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Abstract: Three measurement campaigns were conducted on the island of Culuccia (Sardinia, Italy) to
evaluate particulate matter (PM) concentrations and the contribution of sea spray aerosol (SSA) across
different seasons in a largely uncontaminated coastal environment. The goal is not only to analyze
PM concentration in relation to meteorological parameters such as temperature, relative humidity
(rH), and wind speed but also to provide a chemical analysis of SSA. The chemical composition of
PM was determined using Raman spectroscopy and SEM-EDX, allowing for precise identification of
individual particles. Results showed seasonal variations in PM composition, with sodium nitrate
and sodium chloride prevalent in March and June and sulfates dominating in October. A correlation
between the PM composition and meteorological parameters was observed according to the value of
the deliquescence relative humidity (DRH), highlighting the reciprocal influence of rH and coarse and
fine PM trends. This multi-technique approach offers valuable insights into the relative abundance of
different PM compound classes based on the varying conditions for SSA formation. This enhances
our understanding of the behavior of sea spray aerosol and other PM in natural coastal environments.

Keywords: sea spray aerosol; atmospheric chemistry; PM concentration trend; meteorological
parameter; PM chemical composition; Raman spectroscopy; SEM-EDX

1. Introduction

Aerosol particles in the atmosphere can originate from a variety of natural processes,
including wind-borne dust, sea spray, volcanic debris, biogenic aerosol, and biological
material [1]. Among these, sea spray droplets are the most numerous in terms of mass [1].
Marine aerosol is a complex mixture of sea salt, organic material, and water, with major
constituents including organic matter, sodium, calcium, magnesium, potassium, chlorine,
and sulfates [2,3]. Sea spray aerosol (SSA), together with mineral dust, emerges as one of the
primary aerosols worldwide concerning the mass discharged into the atmosphere [4] and
plays a major, largely undetermined role in affecting our atmosphere [5]. The contribution
of SSA to atmospheric aerosol loading varies temporally and spatially, with significant
implications for air quality, human health, and radiative forcing [6]. Specifically, sea spray
can be formed through the breaking of sea waves [7], the bursting of bubbles, and the
breaking of wave crests, resulting in the formation of white cap [8]. The formation of
white caps is governed by complex physical laws influenced by various factors that are
challenging to measure and monitor effectively [9]. Sea spray droplets, resulting from
the bursting of bubbles, may be transported to the upper atmosphere [10] and remain in
suspension for many days [11]. These particles, influenced by solar radiation, can evap-
orate and decrease until they lose their water content. Air bubbles collect organic matter
from the surrounding seawater, and when these bubbles burst, they produce SSA that
are enriched in organic matter [12]. They also carry dissolved gases, salts, and biolog-
ical materials, the chemical composition of which is determined by the way they were
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formed. This study aims to investigate sea spray particles due to their significance, but
with an innovative approach combining PM concentration analysis with meteoclimatic
parameters and quantification of the main PM components by chemical analysis. The
goal is to address the challenges of monitoring the complex variables involved in white
cap formation while also correlating PM concentration measurements with theoretical
and observed meteorological and climatic parameters. This approach seeks to provide
a more comprehensive understanding of physical phenomenon. This aims to bridge the
limited knowledge of how SSA and other particulate matter (PM) in natural coastal envi-
ronments interact with meteorological and climatic parameters, particularly in scenarios
with minimal anthropogenic pollution. This highlights the gap in current PM monitoring
and analysis techniques in coastal regions. A comprehensive examination of the existing
literature reveals a consistent trend: an escalation in relative humidity correlates with a
decrease in the concentrations of fine aerosol particles. Understanding the impact of relative
humidity (rH) on particulate matter (PM) concentration is paramount, given the variability
introduced by sedimentation processes [13]. Atmospheric moisture increases the mass of
smaller particles, promoting their sedimentation. Exploration of PM deposition at various
humidity levels becomes imperative, considering that the hygroscopicity and growth rate
of PM are contingent on factors such as composition, size, ambient temperature, and hu-
midity [14,15]. Noteworthy precursors, including sulfate (SOx), nitrate (NOx), ammonium
(NH3), volatile organic chemicals, and reaction intermediates, significantly contribute to
the atmospheric concentration of PM2.5 [13]. Ultimately, a single-particle characterization
is carried out employing a combination of two distinctive techniques: Raman spectroscopy
(RS) and Scanning Electron Microscope with Energy-Dispersive X-ray (SEM-EDX). Raman
Microspectroscopy can identify the chemical composition of typical aerosol particles by
their characteristic peak [16], preventing any sample preparation. This technique can
provide an unambiguous identification of the different PM chemical species correlating
their characteristic vibrational modes to the resulting Raman spectra [17]. Additionally, it is
a non-destructive, non-invasive, and repeatable technique [18]. Unfortunately, it cannot de-
tect some components such as NaCl [19], one of the most present salts in sea spray aerosol,
due to its ionic structure [20]. Instead, SEM analysis can provide critical information about
the morphology associated with the formation and transportation process of a single PM
particle. The shape of the particle car varies greatly: from flocculent and spherical shape to
regular crystalline and irregular shape [21]. Furthermore, using SEM with an EDX detector
has demonstrated its suitability for analyzing the elemental composition of individual
solid dry particles with submicron lateral resolution. Automated SEM-EDX can provide
quantitative information on the elemental composition of a large number of particles and
has been used successfully to characterize a range of atmospheric aerosol samples [22].
The combined application of Raman spectroscopy and Scanning Electron Microscopy with
Energy-Dispersive X-ray analysis for investigating the composition of particulate matter
has been established in numerous studies [20,22–27]. The innovation in this study is to con-
sider these two techniques on the same particle, as opposed to what is usually performed
when using this combined application. Our powerful approach offers a comprehensive
understanding of PM by simultaneously revealing its molecular composition and structure,
elemental composition, size, and morphology. Critically, employing both techniques on the
same particle significantly enhances identification accuracy through mutual confirmation
and expanded detection range. This comprehensive approach has proven valuable in
previous research but, in this work, provides a new and unique method by quantifying the
proportions of different PM compounds across the three different time periods considered,
allowing a comparative analysis of the principal PM components. This single-particle
analysis enables a more nuanced understanding of the factors influencing PM composition
and its potential health and environmental impacts. Furthermore, this study was able
to establish correlations between compositional analysis, meteorological parameters, and
trends in PM2.5 levels, providing valuable insights into the factors driving PM formation
and transport in the studied region.
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2. Materials and Methods
2.1. Site and Sampling Description

The measurement operations were carried out on Culuccia island, a peninsula of
300 hectares on the northeast coast of Sardinia, located between Porto Pollo and Porto
Pozzo, in the province of Sassari (Figure 1). Before this research, no air quality measurement
campaigns had ever been carried out on Culuccia island by other researchers. The present
study consisted of three different campaigns. The first measurement campaign lasted from
11 March to 18 March 2023. The second campaign lasted from 21 June to 28 June 2023,
and the last from 30 September 2023 to 12 October 2023. The decision to repeat the
measurement campaigns at different times of the year was made to best consider the
measurement of PM concentrations with different boundary conditions and to understand
what changes in the different seasons should be considered. A preliminary campaign was
made from 16 November to 24 November 2022. For this campaign only, the analyses did
not include chemical analyses because, due to adverse weather conditions, the collected
samples were not appropriate for RS and SEM-EDX analysis. Therefore, in Graph S1 in
the Supplementary Materials, the trends of different PM fractions monitored during this
campaign are reported. For each campaign, data were collected from Palas Fidas 200S for
the various particle size fractions (PM1, PM2.5, PM4, PM10) as a function of time. In all
campaigns, the Palas Fidas 200S was placed in a location that best represents the weather
conditions of the area (41.203099 N, 9.290897 E). Remarkably, this island has been home to
a lone inhabitant for over 73 years. The unique landscape of Culuccia island is safeguarded
by various regulations addressing diverse environmental aspects. This protection reflects
the commitment to preserving the island’s rich biodiversity and ensuring the sustainable
coexistence of its ecosystems. Hence, the choice of the island as a pollutant-free location in
which to carry out measurements allowed us to capture PM concentrations without the
intervention of dust from anthropogenic sources.
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Figure 1. Aerial image of Culuccia island (source: Google Earth). Visualization of overall Italy (a),
Culuccia island specifically (b), and the exact location (c) of the Palas Fidas 200S during the measure-
ment campaigns.

2.2. Palas Fidas 200S

The Palas Fidas 200S analyzer is an instrument that can measure the concentration of
solid particles ranging in size from 180 nm to 18 microns. The parameters acquired are



Atmosphere 2024, 15, 1379 4 of 13

PM1, PM2.5, PM4, PM10, and PTS. The external configuration of the instrument includes a
stainless-steel container to protect it from the weather and keep the instrument at an optimal
temperature for measurements. The instrument is equipped with a sensor and an optical
spectrometer that allows the definition of the number of aerosol particles and their size,
thanks to the scattering phenomenon. Each particle will produce a light pulse picked up by
the sensor; the number of pulses recorded will be directly related to the number of particles,
while the intensity of the pulses will be associated with the diameter of the same. The
acquired signal will return the number of particles and their size distribution. The sampling
head can capture a flow of 0.3 m3/h and enables representative measurements even in
intense wind, thanks to the Sigma-2 sampling head with VDI 2119-4. The instrument is
equipped with an IADS (Intelligent Aerosol Drying System), from Palas GmbH Germany,
as well as sensors for measuring the temperature, air pressure, and relative humidity. The
IADS prevents incorrect measurements caused by condensation effects in areas with high
humidity. The temperature must be kept higher than the dew temperature, which is why
a mechanism inside the drying line regulates it according to the external temperature,
pressure, and rH. During the measurement campaigns, Polytetrafluoroethylene (PTFE)
filters were kept inside the Palas Fidas 200S for the entire duration of each campaign to
collect PM particles.

2.3. Raman Spectroscopy

For the micro-Raman analyses, an inVia Raman confocal spectrophotometer coupled
to a LEICA microscope was utilized. For each of the collected filters, PM particles with
a geometric size between 1 and 10 µm were randomly selected in five distinct areas and
then analyzed. Specifically, a reference system was implemented for each filter, and the
coordinates of each particle along the five areas were saved to facilitate the relocation of the
particles in subsequent SEM-EDX analyses. No pretreatment was required for the samples
before analysis. The measurements were performed employing a 532 nm Diode Pumped
Solid State (DPSS) laser, set to a power of 250 µW (nominal power of 50 mW) to avoid
sample thermo-decomposition. The Raman spectrophotometer was properly calibrated
using the 520.7 cm−1 peak of a silicon wafer. The acquisition time was 15 s, and each
spectrum was integrated over four accumulations to improve the Signal-to-Noise Ratio
(SNR). The Wire 5.6 software package (Renishaw) was used to perform the data acquisition,
and the acquired Raman spectra were interpreted by consulting the Renishaw built-in
database. Furthermore, free Raman databases (e.g., RRUFF) were equally considered for
assigning Raman bands [28]. For each acquired Raman spectrum, post-processing consists
of smoothing and baseline removal. The smoothing is performed by implementing the
Savitzky–Golay algorithm to improve the SNR.

2.4. SEM-EDX

After the Raman measurement, the PM samples were coated with a 5 nm thin layer of
gold film using a QUORUM Q150R S sputter coater (QUORUM, Judges House, Lewes Road,
Laughton, East Sussex., UNITED KINGDOM). The measurements were carried out using a
QUANTA INSPECT 200LV microscope (FEI COMPANY, Hillsboro, OR, USA) coupled with
an EDX detector (EDAX (Ametek Inc.), Mahwah, NJ, USA). Using the coordinates selected
before, it was possible to relocate the same areas and analyze each particle that had been
previously examined by Raman spectroscopy (Renishaw S.p.A. Wotton-under-Edge, UK).
SEM images were obtained for the same five areas, and EDX spectra were collected for the
selected particles in order to further characterize their elemental composition.

3. Results
3.1. Temporal and Spatial Analysis of Particulate Matter

In the preliminary studies conducted based on an initial measurement campaign that
took place from 16 November 2022 to 24 November 2022, it was important to observe the
Pearson correlation indices between various particulate fractions and various meteoclimatic
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parameters. Table S1 in the Supplementary Materials shows the Pearson correlation indices
of the main parameters measured during the preliminary campaign on Culuccia island.
It follows from this first study that in uncontaminated scenarios, there is also a high
correlation between PM generation and wind speed. Wind speed was measured with a
Davis Vantage Pro 2 weather station. Higher wind speed corresponds to an increase in
the generation of the various PM fractions. Considering the significant influence that all
meteoclimatic parameters exert on PM concentrations, such as temperature [29], wind
speed, relative humidity, solar radiation, etc., in this study, it was preferred to include
and give greater importance to the significant correlation these parameters have with
relative humidity regarding the compositional analysis of the particles. Precipitation was
not considered since rainfall events were too few in all three measurement campaigns. In
the Supplementary Materials, there is an explanation of the weather and climate conditions
in the area. Although all PM particle size fractions were scientifically measured, it was
voluntarily preferred to present the results for PM2.5, as it was more representative of the
specific scenario analyzed and the considerable size of the apparent prevalence of particles
collected on the filter.

Figure 2 shows the results of the three measurement campaigns in terms of concen-
tration of PM2.5 and relative humidity over time. During the first campaign, in March,
the weather–climate conditions are representative of a winter season, with temperatures
averaging 13.34 ◦C and an average rH of 72.65%. The average value of PM2.5 is 6.55 µg/m3,
while that of PM10 is 11.90 µg/m3. Table S1 in the Supplementary Materials shows the
average values of all PM fractions together with the average values of relative humidity
and temperature, measured in all three campaigns (March, June, and October). In this
campaign, there are less-pronounced day–night alternation rH trends due to the particular
weather and climate conditions on the island at that time. The second campaign (Figure 2),
conducted in June, shows average temperatures of 25.27 ◦C and an average rH of 71.99%.
Evident from the graph is the typical trend of relative humidity following the day–night
alternation. The average value of PM2.5 is 10.39 µg/m3, while that of PM10 is 22.76 µg/m3.
This campaign recorded the highest concentration values in terms of atmospheric particu-
late matter; this may be due to the increased anthropogenic activity, mainly tourism and
island management. The last campaign, which is the longest in duration, was conducted
between September and October, with average temperatures of 22.34 ◦C and an average rH
of 77.06%. Also evident from the graph is the typical trend of relative humidity because
of the day–night alternation: the highest values of rH are recorded during the day, which
correspond to the lowest values recorded for PM. The average value of PM2.5 is 7.25 µg/m3,
while that of PM10 is 12.02 µg/m3. On average, the PM2.5/PM10 ratio is around 0.5: 0.55
for the March campaign, 0.46 for the June campaign, and 0.60 for the October campaign.
These ratios confirm the presence of dust of natural origin, which typically occupies the
coarsest fraction of the particle size curve.

3.2. Identification of the Chemical Composition

Particles deposited on the filter have a broad range of shapes and sizes (Figure 3).
PM morphology heterogeneity is heavily correlated to the diverse structures, origin, and
composition of these particles. The varied morphology of the particles suggests the pres-
ence of different sources and formation processes, contributing to the intricate nature of
marine aerosol particles. In the Supplementary Materials, a brief explanation of the main
formations and significance of secondary inorganic salts is provided.
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Figure 3. SEM images of PM particles from the June (left) and October (right) campaigns.

About 70 particles, carefully collected during each sampling campaign, were thor-
oughly analyzed, and Raman and EDX spectra were collected for each particle. The EDX
spectra may be affected by the composition of the PTFE filter, which displays peaks for C
and F. Additionally, interference can occur from the nanometric layer of gold through the
Au-peak. Although carbon remains useful for identifying compounds, Figure 4 reports the
F and Au peaks in red. The Raman spectra can be influenced by fluorescence, which can
interfere with the identification of compounds. To reduce this effect, a lower laser power
was employed. Eight different classes were selected to analyze the composition of the fine
and coarse PM: carbon material, silicon-rich particles, sodium chloride, sulfate salts, nitrate
salts, calcite, iron, and titanium oxide. If the analysis identified multiple classes, the particle
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was regarded as a cluster comprised of individual compounds considered separately in
this study. Raman and SEM spectra of four distinct particles, representative of the primary
class under investigation in this study, were selected from the June expedition for analysis
(Figure 4).
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In this study, nitrate salts, primarily composed of sodium nitrate, are mainly present
during the March and June campaigns, while sulfate salts dominate the October campaign.
Nitrate salts are more effortlessly recognized with Raman spectroscopy because the N-
peak in the EDX spectra cannot always be visible from interference from C, O, and the
Bremsstrahlung background [30]. Hence, the particle is assigned to the nitrate class if the
EDX spectra confirm the presence of the expected cation. Figure 4, spectrum A shows an
example of the identification of sodium nitrate, with a prominent peak at 1067 cm−1 Raman
shift and the Na-peak in the EDX spectra. In addition to sodium nitrate, a negligible amount
of calcium and ammonium nitrate was found. Ammonium nitrate can be particularly
challenging to detect using SEM-EDX spectra because of interferences. However, it is
identifiable through Raman spectroscopy [31,32]. The morphology of nitrate salts in PM
is complex and influenced by a range of factors [33]. In this study, they usually exhibit a
regular shape (Figures 3 and 4).

The Raman spectrum of carbon typically features prominent peaks at approximately
1580 and 1350 cm−1, as shown in Figure 4, spectrum B4. Carbon particles, especially those
coming from combustion, can encase other particles, and the carbon Raman signal can
sometimes obscure other peaks [34]. Hence, the particle is assigned as carbon only if the
EDX measurement also shows a strong C-peak. Alternatively, if the EDX measurement
indicates elements other than carbon, it is considered the other class. Carbon particles in PM
can exhibit a range of morphologies, including spherical, agglomerated, and agglomerated
with organic material [35–37]. In this study, the agglomerated form is frequently observed
(Figures 3 and 4). In addition, a small amount of pollen was found and identified because of
the characteristic peaks of pollen [38–40], the prominent C-peak in the EDX measurement,
and the morphology of the particles.

Sodium chloride cannot be detected by Raman spectroscopy due to its ionic bonds [20],
so the identification is possible only with SEM-EDX measurements through the Cl and Na
peaks [32]. In Figure 4, spectrum C, the Raman result shows no relevant peaks, while the
EDX spectra show the Na-peak and the Cl-peak. The shape of sodium chloride in PM can
vary based on environmental conditions, such as temperature, moisture, and other factors.
It can exist as clusters or individual particles, and sometimes it forms larger agglomerates
due to various influences [41]. Sodium chloride typically displays a structured pattern in
SEM images and is commonly found clustered with other particles (Figures 3 and 4).

From the acquired Raman spectra, it can be inferred that only a restricted set of
particles has displayed peaks, suggesting the existence of crustal particles. Conversely, in
EDX analysis, when the same particle exhibits a significant amount of Si, as well as other
crustal elements such as Al, Mg, Ca, and K, for this classification, the particle is considered
a crustal particle only if the Si-peak in the EDX spectra is dominant and there are other
elements typical of a crustal particle (Figure 4, spectrum D). The morphology of the particles
is often irregular and varied, exhibiting diverse shapes and sizes (Figures 3 and 4). The
October campaign indicates a considerable amount of sulfate in both forms of ammonium
sulfate and sodium sulfate, often together (Figure 4, spectra E and F). For ammonium sulfate,
the main peak occurs at a Raman shift of 975 cm−1 [17], while for sodium sulfate, it appears
at 994 cm−1 (Figure 4). Alternatively, The SEM-EDX measurement confirms the presence of
the S-peak in both cases and the presence of Na for sodium sulfate, while the N-peak is
not observed due to interference (Figure 4, spectra E and F). Hence, the identification is
easier with Raman spectroscopy. Moreover, the S-peak is present in a considerable number
of other particles, which indicates an intense amount of sulfate salt deposited on other
particles. Practically negligible amounts of calcite are present in all three samples. This
can be detected by the main peak at 1018 cm−1 Raman shift (R150020 of RRUFF database)
and by the presence of C and Ca in the SEM-EDX spectra. Different Raman spectra have
been identified as iron oxide. One spectrum from the March campaign shows a broad band
with a peak at 662 cm−1 Raman Shift, which is consistent with magnetite RRUFF (R080025
with 532 nm), while one Raman spectrum from the June campaign shows different bands,
which are consistent with hematite (R050300). The EDX analysis confirms the presence of
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iron in both cases. In the October campaign, one spectrum shows titanium oxide in the
form of anatase with a main peak at 144 cm−1 (R070582), and the corresponding SEM-EDX
spectra show the Ti-peak. Both compounds have already been found in previous studies
on PM [17,42,43].

3.3. Composition Analysis of Particulate Matter

In Figure 5, we observe the main components found in the three different samplings
of March, June, and October. The reported percentages indicate categorization based on
the quantity of coarse and fine particles analyzed. The primary compounds include carbon,
silicon material, and salts like nitrate, sulfate, and sodium chloride. Other classes like
calcite, iron oxide, and titanium oxide are not present in significant amounts and, hence,
are not crucial for this analysis.

Atmosphere 2024, 15, 1379 10 of 15 
 

 

the corresponding SEM-EDX spectra show the Ti-peak. Both compounds have already 
been found in previous studies on PM [17,42,43]. 

3.3. Composition Analysis of Particulate Matter 
In Figure 5, we observe the main components found in the three different samplings 

of March, June, and October. The reported percentages indicate categorization based on 
the quantity of coarse and fine particles analyzed. The primary compounds include car-
bon, silicon material, and salts like nitrate, sulfate, and sodium chloride. Other classes like 
calcite, iron oxide, and titanium oxide are not present in significant amounts and, hence, 
are not crucial for this analysis. 

 
Figure 5. The proportion of identified PM components. 

Silicon-rich and carbon particles are present in all three campaigns in considerable 
amounts with different percentages. The carbon content is lower in the March campaign 
and higher in the June campaign, reaching 42% of the total analyzed particles in the Oc-
tober campaign. Additionally, for the silicate class, a lower amount was found in the 
March campaign, while an almost identical percentage of 23% was determined in the other 
two campaigns. 

The mean levels of PM10 and PM2.5 in the March and October campaigns are close, 
but they are nearly twice as high in the June campaign. When analyzing the PM10 trend 
in October, very prominent peaks can be found on the following dates: 2/10/23 at 8:00 am 
and 11/10/23 at 2:00 pm. These are the results of constructional operations in the surround-
ing area of sampling, contributing to a significant increase in silicate and carbon levels due 
to PM production and resuspension. During both the March and June campaigns, a sig-
nificant quantity of sodium chloride and nitrate salts (predominantly sodium nitrate) was 
detected. The proportions were similar in both groups during each campaign, with a 
higher level observed during the March campaign, although we should take into account 
the lower average amount of PM discovered. In the October campaign, there is a consid-
erable amount of sulfate salts. According to the Raman result, two main salts were found: 
ammonium sulfate and sodium sulfate. A total of 45% of the particles analyzed corre-
spond to sodium nitrate, while ammonium sulfate corresponds to 55%. 

Deliquescence is a property exhibited by certain substances, typically salts, wherein 
they display a pronounced affinity for atmospheric moisture. Consequently, these com-
pounds absorb water and tend to dissolve, generating a solution until a state of equilib-
rium is achieved between the vapor pressure on the aqueous solution and the partial pres-
sure of water in the surrounding atmosphere. When the relative humidity surpasses a 
specific threshold known as the deliquescence point, a crystalline particle of saline aero-
sols undergoes deliquescence in the atmosphere. Examples of universal deliquescent sub-
stances include salts like calcium chloride, magnesium chloride, zinc chloride, and 

Figure 5. The proportion of identified PM components.

Silicon-rich and carbon particles are present in all three campaigns in considerable
amounts with different percentages. The carbon content is lower in the March campaign
and higher in the June campaign, reaching 42% of the total analyzed particles in the
October campaign. Additionally, for the silicate class, a lower amount was found in the
March campaign, while an almost identical percentage of 23% was determined in the other
two campaigns.

The mean levels of PM10 and PM2.5 in the March and October campaigns are close,
but they are nearly twice as high in the June campaign. When analyzing the PM10 trend
in October, very prominent peaks can be found on the following dates: 2 October 2023 at
8:00 am and 11 October 2023 at 2:00 pm. These are the results of constructional operations
in the surrounding area of sampling, contributing to a significant increase in silicate and
carbon levels due to PM production and resuspension. During both the March and June
campaigns, a significant quantity of sodium chloride and nitrate salts (predominantly
sodium nitrate) was detected. The proportions were similar in both groups during each
campaign, with a higher level observed during the March campaign, although we should
take into account the lower average amount of PM discovered. In the October campaign,
there is a considerable amount of sulfate salts. According to the Raman result, two main
salts were found: ammonium sulfate and sodium sulfate. A total of 45% of the particles
analyzed correspond to sodium nitrate, while ammonium sulfate corresponds to 55%.

Deliquescence is a property exhibited by certain substances, typically salts, wherein
they display a pronounced affinity for atmospheric moisture. Consequently, these com-
pounds absorb water and tend to dissolve, generating a solution until a state of equilibrium
is achieved between the vapor pressure on the aqueous solution and the partial pressure
of water in the surrounding atmosphere. When the relative humidity surpasses a specific
threshold known as the deliquescence point, a crystalline particle of saline aerosols un-
dergoes deliquescence in the atmosphere. Examples of universal deliquescent substances
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include salts like calcium chloride, magnesium chloride, zinc chloride, and sodium carbon-
ate. The value of deliquescence relative humidity (DRH), therefore, represents the point
of atmospheric relative humidity above which the salt absorbs water to form a saturated
aqueous solution. When the atmospheric rH takes values below DRH, the salt remains in
the solid phase. Beyond DRH, if the rH continues increasing, additional and more water
condenses on the particle to maintain thermodynamic equilibrium. For example, nitrate
production can be enhanced when the relative humidity is higher than the deliquescence
point of ammonium nitrate [44]. When analyzing marine spray particles, it is important
to consider their composition and mixing state to model their hygroscopic behavior and
subsequent atmospheric impacts. Environmental marine aerosol particles showed multiple
deliquescence and efflorescence transitions, mainly influenced by NaCl, NaNO3, MgCl2,
Mg(NO3)2, and organic species covering the surface of elderly ones. In addition, the
aged mineral particles showed partial or complete phase changes with varying relative
humidity due to the presence of nitrate species [45]. To clarify the distribution of diverse
compound classes, we compared the average rH values documented throughout the entire
campaign with the DRH values commonly linked to the specific classes of compounds
under investigation. The compounds analyzed were NaNO3, NH4NO3, NaCl, Na2SO4,
and (NH4)2SO4, with deliquescence values of 74.5%, 61.83%, 75.28%, 84.2%, and 79.97%,
respectively [46]. These compounds were taken as a reference because ammonia, sulfate,
nitrate, sodium, and chloride are the dominant components of reactive inorganic aerosols
in the atmosphere [47]. Table 1 confirms the results in Figure 5. NaNO3 was found only
during the March (35%) and June (21%) campaigns, as the rH% was below the DRH value
(74.5%). NH4NO3 was never detected because the average rH% recorded was higher than
the DRH value. Particulate ammonium nitrate typically forms under conditions of low
temperatures and relative humidity that exceed its deliquescence point [44]. NaCl is present
in higher percentages, 37% and 24%, in the first two campaigns, respectively, and absent
in the last campaign (October). It should be kept in mind that it evaluates NaCl in crystal
form and, therefore, in solid phase and not in aqueous form. In that case, that component
would be lost in the heating of IADS, which has the function of removing water vapor from
the particle before measurement. Sulfate salts, on the other hand, are present in different
percentages in all three measurement campaigns because the measured rH value is lower
than the DRH (%).

Table 1. Table correlating the DRH value (%) of the main salts found in the literature with the relative
humidity value (rH %) measured in the three campaigns. Green cell color indicates corresponding
rH(%) < DRH (%), while red cell color indicates rH(%) > DRH.

Chemical Compound DRH (%)
rH(%) Average Value Measured

March June October
NaNO3 74.5 72.65 72.00 77.06

NH4NO3 61.83 72.65 72.00 77.06
NaCl 75.2 72.65 72.00 77.06

Na2SO4 84.2 72.65 72.00 77.06
(NH4)2SO4 79.97 72.65 72.00 77.06

4. Conclusions

The analysis of PM collected during the campaigns provided valuable insights into
the composition of atmospheric aerosols. The identification of various compounds such
as nitrate salts, sulfate salts, carbon, sodium chloride, and crustal particles was effectively
carried out using an innovative and multimodal approach by Raman and SEM-EDX spec-
troscopy. Notably, the presence of nitrate salts, primarily composed of sodium nitrate, was
prominent during the March and June campaigns, while the October campaign exhibited
a significant amount of sulfate salts, including both ammonium sulfate and sodium sul-
fate. The detection of these compounds was made possible through the distinctive peaks
observed in the Raman spectra, along with confirmation from SEM-EDX measurements.
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The phenomenon of deliquescence, characterized by the strong affinity of certain sub-
stances, especially salts, for atmospheric moisture, plays a significant role in atmospheric
processes. The absorption of water by these compounds, resulting in the formation of
saturated aqueous solutions, is governed by the equilibrium between the vapor pressure
on the solution and the partial pressure of water in the surrounding atmosphere. The
innovative approach is highlighted by the fact that PM fractions were correlated with the
rH parameter. The latter has been linked to the deliquescence relative humidity (DRH). This
has allowed us to explain the presence of different types of secondary salts found through
compositional analysis. Indeed, the deliquescence point, a specific threshold in relative
humidity, initiates the transition of crystalline particles of saline aerosols into a solution in
the atmosphere. In this investigation, comparing average relative humidity values with the
DRH values for specific compound classes such as NaNO3, NH4NO3, NaCl, Na2SO4, and
(NH4)2SO4 yielded valuable insights. This analysis sheds light on the interaction of these
compounds with atmospheric moisture and their undergoing deliquescence across diverse
environmental conditions. Consequently, it enhances our understanding of atmospheric
processes involving various compound classes on a broader scale. The correlation between
PM trend, meteorological parameters, and compositional and chemical analysis by Raman
spectroscopy and SEM-EDX provided a more comprehensive and insightful understanding
of atmospheric aerosols. This innovative interdisciplinary approach will not only enhance
the interpretation of the obtained data but also contribute to a deeper understanding of the
complex interactions and processes governing atmospheric PM.
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//www.mdpi.com/article/10.3390/atmos15111379/s1. Figure S1: Pearson’s correlation index for all
variables measured during the first measurement campaign (preliminary campaign) held in Culuccia
island from 16 November 2022 to 24 November 2022; Graph S1: Trends of different PM concentrations
during the preliminary campaign on Culuccia Is-land from 16 November 2022 to 24 November 2022;
Table S1: Mean values of all PM fractions measured, and mean values of relative humidity and
temperature recorded in all three campaigns (March, June, and October); Graph S2: Temperature
(◦C) and relative humidity (rH %) trends for the March campaign; Graph S3: Temperature (◦C) and
relative humidity (rH %) trends for the June campaign; Graph S4: Temperature (◦C) and relative
humidity (rH %) trends for the October campaign.
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