple R”, or “R”) and the coefficients of determination (“R2”) from
the regression analysis applied to the PM contents from each ARPA
station with respect to the PM values measured from the tested
OPC-N3, considered as the differentiation index or the indepen-
dent variable. In this approach R values indicate the strength and
direction of a linear relationship between data, with R ranging
from —1 to 1, where R = —1 indicating a strong negative relation-
ship, R = 1 a strong positive relationship and R = 0 indicating no
relationship at all. The R? indicates the proportion of variance that
is expressed by the independent variable (i.e., the differentiation
index), with R? ranging from 0 to 1, where R?> = 1 indicates that
the model perfectly fits all the data.

Significance F-test has been produced for each regression anal-
ysis. It represents the probability of lack of significance of the re-
gression model. Considering a conventionally defined level of sig-
nificance equal to 0.05, regression models are accepted for F-test
values < 0.05. The regression analysis was performed using the Re-
gression Tool of the Analysis ToolPak in Microsoft Excel 2019.

2.6. Workflow for the PM correction

As previously discussed by Crilley et al. (2018, 2020), the OPC
data must be corrected for ambient RH to allow comparisons with
particle mass referenced instruments. Following the method pro-
posed by Crilley et al. (2018, 2020), we produced an OPC-measured
PM correction to ambient RH with respect to the nearest (ca.
0.3 km) ARPA Lazio referenced station n°60 “Porto”. Unfortunately,
this referenced instrument, for the time-interval of interest, did not
provided PM, s data, whereas the other ARPA Lazio stations were
too far away (>0.5 km) from our device to be considered suitable
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for the statistical analysis. Therefore, we calculated only the cor-
rection for the PM;o concentration measured by the OPC-N3.

The equation used (Eq. (1)) is that of Pope (2010) in the form
of Eq. (5) in Crilley et al. (2018):

)
G-+ (5%)]

where the density of water (ry) and bulk dry particles (rp) are as-
sumed to be 1 g/cm3 and 1.65 g/cm3, respectively (Crilley et al.,
2018), the water activity (ay,) is the ambient RH/100, m and my
are the wet (RH = measured value) and dry (RH = 0%) aerosol
mass, with the latter one from the ARPA Lazio referenced station
n°60 “Porto”, respectively.

The relationship between particle hygroscopicity and volume is
expressed by the hygroscopicity parameter k which is a quantita-
tive measure of aerosol water uptake characteristics vs. cloud con-
densation nuclei activity (k-Kohler theory in Petters and Kreiden-
weis, 2007) and chemical composition of atmospheric aerosol par-
ticles (Wang et al., 2017 and references therein). The k parameter
is here obtained through a non-linear best fit of the humidogram
calculated for the m/my mass ratio as a function of the water ac-
tivity (ay).

The non-linear best fitting method proposed is based on the
broadly applied method of the minimization of the sum of the
squared residuals (Lucci et al., 2016, 2020; Moghadam et al., 2021)
of the m/my vs. ay relationship expressed by Eq. (1), using the
Solver Tool of the Analysis ToolPak in Microsoft Excel 2019. The
k parameter is then used to calculate the factor (C) to correct the
raw OPC PM data using the following Eqgs. (2) and (3):

(1)

kxpw
C=1+—"r_ 2
T (2)
W
PM
P Mcorrected = me (3)
3. Results

3.1. Airborne PM measured concentration

Hereafter, we present the daily average PM values as obtained
by the raw data from the OPC instrument. During the eight-month
monitoring campaign, (i) the PM; measured concentration ranges
1-22 pg/m3, with a mean value of 4 pg/m?3, (ii) the PM, 5 values
ranges 2-42 pg/m3, with a mean concentration of 11 ug/m3, and
(iii) the PM;o amounts ranges 5-152 pg/m3, with a mean value
of 32 ug/m3. Trends are graphically presented in Fig. 3. Overall,
the daily average concentrations of PMyg are always higher than
those of PM, 5 and PM;. The calculated mean PM, 5 and PMyq con-
centrations never exceeded the annual European air quality stan-
dard values of 25 pg/m3 and 40 pug/m3 (Directive 2008/50/EC), re-
spectively. However, the measured PM;g values exceeded twenty-
eight times the European daily limit value of 50 pg/m3 (Directive
2008/50/EC). At the time of writing, there are no European stan-
dard values for PM; concentrations.

The discontinuity of data acquisition in the period March-June
2020 is due to the stringent decrees emanated by the Italian Gov-
ernment to control the spread of the COVID-19 pandemic disease,
making extremely difficult to access to the LOSEM building for the
ordinary maintenance of the device. Other minor data gaps are
caused by power supply failures and to device-maintenance.

3.2. Morpho-chemical characterization of airborne PM

The morphological classification of PM is a complex task due to
the wide variability in size and shape. After a preliminary exami-
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nation of the sampling filters through optical microscopy, the mor-
phological and micro-chemical study of the PM particles (Fig. 4)
was done through a scanning electron microscope (SEM) equipped
with an energy dispersive spectrometer (EDS) for X-ray fluores-
cence analysis. At the optical microscopy scale, most of the parti-
cles shows a homogeneous blackish color suggesting the presence
of carbon films coating the grains. Based on the particle shapes,
two main morphological populations are identified: (i) granular
particles characterized by variable sphericity and rounding de-
grees and (ii) non-granular particles showing elongated, fibrous
and lamellar morphologies. Qualitative micro-chemical analyses re-
vealed the presence of a wide range of compositions pointing to
very heterogeneous nature of the sampled airborne PM particles.
The most representative material from the whole set of collected
particles consists of (i) aluminum and iron oxides (Fig. 4a,c), (ii)
silicates (cf. quartz, cf. feldspar); (iii) carbonatic fragments, and (iv)
C-rich (cf. coal) fragments (Fig. 4d). The presence of Ca-sulfate (cf.
gypsum; Fig. 4b) and NaCl (cf. halite) is also relatively common.

Raman spectroscopy was applied to identify the nature of
carbon coats on filters (inset in Fig. 4e) and particles. The ob-
tained spectra (Fig. 4e) show intense scattering at 1600 and 1400
cm~! compatible with amorphous carbon, whereas peaks at about
1100 cm~! and <600 cm~! are attributable to calcium-carbonate
(cf. calcite) and to transitional metal oxides, respectively. Thus,
from Raman scattering, most of the analyzed particles can be in-
terpreted as multi-phase calcareous and metal fragments invariably
coated by thin films of amorphous carbon.

Concerning the non-granular microparticles, and in particular
the fibrous and the elongated ones (inset in Fig. 4f), those hav-
ing a relative transparency with whitish, bluish and reddish col-
ors, were analyzed through IR spectroscopy, a technique that is
particularly suitable to identify organic matter (Tseng et al., 1996;
Carballo et al.,, 2008; Wang et al., 2013). Representative FT-IR spec-
tra are shown in Fig. 4f. Although the correct classification of these
fragments is difficult due to the significant degradation and weath-
ering associated with the coastal-marine environment, a compara-
tive approach using the Open Specy data base (Cowger et al., 2021)
allowed an identification of textile fibers, plastics, and cellulose
fragments (e.g., Fig. 4f). Interestingly, the presence of widespread
microplastic particles had already been identified in the coastal
sediments of the same area (Piazzolla et al., 2020b) and in ma-
rine organisms sampled in the port waters (Piazzolla et al., 2020a)
as well as in commercial fishes from the same area (Miccoli et al.,
2022). With this work the presence of microplastics is also iden-
tified for the first time in the study area as airborne respirable
materials, thus confirming their great dispersion in the whole
environment as reported in previous studies of other localities
(Prata, 2018; Enyoh et al., 2019; Huang et al., 2020).

4. Discussion

In the following section, we will discuss the results obtained
for the airborne PM dispersion, firstly as a function of local wind-
parameters and later through comparison with the data from the
ARPA Lazio monitoring stations located in the municipality of Civ-
itavecchia. A very preliminary source-to-sink approach for the C-
rich material is also tentatively proposed.

Lastly, a comparison with data from the ARPA regional network
is developed for the measured PM peaks during the month of May
2020, corresponding to the transition from “Phase-1" to “Phase-2”
of the COVID-19 lockdown in Italy.

4.1. PM vs. local winds

The anthropogenic PM from highly populated areas is gener-
ated by industrial emissions, road dust, vehicle exhaust (Nel, 2005;
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device maintenance.

Guo et al., 2014; Brauer et al.,, 2016; Zhang et al., 2018) and gas-to-
particle conversion processes in the atmosphere (i.e., “secondary
PM”; Guo et al., 2014).

In the last two decades, many studies (Jacob and Winner, 2009;
Pearce et al., 2011; Guo et al., 2014; Huang et al., 2014; Zhang et al.,
2018) clearly demonstrated that the PM and the air pollutants
concentration and their spatial distribution in a specific area can
be strongly influenced by the meteorological background which
ultimately controls their transport and accumulation. Among the
many variables, many works highlighted the principal roles on PM
levels exerted by precipitations and wind characteristics (Li et al.,
2014; Zhang et al., 2015, 2018). Concerning the wind, a higher
speed mainly affects the areal dispersion of pollutants (Tian et al.,
2014; Zhang et al., 2018), whereas the direction mainly determines
the source (i.e., the tipology) of pollutants in the sampled area
(Guerra et al., 2006; Zhou et al., 2015).

For this study, the hourly wind speed and direction were ob-
tained from the automatic weather station (Bonamano et al., 2016)
located close to the LOSEM building where the tested device
was installed (Fig. 1b). During the whole measurement campaign
(Fig. 5a), except for the COVID-19 full lockdown period where
no data were collected, the wind speed was in the range 0.4-
14.4 m/s (average 3.3 my/s). Following the method proposed by
Jenks (1967) the wind speed was classified into six levels with
their relative proportions: (i) L1 <2 m/s corresponding to 29.9%
of measured wind speeds, (ii) L2 2-4 m/s and 40.9%, (iii) L3 4-
6 m/s and 18.5%, (iv) L4 6-8 m/s and 7.0%, (v) L5 8-10 m/s and
2.6%, and (vi) L6 >10 m/s and 1.2%. The wind directions were vi-
sualized by using four main provenance quadrants (I, II, IIl, and IV,
respectively) and relative proportions are presented in the wind-
rose diagram in Fig. 5a: (i) I is blowing from N 0-89° and corre-
sponds to 16.8% of measured wind directions, (ii) II is from N 90-
179° and 20.7%, (iii) III is from N 180-269° and 27.7% and (iv) IV is
from N 270-359° and 34.6%. The wind data indicates that, during
the measurement campaign the 62.7% of winds blow from III and
IV quadrants, whereas the 89.2% of winds had a speed <6 m/s.
Furthermore, the period December 2019-February 2020 is mostly

characterized by winds from northern I-IV quadrants, whereas the
period April-August 2020 shows a dominant wind frequency from
the southern II-IIl quadrants (not shown).

The daily-average wind speed and direction values were then
calculated for the effective days (Fig. 5b) of PM monitoring using
our device. The average-daily wind speed varies in the range 1.5-
7.0 m/s (average 3.2 m/s) and can be classified in the following
clusters: (i) L1 is 24%, (ii) L2 is 51.2%, (iii) L3 is 18.4% and (iv) L4
is 6.4%. Concerning wind provenance, the percentages for the [, I,
Il and IV quadrants are 14.4%, 20.0%, 28.0% and 37.6%, respectively.
Using a wind-rose diagram (Fig. 5b) it is possible to observe that
near half (45%) of the measured winds are blowing from two spe-
cific windows: a NW-window (N 306-337°, IV quadrant) and an S-
window (N 179-196°, II-lll quadrants) corresponding to the 27.2%
and 12.8% of wind data, respectively.

When the daily average wind data are integrated to the daily
average PM values (Fig. 6a-c) the following considerations are pos-
sible: (i) PMyo peaks >40 ug/m3 are the 27.2% of total PM;q mea-
sures, PM, 5 values >25 ug/m3 are the 6.4% of total PM, 5 data
and PM; peaks in the range 6-12 ug/m? are the 12.0% of total
PM; data; (ii) the winds blowing from the NW-window are asso-
ciated with 12.8% of PM;o values >40 pug/m3, 3.2% of PM,5 val-
ues >25 ug/m3 and 4.8% of PM; peaks in the range 6-12 ug/m3;
(iii) none of those high PM values are associated to winds blowing
from the S-window; and (iv) the few (4.8%) PM; values >12 pug/m3
are invariably associated to a third western window (N 248-298°).

Interestingly, when also the RH is considered, it is possible to
observe (Fig. 6d) how RH values were higher than 60% during the
76% of effective measurement days, with 16% of monitored days
showing RH > 80%. Furthermore, the ca. 26% of days with RH >
60% are associated with winds blowing from the NW-window and
with PM, 5 an PM;q peaks. On the opposite, the winds from the
S-window are generally characterized by lower (<60%) RH values.

In a preliminary source-to-sink approach, the integration of (i)
the position of the used device within the southern area of the
port (Fig. 1b), (ii) the relationship between the PM values and the
wind characteristics so far discussed, and (iii) the existence of two
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main windows for wind directions, allow us to make some work-
ing hypotheses on the main source areas for the airborne PM. In
particular, the PM, 5 and PM;o values associated with winds blow-
ing from the S-window can be related to PM generated by the an-
thropic activities in the city of Civitavecchia located south to the
device location. On the opposite, the high PM;, PM,5s and PMyq
values associated with winds from the NW-window could be re-
lated to PM material transported from the piers and from the two
thermoelectric plants (TVN and Tirreno Power) to the S/SE area of
the port where the OPC device is installed.

The common finding of black carbon particles (Fig. 4d) and car-
bon film coating (Fig. 4e) the filters, allows us to hypothesize ma-
rine diesel engines (Di Natale and Carotenuto, 2015; Gobbi et al.,
2020) and the coal-fired power plants as main pollution sources
(Zhang et al., 2005).

Concerning the highest PM; values, these are related to winds
blowing from the sea (e.g., west), and therefore they could be in-
terpreted as sea spray aerosol (Partanen et al., 2014). However, a
precise defining of the source-to-sink relationships were far be-
yond the scope of this manuscript, and these working hypotheses
need to be further investigated and verified.

4.2. Low-cost device vs. certified air quality monitoring stations

The daily average PM;y and PM, 5 concentrations (raw data) de-
tected by our device show trends comparable to those obtained
from the ARPA Lazio monitoring stations (Fig. 7). To note, the PMyq
(Fig. 7a) and PM, 5 (Fig. 7b) intensities measured by the OPC-N3
are generally higher than those from the certified ARPA Lazio sta-
tions. Such a discrepancy between the OPC sensor based on light
scattering technique (Sousan et al., 2016) and a referenced station
based on inertial impactor gravimetric method (Zhu et al., 2007)
has already been examined in several existing studies. Crilley et al.
(2018, 2020) demonstrated that the disagreement appears to be
primarily dependent on the ambient relative humidity (RH%); in
the study area more than 70% of days had RH > 60%. When the
ambient RH data are considered within the bi-variate comparisons
between the OPC-based device and the ARPA Lazio stations (PMyq
in Fig. 8 and PM, 5 in Fig. 9), we note: (i) an evident loss of correla-
tion for OPC values higher than >25 ug/m3 and >10 pg/m3 (val-
ues hereafter referred as thresholds) for PM;q and PM, s, respec-
tively, with the OPC-N3 invariably over-estimating the PM con-
centrations; (ii) the OPC values exceeding these thresholds are al-
ways associated with high (60-88%) RH; (iii) for OPC values lower
than the thresholds there is a good linear correlation with refer-
enced ARPA Lazio stations, however the OPC-N3 seems to gener-
ally under-estimate the PM contents. Finally, (iv) the OPC values
lower than the thresholds are associated with highly variable (25—
82%) RH values.

To mathematically evaluate the divergence between the data
from the OPC sensor and from the selected ARPA Lazio referenced
stations, we developed an analysis of variance (ANOVA). Concern-
ing the whole PM;q values, the results obtained from the regres-
sion analyses show acceptable F-test values (<0.05) only for five
ARPA stations (i.e., n°15, n°60, n°103, n°104 and n°105) that can be
considered therefore statistically significant. But low R (0.21-0.66)
and R? (0.04-0.43) are invariably obtained for these five stations,
suggesting very poor linear relationships.

Concerning the PM, s, F-test invariably show values >0.05 in-
dicating a lack of statistical significance between the data from
ARPA instruments and our low-cost device. We replicated then,
the statistical analysis of variance only for the OPC concentra-
tions lower than the threshold values. Regression analysis for
PM;p < 25 ug/m3 is always statistically significant (F-test < 0.05)
for all the seven considered ARPA Lazio stations. Imposing the 0
intercept (i.e., testing the 1:1 hypothesis), the R and the R? val-
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ues ranging between 0.87-0.94 and 0.76-0.89, respectively, indi-
cate a significant positive linear relationship between the PMjq
data obtained via the OPC and the referenced instruments from
ARPA Lazio network. This relationship can be expressed as follow:

ARPADM, o = axOPCPM (£S.E.) (4)

where a is the gradient of the linear regression (or ratio of the
covariance) varying between 1.087-1.786 (average 1.370) and S.E.
is the standard error derived by the statistical analysis and varying
between +6-14 ug/m3 (average +8 pg/m?3).

The regression analysis for PM, 5 < 10 pug/m3 is statistically sig-
nificant, indicating a positive linear relationship:

ARPAPML, 5 = axOPCPM, 5 (+£S.E.) (5)

characterized by R 0.87-0.93, R? 0.76-0.87 and a 0.001-1.796 and
S.E. £3-5 pg/m3.

Overall, the proposed analysis shows that for PM values lower
than the thresholds, the data provided by the OPC-N3 counter
and the referenced ARPA Lazio instruments are nicely correlated
(R? > 0.76). However, the significant deviation from the 1:1 linear
relationship, expected for two instruments monitoring the same
phenomenon in the same area, suggests cautionary evaluation of
these results.

Following the procedure by Crilley et al. (2018), the PM;y data
from the optical particle counter was corrected to the local RH val-
ues. To perform this correction, we explored the existing relation-
ship between the particle hygroscopicity and the volume, through
the hygroscopicity parameter k. However, defining the k parame-
ter, in this work, required to carefully consider the boundary con-
ditions characterizing the studied data-set and the Civitavecchia
area: (i) PMyo contents < threshold are related to highly variable
RH values and to winds from both NW- and S-windows, (ii) PMyq
contents > thresholds are invariably associated with high RH val-
ues and winds from the NW-window, and (iii) variable OPC-N3
sensor performances (under-estimates vs. over-estimates) in re-
sponse to the different PM;y and RH values.

These boundary conditions are addressed here by using a
sub population-based correction approach. Through the best-fitting
method, graphically presented in the humidograms of Fig. 10a,b,
we calculated two k parameters, one for PM;q ( threshold and one
for PMyo ) threshold, hereafter indicated as kLT and kHT, respec-
tively. The obtained kLT is 0.20 and it falls within the 0.36 + 0.16
expected range for Europe (e.g., Pringle et al., 2010) and within
the 0.3 &+ 0.1 values for continental regions (Andreae and Rosen-
feld, 2008). The calculated kHT shows instead higher value (0.61)
however it is still within the typical range 0.1 < k< 0.9 for par-
ticulate matter (Fitzgerald et al., 1982; Hudson and Da, 1996;
Dusek et al., 2006; Petters and Kreidenweis, 2007).

The obtained corrected PM;y values from the OP counter range
between 3 and 62 ug/m3. These values are in good agreement
with the referenced ARPA Lazio “Porto” station, as also high-
lighted by a new analysis of variance (F-test < 0.05, intercept O,
R 0.84, R? 0.71, slope a 0.8064, S.E. £10 pug/m3) and graphically
shown in Fig. 10c. A better agreement is also evident with re-
spect to all the time series of reported PM;y mass concentrations
from all the seven referenced ARPA Lazio stations in Civitavecchia
(Fig. 10d). Overall, the obtained results confirm previous findings
(Holstius et al., 2014; Crilley et al., 2018, 2020; Di Antonio et al.,
2018) regarding the impactful role of aerosol hygroscopicity in the
correction and precise evaluation of PM concentrations measured
using devices like OPCs. However, our case study outlines that the
use of k parameters from the literature or locally derived k values
cannot be completely appropriate for areas where the meteorolog-
ical parameters (e.g., wind + RH) are extremely variable and have
a strong role in controlling the airborne PM transportation and
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Lazio air quality monitoring stations (red and blue patterns).

concentrations. Moreover, our data show for the first time that a
proper correction of the PM concentration yielded by OP counters
is needed also for low (<60%) RH conditions. Further studies, how-
ever, are required to explore and better constrain this latter point
that is crucial for the use of low-cost devices in highly anthropized
areas.

1

4.3. A test for airborne PM monitoring during COVID-19 lockdown in
Italy

On the 9™ of March 2020, the Italian government decreed a
full lockdown (the so-called “Phase-1”; Fig. 3), an unprecedented
restrictive measure, to contrast the spreading of the severe acute
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respiratory syndrome coronavirus 2 (SARS-COV-2; e.g., Zhu et al.,,
2020) responsible for the COVID-19 pandemic. The full lockdown
aimed at imposing physical distancing through the suspension of
nonessential activities, banning social events, individual movement
restrictions, school closures, rigid quarantine strategy, and reduc-
tion of both international and internal flights. Italian citizens were
allowed to leave home only in specific circumstances (e.g., food
and pharmacy shopping, medical needs, essential jobs). Italy was
the first western country to experience a severe spreading of the
SARS-COV-2, and the first non-Asian country to adopt a full lock-
down strategy (Rugani and Caro, 2020; Marziano et al., 2021and
references therein). The transition to lesser restrictive rules (so-
called “Phase-2") started the 3™ of May with reopening of strate-
gic activities relevant for the Italian economy up to the lifting of
the lockdown on the 18" of May.

The ten days from 24t of April to 3™ of May just before the
ending of Phase 1 are characterized by the Liberation Day (April
the 25%) and the Workers’ Day (May the 1st) holidays. The cele-
brations for these two holidays are generally represented by short
tourism trips, daily trips, moving to family country-houses or par-
ticipating to mass gathering events such as “the 1%t of May Con-
cert” in Rome.

13

In 2019, the year before the COVID-19 pandemic, the Libera-
tion Day corresponded to a longer weekend (25 to 28t of April)
whereas the 1st of May occurred as a mid-week holiday. Inspec-
tion of the PM;y data collected during those days (blue pattern
in Fig. 11) by the ARPA Lazio network in Civitavecchia, in Fiumi-
cino (n°86 “Fiumicino Porto” and n°87 “Fiumicino Villa Guglielmi”;
Supplementary Data, Fig. S1) and in Rome (n°39 “Villa Ada” and
n°40 “Castel di Guido”, representative of the city center and pe-
riphery, respectively; Supplementary Data, Fig. S1) shows a sig-
nificant and expected spike (>100 wg/m?3) for the Liberation Day
holiday and a minor one (up to 15 pg/m3) for the Workers’ Day
holiday.

In 2020, these two holidays both corresponded to longer week-
ends (24th-26% of April and 15t-3™ of May, respectively) but oc-
curring during the COVID-19 full lockdown period. While govern-
ment restrictions were mostly respected during the Liberation Day
holiday, the same was not true for the Workers’ Day holiday, as re-
ported by many Italian national and local newspapers; this is well
documented by the PM;y concentrations from ARPA Lazio network
(pink pattern in Fig. 11) characterized by (i) a flat profile for the
Liberation Day and (ii) higher values (up to 25-30 ug/m?3) during
the Workers’ Day.
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Fig. 10. Humidograms with the corresponding k fit (in red) for (a) measured PM;y < 25 mg/m3 and (b) PM;y > 25 mg/m?3. (c) Scatterplot of corrected (see text for details)
PM;o measurements from OPC-N3 vs. referenced ARPA Lazio N°60 station. (d) Time series of the daily average corrected PM;, concentrations obtained by the OPC-equipped
low-cost device (black pattern) with respect to the governmental ARPA Lazio air quality monitoring stations (red and blue patterns).

A further relevant divergence between the 2019 and the 2020
PM;, patterns is the well-evident positive anomaly (up to 60-
70 pg/m3) registered in 2020 during the period 13th-18th of
May and corresponding to the approaching to the lifting of the
lockdown and the progressive reopening of commercial activities
on 18™ of May. To note, during the remaining days, the PM;q
patterns for 2019 and 2020 overlap, in line with recent studies
(Donzelli et al., 2020; Cameletti, 2020) highlighting the lack of a
clear relationship between the full lockdown measures and the re-
duction of PM emission in urbanized areas.

Examining now the raw data from the OPC sensor (Fig. 3), we
note for all PM fractions (PM;g, PM,5 and PM;) the absence of
peaks during the Liberation Day holiday whereas positive anoma-
lies are recorded during both the Workers’ Day weekend and at the
lifting of the full lockdown restrictions. Furthermore, when com-
paring the corrected OPC PM;g mass concentrations (black line in
Fig. 11) to the data from the ARPA Lazio network, we observe a
perfect agreement between the OPC and the ARPA Lazio 2020 pat-
tern.

Overall, the tested OPC-based device demonstrated to be effec-
tive in identifying events of severe airborne PM emission through
the simple evaluation of raw data. When corrected for the meteo-
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rological background conditions, using the mathematical procedure
set up during this work, it demonstrated to produce results com-
parable to referenced instruments.

4.4. Final remarks

The Port of Civitavecchia, located north to Roma, is one of the
most important maritime hubs of the Mediterranean Sea, thus rep-
resenting a valuable laboratory to test and develop next generation
low-cost devices for monitoring and sampling the airborne partic-
ulate. We can summarize hereafter the significant outcomes of our
work:

(i) The device installed in the southern area of the Port, during an
eight-month campaign demonstrated to be able to monitor and
coherently measure in real time the airborne PM;y, PM; 5 and
PM; mass fractions. The developed sampling system also per-
mitted to collect a highly variable population of airborne mate-
rial for laboratory characterization.

Optical, SEM-EDS and Raman characterization of the airborne
sampled material showed the presence of Al-Fe-oxides, sili-
cates, carbonates, and sulfates; most of the analyzed particles
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Fig. 11. Daily average corrected PM;o concentrations measured by the OPC-equipped low-cost device (black pattern) compared with the governmental ARPA Lazio data for
the 2020 (yellow pattern) and for the 2019 (blue patterns) years. The peak of PM;o emissions during middle May 2020 corresponds to the transition from the COVID-19 full

lockdown (“Phase-1") to a progressive reopening of essential activities (“Phase-2").

were found to be coated by thin films of amorphous carbon
material. Based on the existing literature, these characteristics
are comparable to PM emitted from maritime diesel engines
and coal-fueled plants.

(iii) FT-IR investigations outlined the presence of airborne mi-
croplastics in the form of nylon and flax fibers. This impactful
finding confirms the recent literature on the high dispersion of
microplastics in the whole environment.

(iv) The integration of wind data to PM characteristics (concen-
trations and types) permitted a preliminary source-to-sink ap-
proach with the identification of two main PM sources: a main
NW-source related to the docks and two thermoelectric plants,
responsible for the majority of PM;y and PM, s, and a second
source possibly corresponding to the town of Civitavecchia.

(v) The analysis of variance developed for evaluating the relation-
ship between PM data from the OPC device and the refer-
enced ARPA Lazio monitoring stations confirmed the necessity
to correct the PM raw data from the OPC-based device for the
local RH conditions. The ANOVA also evidenced for the first
time, irrespective to the RH, that the - OPC-N3 systematically
under-estimates PM concentration for PMyy < 25 ug/m3 and
PM,5 < 10 pg/m3, and over-estimates PM values for concen-
trations higher than these thresholds.

(vi) The PM;o mass correction relative to the nearest ARPA Lazio
station was modeled following the k-Kohler theory but consid-
ering the threshold values identified in this work. The resulting
corrected PMo concentrations are statistically in good agree-
ment with the referenced data from the ARPA Lazio network.

(vii) The OPC-based device was able to correctly monitor, during the
month of May 2020, the PM punctuated anomalies related to
the lifting of the full lockdown adopted by the Italian Govern-
ment to contrast the COVID-19 pandemic.

In conclusion, the results obtained during this study provide
compelling evidence for the valuable contribution of low-cost OPC
sensors in developing up-to-date airborne PM monitoring strate-
gies.
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5. Conclusion

There is a general consensus that strongly urbanized coastal
regions represent air pollution factories, with the anthropogenic-
derived emissions increasingly recognized as a major global threat
affecting the whole ecosystems and representing the very-next
challenge for preserving the natural environment and the human
health. This challenge requires to update the air quality monitor-
ing strategies. To contribute to this global quest, we designed a
low-cost device (ca. 1000 €) capable to measure the particulate
matter (PM) concentrations via an optical particle counter (OPC)
and simultaneously sampling it via standard 2.5 cm filters for PM
characterization through microscopy and spectroscopy techniques.
These latter investigations identified in the study area for the first
time the presence of airborne nylon and textile fibers, and there-
fore highlighted the dramatically increasing human exposure to
microplastics.

Lastly, this study identified for the first time the existence
of OPC-performance threshold values for measured PM (ug/m?3)
strongly controlled by meteorological condition such as the am-
bient RH. This highlighted the necessity of a deeper and more
complex data treatment and application of the k-Kohler theory for
modeling and correcting the OPC raw data. Further work is how-
ever required to fully standardize the strategies for evaluating PM
raw data and to test in different natural and anthropic environ-
ments.
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