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ARTICLE INFO ABSTRACT

Keywords: In the backdrop of persistent haze occurrences affecting Southeast Asia and Pakistan’s environmental landscape,
Pakistan this study delves into an in-depth analysis of atmospheric Particulate Matter (PM2.5) during intense haze epi-
Lahore

sodes prevalent in Lahore throughout October, November, and December 2019. Employing advanced analytical

;ﬁ:;ve humidit techniques encompassing Scanning Electron Microscopy (SEM) coupled with Energy-Dispersive Spectroscopy
Temperature Y (EDX), X-ray Diffraction (XRD), and Raman Spectroscopy (RS), this investigation meticulously scrutinized PM2.5
Wind speed samples. The findings showcased substantial variability in PM2.5 concentrations, peaking notably in December

Calcite within the range of 43.2-301 pgm 3, averaging 168 + 88.3 ugm >, whereas lower concentrations ranging from
30.9 to 268 pgm~>, with an average of 106 + 66.1 pgm~>, were observed in October. These concentrations
displayed correlations with meteorological parameters, demonstrating a direct association with relative humidity
and varying relationships with temperature and wind speed. The maximal PM2.5 concentrations aligned with
lower temperatures (19.1 °C), while higher temperatures (26.1 °C) coincided with the lowest concentrations,
illustrating distinct relationships with relative humidity percentages and wind speeds. Advanced spectroscopic
analyses (RS and XRD) confirmed the presence of various minerals and elements within PM2.5 samples,
encompassing calcite, calcium aluminosilicate, hematite, barite, quartz, gypsum, organic carbon, and nineteen
elements identified by EDX. Morphological evaluations unveiled diverse particle shapes, from round, pointed,
and irregular to rod-like, and agglomerate structures. SEM investigations delineated distinctive groups of
anthropogenic and geogenic particles, emphasizing emission sources such as automobile emissions, crop residue
burning, biomass burning, construction activities, soil dust, and industrial emissions. This comprehensive study
lays the groundwork for source apportionment, vital for understanding consequential impacts on climate, visi-
bility, and human health, fostering future investigations in this domain.

1. Introduction from diverse origins, including natural sources such as dust, sea salt, and
emissions from anthropogenic activities termed as primary and sec-

Air pollution is a complex assemblage of gases and particulate mat- ondary emissions (Zhang et al., 2015). Key sources of primary particu-
ter, comprising both natural and anthropogenic sources (Ristovski et al., lates and gaseous precursors, notably nitrogen oxides, sulfur dioxide,
2012; Kumar et al., 2019). Particulate Matter (PM) originates directly and volatile organic compounds, are industrial and vehicular emissions
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Fig. 1. Map of Lahore, including the sampling location.
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Fig. 2. Daily variation in PM2.5 mass concentrations during the study period.
Comparison of PM; 5 concentration with National Ambient Air Quality Stan-
dard (NAAQ) and World Health Organization (WHO).

(Rani et al., 2011). PM is a vital pollutant that has affected human health
in the past decade, which comes in various sizes based on aerodynamic
diameter and can be classified into three main types: coarse PM
(PM10-2.5), fine PM (PM2.5) and ultrafine PM (PMO0.1) (Inerb et al.,
2022; Samae et al., 2021). The chemical composition of PM is contingent
upon emission sources and geographical locations (Park and Kim, 2005),
comprising inorganic salts, iron compounds, organic carbon, and trace
amounts of hazardous metals like chromium, arsenic, cadmium, and
lead (Bari and Kindzierski, 2016). These metals, including Cr, As, Ba, Ni,
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and P, pose adverse effects on human health and contribute to climate
change (Olawoyin et al., 2018).

Particulate matter, especially black carbon within PM2.5, exerts a
profound influence on the climate system by directly impacting solar
radiation transmission and absorption (Wang et al., 2018). It also serves
as cloud condensation nuclei (CCN), indirectly influencing atmospheric
processes (Jin et al., 2005). The composition of PM2.5, consisting of
carbon aerosols, significantly affects solar radiation absorption and
diffusion, ultimately impacting the hydrological cycle (Ramanathan
et al., 2005). Additionally, mineral dust present in PM2.5 contributes
substantially to the total atmospheric aerosol loading (Rodriguez et al.,
2002). Furthermore, PM2.5 is intricately linked to various human health
issues, including respiratory and cardiovascular ailments, reduced visi-
bility, and long-term mortality risks (Pun et al., 2017; Dominici et al.,
2006). Its primary sources, such as traffic emissions, biomass burning,
and agricultural activities, perpetuate health-related concerns (Nihalani
et al., 2020).

In Pakistan, environmental challenges due to escalating air pollution
are prevalent (Mir et al. 2022, 2023), particularly in regions experi-
encing fog and mist episodes, notably the southern Himalayan slopes
during October and November (Zeb et al., 2018; Alam et al., 2018). Haze
episodes, attributed to particulate matter and gaseous pollutants under
specific meteorological conditions, stem largely from anthropogenic
sources, rapid industrialization, urbanization, and unregulated vehicle
emissions. These events pose substantial public health risks, exacer-
bating pulmonary and cardiovascular diseases. The city of Lahore, spe-
cifically, grapples with severe air quality issues. Reports reveal
alarmingly high PM2.5 concentrations, surpassing WHO and NAAQS
standards, primarily originating from sources like soil/road dust, in-
dustrial emissions, vehicular emissions, biomass burning, and secondary
aerosols (Ahmad et al., 2021). However, comprehensive characteriza-
tion and source identification of fine particulates in this region remain
limited yet crucial for formulating effective air quality management
strategies.

In this context, this study aims to provide a comprehensive under-
standing of the characteristics and potential sources of PM2.5 during
intense haze episodes observed in Lahore’s highly polluted urban
environment in October, November, and December 2019. Given the
escalating concerns over haze-related impacts, especially in densely
populated urban centers, an in-depth analysis of PM2.5 becomes
imperative. This investigation utilized advanced analytical techniques,
including Scanning Electron Microscopy (SEM) coupled with Energy-
Dispersive Spectroscopy (EDX), X-ray Diffraction (XRD), and Raman
Spectroscopy (RS), to scrutinize PM2.5 samples collected during the
identified haze episodes. The study sought to elucidate the temporal
variability of PM2.5 concentrations, their correlation with meteorolog-
ical parameters, and the comprehensive characterization of PM2.5
components, including minerals, elements, and particle morphology.

The significance of this research lies in its potential to unveil the
intricacies of PM2.5 dynamics during haze events in an urban setting.
The study aims to bridge existing knowledge gaps, in research con-
cerning the dynamics of air pollution in a region where investigations
have been relatively limited, contribute valuable insights into the
characterization of PM2.5 during intense haze episodes, and delineate
potential strategies for mitigating the adverse effects associated with
urban haze occurrences. The subsequent sections of this paper are
structured as follows: Section 2 details the methodology, covering study
site description, sample collection, mass concentration determination,
sampling site meteorological conditions, and instrumentation. Section 3
includes an in-depth analysis of PM2.5 concentrations, meteorological
conditions, Raman Analysis, and SEM-EDX results. Section 4 provides a
concise summary of key findings and their implications.
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populated cities in Asia, as delineated in Fig. 1. Covering an expanse of

404 square kilometers, it serves as Pakistan’s second-largest commercial
and industrial hub. The city has undergone rapid urbanization over
recent decades. According to the 2017 census data from the Pakistan
Bureau of Statistics (https://www.pbs.gov.pk/content/final-results-ce

nsus-2017), Lahore’s total population surged to 11.1 million with a
population density soaring to 628 thousand individuals per square

2.1. Description of the study area (Lahore
N

kilometer. This population growth significantly contributes to the
escalation of air pollution in metropolitan areas (Che et al., 2023).

the neighboring Punjab region, where Lahore is situ-
witnesses extensive rice cultivation, often leading to the burning of
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residual crops during autumn. This practice has been identified as a key
contributor to air quality degradation (Singh and Kaskaoutis, 2014;

Alam et al., 2018; FAO, 2018; Mir et al.,

ated

Fig. 4. Meteorological conditions of the study area.

2022). Additionally, the city’s
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Fig. 6. XRD pattern of average values of PM; 5 samples.

continuous expansion, amplified industrialization, and various anthro-
pogenic undertakings have collectively culminated in extensive pollu-
tion. Vehicular emissions, in particular, stand out as a major factor
compromising the atmospheric quality (Alam et al., 2014).

2.2. Sample collections

The quantification of PM2.5 was conducted using a Low-Volume
Sampler (LVS) mechanism. Quartz fiber filter substrates served as the
collection medium for PM2.5, and a total of 45 samples were
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Fig. 7. The average weight percent of individual elements in the study area.

systematically gathered on alternate days over 24 h from 8 a.m. to 8 a.m.
throughout October, November, and December 2019. The sampling took
place atop the Government College University Lahore premises, posi-
tioned at a 5-m elevation above ground level to ensure optimal collec-
tion conditions.

Operated consistently at a flow rate of 16 L/min, the LVS method
utilized a 47 mm quartz fiber filter possessing a pore size of 0.4 pm for
efficient PM2.5 retentions. Following collection, rigorous handling
procedures were employed for the filters. Specifically, forceps were
delicately used to extract the PM-laden filters, carefully placing them in
petri dishes. These samples were then weighed, conditioned, and
meticulously stored in a refrigerated environment at 4 °C to forestall
heat-induced degradation and prevent the evaporation of volatile ma-
terials, preserving their integrity for subsequent evaluations.

Subsequent to the collection phase, the gravimetric mass of the
PM2.5 samples was determined using a microbalance. The initial mass
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of the blank filter was subtracted from the final mass of the sampled
filter to ascertain the precise mass of PM2.5 collected.

2.3. Determination of mass concentration

The mass concentration (M) of PM2.5 in the air (pg/m3) was
computed using the formula:

M=W-Wj)/Qxt

Where M represents the average mass concentration of PM2.5 in the
air (ngm ™), W¢ and W; indicate the final and initial average mass of the
Quartz filter (nug), Q represents the airflow rate in the sampler (L/min),
and t denotes the sampling time (min).

To ensure accuracy, meticulous attention was given to the Quality
Assurance and Quality Control protocols throughout the data collection
and analysis process. Filters were thoroughly inspected for any defects
both before and after the sampling sessions.

2.4. Metrological conditions of the sampling site

The meteorological conditions prevailing at the study site, including
temperature, relative humidity (RH), and wind speed (WS), along with
their correlations with PM2.5 concentrations, are graphically repre-
sented in Fig. 4. The meteorological data were procured from NASA’s
website (https://power.larc.nasa.gov/data-access-viewer/). Tempera-
ture and relative humidity measurements were obtained at distances of

2 m, while wind speed was recorded at 10 m, utilizing the MEERA-2
satellite for the period spanning October to December 2019 over
Lahore. Throughout the study period, temperatures varied from 19.1 °C
(December) to 26.7 °C (October), with a mean temperature of 24 °C.
Relative Humidity (RH) ranged from 36.0% to 81.9%, averaging 53.4%.
The minimum recorded wind speed was noted in October (1.10 m/s),
while December exhibited the highest speed (4.40 m/s), with an average
of 1.90 m/s.

2.5. Instrumentations

2.5.1. Scanning electron microscope with Energy Dispersive X-rays (SEM-
EDX)

A Scanning Electron Microscope coupled with Energy Dispersive X-
rays (SEM-EDX) was employed to scrutinize the morphology, micro-
structure, and composition of the particles within the samples. The ex-
amination of sample morphology was conducted using a TESCAN
MAIAS3 field emission scanning electron microscope (FE-SEM). SEM
characterization was performed in a high vacuum at appropriate volt-
ages, while EDX analyses were executed at an acceleration voltage of 20
KeV.

The process involves accelerating a focused beam of high-energy
electrons ranging from 1 to 40 KeV onto the specimen’s surface. This
examination yields data concerning surface morphology, grain size, and
grain boundaries. The SEM apparatus comprises an electron gun, de-
tectors, a vacuum system, and a scanning system. As the scanned
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Fig. 8. (continued).

electron beam interacts with the specimen’s surface, characteristic X-
rays, secondary electrons, and backscattered electrons are generated.
Both backscattered and secondary electrons are utilized to generate
images. Notably, backscattered electrons contribute to phase distribu-
tion and atomic number contrast due to the heavier elements scattering
more electrons than lighter ones (Vernon-Parry, 2000).

2.5.2. X-ray diffraction

X-ray Diffraction (XRD) serves as a fundamental technique for
determining a sample’s crystal structure in various forms such as thin
films, powder, or solids. It involves the production of X-rays (wavelength
0.1 A to 5 A) by a highly energetic electron beam colliding with a metal
target accelerated through a potential difference of 60 kV (Lee, 2017).
The resulting X-ray spectrum typically comprises different k lines,
including ka and kp X-ray photons. During the diffraction process at an
angle "0," the diffracted X-rays are collected at the detector, and their
intensity is plotted against the scattering angle (26). This analysis offers
insights into the sample’s phase constitution, lattice constants, and
crystal structure by evaluating the diffraction patterns generated.

2.5.3. Raman Spectroscopy

Raman Spectroscopy (RS) involves the measurement of wavelength
and intensity of inelastically scattered light from samples. Among
various spectroscopic techniques for the chemical characterization of
PM, RS stands as a prominent method that integrates analytical capa-
bilities with an optical microscope, providing spatially resolved
compositional information at the micron level (Cardell and Guerra,
2016). Raman spectra also offer valuable information about potential

PM sources (Carrero et al., 2014). This technique exposes the sample to
monochromatic light, commonly laser light, causing the absorption and
re-emission of photons. The energy loss of the re-emitted photons cor-
responds to the material’s vibrational and rotational energy states. In
this study, a Raman shift range from 400 ¢cm~'-2000 cm™!, with an
exposure time of 30 s and spectral resolution of 1 cm™!, was employed.
Scans were conducted at three different points for each sample, and
average Raman intensity values were plotted against wavelengths.

3. Results and discussion
3.1. PM3 5 concentration and meteorological conditions

Throughout the study period, the PM2.5 concentrations exhibited a
significant fluctuation, ranging from 30.9 to 301 pgm °. Lower con-
centrations were observed in October, averaging 106 pgm >, while
higher concentrations were recorded in December, averaging 168
pgm 3 (Fig. 2). These concentrations considerably exceeded the WHO’s
recommended daily limit of 25 pgm™3, indicating compromised air
quality in Lahore (Kobza et al., 2018). Biomass burning, a common
practice in the nearby agricultural areas, especially between October
and December, significantly contributes to the elevated PM2.5 levels.
Agricultural residues, often burned after harvest, release numerous
smoke particles into the atmosphere. Moderate Resolution Imaging
Spectro-radiometer (MODIS) data depicted these smoke particles,
spread across India and Pakistan, significantly affecting air quality
(Fig. 3). These particles, detected by MODIS, indicated widespread
biomass burning and agricultural fires, exacerbating the regional air
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Fig. 8. (continued).

quality. Multiple emission sources, including vehicular, industrial, and
biomass burning activities, have contributed to forming a considerable
haze in the region. Previous reports by Alam et al. (2018) documented a
similar super haze episode in 2010 over the Himalayan region, which
extended across India and Pakistan. During such episodes, biomass
burning and urban/industrial aerosols dominated the aerosol composi-
tion. Before and after the haze days over Lahore, a mix of aerosols was
observed. Additionally, primary emissions from combustion-related
sources, agricultural activities, and biomass burning substantially
contribute to the winter increase in PM2.5 concentrations (Li et al.,
2021). Urbanization, industrialization, and vehicular emissions have
escalated PM2.5 mass concentrations, exacerbating air quality issues in
Lahore (Shi et al., 2020). Thermal inversion layers, prevalent during
winter, significantly elevate PM2.5 levels (Rasheed et al., 2015). The
influence of such atmospheric conditions, compounded by primary
emissions from combustion-related activities and biomass burning, ex-
acerbates air pollution, especially during dense fog episodes in Lahore
(Zeb et al., 2018; Nagar et al., 2017).

Fig. 4 illustrates the direct correlation between PM2.5 mass con-
centration and Relative Humidity (RH), while an inverse relationship is
observed with temperature and wind speed. RH showed a direct asso-
ciation with PM2.5 concentrations, indicating unfavorable conditions
for pollutant dispersion, resulting in heightened pollution levels during
winter (Wang et al., 2013). Notably, December recorded a maximum
PM2.5 concentration of 301 pgm ™ at a lower temperature of 19.1 °C,
while October reported a minimum concentration of 30.9 pgm > at a
higher temperature of 26.1 °C. The association between temperature

and PM2.5 concentrations aligns with prior research, highlighting a
negative correlation between temperature and PM2.5 concentrations
during winter (Ye et al., 2003; Raja et al., 2010; Barmpadimos et al.,
2012; Zheng et al., 2015). Furthermore, increased wind speed corre-
sponded to decreased PM2.5 concentrations, signifying its role in
pollutant dispersion. Higher wind speeds facilitate better pollutant
diffusion, while lower speeds result in PM2.5 accumulations near the
surface (Zhao et al.,, 2015; Jiang et al., 2021). These variations in
meteorological parameters align with findings reported by Rasheed
et al. (2015).

This analysis underscores the intricate relationship between meteo-
rological conditions and PM2.5 concentrations, emphasizing the multi-
faceted factors contributing to air quality deterioration in Lahore. The
present study investigated high level of PM2.5 concentration in the in
second largest city of Pakistan i.e. Lahore. The results of the current
study will enhance the understanding of the trends of PM2.5 mass
concentrations, in the city. Our study underscores the complex interplay
of various factors contributing to air quality deterioration in Lahore,
including seasonal variations, emission sources, and meteorological in-
fluences. These insights hold significant implications for policymakers
and urban planners, providing valuable guidance for implementing
targeted measures aimed at reducing pollution levels and safeguarding
public health.

3.2. Raman analysis

In the current study we have exploited Ramman spectroscopy for the
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determination of minerals and chemical compounds collected aerosols
samples during haze event. It provides a fingerprint spectra of each
molecular species in organic and inorganic materials. Fig. 5 (a) and 5 (b)
present the average Raman intensity plotted against the Raman shift for
samples S1 to S10 during the study period. These plots revealed distinct
peaks labeled from 1 to 11, each corresponding to specific wavelengths:
(1) 461 cm-!, (2) 480 ecm™?, (3) 632 cm?, (4) 720 em?, (5) 890 cm™, (6)
961 cm™, (7) 990 em™, (8) 1053 em™, (9) 1090 ecm™, (10) 1388 cm™!,
and (11) 1400-1580 cm-!. The Raman analyses conducted on PM2.5
unveiled the presence of several minerals and ions, including calcite,
silicate, quartz, phosphate, barite, nitrate, and sulfate ions. The specific
peaks at distinct wavelengths indicated the existence of various chem-
ical compounds and minerals. The 461 cm™! peak signifies the presence
of quartz minerals (Bower et al., 2016; Yu et al., 2021), while the 480
cm! peak indicates amorphous silica (Wu et al., 1996). Thenardite salt
(Na2S04) was inferred from the characteristic peak at 632 cm™
(Taboada et al., 2019). Additionally, the 890 cm™! peak suggests the
occurrence of methane (Li and Renneckar, 2011), and the 990 em™? peak
indicates the presence of barite salt (BaSO4) (Marszatek, 2016).
Phosphate minerals were identified through the peak at 961 cm!
(Desoutter et al., 2014), while the strong peak at 1053 cm! corresponds
to secondary inorganic compounds like Ca(NO3)2.4H20 or NaNO3
(Kloprogge et al., 2002; Ji et al., 2015). The presence of calcite (CaCO3)
was detected at 720 cm™! (DeCarlo, 2018) and 1085 cm™! (Raz et al.,
2003). The Raman peaks at 1388 cm™! and the range of 1400 cm='-1580
em! indicated the presence of CO2 and a standard graphitic band,
respectively (Angel et al., 2012; Soewono and Rogak, 2011). Further-
more, some samples exhibited minor insignificant peaks. The quartz

minerals, sulfate ions (SO4)2', and nitrate ions (NO3)" originate from
various sources such as soil, glass, ceramics, and sedimentary rocks.
Sulfate ions predominantly stem from coal, fossil fuels, biomass burning,
and agricultural activities (Zeb et al., 2018; Ji et al., 2015). One of the
dominant sources for sulfate ions is the fly ash that arrised due to
burning of agricultural waste in the vicinity of study area which is the
common activity during the study period (Ji et al., 2015). The agricul-
tural burning along with photochemical reaction are the dominant
sources of haze formation (Sun et al., 2014). Nitrate ions arise from
automobile exhaust, industrial emissions, and fossil fuel combustion,
contributing to nitric acid formation, i.e., acid rain (Song et al., 2021).
The rapid increase in number of vehicles (>4.2 million) with low quality
fuel along with emissions from various industries (about 2700 regis-
tered), brick kiln, tailpipes etc., in Lahore are the major sources for
accumulation of nitrate ions (Butt et al., 2018; Haider et al., 2018;
Asghar, M. Z. 2018).

The presence of CaCO3, a crucial mineral in stone, arises from soil
dust, crustal materials, construction, vehicular emissions, and wind-
blown dust (Marszalek, 2016; Pachauri et al., 2013). Natural iron-oxide
(Fe203) content in the atmosphere originates from iron-containing
mineral dust and anthropogenic activities like fossil fuel burning and
combustion (Cabanova et al., 2019; Ji et al., 2015). Additionally,
emissions from aluminum production processes, mining, coal combus-
tion, and motor vehicle exhaust contribute to atmospheric aluminum
concentration (Rebollo-Plata et al., 2014; Xie et al., 2005). The vehicular
emissions, and coal combustions are the major contributor to haze
particle during colder days (Sun et al., 2014). The above findings suggest
that, the stagnant meteorological condition (section 2.4) such as low
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wind speed, lower temperature and deepened boundary layer height
during the study period favour the accumulation of the haze pollutant
originating from various sources in to the local atmosphere.

3.3. X-ray diffraction measurement and analysis

XRD analysis offers potential for an enhanced investigation into the
mineralogical composition of PM2.5 samples, facilitating a better un-
derstanding of their sources, atmospheric reactions, and potential health
implications. The XRD pattern of PM2.5 samples throughout the study
period is illustrated in Fig. 6. The data was plotted based on the Cu Ka
line with a wavelength of 1.540 A° (30 kV, 40 mA), spanning an angle 26
range between 10 and 120°. Notably, the XRD results showcased
consistent peaks across all samples. Distinct peaks were observed at
specific angles: 12.5°, 21.5°, 37°, 44.4°, 64°, 78°, and 116°, denoted as
points 1, 2, 3, 5, 6, and 7, respectively, in the XRD pattern. These peaks
corresponded to particular minerals and compounds found in the PM2.5
samples. At 12.5°, a prominent peak indicative of calcium silicate
(CaSiO3) was observed, a finding consistent with Wu et al. (2007).
Similarly, the presence of minerals such as ammonium sulfate ((NH4)
2S04) at 21.5° and hematite (Fe203) at 37° aligns with previous
research by Usman et al. (2022). The identification of gypsum
(CaS0O4.2H20) at 44.4° in the XRD data is in agreement with the ob-
servations reported by Tiwari et al. (2016) and Hamdan et al. (2016),
respectively. Furthermore, the characteristic peaks of calcite (CaCO3) at
64° correspond to findings documented by Melki et al. (2017). Addi-
tionally, the presence of quartz mineral was confirmed by a peak at 78°,
along with a smaller peak at 116°, consistent with previous identifica-
tions reported by Neupane et al. (2020). These consistent XRD peaks
denote the presence of specific minerals and compounds within the
PM2.5 samples collected during the study period which supports the
finding in section 3.2.

3.4. SEM-EDX results and analysis

The constituent elements present in the PM2.5 filter samples are
depicted in Fig. 7, as revealed by EDX spectroscopy. Nineteen elements
were identified: C, N, O, Na, Mg, Al, Si, S, Cl, K, Ca, Fe, Zn, Ba, Ni, As, P,
Cr, and Pb. Of these elements, the weight percentages of carbon (C),
nitrogen (N), and oxygen (O) were notably higher compared to the
others. The presence of carbon, sulfur, nitrogen, potassium, and zinc in
the samples can be attributed to various sources, including fossil fuel
combustion, biomass burning, vehicular emissions, and agricultural
activities in the study area (Demirbas, 2005). Additionally, oxygen, so-
dium, magnesium, silicon, calcium, and iron were detected, likely
originating from traffic emissions, construction activities, and clay
minerals prevalent in the area (Zeb et al., 2022). Industrial pollutants
such as chromium, nickel, phosphorus, and arsenic were also found as
trace elements in the samples, suggesting diverse sources contributing to
crustal and trace metals in the region.

Moreover, our study identified trace amounts of contaminated heavy
metals, specifically barium and lead. The presence of lead, associated
with the metal industry, waste incinerators, battery manufacturing
(Borah et al., 2020), and road traffic emissions (Radulescu et al., 2017),
was recorded. Barium, attributable to industrial activities involving
cutting, mining, refining of barium-based chemicals, fossil fuel com-
bustion, and natural sources like soil and rock dust, was also detected in
the environment (Koukoulakis et al., 2019; Ryder et al., 2020). These
findings suggest a multitude of sources contributing to the presence of
various elements and heavy metals in the PM2.5 samples collected,
underscoring the complexity and diverse origins of air pollutants in the
studied. The exposure to such type of haze chemistry may leads to
vulnerabe health symptoms such as breathing difficulty, eye and throat
discomfort, respiratory morbidity, and even cardiovascular mortality
(Ramakreshnan et al., 2018).

The SEM micrographs and selected regions’ EDX spectra of PM2.5
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particles are presented in Fig. 8(a-h). The images illustrate the compo-
sition and morphology of the particles observed during this study. The
majority of particles appear to be aggregates of smaller particles without
defined morphology, indicating complex structures. Fig. 8(a) depicts
micrographs of a blank quartz fiber filter paper. These filters, primarily
composed of silicon and oxygen, serve as effective substrates for col-
lecting particulate matter (Casuccio et al., 2004). Within the particle
group, Fig. 8(b) displays irregularly shaped almandine (Fe3A12(Si04)3).
Almandine, a type of aluminosilicate, is commonly derived from soil and
exhibits compositions of silicon and aluminum oxides along with various
elements like Na, K, Mg, Ca, and Fe. These aluminosilicates constitute a
significant portion of chemical compounds found in the Earth’s crust,
often originating from sources such as agriculture activities, resus-
pended dust, rocks, and construction activities (Pachauri et al., 2013;
Zeb et al., 2018). Different variations of aluminosilicate particles,
including irregularly shaped Ca—Mg aluminosilicate particles (Fig. 8(c))
and Aluminosilicate particles (Fig. 8(h)), were identified in this study.
Kim et al. (2018) also reported similar sources for aluminosilicates,
linking them to soil deposits, dust, biomass burning, fossil fuel com-
bustion, and other combustion activities (Roberts et al., 2019). Carbo-
naceous particles, originating from fossil fuel combustion, biomass
burning, coal, and vehicular emissions (Stone et al., 2010), exhibited
diverse morphologies ranging from soot to more complex structures. In
our observations, these particles appeared as aggregated chains (Fig. 8
(@.

Fig. 8(e) showcases sulfate particles exhibiting capsule-like symme-
try. These sulfur-related particles are primarily generated from sulfur
dioxide emissions during heavy-duty vehicle fuel combustion (Lu et al.,
2011). They can also stem from soil dust, crustal resuspension, and
various anthropogenic sources like construction, vehicular emissions,
combustion, and agricultural activities (Bisht et al., 2022). Barium
particles with octahedral morphology are illustrated in Fig. 8(f). These
particles, are predominantly emitted from coal, sandstone, igneous
rocks (Niu et al., 2018), and industrial processes involved in refining and
mining of barium-based chemicals (Koukoulakis et al., 2019). Lastly,
Fig. 8(g) shows columnar-shaped nitrogenous particles. The primary
sources of nitrogen emissions in the study site were found to be agri-
cultural activities and the decomposition of organic matter from plants
and animals (Carpenter et al., 1998).

4. Conclusion

The analysis of PM2.5 samples has revealed a diverse array of min-
erals and ions, indicative of the myriad emission sources contributing to
air pollution in Lahore. Notably, biomass burning, industrial emissions,
vehicular exhaust, and natural sources such as soil dust collectively
contribute to the complex chemical composition of PM2.5. These find-
ings underscore the imperative for targeted interventions aimed at
mitigating pollution sources and ameliorating air quality in the region.

The findings highlight alarming levels of PM2.5 concentrations,
surpassing WHO standards, indicating severe air quality deterioration in
the region. The primary sources contributing to elevated PM2.5 con-
centrations include biomass burning, agricultural residue incineration,
vehicular emissions, and industrial activities. Raman spectroscopy and
X-ray diffraction techniques were instrumental in identifying the diverse
composition of PM2.5, revealing the presence of quartz minerals, sul-
fate, nitrate, aluminosilicates, and various heavy metals like lead,
barium, chromium, and nickel. The Ramman spectroscopy is scarsly
used in the charactarization of particulate matter and this techniques
may be ascribed to the possibility of a massive enrichment in the in-
tensity of Raman signals, commanding better characterization. It pre-
sents an opportunity for deeper exploration into the chemical
composition and molecular structure of PM2.5 constituents, offering
valuable information on their origin and transformation processes.
However, greater sophistication in the instrumentation and more
advanced technology will surely pave the way toward a better intellect
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of the complexity of aerosol measurements.

SEM-EDX analysis further elucidated the complex morphology and
diverse elemental composition of the collected PM2.5 particles, show-
casing aggregates with no defined morphology, aluminosilicates derived
from soil, carbonaceous particles from combustion sources, sulfate
particles from vehicular emissions, industrial pollutants like barium,
and nitrogenous particles from organic matter decomposition. These
respirable particles (PM2.5) may penetrate the respiratory system and
cause asthma, cardiovascular or lung disease. Our study does not explore
certain aspects such as visibility, health, and environmental or socio-
economic impacts of air pollution, which could be avenues for future
research. The meteorological conditions, especially humidity and wind
speed, displayed a direct and inverse relationship, respectively, with
PM2.5 concentrations. Temperature inversely correlated with PM2.5
levels, indicating the trapping of particles due to minimal temperature
inversion during winter.

While our findings align with prior research on PM2.5 composition
and sources in urban environments, we acknowledge the necessity for
further in-depth analysis to uncover unique insights specific to Lahore’s
air pollution context. Although similar trends in PM2.5 concentrations
and meteorological influences have been documented in other regions,
the distinct characteristics of Lahore’s air pollution necessitate advanced
examination to devise tailored solutions for effective pollution control
and management. It is important to note the limitations of our study.
Our analysis provides a snapshot of air pollution conditions during the
study period and may not capture long-term trends or specific localized
variations. Additionally, this study does not explore certain aspects such
as pollutant transport mechanisms or the socio-economic impacts of air
pollution, which could be avenues for future research. Long-term
monitoring studies, along with source apportionment analyses, can
provide deeper insights into the dynamics of air pollution and aid in the
formulation of targeted interventions for sustainable air quality
improvement in the region. Additionally, studies exploring the health
impacts of these diverse PM2.5 compositions on the local population
would further enhance our understanding of the health risks associated
with air pollution in Lahore. Policymakers can use such types of invia-
tigation in developing effective air pollution management plans, estab-
lishing efficient compliance monitoring, performing epidemiological
health research, and putting in place a health warning system in Lahore.
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