
117Environmental Research, Engineering and Management          2026/82/2

Assessment of Particulate 
Matter Concentration 
and Metal Content in an 
Urban Area of Makassar, 
Indonesia

EREM 82/2
Journal of Environmental Research, 
Engineering and Management
Vol. 82 / No. 2 / 2026
pp. 117–127
10.5755/j01.erem.82.2.43709 

Assessment of Particulate Matter Concentration and Metal Content in an 
Urban Area of Makassar, Indonesia

Received 2025/11 Accepted after revisions 2026/04

https://doi.org/10.5755/j01.erem.82.2.43709

Sattar Yunus1*, Ismail Marzuki2, Mardiyyah Hasnawi3, Muh. Ilham Anggamulia1 
1  Department of Environmental Engineering, Faculty of Engineering, Universitas Muslim Indonesia, Indonesia
2  Department of Chemical Engineering, Faculty of Engineering, Universitas Fajar, Indonesia
3  Department of Computer Science, Faculty of Computer Science, Universitas Muslim Indonesia, Indonesia

*Corresponding author: sattar.teknik@umi.ac.id

Atmospheric particulate matter poses significant risks to the environment and human health, depending on its 
mass concentration and chemical composition. This study aims to quantify the mass concentrations of total sus-
pended particles (TSP) and particulate matter with an aerodynamic diameter of less than 10 µm (PM10), as well as 
to determine their elemental composition. Particulate samples were collected from three ambient air monitoring 
sites within the City of Makassar, the capital of South Sulawesi Province, during the peak dry season (May to 
September 2025). The measured concentrations of PM10 and TSP were evaluated against the Primary Impact Zone 
(PIA) standards of the Indonesian Air Quality (IAQ) guidelines. A high-volume air sampler (HVAS) was employed 
to collect particulate samples, and gravimetric analysis was conducted to determine their mass concentrations. 
The elemental composition of the particles was analyzed using scanning electron microscopy (SEM) coupled with 
energy-dispersive X-ray spectroscopy (EDS). The mean concentrations of PM10 and TSP were 34.20 µg/m3 and 
73.22 µg/m3, respectively. The findings indicate that the mean mass concentrations of both TSP and PM10 were be-
low the Indonesian regulatory standards, although temporal and spatial variations were observed. The identified 
elemental constituents included Al, Ca, K, Na, Rb, and Sr, suggesting contributions from crustal sources. These 
results provide valuable insights into the characteristics of particulate matter in residential areas of Makassar and 
support the development of improved, source-oriented air quality management strategies.
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Introduction
Air pollution is a major global environmental issue af-
fecting both developed and developing countries, driv-
en by rapid urbanization, industrialization, and the ex-
pansion of transportation systems (Warmadewanthi et 
al., 2025; Zahra et al., 2024). In Asia, many developing 
countries are experiencing accelerated urban growth, 
which has intensified air pollution levels and increased 
associated health risks. The inhalation of particulate 
matter has been linked to lung inflammation, impaired 
pulmonary function, cardiovascular diseases, and pre-
mature mortality, particularly in densely populated ur-
ban environments (Manucci and Franchini, 2017; Saini 
et al., 2018; Sattar et al., 2020). Urbanization further in-
creases reliance on personal and public transportation, 
leading to higher emissions and pollutant accumulation 
that may exceed the atmosphere’s natural self-cleans-
ing capacity (Bralewska, 2024; Manisalidis et al., 2020; 
Yunus et al., 2024; Chen et al., 2023). Particulate matter 
(PM), also known as atmospheric aerosols, consists 
of solid and liquid particles suspended in the air orig-
inating from both natural and anthropogenic sources. 
These particles may be directly emitted (primary par-
ticles) or formed through chemical transformations 
in the atmosphere (secondary particles) (Sattar et 
al., 2021). The health impact of particulate matter is 
strongly influenced by its chemical composition, par-
ticularly the presence of trace metals that can induce 
oxidative stress and inflammatory responses in hu-
man tissues. Therefore, understanding both the mass 
concentration and chemical composition of particulate 
matter is essential for accurately assessing environ-
mental and health risks.

Despite the widespread implementation of air quality 
monitoring systems, most monitoring efforts primarily 
focus on measuring particulate mass concentrations, 
which limits the ability to identify pollution sources and 
evaluate associated risks comprehensively. Air quality 
data are also highly influenced by temporal and mete-
orological variations, such as climate conditions, which 
further complicate the interpretation of pollutant be-
havior (Sattar et al., 2021). Consequently, effective air 
pollution management requires not only concentration 
measurements but also detailed compositional anal-
ysis to enable accurate source identification and risk 
assessment.

A number of previous studies have identified high con-
centrations of particulate matter with different chem-
ical characteristics in Makassar, a fast-growing urban 
area in Indonesia. These studies, however, have pre-
dominantly focused on specific components and only 
indirectly assessed particulate composition in resi-
dential areas where long-term human exposure plays 
the most important role. These constraints lead to a 
partial view of the sources and health impact of pollu-
tion in the Makassar city particulate-bound metals are 
also on the rise, and their contributions to urban air 
quality have emerged as a critical issue especially in 
areas with intensive industrial and transport activities. 
Apportioned by mobile and stationary sources, total 
suspended particles (TSP) and PM10 can carry different 
type of metal elements with diverse level of toxicity 
(Sattar et al., 2014; Lu et al., 2024). Although indicative 
studies relating particulate mass concentration with 
specific elemental composition in Makassar are much 
needed, these are still scarce, leading to a critical re-
search gap. 

Therefore, this study aims to characterize the mass 
concentrations and elemental composition of TSP and 
PM₁₀ in urban residential areas of Makassar. This re-
search integrates gravimetric analysis with Scanning 
Electron Microscopy–Energy Dispersive Spectroscopy 
(SEM–EDS) to provide a comprehensive assessment of 
particulate matter characteristics. The findings are ex-
pected to contribute to a better understanding of partic-
ulate sources, support evidence-based air quality man-
agement, and strengthen the development of targeted 
environmental policies in rapidly urbanizing regions.

Materials and Methods

Sampling site description
Makassar City is the capital of South Sulawesi Province, 
Indonesia. As one of Indonesia’s 38 provinces, South 
Sulawesi has Makassar as its administrative and eco-
nomic center. Makassar City is bordered by Maros 
Regency to the north and east, the Makassar Strait to 
the west, and Gowa Regency to the south (Sattar et 
al., 2014). The city covers an area of 175.77 km2 and is 
administratively divided into 15 districts. Makassar is 
one of the most densely populated and rapidly grow-
ing cities in Indonesia (Surya et al., 2021). As projected 
for 2024, the population is approximately 1.48 million 
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inhabitants, reflecting a significant increase over recent 
years. Over the past five years, however, the compound 
annual growth rate (CAGR) has decreased to 0.65%, 
compared with 1.08% during the preceding five-year 
period. Makassar has the highest population among 
cities and regencies in South Sulawesi Province and is 
also the most populous city on Sulawesi Island. The city 
hosts approximately 145 industrial sectors, including 
basic metals, fabricated metal products, chemicals and 
chemical products, food and beverages, textiles and 
apparel, and wood and wood products, among others.

Rapid urban development and expanding industrial activity 
have contributed to deteriorating air quality in Makassar 
(Surya et al., 2021). Recent reports indicate a substan-
tial increase in vehicle usage. In 2024, the total number 
of registered vehicles reached 2,110,601 units, among 
them 1,651,082 motorcycles, 100,364 buses, and 403 
special-purpose vehicles (Sattar et al., 2014). The high 
volume of vehicles, combined with urbanization and in-
dustrialization, has resulted in persistent traffic conges-
tion and increased vehicular emissions, which negatively 
affect urban air quality and public health. Personal vehicles 

(353,070 units) and freight vehicles (17,306 units) also con-
tribute significantly to traffic density and emissions in the 
city. This study focused on urban residential areas located 
near major traffic corridors. Three sampling sites were se-
lected: Citra Land Tallasa City (S1), Tamalanrea Bumi (S2), 
and Baruga Hills (S3). These locations are connected by 
Tarakan Street, an arterial road characterized by high traf-
fic volume and considered one of the main transportation 
routes in Makassar City. Although three sampling sites 
may not fully represent the entire city’s traffic conditions, 
the selected locations were considered representative of 
high vehicular emission exposure. All sampling sites are 
situated adjacent to densely populated residential are-
as, enabling assessment of particulate matter exposure 
in environments directly relevant to human health. The 
proximity of heavy traffic to residential zones allows for 
evaluation of the mass concentration and metallic constit-
uents of ambient TSP and PM10 under real urban exposure 
conditions. The selected sampling points were designed to 
capture spatial variability along a high-activity urban cor-
ridor in Makassar City. The locations of the sampling sites 
are presented in Fig. 1.
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and high levels of human activity and traffic flow in order to assess the possible effects of traffic variation on 10 
particulate concentrations. On each sampling day, 24-hour ambient air samples were collected. Each sampling 11 
period began at 08:00 and ended at 08:00 the following day to ensure consistency across all measurements. A 12 
High-Volume Air Sampler (HVAS) was installed at a height between 1.5 and 2.0 meters above ground level, 13 
corresponding to the typical human breathing zone. The HVAS was calibrated according to the manufacturer’s 14 
recommendations prior to field deployment. The flow rate was checked before and after each sampling event to 15 
ensure stability and reliability. 16 

Prior to sampling, filter media were preconditioned and pre-weighed under controlled laboratory 17 
conditions. Gravimetric analysis was used to determine mass concentrations. All filter conditioning and 18 
weighing procedures were performed using calibrated analytical balances in a controlled laboratory environment 19 
to minimize measurement uncertainty. Ambient air samples for TSP and PM₁₀ were collected using the HVAS 20 
and analyzed using the gravimetric method. All sampling procedures were conducted in accordance with 21 
Indonesian National Standards (SNI) for TSP and PM10 measurement. Heavy metal content in TSP and PM₁₀ 22 
samples was analyzed using Scanning Electron Microscopy coupled with Energy-Dispersive X-ray 23 
Spectroscopy (SEM-EDS). For SEM-EDS analysis, representative portions of each filter (approximately 1 cm 24 
× 1 cm) were cut and mounted onto aluminum stubs using conductive carbon tape. To prevent charging effects 25 
during imaging and elemental analysis, samples were coated with a thin conductive layer. The SEM-EDS system 26 
was calibrated using certified reference materials prior to analysis. Elemental analysis was conducted under high 27 
vacuum conditions, with an accelerating voltage of 15–20 kV and a working distance of approximately 10 mm. 28 
To ensure representative elemental characterization, multiple randomly selected fields of view were examined 29 
for each sample. Elemental composition was calculated in both weight and atomic percentages using built-in 30 
software with atomic number, absorption, and fluorescence (ZAF) correction. Only elements with spectral peaks 31 
clearly above background levels were interpreted. All laboratory analyses were conducted by qualified personnel 32 
in a university laboratory accredited for environmental monitoring. 33 
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To evaluate differences in particulate concentrations among the three sampling sites (S1, S2, and S3), one-37 

way analysis of variance (ANOVA) was performed at a 95% confidence level (α = 0.05). Prior to ANOVA, 38 
assumptions of normality and homogeneity of variance were tested using the Shapiro–Wilk test and Levene’s test, 39 
respectively. If the assumption of normality was violated, the nonparametric Kruskal–Wallis test was applied as 40 
an alternative. A p-value ≤ 0.05 was considered statistically significant. All statistical analyses were conducted 41 
using IBM SPSS Statistics version 27. OriginPro software was used for data processing and graphical presentation. 42 
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Data collection
Sampling for TSP and PM10 was conducted over a six-
month period, twice per week, from May to September 
2025 in residential areas of the City of Makassar. 
Sampling was carried out on the same weekdays and 
the same weekend days each week to record and ana-
lyze potential differences in traffic volume and emis-
sions between weekdays and weekends. The selected 
sampling days were intended to capture low, medium, 
and high levels of human activity and traffic flow in or-
der to assess the possible effects of traffic variation 
on particulate concentrations. On each sampling day, 
24-hour ambient air samples were collected. Each 
sampling period began at 08:00 and ended at 08:00 
the following day to ensure consistency across all 
measurements. A High-Volume Air Sampler (HVAS) 
was installed at a height between 1.5 and 2.0 meters 
above ground level, corresponding to the typical human 
breathing zone. The HVAS was calibrated according to 
the manufacturer’s recommendations prior to field de-
ployment. The flow rate was checked before and after 
each sampling event to ensure stability and reliability.

Prior to sampling, filter media were preconditioned and 
pre-weighed under controlled laboratory conditions. 
Gravimetric analysis was used to determine mass 
concentrations. All filter conditioning and weighing 
procedures were performed using calibrated analyt-
ical balances in a controlled laboratory environment 
to minimize measurement uncertainty. Ambient air 
samples for TSP and PM₁₀ were collected using the 
HVAS and analyzed using the gravimetric method. All 
sampling procedures were conducted in accordance 
with Indonesian National Standards (SNI) for TSP and 
PM10 measurement. Heavy metal content in TSP and 
PM₁₀ samples was analyzed using Scanning Electron 
Microscopy coupled with Energy-Dispersive X-ray 
Spectroscopy (SEM-EDS). For SEM-EDS analysis, rep-
resentative portions of each filter (approximately 1 cm 
× 1 cm) were cut and mounted onto aluminum stubs 
using conductive carbon tape. To prevent charging ef-
fects during imaging and elemental analysis, samples 
were coated with a thin conductive layer. The SEM-EDS 
system was calibrated using certified reference mate-
rials prior to analysis. Elemental analysis was conduct-
ed under high vacuum conditions, with an accelerating 
voltage of 15–20 kV and a working distance of approx-
imately 10 mm. To ensure representative elemental 

characterization, multiple randomly selected fields of 
view were examined for each sample. Elemental com-
position was calculated in both weight and atomic per-
centages using built-in software with atomic number, 
absorption, and fluorescence (ZAF) correction. Only el-
ements with spectral peaks clearly above background 
levels were interpreted. All laboratory analyses were 
conducted by qualified personnel in a university labora-
tory accredited for environmental monitoring.

Statistical analysis
To evaluate differences in particulate concentrations 
among the three sampling sites (S1, S2, and S3), one-
way analysis of variance (ANOVA) was performed at a 
95% confidence level (α = 0.05). Prior to ANOVA, assump-
tions of normality and homogeneity of variance were 
tested using the Shapiro–Wilk test and Levene’s test, re-
spectively. If the assumption of normality was violated, 
the nonparametric Kruskal–Wallis test was applied as an 
alternative. A p-value ≤ 0.05 was considered statistically 
significant. All statistical analyses were conducted using 
IBM SPSS Statistics version 27. OriginPro software was 
used for data processing and graphical presentation.

Results and Discussion

Results
Table 1 presents the TSP and PM10 concentrations col-
lected from the ambient air at Tallasa City Street, Perintis 
Kemerdekaan Street, and Dokter Leimena Street. The 
table also includes spatial meteorological parame-
ters recorded during the sampling period from May to 
September 2025. Fig. 2 illustrates the data distribution. 

TSP concentrations ranged from 62.40 to 126.00 µg/m3, 
with a mean value of 73.39 µg/m3 (see Fig. 2). These 

Table 1. Descriptive statistics of particulate concentrations and me-
teorological parameters for all sites in Makassar (May–September 
2025)

Parameter Mean SD Minimum Maximum

TSP (µg/m3) 73.39 85.60 62.40 126.00

PM₁₀ (µg/m3) 34.20 16.90 20.60 85.72

Relative Humidity (%) 77.30 18.30 56.10 91.30

Temperature (°C) 31.13 5.40 27.60 33.70

Wind speed (m/s) 2.60 0.90 0.00 7.07
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variations likely reflect differences in anthropogenic 
activities across sampling locations. PM10 had a mean 
concentration of 34.20 µg/m3 and a maximum value of 
85.72 µg/m3 (see Fig. 2). The maximum value exceeded 
the Indonesian 24-hour ambient air quality standard of 
75 µg/m3, as stipulated in Government Regulation No. 
22/2021. This comparison is valid because all samples 
were collected over 24-hour periods. According to the 
World Health Organization (WHO) Air Quality Guidelines, 
the recommended 24-hour mean limit for PM10 is ≤ 45 
µg/m3 (WHO, 2021). Thus, the observed peak concen-
tration exceeded both national and international stand-
ards, indicating potential health risks during high pol-
lution events. Although the mean PM10 concentration 
remained below regulatory limits, these exceedances 
suggest episodic air quality deterioration. The mean rel-
ative humidity was 77.3%, and the temperature ranged 
from 27.6 to 33.7°C, reflecting typical tropical condi-
tions. The mean wind speed was 2.6 m/s (see Fig. 2), 
indicating limited dispersion capacity, while higher wind 
speeds (up to 7.07 m/s) may have enhanced pollutant 
dispersion at certain times. Overall, particulate matter 
concentrations were influenced by both anthropogen-
ic activities and meteorological conditions, particularly 
wind speed, which regulates pollutant accumulation 
and dispersion (Krishan et al., 2019).
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Fig. 2. Distribution of particulate matter (TSP and PM10) and meteorological parameters across sampling sites

SEM-EDS analysis was conducted on TSP samples col-
lected at sampling locations S1, S2, and S3. The mean 
concentrations of detected elements are presented in 
Table 2.

Table 2. Mean concentration of metal elements detected in TSP

Elements S1 (µg/m3) S2 (µg/m3) S3 (µg/m3)

TSP 72.28 75.55 71.82

Al 0.8264 0.8536 0.8319

Ca 0.7153 0.8214 0.7834

K 0.8328 0.9162 0.0851

Na 0.8533 0.8926 0.7138

Rb 0.0546 0.0945 0.0838

Sr 0.0623 0.0824 0.0782

The logarithmic bar chart illustrates the variation in TSP 
and elemental concentrations (aluminum (Al), calcium 
(Ca), potassium (K), sodium (Na), rubidium (Rb), and 
strontium (Sr)) across the three sampling sites. TSP 
concentrations ranged from approximately 71 to 76 
µg/m3, which is consistent with typical urban ambient 
levels reported in similar studies (Zhang et al., 2025). 
Although TSP levels were relatively uniform across 
sites, S2 exhibited a slightly higher mean concentration 
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(75.55 µg/m3), suggesting stronger anthropogenic in-
fluence or localized emission sources (Petrov et al., 
2023). In contrast, elemental concentrations were sub-
stantially lower than total TSP levels. Major elements 
(Al, Ca, K, Na) ranged between approximately 0.7 and 
0.9 µg/m3, while trace elements (Rb and Sr) were be-
low 0.1 µg/m3. Site-specific differences were observed. 
Potassium (K) levels were notably higher at S2, poten-
tially indicating contributions from biomass burning or 
vehicular emissions (Li et al., 2021). Sodium (Na) con-
centrations were higher at S1 and S2, suggesting in-
fluences from marine aerosols and resuspended road 
dust (Galatioto et al., 2022). Aluminum (Al) and calci-
um (Ca) showed relatively consistent concentrations 
across sites, indicating a dominant crustal origin.

Fig. 3 shows that, for most parameters, S2 exhibited 
the highest values, suggesting the presence of a local-
ized source that may explain the elevated particulate 
concentrations in this area. The use of a logarithmic 
scale was essential to distinguish between the bulk 
concentrations of TSP and the trace elements. This 
emphasizes the importance of investigating not only 
total particulate matter but also its chemical constitu-
ents for accurate source apportionment and health risk 
assessment. The EDS (energy dispersive spectrosco-
py) analyses conducted on all PM10 samples collected 
from sampling sites S1, S2, and S3 are presented in 

Fig. 3. Mean concentration of elements at sampling sites (log scale)

Table 3, showing the mean concentration of the detec- 
ted elements per sample.

Table 3. Mean concentration of metal elements detected in PM10

Elements S1 (µg/m3) S2 (µg/m3) S3 (µg/m3)

PM10 35.26 34.23 33.12

Al 0.5207 0.4133 0.3628

Ca 0.5821 0.5512 0.4865

K 0.6219 0.6118 0.4552

Na 0.3153 0.2916 0.2865

Rb 0.0773 0.0226 0.0545

Sr 0.0524 0.0423 0.0393

The distribution of PM10 and its elemental constituents 
(Al, Ca, K, Na, Rb, and Sr) was evaluated across three 
sampling sites and is presented in the logarithmic bar 
graph. PM10 was the dominant component, ranging 
from 33 to 36 µg/m³. These values are consistent with 
previously reported PM10 concentrations in urban envi-
ronments near the sampling locations (Pongpiachan et 
al., 2017; Rapalis et al., 2021). Although PM10 concen-
trations were relatively similar across the three sites, 
variations were observed in the elemental composi-
tion. Major elements (Al, Ca, K, and Na) were gener-
ally below 1 µg/m3, while trace elements (Rb and Sr) 
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were below 0.1 µg/m3. Ca and K were the dominant 
elements at S1 and S2, likely associated with soil dust 
resuspension or fuel combustion processes (Zhu et al., 
2024; Das et al., 2024). Na concentrations were rela-
tively uniform across all three sites, suggesting a re-
gional source such as marine aerosols or long-range 
transport of urban dust (Chianese et al., 2022; Liu et 
al., 2025). The consistently elevated Al concentrations 
across all sites indicate a predominantly natural ori-
gin, most likely derived from soil particles (Boreddy et 
al., 2021; Spencer et al., 2022). The logarithmic scale 
clearly illustrates the substantial difference between 
the dominant PM10 mass and the minor elemental con-
stituents, such as Rb and Sr, which would be obscured 
on a linear scale. These compositional characteristics 
provide the basis for source apportionment analysis 
and for evaluating potential environmental and health 
risks associated with exposure to PM10 (Borlaza et al., 
2021; Liniauskiene and Klik et al., 2024).

Discussion
This study analyzes the levels of TSP and PM10 at 
three specific sites in Makassar, including Jalan 
Tallasa, Jalan Perintis Kemerdekaan, and Jalan Dokter 
Leimena, along with concurrent measurements of rel-
evant meteorological variables from May to September 
2025. These sites were selected to represent residen-
tial areas located near major traffic corridors and are-
as characterized by different patterns of urban activity. 
The study period corresponds to the dry season, which 
is particularly important for understanding pollutant 
behavior. During this period, pollutants are more likely 
to accumulate due to limited precipitation and relative-
ly stable atmospheric conditions, allowing for clearer 
observation of their concentration patterns.

Variability in particulate concentrations and the 
influence of human activity
The TSP concentration ranged from 62.4 µg/m3 to 126 
µg/m3, with a mean value of 73.39 µg/m3. This wide 
range indicates substantial variability in pollutant con-
centrations, likely influenced by local anthropogenic ac-
tivities such as vehicular traffic, construction activities, 
and road dust resuspension. Previous studies (Kumar 
et al., 2024) similarly reported that TSP concentra-
tions are strongly correlated with human activities 

and meteorological conditions that promote pollutant 
accumulation. For the respirable fraction (PM10), the 
mean concentration was 34.20 µg/m3, with a maxi-
mum value of 85.72 µg/m3. While the mean concentra-
tion suggests moderate pollution levels, the maximum 
value indicates the occurrence of short-term episodic 
pollution events. Although the mean PM10 concentra-
tion complies with the Indonesian 24-hour standard of 
75 µg/m3 (Government Regulation No. 22/2021), the 
recorded maximum exceeds both the national standard 
and the more stringent WHO 2021 24-hour guideline of 
45 µg/m3. This finding suggests that while long-term 
mean concentrations meet national regulatory limits, 
episodic peaks pose potential health risks according to 
international health-based standards.

Similar research has reported that up to 87% of TSP 
may consist of PM₁₀ and smaller particle fractions dur-
ing episodic pollution events (Zioła and Słaby, 2020), 
highlighting the dominance of anthropogenic sources. 
The combination of high TSP variability and episod-
ic PM₁₀ spikes reflects two key characteristics of air 
pollution in the study area. First, there is a persistent 
baseline concentration driven by continuous emis-
sions. Second, there are short-term peaks caused by 
episodic sources that temporarily elevate pollutant 
levels before returning to baseline conditions. From 
an air quality management perspective, these find-
ings suggest that mitigation strategies should address 
both continuous emission sources and episodic pol-
lution events (Kusuma et al., 2024). While long-term 
control measures should focus on reducing steady 
emissions, targeted interventions are also necessary 
to manage episodic sources such as heavy traffic con-
gestion, open burning, demolition activities, and other 
short-duration emission events. Continuous on-site 
monitoring is essential to detect and respond promptly 
to such episodes.

The role of meteorological influence
The mean relative humidity at the study location was 
77.3%, while air temperatures ranged from 27.6 to 
33.7°C throughout the observation period, indicat-
ing relatively stable tropical climatic conditions. The 
mean wind speed was 2.6 m/s, with a maximum of 
7.07 m/s. These conditions suggest generally limited 
atmospheric dispersion, as low wind speeds reduce 
mixing processes and favor pollutant accumulation. 
Consistent with previous studies, lower wind speeds 
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are associated with higher particulate concentrations 
due to restricted horizontal and vertical transport (Parra 
et al., 2024; Xu et al., 2023). In contrast, higher wind 
speeds enhance pollutant dispersion, as reflected in 
the observed maximum wind speed (7.07 m/s), which 
likely contributed to short-term reductions in particu-
late concentrations. In addition, high humidity and sta-
ble temperature conditions may promote hygroscopic 
growth of particles, increasing their size and residence 
time in the atmosphere. This process further supports 
the persistence of particulate matter under tropical 
conditions. Overall, the combination of low wind speed, 
high humidity, and stable temperature creates favora-
ble conditions for particulate accumulation in the study 
area. These findings indicate that meteorological fac-
tors play a critical role in regulating pollutant variability 
and should be considered alongside emission sources 
in air quality management.

Chemical composition of particulate matter and 
sampling location characteristics
EDS analysis showed that all three sampling sites 
within the TSP fraction shared a consistent pattern 
of crustal elements. Aluminium (Al) and calcium (Ca) 
dominated the TSP composition across all sites. These 
findings indicate that crustal and soil dust materials 
are major contributors to the area’s coarse particulate 
matter. Previous literature suggests that the propor-
tion of crustal materials within aerosol samples in-
creases in regions with high dust resuspension (e.g., 
Zhang et al., 2025). This supports the hypothesis that 
traffic activity and wind-induced resuspension are pri-
mary drivers of TSP variability. In contrast, elevated 
potassium (K) levels at site S2 suggest additional an-
thropogenic contributions, such as biomass burning or 
vehicular emissions. Potassium is widely recognized 
as a tracer for biomass or vegetation burning in air 
quality studies and supports the assumption that S2 is 
influenced by anthropogenic activity rather than solely 
natural crustal sources. Furthermore, the enrichment 
of K in TSP at S2 may indicate that crustal materials 
are being disturbed and resuspended due to local hu-
man activities. Meanwhile, the relatively high concen-
trations of sodium (Na) observed across the sampling 
sites indicate contributions from both road dust and 
marine aerosols. Previous studies have identified Na 
as a tracer for sea salt aerosols in coastal regions (Wu 
et al., 2024).

Compared to TSP, the major elemental concentrations 
in the respirable PM10 fraction were below 1 µg/m3 but 
exhibited greater spatial variability. Elevated levels of 
Ca and K at S1 and S2 further support the hypothesis 
that, in addition to soil dust resuspension, local bio-
mass burning and heavy vehicle movement influence 
PM10 variability. These findings align with prior research 
indicating that fine particles are more composition-
ally sensitive to human activities and local environ-
mental characteristics than coarse particles. Sodium 
concentrations in PM10 were relatively uniform across 
the sampling sites, suggesting a regional rather than 
local source. This uniformity may reflect widespread 
transport of marine aerosols across the study area. 
Additionally, high aluminium concentrations further 
confirm that a substantial proportion of particulate 
matter originates from crustal sources. Overall, the 
measured chemical constituents indicate that particu-
late matter in the study area results from two prima-
ry processes: (1) natural sources, including soil dust 
and crustal material resuspension, and (2) intermittent 
anthropogenic sources, such as biomass burning and 
heavy vehicle activity, which particularly influence PM₁₀ 
levels. These findings suggest that air quality manage-
ment strategies should not focus solely on controlling 
anthropogenic emissions. Dust resuspension process-
es and natural contributions must also be considered 
as integral components of the total particulate load 
(Nuryoto et al., 2025). Future research should incorpo-
rate quantitative source apportionment modeling to ex-
amine the relationships between elemental tracers (K, 
Ca, Al, Na), emission sources (e.g., construction activi-
ties, traffic, biomass burning), and local meteorological 
conditions (e.g., wind patterns, humidity, atmospheric 
stability, and deposition processes).

Implications for air quality and health risks
Higher TSP and PM₁₀ concentrations at the S2 site 
suggest that it was subjected to stronger sources of 
emissions in close proximity. While the overall PM10 
mean concentration (34.20 µg/m3) was below that of 
Indonesian 24-hour standards (>75 µg/m3), S2 maxi-
mum concentrations (85.72 µg/m3) exceeded national 
and WHO guideline values (45 µg/m3) which indicates 
short-term pollution episodes having possible adverse 
health effects. Such exceedances indicate that episodic 
peaks may pose an acute exposure risk even if mean 
conditions are acceptable, especially in most residential 
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areas with a high density of population. The presence of 
high levels of PM10 is correlated with increased stress 
on the respiratory and cardiovascular systems for sen-
sitive populations, including infants, the elderly, and 
those with existing health issues. This study provides 
a screening-level assessment based on concentration 
comparisons with regulatory standards. However, no 
quantitative health risk assessment (e.g., hazard quo-
tient or exposure dose estimation) was conducted; 
therefore, the findings should be interpreted as indic-
ative of potential risk rather than definitive evidence of 
health impact. The observed particulate characteristics 
suggest contributions from multiple sources, inclu- 
ding vehicular emissions, re-suspended road dust, and 
episodic activities such as biomass burning. Although 
the detected elemental concentrations were relatively 
low, the combined influence of these sources may con-
tribute to cumulative exposure risks over time. From 
a management perspective, these findings emphasize 
the need to address both continuous emissions and 
episodic pollution sources. Targeted measures such as 
traffic emission control, dust management, and short-
term air quality advisories are essential to reduce ex-
posure during high-concentration events. Integrating 
air quality management with meteorological forecast-
ing may further enhance the effectiveness of mitigation 
strategies in urban environments such as Makassar.

Conclusion
The analysis of TSP samples revealed mean concentra-
tions ranging from 71 to 76 µg/m3. The S2 site exhibited 
the highest mean TSP concentration (75.55 µg/m3), which 
is likely attributable to its proximity to emission sources 
near the sampling location. The dominant elements iden-
tified across sampling sites were Al, Ca, K, and Na, which 
are primarily associated with crustal sources. Elevated 

potassium (K) concentrations observed at the S2 site 
suggest contributions from biomass burning and vehic-
ular emissions. Increased sodium (Na) levels at both S1 
and S2 are likely associated with marine aerosols and/
or resuspended road dust. The elemental distribution of 
PM10 and TSP samples was generally comparable across 
sites; however, variations in Ca and K concentrations 
between S1 and S2 indicate additional inputs from soil 
dust and combustion-related materials. A key contribu-
tion of this study is the integration of gravimetric analysis 
with scanning electron SEM-EDS to distinguish between 
crustal and anthropogenic particle sources in Makassar, 
a rapidly urbanizing tropical city. The findings indicate 
that air pollution in Makassar arises from a combina-
tion of natural sources (e.g., marine aerosols and crus-
tal materials) and anthropogenic activities, rather than 
from a single dominant source. From a policy perspec-
tive, effective air quality management should emphasize 
source-oriented control strategies, including mitigation 
of resuspended road dust and the integration of meteor-
ological forecasting into pollution management planning. 
Urban air quality monitoring systems should prioritize 
source identification and support the development of air 
quality alert systems to protect vulnerable populations. 
Future research should address existing gaps, includ-
ing seasonal variation analysis, PM2.5 exposure pathway 
modeling, and Hazard Quotient (HQ) assessments to im-
prove long-term public health risk quantification.
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