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Abstract: In this work, the particulate matter (PM) from three different monitoring stations in the
Monterrey Metropolitan Area in Mexico were investigated for their compositional, morphological,
and optical properties. The main aim of the research was to decipher the different sources of the
particles. The methodology involved the ex situ sequential analysis of individual particles by three
analytical techniques: scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-
EDS), polarized light microscopy (PLM), and micro-Raman spectroscopy (MRS). The microanalysis
was performed on samples of total suspended particles. Different morphologies were observed for
particles rich in the same element, including prismatic, spherical, spheroidal, and irregular morpholo-
gies. The sequential microanalysis by SEM-EDS/PLM/MRS revealed that Fe-rich particles with
spherical and irregular morphologies were derived from anthopogenic sources, such as emissions
from the metallurgical industry and the wear of automobile parts, respectively. In contrast, Fe-rich
particles with prismatic morphologies were associated with natural sources. In relation to carbon
(C), the methodology was able to distinguish between the C-rich particles that came from different
anthopogenic sources—such as the burning of fossil fuels, biomass, or charcoal—and the metallur-
gical industry. The optical properties of the Si-rich particles depended, to a greater extent, on their
chemical composition than on their morphology, which made it possible to quickly and accurately
differentiate aluminosilicates from quartz. The methodology demonstrated in this study was useful
for performing the speciation of the particles rich in different elements. This differentiation helped to
assign their possible emission sources.

Keywords: sequential microanalysis; total suspended particles; polarized light microscopy; microRa-
man spectroscopy; scanning electron microscopy

1. Introduction

Particulate matter (PM) encompasses a complex set of solid or liquid particles, or
a combination of the two types, that are suspended in ambient air. Due to the great
variety of emission sources, PM shows considerable variability in chemical composition,
size, and morphology. It is well documented that prolonged exposure to PM can have
adverse effects on human health [1-5]. In addition, recent studies that were carried out
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in several countries have identified links between contamination by PM and morbidity
from the COVID-19 disease [6-8]. In recent years, the characterization of PM emissions and
the identification of their sources have proved to be fundamental in determining control
strategies for reducing emissions and risk exposures and for improving environmental
public health policies that protect human health [9,10]. Various methodologies have been
developed that allow for identification of emission source contributors to the presence
of airborne PM, based on the chemical composition of the PM itself [11]. In particular,
multivariate receptor modeling techniques are based on mass conservation, and the specific
mathematical technique used to solve the mass conservation equations is subject to the
available a priori information. Notable examples include the Chemical Mass Balance (CMB)
model [12], which also requires knowledge on the number and chemical profiles of the
sources, or the Positive Matrix Factorization (PMF) approach [13] that can be used if the
number and nature of the sources are unknown. The identification of the PM sources
obtained through these techniques, however, presents some uncertainties due to the nature
of the data. In addition, numerical problems do arise that have an impact on interpreting
the results from the model applications. CMB solutions can suffer from collinearity in
the source profiles [14]; PMF is intrinsically based on an ill-posed problem where the
experience of the analyst is fundamental in defining the number and nature of the main
sources based on the obtained factors [15]. Additional information on the nature of the
PM becomes relevant, as the mathematical models can have limitations in identifying the
proper sources involved.

Most chemical characterization techniques used for emission source designations
through receptor models are based on the outcome of a wide array of analyses on the bulk
of particles. Recent studies have shown that an individual characterization of atmospheric
particles can provide valuable information on their emission sources, formation processes,
and reactivity [16,17]. Most of the techniques used to characterize individual particles do
not require extensive sample pretreatment and are not destructive [18,19]. The scanning
electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) analysis
is a nondestructive technique that can assess the chemistry of atmospheric PM and the
processes that aerosols undergo in the atmosphere. The SEM-EDS is used to determine
the elemental composition, morphology, and size of particles and has been proven to be
helpful in differentiating particles based on their origins [20].

The SEM-EDS technique has been commonly used to characterize individual atmo-
spheric particles and has been enhanced through the implementation of a computer-
automated system (CC-SEM-EDS) that enables the characterization of many more particles
with even greater accuracy and speed [21]. This technique has also been combined with
statistical tools and computational methods (including Monte Carlo) for the analysis of
atmospheric particles to identify their potential emission sources [22]. The use of SEM-EDS
to investigate PM morphology has received increasing attention because the morphology of
the particles appears related to their optical and compositional properties [23,24]. However,
since the elemental analysis by SEM-EDS is semi-quantitative (i.e., under certain conditions,
it generates errors close to 10%) and does not present information on the composition at
the molecular level, it is necessary to complement it with other analytical methods, such as
infrared microscopy or Raman spectroscopy. Micro-Raman spectroscopy (MRS) combines
the analytical capabilities of Raman spectroscopy with the resolution of optical microscopy,
thus providing the possibility to obtain the fingerprint spectra of each molecular species
from individual particles and facilitating the detection of smaller groups of particulate
species [25,26]. The characterization of environmental particles through MRS has been used
to determine inorganic salts [27], biological materials [28], organosulfates [29], minerals [30],
and carbonaceous materials, including black carbon (C) and brown C, among others [31].

Another technique used to characterize the individual particles is polarized light
microscopy (PLM), which can examine particles with apparent diameters of up to 0.25 um.
Some optical properties, including color, refractive index, birefringence, and morphology,
can be determined by PLM, which therefore represents a valuable supplementary technique
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in particle identification. Although PLM is a well-known technique, its application to the
characterization of atmospheric particulate material has received little attention. Petean
etal. (2017) analyzed PM;y and PM, 5 with PLM to identify phases such as quartz, kaolinite,
calcite, muscovite, and goethite in the mineral fraction [32]. The biogenic fraction was also
characterized by determining several species of pollen during late spring and early summer
in Cluj-Napoca, Romania. In addition, Hindy et al. (2018) determined the mineralogical
composition of urban dust collected in Cairo, Egypt, and identified species such as calcite,
quartz, and gypsum, among others [33]. In Monza, Italy, Comite et al. (2020) used the
PLM technique to characterize the damage to a landmark cathedral caused by exposure to
polluted air [34].

In recent years, studies have used a combination of the aforementioned techniques to
characterize ambient air PM and other environmental pollution materials, thus highlighting
the significance and usefulness of these analytical tools in the analysis of environmental
samples [35-37]. No studies, however, have applied the combined and sequential use of
microanalysis techniques on the same particle. The current work presents a new analytical
method for characterizing PM. The method comprises the sequential application of SEM-
EDS, PLM, and MRS on the same particle to establish the relationships between morphology
and the elemental and molecular composition of the particle. The information generated
by this methodology is useful for assigning, with greater certainty, the probable sources of
PM emissions.

2. Materials and Methods
2.1. Monitoring Stations and Total Suspended Particulates (TSP) Sampling

The Monterrey Metropolitan Area (MMA) is located in Northeastern Mexico, has an
estimated population of 5 million people, and is the third-most populated metropolitan
area in the country. Approximately 2 million vehicles, including automobiles, public
transport buses, and heavy cargo trucks, commuted throughout the MMA in 2016 [38]. In
addition, a large amount of industrial and commercial activity has eroded the ambient air
quality such that the MMA has recently been considered one of the most polluted cities in
Mexico [39]. Typical climate conditions are cold and dry weather in winter, with an average
temperature ranging from 14.6-28.4 °C and an average annual rainfall of 583.2 mm [40].

Even though PM; 5 levels are of concern in the MMA, high levels of coarse PM are a
major focus of interest for this region. According to 2018 data [41], annual PM;, averages
varied between 37 pg/m?3 and 74 pg/m?3 among the 13 different air quality monitoring
stations operating in the MMA; all except one exceeded the standard of 40 ug/m3. The
maximum 24 h average PMjo concentration reported at any given station was 204 pg/m?,
while the lowest maximum 24 h average PM;( concentration was 112 pg/ m3. All stations
were in violation of the 24 h standard of 75 pg/ m3. Past studies have demonstrated
a high load of geological (+45%) and organic material (10-17%) in the coarse fraction
of the PM found in the ambient air of the MMA [42]. However, since a large part of
the industrial plants in the region have emissions whose main traces are also present in
the resuspended powders (e.g., cement plants, ceramic plants, glass plants, clay-related
plants, steel-mills, metal processing plants, open-pit mining of limestone, and crushed
stone/gravel processing) [43], source apportionment studies may be misrepresenting the
main source contributions in this semi-arid region, which is also influenced by other
anthopogenic fugitive dust emissions (e.g., road-dust resuspension and dust resuspension
from the construction industry) as well as natural emissions. Thus, the proposed sequential
use of microanalysis techniques can be useful to provide additional evidence on the most
probable emission sources impacting a given site.

TSP were collected at three monitoring stations of the Integral Environmental Mon-
itoring System (SIMA, by its initials in Spanish) of the MMA. The monitoring stations
were selected based on the diversity of nearby industrial and commercial emissions to
ascertain the potential pollution sources. Four samples were collected from each station
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during the winter period in December 2017. Figure 1 shows the locations of the selected
monitoring stations.

Google Earth

Figure 1. Monitoring stations in the Monterrey Metropolitan Area (MMA) where particulate matter
(PM) sampling was conducted. Source: Google Earth

One station was at Cadereyta (25°36'02.4" N, 99°59'42.1” W, 323 m above sea level
[m.a.s.l.]), which is a relatively small town of 95,534 inhabitants. This is an important
ambient air monitoring point because it is located 40 km southeast of Monterrey City
and hosts a major refinery plant that produces a wide range of products [44]. The second
monitoring station was located in Obispado (25°40/33.68" N, 100°20'18.8"” W, 560 m.a.s.1.),
which is characterized by a large amount of vehicular traffic and is the heart of Monterrey
City, hosting schools, medical services, and commercial establishments, with little industrial
activity. In addition, Obispado has been the site of important construction activities in
recent years, including at the time of sample collection. The third sampling site was the
Santa Catarina monitoring station (25°40'32.45” N, 100°27'54.07" W, 822 m.a.s.l.). This
location is characterized by a wide range of intensive industrial activities and heavy
freight traffic.

TSP samples were collected using a High Volume-Total Suspended Particulates sam-
pler (model TE-310, TISH) over 24 h, with a mean airflow of 68 m3/h. The samples were
collected at each monitoring station over consecutive days. A humidity chamber (<50%)
set at 20-25 °C for 24 h was used to condition the glass fiber filters before and after the
sampling procedures in accordance with the Compendium Method 10-2.1 [45].

2.2. Elemental Mapping of TSP Samples Subject to SEM-EDS and PLM

The morphology, elemental composition, and optical properties of the collected parti-
cles were analyzed using SEM-EDS and PLM techniques. To capture an overall perspective
of the TSP, the samples collected from the three monitoring stations were mapped, and
further individual analyses were performed on specific particles of interest. The collected
atmospheric particles were mechanically removed (without using chemicals) from the
glass fiber filters and placed on C tape. Low-resolution (<5000 X) electronic scanning
was performed with a SEM (JEOL JSM-6010PLUS/LA) under low-vacuum conditions
at 30 Pa using a backscatter electron (BSE) detector. For the elemental analyses, a JEOL
EX94400T4L11 Dry SD detector was used and operated at 15 kV. The optical properties of
the PM placed on the C tape were measured using an inverted reflected light Olympus®
GX51PL microscope. Micrographs were obtained using both an Olympus light polarizer
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and a GX-AN fixed analyzer. A digital Moticam® 1080 supplied with a Complementary
Metal-Oxide-Semiconductor (CMOS) sensor was used to obtain the images.

To complement the chemical mapping results, the crystalline phases in the PM were
analyzed by X-ray diffraction (XRD). A representative amount of sample was removed from
the filter and deposited onto a zero background holder made of amorphous silicon. The
PM characterization was carried out with a PANalytical Empyrean X-ray diffractometer
operated at 45 kV and 40 mA. The scans were performed in the 26 range from 5° to
90° with a step scan of 0.016° and 59 s per step. Structural refinements by the Rietveld
method and crystalline phase identification were performed with the X"Pert High Score
Plus software version 3.0.5 and the ICDD PDF+4 plus database (ICDD, International Center
for Diffraction Data, Newtown Square, PA, USA).

2.3. SEM-EDS/PLM/MRS Characterization of Individual Microparticles

Sequential microanalysis (SMA) was applied to characterize the collected particles.
The SMA methodology involved the ex-situ sequential analysis of individual particles
by three analytical techniques (SEM-EDS/PLM/MRS). The particles were mechanically
removed from the filters without tearing off the glass fibers and then placed onto a copper
grid that was divided into quadrants. The SMA was carried out on composite samples
from each monitoring station. The samples were first analyzed by SEM-EDS. Images
were taken at low- and high-microscopy resolution. Low-resolution images were acquired
using a JEOL scanning electron microscope, while high-resolution images were acquired
using a FEI Nova NanoSEM™ (model 200) operated at 15 kV in high-vacuum mode with
a BSE detector. Elemental analysis was made by an Oxford Instruments™ Inca X-Sight
EDS detector.

A polarized light microscope was used to determine the optical properties of the
particles placed on the copper grid. The characteristics of the microscope are described in
Section 2.2. A wide-range magnification objective lens (5X/0.1 BD, 50X/BD, and 100X/BD)
was used to adequately visualize the particles of interest. Furthermore, the molecular
composition of the particles was determined by MRS with a Horiba Scientific™ LabRam H
Evolution Raman microscope at 40 mW. A 532 nm laser was directed onto each particle
with the objective lens of an Olympus SLMPN 50X/0.35NA optical microscope. A Raman
signal in the range of 5-20% of the beam intensity was achieved with a coupled charge
detector at 220 K. The acquisition time was set at 5 s, and 15 spectra were added. The
equipment calibration was performed with a silicon standard. Spectra were processed with
the Horiba LabSpec 6 spectroscopy suite software. Figure 2 shows the sample preparation
process used in the sequential microanalysis of the atmospheric particles.
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Figure 2. Description of the methodology used in the sequential microanalysis.

3. Results and Discussion
3.1. Elemental Mapping of TSP Samples Subject to SEM-EDS and PLM

Figure 3 shows the chemical mappings of the PM collected at the three monitoring
stations. The particles showed an exceptionally varied morphology; many of them were
spherical or spheroidal, while others presented cleavage and features typical of crystalline
materials. Conglomerates of small particles with irregular morphologies were also ob-
served. Several previous reports have indicated that anthopogenic particles usually present
spherical or spheroidal morphologies because they are generated by vapor condensa-
tion [46], while those that arise from natural sources exhibit regular morphologies with
angles, cleavages, and facets [47]. According to the intensity in the color corresponding to
each element and the relative abundance (see Figure S1), the chemical mappings revealed
that the most abundant elements in the collected particles were the following: Si, O, Ca, Al,
K, and less proportion of detected Cl, Mg, S, and Fe. The presence of Si and Al may be as-
sociated with aluminosilicates. Ca and O might be associated with CaCO3 material, which
is a highly predominant crystalline component of the PM in Monterrey’s atmosphere [48].

The samples were subsequently analyzed by PLM. The optical micrographs obtained
by plane-polarized light are presented in Figure 4. We observe that the atmospheric
particles show different colors like white (or colorless), gray, brown, yellow, light blue,
green, and red. When the same particles were irradiated by cross-polarized light, the
interference colors of most of the particles resembled their natural colors, and this can be
attributed to a moderate to high degree of isotropy. In the case of the material collected
at the Obispado station, the spherical and spheroidal particles rich in Si and Al acquired
a white-colored tone at the hit of cross-polarized light, which may have been due to the
presence of phyllosilicates [49]. At the Santa Catarina station, abundant white and colorless
particles were recorded, possibly associated with CaCOj3. Importantly, limestone mining is
carried out intensively near this monitoring station, which could explain the abundance
of this mineral in the collected PM. For the samples collected in Cadereyta, many yellow,
white, and gray prismatic particles were observed in the micrographs. These particles may
have been from soil resuspension because this station is located in a semi-rural area.
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Figure 3. Chemical mapping of the particulate matter: we observed that the most abundant elements
are Si, Ca, Al, and O for the Obispado (A) and Santa Catarina (B) areas, while for Cadereyta (C) they
are Si, Al, and O.
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Figure 4. Micrographs and optical mappings with parallel and crossed polarizers obtained for the
total suspended particle (TSP) collected in: (A) Obispado, (B) Santa Catarina, and (C) Cadereyta.

To corroborate the results above, the crystalline phases present in the PM were char-
acterized by qualitative XRD and the quantitative Rietveld method. Table 1 shows the
percentages of the crystalline phases present in the PM collected at the various monitoring
stations of the MMA, and Figure S2 provides the obtained diffractograms. We observe that
the most abundant phases in all the investigated samples are represented by CaCOj (cal-
cite), followed by SiO, (quartz), aluminosilicates, CaMgC,Og¢ (dolomite), and CaSO4-2H,0.
These results agree with the SEM-EDS and PLM mappings. Additionally, the highest per-
centage of CaCO3; was found in Santa Catarina, which could explain the PLM observations
for these samples.

Table 1. Contents of the most important crystalline mineral phases present in the TSP from the three
monitoring stations, obtained by X-ray Powder Diffractometry.

Monitoring Station

% Phases
Obispado Santa Catarina Cadereyta
Calcite 723+16 779 £21 71+19
Quartz 11.7+12 103+ 1.6 150+£13
Gypsum 11.1+0.9 73+11 104 £ 0.8
Aluminosilicates 3.0+0.8 32+1.0 1.7 £07
Hematite 1.8+04 1.3+£0.7 1.9+0.6

3.2. SEM-EDS/PLM/MRS Characterization of Individual Microparticles

To further study the relationship between the morphology, chemical composition of the
particles, and their optical properties, an individual analysis was carried out sequentially
combining SEM-EDS, PLM, and MRS. To locate the particles of interest, the grids were first
mapped by SEM, sectioning them into quadrants. Once the particles were located on the
grid, the image was captured, and point analysis was performed by EDS. Subsequently,
the particles were characterized by PLM, followed by MRS. The particles were analyzed
by MRS last because they can suffer damage from exposure to the laser that is used as
an emission source in this technique. To obtain representative samples that included the
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greatest number of MMA emission sources, the characterization of the individual particles
was carried out on composite samples from the three monitoring sites.

Overall, the PM in the MMA could be divided into three main groups: (i) spheroidal
particles, (ii) particles with irregular morphology, and (iii) particles with angles and cleav-
ages. A total of 10 particles from each group were analyzed, and the particles that represent
the specific characteristics of each group are shown as an example.

(i) Spheroidal particles. Based on their chemical composition, the group of spheroidal
particles can be divided into the following three subgroups:

Si-rich spheroidal particles: Figure 5 shows the SMA of a spheroidal particle with
a size of 25.2 um. The micrograph clearly shows that it is formed by a conglomeration
of smaller particles, some of which have facets and cleavages characteristic of crystalline
materials. The EDS analysis revealed that the particle contained major constituents O, Si,
and Zr with minor elements, including but not limited to Al, Ca and K. The C may be in the
particle or may represent a surface coating. Optical micrographs obtained in the parallel
and crossed polarization modes are shown in Figure 5B,C, respectively. The natural color
of the particle seen in these micrographs resembles that of the characteristic third-order
blue of zircon (ZrSiOy) [50]. Interestingly, no significant difference between the natural
color and the interference color (with the crossed nicols) was found, an occurrence that
may be related to the high isotropy level due to the spheroidal morphology of the particle.
Isotropic opaque solids exhibit the same colors when the analyzer orientation is changed
from a parallel to a crossed direction in relation to the position of the polarizer [51].
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Figure 5. Sequential microanalysis (SMA) of a Si-rich particle showing a spheroidal morphology.
(A) Electronic micrograph. (B) Polarized light micrograph with parallel polarizer, (C) crossed polar-
izer, (D) Elemental analysis by scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDS), and (E) Raman spectrum.

The Raman spectrum bands at 202.2 em 1, 2226em 1,355 cm 1, 4374 em™1, 8248 cm L,
868.9 cm~!,974.4 cm~!, and 1003 cm ™! can be associated with ZrSiO, (Figure 5E), which
supports the PLM analysis where the presence of this mineral was revealed. Additionally,
the bands at 280.5 cm ™!, 711.9 cm !, and 1086.2 cm ™! can be associated with CaCOj5. As
mentioned above, particles with spheroidal morphologies are frequently associated with
anthopogenic sources; therefore, the occurrence of these minerals could be related to the
emissions of the construction industry or ceramics manufacturing. In this regard, studies
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carried out in the city of Castellon, Spain, revealed that particles with spherical morphology
that contain Si and Zr are commonly released into the ambient air as part of the production
of glazes and frits from the ceramics industry [52]. Based on the composition, morphology,
and optical properties of the small particles, it can be assumed that the conglomerates arise
from the grinding of raw materials in the aforementioned industries.

Fe-rich spheroidal particles. Figure 6 shows another particle with spherical morphol-
ogy and a corrugated surface texture, with a size of 8 um. This particle has an elemental
composition of Fe, O, and C. The PLM analysis revealed that the particle acquired a dark
gray color when analyzed with the nicols in parallel; however, it presented birefringence
with greenish tones under cross-polarization. In contrast, a previous report stated that
when Fe-rich particles of mineral origin are analyzed under polarized light, the particle col-
ors ranged from reddish-yellow tones to brown tones and did not show birefringence [53].
Therefore, it is likely that this spheroidal particle may have been covered with deposits
of carbonaceous material that gave rise to the observed colors and birefringence. Infrared
and fluorescence microscopy would be required to further understand the relationship
between the unexpected interference colors and the exact composition of the carbonaceous
material, and our research group is currently conducting studies on carbonaceous particles
using these techniques. The Raman spectrum revealed the characteristic bands of hematite
(Fey03;224.87 cm ™1, 286.914 cm™!, 404.5 cm ™1, 493.6 cm ™!, 604.9 cm 1), as well as bands
of amorphous C (D band at 1361.5 cm~! and G band at 1576.5 cm~!). Particles with similar
morphologies and compositions have been associated with emissions from the metal-
mechanical and metallurgical industries [54]. Notably, the MMA is located in a region with
a large metal-mechanical and metallurgical presence. Therefore, it is highly likely that the
large number of industries in the MMA contribute to the atmospheric emission of particles
having the aforementioned characteristics [55].

(D) 001
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Figure 6. (A) Electron micrograph of a Fe-rich particle with spheroidal morphology and corrugated
surface associated with anthopogenic sources. Optical micrograph with polarizer in (B) parallel and
(C) crossed. (D) Elemental analysis by SEM-EDS and (E) Raman spectrum where the D and G bands
of the carbonaceous material that coated the particle are observed.

Several reports have indicated that C deposits on particle surfaces can interfere with
particle characterization. Gonzalez et al. (2018) demonstrated that both the D and G
bands of amorphous C were able to mask the Raman signals of Fe-rich particles under a
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low-intensity laser. However, the carbonaceous covering of the particles degraded as the
beam intensity was increased, thus allowing bands associated with Fe,O3 to be detected
from the particles [56]. Similarly, Worobiec et al. (2010) indicated that the predominance of
bands in the Raman spectrum that belong to carbonaceous deposits on the particle surface
becomes so strong that it is difficult to perform the correct analysis [57].

C-rich spheroidal particles. Particles with spheroidal morphology that were rich in C
were also abundantly observed as part of the TSP in the MMA. Figure 7 shows the SMA of a
spheroidal particle with a smooth surface and an approximate size of 17.7 um. The particle
was mainly composed of C. At lesser proportions, it contained O and trace amounts of S,
Si, Ca, Cl and P. This composition and morphology are typical of black C particles. Several
reports have related the physicochemical characteristics previously described with this
type of particle [58,59]. Figure 7C,D show the optical micrographs obtained when the black
C particle was exposed to polarized light. When the PLM analysis was carried out with the
polarizers in parallel, the particle exhibited a natural black color. Similarly, when crossed
nicols were used, the interference color did not differ considerably from the natural color.
This would be expected because of the isotropy associated with the spheroidal morphology
of the particle.
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Figure 7. SMA of a spheroidal C-rich particle with a smooth surface. (A) SEM electron micro-
graph. Polarized light microscopy (PLM) micrograph with polarizer in (B) parallel and (C) crossed.
(D) Elemental analysis by SEM-EDS and (E) Raman spectrum.

The Raman spectrum of the black C particle (Figure 7C) revealed the presence of two
pronounced bands, characteristic of carbonaceous materials at ~1350 cm ! and ~1560 cm !,
corresponding to the D and G bands, respectively [60]. The width and asymmetry of the
peaks suggest the contribution of various modes of vibration from either the crystalline or
molecular structures present on the particle. Several studies have suggested the contribu-
tion of five bands in the D and G peaks of C (G and D1-D4) and have proposed different
methodologies to characterize carbonaceous materials based on spectroscopic parameters
and curve-fitting procedures [57,61]. The deconvolution of the D and G bands for different
carbonaceous particles collected in the MMA have been previously discussed in depth.
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Based on the results of previous analyses and a comparison with other studies, the most
probable emission source of these particles is from burning fossil fuels such as gasoline
and diesel [58].

Notably, most of the particles in this group presented a high level of isotropy that
was associated with their spheroidal morphology. Moreover, both the natural and the
interference color depended on the chemical composition of the particle.

(ii) Particles with irregular morphologies. This group can be divided into three sub-
groups:

Si-rich irregular particles: Figure 8 shows the SMA of a conglomerate of particles,
most of which have a prismatic morphology and diameters smaller than 5 um. The major
elements in the particle were Si, C, O and, in a smaller proportion, Al and Ca.
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Figure 8. Si-rich particle conglomerate studied by SMA. (A) SEM electron micrograph. Typical third-
order colors of silicates observed in optical micrographs using (B) parallel polarizer and (C) crossed.
(D) Elemental composition by SEM-EDS and (E) Characteristic bands of silicates due to Raman
modes present in these minerals.

The optical micrographs obtained with polarizers in parallel showed that the particle
conglomerate presented a natural blue third-order color that is characteristic of some
mineral aluminosilicates. Interestingly, when the micrograph was obtained with crossed
polarizers, the particle conglomerate showed a blue-green third-order color that was likely
due to a certain degree of anisotropy in the conglomerate itself. The natural color shown by
the conglomerate was similar to that observed for the particle with spheroidal morphology
examined in Figure 5 (ZrSiOy). Therefore, it is highly likely that the natural color of silicates
is more influenced by the composition rather than the morphology, whereas the change of
the interference color with respect to the natural color depends on the degree of anisotropy
in the morphology of the particle.

The Raman spectrum showed bands at 330 em !, 576.8 cm ™1, and 1129.3 cm !, which
are typical for aluminosilicates. Michaelian (1986) reported that the band at 330 cm~! can
be attributed to a combination of the vibration modes of the 5i-O deformations and to the
sheet vibrations of the octahedra in aluminosilicates, whereas the band at 576 cm™! can
be associated with the Si-O-Al bonds [62]. In addition, Yadav and Sigh (2015) attributed
the band at 1129 cm ™! to the asymmetric vibrations of the Si-O bond [63]. Based on the
morphology and the chemical characteristics of these particle conglomerates, it is probable
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that this group of particles is associated with the crustal material from soil resuspension.
Aluminosilicate agglomerates similar to those observed herein have been reported by
Heredia and Rodriguez (2016) in a study conducted in Aguascalientes, Mexico [64].

C-rich irregular particles: The micrograph in Figure 9 shows a particle with irregular
morphology and a size of 14.4 um. EDS analyses showed that the most abundant elements
are C, O, and S, while Al and Si are very low (trace). When the C-rich particles were
analyzed by PLM, their natural color through the polarizers in parallel was intense yellow,
whereas their color shifted to intense red when cross polarizers were applied. This can
be related to a high degree of anisotropy in the particle. According to Wu et al. (2015),
particles with a similar composition and morphology have been associated with biomass
burning in a study conducted in Shanxi, China [65]. Furthermore, like the particles in the
current study, Micic et al. (2003) associated C-rich particles with an irregular morphology,
and these particles were related to charcoal burning [66].
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Figure 9. A high level of anisotropy was shown by a C-rich particle with irregular morphology when
analyzed by SMA. (A) Electron micrograph. Optical micrographs with polarized light, using (B) the
parallel and (C) crossed nicols. (D) Elemental composition by SEM-EDS and (E) Raman spectrum of
the particle.

The results obtained by Raman spectroscopy confirmed the origin of these particles,
since the D and G bands of amorphous C (1359 cm~! and 1593 cm ') showed a profile
similar to that reported for the particles emitted by the burning of biomass as coal [67,68].
When this spectrum was compared with that obtained for the spheroidal C-rich particle,
noticeable differences in the band profile were evident. These differences can be attributed
to the diversity of the emission sources. Furthermore, charcoal grilling is quite common
not only as a leisure activity for barbeque cooking but also as a commercial activity to
prepare a wide variety of foods, and there is an increase in these activities throughout the
winter [42,69,70].

Fe-rich irregular particles: Particles with irregular morphologies that were rich in Fe
were also observed. Figure 10 shows the micrograph of a particle of this type with a size
of 16.6 um. The particles were mainly comprised of Fe, C, and O, with lower amounts
of Al, Mg, and Si. The PLM analysis using the polarizers in parallel showed that the
particle acquired different shades of third-order natural color that varied from green to
blue. When it was analyzed with the crossed polarizers, the particle showed a slight change
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to second-order blue. The change in the natural and interference colors could be associated
with the irregular morphology of the particle, which produced a high degree of anisotropy.
It is possible that the blue color exhibited by these types of particles may be caused by
the presence of Si and Al impurities. The Raman spectrum revealed bands at 218.77 cm !
and 1295.15 cm ™!, both of which coincide with the Raman modes of hematite [71]. The
morphology and the elemental or molecular composition of this type of particle indicate
that it is related to the material arising from the wear of automobile brakes and tires.
Thorpe and Harrison (2008) reported that some chemical elements, including Fe, Al, and
Mg, were components of particles that arose from brake wear [72], whereas Gonet and
Mabher (2019) established that hematite is one of the main compounds found in particles
with an irregular morphology that are emitted from the wear of automobile parts [73].
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Figure 10. SMA study of a Fe-rich particle with irregular morphology associated with the wear of
automobile parts. (A) SEM electron micrograph. Optical micrographs reveal the change in (B) natural
color and (C) interference due to anisotropy in the particle microstructure. (D) Elemental analysis by
SEM-EDS. (E) Raman modes of the hematite obtained by MRS.

(iii) Particles with facets and cleavages: This group contains particles that have faceted
morphologies and cleavages that are typical of crystalline materials. This group can be
divided into the following four subgroups:

Si-rich prismatic particles: Figure 11 shows the SMA of a particle with a size of 13 um
and a prismatic morphology characteristic of materials with long-range atomic ordering.
The most abundant elements are Si, O, and C, while Al is much lower. Therefore, the
particle could be characterized as a quartz particle. The optical micrographs obtained with
the parallel and the crossed nicols revealed that the particle did not show any color in either
case. It was thus assumed that the black color could be due to the structure of the particle
presenting a certain degree of symmetry. Most quartz particles have a first-order color
ranging from black and gray to white, and it has been confirmed that the low birefringence
of quartz does not allow the particles to acquire second-order color [51]. The color exhibited
by the prismatic particle differed markedly from that of the spherical and irregular silicon-
rich particles. This might be related to differences in their composition, since spherical
and irregular silicon-rich particles would correspond to zirconium and aluminum silicates,
respectively, while those with a prismatic morphology would correspond to quartz particles.
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These results reveal that in Si-rich particles, the optical reflection properties of polarized
light depend to a greater extent on the particle composition rather than on the morphology.
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Figure 11. Prismatic Si-rich particles studied by SMA. (A) Electron micrograph. The analysis by PLM
demonstrates the high level of isotropy in the particle because there is no variation in its (B) natural
color and (C) interference. (D) Elemental analysis by SEM-EDS. (E) Raman spectrum showing bands
associated with quartz.

In the Raman spectrum, the bands at 233 ecm~1, 1,357 em™1, 1,544 em™1, 1,636 cm™1,
and 771 cm~! match those previously reported for quartz. Importantly, the results obtained
in this investigation through XRD revealed that one of the major phases in PM corresponds
to quartz species (Table 1). The morphology and composition suggest that the particle can
be associated with natural sources, including the abrasion and resuspension of crustal
material [47]. Furthermore, it is known that when quartz becomes crushed, the resulting
particles have irregular angular fragments with sharp edges, resembling the observations
of this particle. Therefore, the ceramic and construction industries cannot be ruled out as
possible emission sources of quartz particles.

C-rich prismatic particles: The micrograph of a particle with isometric thombic
morphology, well-defined facets, and a size of 21.58 um x 38.3 pm is presented in Figure 12.
The particle contained major elements O, Al, C, and minor Cl. In the optical micrograph
obtained from the polarized light and parallel nicols analysis, unlike black C (which is
bluish-black), the rhombic particle acquired a natural gray color. This gray color could be
associated with the different chemical compositions of the particles. This is because black C
particles contain elements associated with organic materials, whereas this rhombic particle
is composed of elements associated with inorganic materials. The crossed polarization
analysis revealed a change in the tone of the first-order gray color, which could be associated
with a slight level of anisotropy present in the C-rich particle. The colors exhibited by the
prismatic particle resembled those reported for carbonaceous materials from mineral C
burning or carbide formation [74].

The Raman spectrum showed D (1337 cm ') and G (1577 cm 1) bands of the func-
tionalized C. Considerable differences in the band profiles were observed when the Raman
spectra of this particle were compared with those obtained from the C-rich spheroidal
particle (black C). These differences could be because the particles came from different
emission sources. As mentioned above, numerous studies have linked spherical C-rich
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particles to emissions from diesel burning, and a characteristic profile has been established
for both the D and G bands of their Raman spectrum. Moreover, the Raman spectrum of
the C-rich rhombic particle has a profile that resembles that reported for C emissions from
the metallurgical industry (carbides). This finding is consistent with the PLM results for
this particle [75,76].
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Figure 12. (A) Electron micrograph of a thombic C-rich particle. Optical micrographs of polar-
ized light with the nicols in: (B) parallel and (C) crossed. (D) Elemental analysis by SEM-EDS.
(E) Raman spectrum.

Ca-rich prismatic particles: Figure 13 shows the SMA of a particle with a size of
6.5 pm x 8.6 um and a prismatic morphology with facets typical of crystalline material. The
particle contains Ca, O, and C. The PLM analysis revealed that when the nicols were used
in parallel, the particle was colorless, whereas when the crossed polarizers were applied,
the color shifted to blue. These results are consistent with the optical properties reported for
calcite [77]. In the spectrum obtained by MRS, the bands observed at 152.9 cm~!, 278 cm ™!,
714.4 cm~1, and 1087.6 cm~! were also associated with CaCOs. Due to the morphology
and composition, this particle type can be related to crustal material arising from soil
resuspension; however, because of its size, its association with emissions from construction
industry crushing and milling processes cannot be ruled out. This result is in agreement
with the SEM-EDS elemental mapping, PLM, and XRD results (Table 1). In addition, calcite
was one of the most abundant minerals in the PM, and no Ca-rich particles with other
types of morphologies were found, thus strongly suggesting that their emission may be
from crustal origin alone.

Fe-rich prismatic particles: Another type of particle showing typical characteristics
of the crystalline state corresponds to those rich in iron. Figure 14 shows the SMA of a
particle with a size of 12.8 um and a composition consisting of Fe, O and C with trace levels
of Si and Ca. The natural and interference colors shown by this particle resembled the
reddish colors reported by Iglesias et al. (2018) for hematite [78]. The following bands in
the Raman spectrum were associated with hematite: 207.9 em~!,385ecm 1, 4742 em 1, and
585.6 cm~ 1. The origin of this particle subgroup could be related to natural sources because
the morphology, composition, and optical properties coincided with those previously
reported for this source type. The XRD analysis showed that hematite constituted one of
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the minority phases in the collected PM and may also be associated with materials from the
Earth’s crust. In a study carried out in Mexico City using SEM-EDS, Labrada et al. (2012)
found Fe-rich prismatic particles, which, through further in-depth analysis, revealed an
association with soil resuspension [79]. Moreover, Doughty and Hill (2020) characterized
the PM in Washington, D.C. through an automated aerosol Raman spectrophotometer and

reported hematite mineral particles associated with soil resuspension [80].
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Figure 13. (A) Electron micrograph of a prismatic particle associated with CaCO3 from soil resuspen-
sion. (B) Natural color and (C) interference obtained by PLM. (D) Elemental analysis by SEM-EDS.

(E) Bands related to the Raman modes of calcite.
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Figure 14. SMA study of a hematite particle possibly related to the crustal material of the MMA.
(A) SEM electron micrograph. (B) Natural color and (C) interference typical of hematite mineral.
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(D) Elemental analysis by SEM-EDS. (E) Characteristic Raman spectrum of hematite by MRS.
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A comparison of these results with those obtained for Fe-rich particles with spherical
and irregular morphology (described in Sections 1 and 2) shows that SMA can discriminate
Fe-rich particles of natural origin from those deriving from anthopogenic processes.

4. Conclusions

The sequential microanalysis applied to TSP collected in the MMA has proved very
effective in establishing the relationships between the morphology, chemical composition,
and optical properties of the particles, which are of great importance in identifying the
emission sources.

Based on their morphology, the particles collected from the three monitoring stations
were assembled into three large groups, spheroidal, prismatic, and irregular, which were
further subgrouped according to their chemical composition. Through the sequential study
of the particles by SEM-EDS, PLM, and Raman spectroscopy, it was possible to clearly
differentiate the C-rich particles that resulted from the burning of fossil fuels, biomass, or
charcoal and those derived from the metallurgical industry. Similarly, the SMA helped to
distinguish silicates originating from natural sources from those derived from anthopogenic
sources, such as construction and ceramic industries. The speciation of the Fe-rich particles
revealed that they were emitted by various sources, including the metallurgical industry,
wear of automobile parts, and crustal material. In addition, deposits of carbonaceous
material were observed on the Fe-rich spherical particles, which caused birefringence. The
results obtained in this study showed that both morphology and chemical composition
may influence the optical properties of particles. As a matter of fact, we observed that the
natural and the interference color of the spheroidal and irregular particles depend on the
chemical composition, while in the prismatic particles, the morphology may influence the
optical properties.

The methodology used in this investigation was able to produce complete and detailed
information at the micro and nano levels for the studied material. Therefore, its application
may be feasible in other disciplines, such as the materials and forensic sciences and also
the biomedical field.
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304/9/2/37/s1, Figure S1. Spectra and semi-quantitative EDS analyses obtained from particulate
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Diffractograms obtained from the XRD analyses on particulate matter collected at (A) Obispado, (B)
Santa Catarina and (C) Cadereyta monitoring stations.
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