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This study addresses the pervasive issue of particulate matter (PM) emission in urban areas, proposing 
a better approach using scanning electron microscope (SEM) techniques to identify plant species 
effective in airborne PM removal. Conducted in Bilaspur city, the research strategically selected six 
plant species across four distinct sites and applied the SEM-Image J method for analysis, yielding 
significant insights, especially in the respirable PM range. Among the tested plant species, Senna 
Siamea and Dalbergia Sissoo emerged as consistent and standout performers, displaying the highest 
PM removal efficiency across all sites. Notably, the smaller leaves of Senna siamea and Dalbergia sissoo 
prevent PM from being resuspended in the air by strong winds, enhancing their overall performance in 
combating PM pollution. The SEM-EDS analysis was then employed for morphological and chemical 
characterizations of the PM, revealing anthropogenic sources as the primary contributors to pollution. 
Hazardous elements, including arsenic (As), antimony (Sb), iron (Fe), indium (In), terbium (Tb), 
chlorine (Cl), and iodine (I), were identified, underscoring potential health risks associated with the PM 
composition. The study underscores the significance of SEM-EDS based plant selection for mitigating 
airborne PM pollution and improving air quality. Senna Siamea and Dalbergia Sissoo are identified 
as top choices for effective PM removal, marking a significant step towards sustainable urban 
environments. The findings contribute valuable insights into the chemical makeup of PM, facilitating a 
deeper understanding of its sources and potential health implications. Overall, this research serves as 
a crucial step in developing strategies to combat air pollution and fosters the creation of healthier and 
more sustainable urban environments.
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In the atmospheric aerosol system, particulate matter (PM) is described as a solid and liquid mixture of organic 
and inorganic components1. According to its aerodynamic diameter, it can be divided into total suspended PM 
(TSPM), PM10 (coarse particles Da≤ 10 μm), PM2.5 (fine PM Da≤ 2.5 μm), and PM1 (fine PM Da≤ 1 μm)2,3. 
Several studies have indicated that PM10 can enter the respiratory tract of humans and PM2.5 can even enter the 
alveoli region of human lungs. [e.g.,4–6] It causes many severe health issues, including non-fatal heart attacks, 
impaired lung function, heart problems, breathing problems and coughing, aggravated asthma, and enhanced 
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respiratory symptoms like inflammation of the airways7,8. Additionally, it can harm the brain by entering 
through the olfactory nerves9.

In the present scenario of developing countries, atmospheric PM is a major problem for living beings due 
to their associated health issues. Particulate matter concentrations are rising daily as a result of fast urban 
development, industrialization, unplanned growth, construction projects, and a sharp rise in the number of 
vehicles10–12. For instance, in a recent study in Beijing, China, 78.8% of people were mostly affected by PM2.5, 
whereas 19.8% were mostly affected by PM10

6. According to the United States Air Quality Index (US AQI), 
three Indian cities, Delhi, Kolkata, and Mumbai, are among the most polluted in the world, with Delhi topped 
the list and listed in the category of “extremely unhealthy cities.” In Bilaspur city of Chhattisgarh, air quality has 
been deteriorating for a long time due to fast urban development. According to the Central Pollution Control 
Board (CPCB), the annual permissible limit for PM10 is 60 µg/m3, and for PM2.5, it is 40 µg/m3. The World 
Health Organization (WHO) also establishes limits for PM concentration in the air, with an annual permissible 
limit of 20 µg/m3 for PM10 and 10 µg/m3 for PM2.5

13. In these cities, PM2.5 seems to be the main pollutant. 
The concentration of PM2.5 in Bilaspur currently exceeds the WHO annual air quality guideline value by more 
than 10 times14 (https://www.​iqair.com/in​-en/india/ch​hattisgarh/​bilaspur). The annual PM concentration for 
PM10 ranges from 55 to 80 µg/m3, and at times, it has been observed to exceed 150 µg/m3. The annual PM2.5 
concentration ranges from 40 to 60 µg/m3, with occasional reports of levels reaching up to 140 µg/m315.

Despite ongoing efforts, current attempts to reduce environmental pollution have not effectively addressed 
the causes of contamination. Therefore, there is an urgent need to develop strategies for reducing air pollution. 
Urban greening is mainly served by plants, which provide many ecosystem services like maintaining ecological 
balance, temperature control, humidity control, and air purification by fixing the PM2,16–18. Therefore, it is crucial 
to research how urban vegetation affects atmospheric PM retention and thereby select plants with high retention 
capacities. The retention ability of PM is different across different plant species, and the retention capacity is an 
important indicator for the selection of plants for urban greening16,19,20. The retention ability of PM on plant leaf 
surfaces is affected by environmental factors such as precipitation and temperature. It is also affected by the leaf 
micromorphological characteristics, including leaf texture, shape, size, roughness, stomatal density, epidermal 
trichomes, and epidermal waxes21–24.

There are continuous efforts to plant more and more vegetation to control PM pollution. However, there 
is a lack of a systematic, rapid approach for evaluating plant performance to select the best plant species. To 
this end, the use of scanning electron microscopy (SEM) with energy-dispersive spectroscopy (EDS) for the 
morphological and elemental study of PM as well as the selection of suitable plants for their remediation through 
SEM micrographs, is proposed. In this study, experiments were conducted to select the most suitable plants 
for the removal of PM from the air in fast-growing urban areas, specifically in Bilaspur, Chhattisgarh, which 
serves as a representative of such areas. Four sites were chosen for experimentation, employing a meticulous 
selection process to identify six distinct plant species from these diverse locations. Leaf samples were collected 
and analyzed using SEM-EDS. Initially, the morphological analysis was conducted using SEM micrographs, 
and an elemental study was performed using EDS graphs for source identification of PM. Subsequently, SEM 
micrographs were further analyzed to count PM in different size ranges to determine which plant is better for the 
accumulation of PM, especially in the respirable range (< 10 μm). Thus, a comprehensive analysis was conducted 
for PM source identification, as well as the selection of the most suitable plant species for the remediation of 
airborne PM.

Materials and methods
Study area

Bilaspur, Chhattisgarh, is located in the central part of India. Bilaspur district is situated between 21°47’N 
to 23°8’N and 81°14’E to 83°15’E. The district of Bilaspur has a subtropical, semiarid, continental, and 
monsoon climate, and according to Koppen and Geiger25, Bilaspur is in a tropical savanna climate zone. 
The annual mean temperature ranges between 25 and 27 °C (https://bilaspur.gov.in/en/), and the annual 
precipitation is 1412 mm26 The city is traversed by the national roads Bilaspur-Raipur (NH 130), Bilaspur-
Ambikapur (NH 111), and Bilaspur-Raigarh (NH 49). As a result, the air is heavily polluted, such as with 
PM16. The study was carried out at four different sites in the Bilaspur city, namely, the 1st site is a roadside 
of the National Thermal Power Corporation (NTPC) industrial area Bilaspur (IA-1) 20  km from the 
Bilaspur city. 2nd is the Sirgitti industrial area green belt (IA-2) 8 km from Bilaspur city. 3rd is Bilaspur-
Raipur national highway NH 130 roadside (ROS) 6 km from the Bilaspur city, and 4th is Bilaspur-Mungeli 
national highway (residential/commercial area) NH 130-A residential site (RES) 2 km from the Bilaspur 
city (Fig. 1; Table 1). These sites were selected because they served as sources of PM pollution, and they 
were strategically located in different directions within Bilaspur city, allowing us to gain insights into PM 
pollution levels across various areas of the city.

Plant species selection

The selection of plants for this study was done based on the following factors: (a) The plants should be 
abundant in the selected areas. (b) Should occur at all the selected sites. (c) The chosen plants should have 
an ambient height of more than 5 feet for capturing the PM in the respirable zone of humans.
A total of six plant species qualified for the above-mentioned criteria. As such, the selected plants were 
Alstonia scholaris (White Cheesewood), Dalbergia sissoo (North Indian rosewood or shisham), Polyalthia 
longifolia (false ashoka), Millettia pinnata (Indian Beech), Senna siamea (Kassod Tree and Thailand 
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Shower), and Syzygium cumini (Black plum and jamun). These six plant species are abundantly present in 
the Bilaspur area, with most of them being native to the region.

Sampling of plant leaves

The sampling of plant leaves took place in May 2022, during the summer season, following 15 days 
without rain. Leaf samples were collected from the ambient height of 1.5 to 2 m, corresponding to the 
respirable range, at all selected sites. Leaves were collected from 3 to 5 plants of each selected species for 
random sampling at every chosen site. The selected leaves were healthy and free of infection to avoid 
contamination. To ensure uniformity, all samples were collected on the same day, eliminating any potential 
influence of the sampling date on atmospheric PM retention. Approximately 10–15 mature leaves were 
gathered from 3 to 4 plants at the specified height of 1.5–2 m, simulating ambient conditions for the study 

S.N. Type Site Information Description

1
Industrial 
Area
(IA-1)

Site-1 is at around Sirgitti, industrial 
growth center Sirgitti is situated in 
Belha Tehsil in Bilaspur district of 
C.G. (22°02’39.6"N 82°08’11.3"E).

About 338 hectares are covered by this industrial sector. 4431 people are directly employed by 324 industries that 
have previously been formed with fixed investments totalling more than Rs. 447 crores. 22 km of street lighting with 
408 SVLs 8 tube wells, 24 km of pipe, 2 sump wells, and 5 pump houses make up the water delivery infrastructure. 
33/11 KV electricity substation is also present.

2
Industrial 
area
(IA-2)

Site-2 is at around a coal-field 
Thermal Power Plant, NTPC, 
Sipat, Chhattisgarh. (22°04’40.6"N 
82°08’22.8"E).

The Sipat NTPC is one of NTPC’s coal-based power facilities. South Eastern Coalfields Limited’s Dipika Mines 
provide the coal used in the power plant. The project, which comprises two phases, has a total installed capacity of 
2980 megawatts (MW). Stage one, which was late in getting started, included three units with a combined 660 MW 
and used super-critical boiler technology. Stage two included two units with a combined 500 MW. The main source 
of energy in this industry is fossil fuels like Coal, oil, and natural gas. Products formed during combustion of fossils 
Fuels is PM, CO2, CO, SO2, Volatile Organic Compounds (VOC), Hydrocarbons (HCS), and nitrogen oxides 
(NOx) etc.

3 Road side
(ROS)

Site-3 is located along national 
highway (NH130) at Bodri, Bilaspur 
(C.G.) (22°02’46.4"N 82°07’11.9"E).

NH-130 is a national highway of India. It connects Ambikapur-Katghora–Bilaspur-Raipur. NH-49 and NH 130 A is 
the junction of NH 130 in Bilaspur. The NH is main source of transportation, and connecting link between different 
states and industries. Heavy traffic load with transportation of fossil fuels like coal and petroleum is transported.

4

Residential 
site
(RES)
Or 
Commercial 
mixed area

Site-4 is located near the roadside 
area at Sanjay Taran Pushkar, Mangla 
Chowk, Bilaspur Chhattisgarh 
(22°05’23.7"N 82°07’57.5"E).

The selected site is the centre of the city that covers both commercial and residential areas with heavy traffic load all 
the day. The site is densely populated, commercial shops load is also cause of the heavy traffic load and pollution.

Table 1.  Description of study sites.

 

Fig. 1.  Location of study sites selected in this study. Image source = Google Earth Version − 10.66.0.1, ©2023.
 (https:​​​//ear​th.goo​gle​.co​m/w​eb/@22.0​93​5222​9,82​.15​720342,28​7.781​27606a,23​930​.81571272d,35y,0 ​h​,​0​t​,​0​r​/​d​a​t​a​
=​C​g​R​C​A​g​g​B​O​g​M​K​A​T​B​C​A​g​g​A​S​g​g​I​h​Z​G​Y​4​w​E​Q​A​A​​​​​)​.​​​​
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of PM accumulation. In the 15 days preceding the sampling, the weather conditions at all selected sites 
were as follows: (a) Wind direction varied, with percentages for different directions such as SE (10.71%), 
NW (11.60%), SW (10.71%), SSW (16.07%), SSE (12.5%), NE (8.03%), NNW (8.92%), S (8.03%), and 
all other directions (13.43%). (b) The temperature ranged between 30 and 46 °C. (c) Relative humidity 
varied from 18 to 43%. (d) No rainfall was recorded (https://www.​worldweather​online.com/b​ilaspur-wea​
ther/). Plastic gloves were employed during the sample collection process, and the leaves were precisely 
cut using scissors. All samples were collected using branches, which were neatly chopped and tightly held 
to prevent the loss of atmospheric PM from the leaves. Subsequently, the collected leaves were placed 
in Ziploc bags to mitigate the risk of further contamination and were transported to the laboratory for 
subsequent analysis.

Morphological and chemical characterization of PM by SEM-EDS

The morphological and elemental composition was assessed through SEM-EDS-based analysis of plant 
leaves. The leaf was carefully cut into a 1 cm2 square piece without disturbing the trapped PM on its 
surface. Subsequently, the sample underwent a sequential treatment process. It was initially treated with 
0.25% glutaraldehyde solution and then transferred to a phosphate buffer solution. After that, samples 
were treated with a series of concentrations of acetone (20, 40, 60, 80), and stored in 100% acetone. The 
prepared sample was mounted onto an aluminum stub by double-sided sticky tape, and it was coated 
with thin conductive film of platinum by ion sputter coater JEOL, Japan (JFC 1600, auto fine coater) 
and Critical Point Dryer (CPD) Emitech K 850 of Quorum Technology of the UK. These coated samples 
were analyzed using SEM (JSM 6490) at 15 kV. The micrograph of the leaf sample captured at different 
magnifications at random points, including 2000x for morphological analysis and 300x and 500x for 
particle counting at 15 kV and 1280 × 960 resolution. At this resolution in SEM, the particles can be easily 
distinguished from other substances27. The elemental composition of aggregated particles was resolved 
using EDS 133, EV Dry Detector (INCA x-act) of OXFORD instruments, UK.

PM counting by Image J

Particle counting was conducted using SEM micrographs analyzed with Image J software, following 
the methodology described by Ottelé et al. in 201027. The Image J software analyzes every pixel of the 
images provided by the SEM. We input the size ranges, and it automatically counts the particles. For 
this study, SEM micrographs of each leaf sample were captured at random points employing 300x and 
500x magnifications at 15 kV resolution for counting particles of all size ranges. SEM micrographs were 
taken from three randomly selected leaves, chosen from the 10–15 sampled leaves of each plant species. 
Therefore, triplicate data were obtained from all the selected plants at each site.
To facilitate particle analysis, the images were converted into binary (black and white) format, enabling 
effective differentiation of PM from the leaf surface, as illustrated in Fig.  2a and b, representing pre- 
and post-threshold stages. An automatic threshold function was utilized in this study. Some particles 
appeared overlapped, necessitating the use of the watershed tool within the Image J software to separate 
these aggregated particles. Once the scale was set, the software automatically quantified the PM on the 
leaf surface27–29.

Statistical analysis

The statistical analysis was performed using the Statistical Package for the Social Sciences, Version 16 
(SPSS-16, IBM, Chicago, USA). To assess the significance of differences in PM counting across all selected 
plants and sites, an analysis of variance (ANOVA) test was applied, followed by a post hoc multiple 
comparison with Tukey test. The aim of this analysis was to compare the performance of various plant 

Fig. 2.  Analysis of PM at leaf surface through Image J software (a) before threshold and watershed (b) after 
threshold and watershed.
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species across different sites to identify which plants were more effective in the accumulation of PM. The 
level of significance (p-value) was set at a level of < 0.05. Excel 2021 was used to draw the graph.

Results
Morphological and chemical characterization of PM
The morphological character of PM exhibited diverse shapes, including rounded smooth surfaces, spheroidal and 
spherical particles with rough surfaces, large irregular shapes, large crystal shapes with sharp ends, amorphous 
or irregular shapes, irregular flat shapes, agglomerate and free shapes, aggregate spherical particles, sharp-
ended particles, and ovoid types. These characteristics were evident in SEM images of leaf surfaces (Fig. 3). The 
probable sources of PM, determined by their morphological characteristics, are described in Table S1.

Additionally, the elemental composition of the PM was determined through EDS spectra, revealing a complex 
mixture of components, such as aluminum (Al), antimony (Sb), arsenic (As), calcium (Ca), carbon (C), chlorine 
(Cl), indium (In), iodine (I), iron (Fe), magnesium (Mg), oxygen (O), potassium (K), silicon (Si), sodium (Na), 
sulphur (S), terbium (Tb), titanium (Ti), and zirconium (Zr). The combination of PM composition and distinct 
morphological features provides a potential means to identify the sources of PM in the environment30.

At site 1 (IA-1), the PM compositions by EDS spectra include Al, C, Ca, Fe, In, K, Mg, Na, O, S, Si, Ti, and Zr. 
At site 2 (IA-2), the composition consists of Al, C, Ca, Fe, I, In, K, Mg, Na, O, S, Sb, Si, Tb, and Ti. At site 3 (ROS), 
PM consists of Al, As, C, Ca, Fe, K, Mg, O, S, Sb, Si, and Zr elements. Site 4 (RES) PM consists of Al, C, Ca, Cl, 
Fe, I, In, K, Mg, Na, O, S, Si, and Zr. According to EDS spectra, the compositions reveal that the PM comes from 
both anthropogenic and natural sources.

PM counting by image j
The amount of PM in different size ranges was found to be in the order of IA-1 > IA-2 > ROS > RES for most of 
the plants (see Figs. 4 and 5, and 6). In the case of PM in the 10–100 μm (non-respirable) range, four sites were 
considered. At IA-1, Polyalthia longifolia and Dalbergia sissoo showed a significantly higher PM count compared 
to the other four plants (P < 0.05). IA-2 had less PM in the non-respirable range compared to other sites. IA-
2, being a thermal power industrial zone, mainly emits PM in the respirable range. In IA-2, Syzygium cumini 
showed the highest PM accumulation compared to all other plants. The ROS site had more PM in this range 
compared to other sites, and Polyalthia longifolia and Dalbergia sissoo showed a significantly higher PM count 
than other plants (P < 0.05). RES is a residential site, which is why the PM count is lower compared to ROS and 
IA-1. In this site, Dalbergia sissoo and Alstonia scholaris showed better performance than other plants.

In the non-respirable range, we didn’t observe a clear pattern indicating which plant is best for PM removal in 
this range. However, Polyalthia longifolia and Dalbergia sissoo showed higher PM counts at three sites (IA-1, ROS, 
and RES) (Fig. 4). Polyalthia longifolia has large leaves, large trichomes, unique foliar arrangements, a fibrous 
midrib, and a waxy coating on the leaf surface, all of which help in the retention of larger-sized PM31. Dalbergia 
sissoo also performed well in three different sites (IA-1, ROS, and RES). This is likely due to the roughness of the 
leaves and their unique morphology16,32.

PM of size less than 10 μm falls under the criteria of the respirable PM range, which is mostly harmful for 
humans. In the range of PM10 (2.5–10  μm), Dalbergia sissoo and Senna siamea showed significantly higher 
accumulation at all four sites (P < 0.05) (Fig. 5). At site IA-1, Dalbergia sissoo and Senna siamea displayed the 
highest PM count (P < 0.05). At site IA-2, only Senna siamea showed a significantly higher PM count compared 
to all other five plants (P < 0.05). At site ROS, Dalbergia sissoo showed a significantly higher PM count (P < 0.05) 
compared to other plants, and Senna siamea also performed well at this site (Fig.  5). At the RES site, both 
Dalbergia sissoo and Senna siamea exhibited a significantly higher PM count compared to all other four plants 
(P < 0.05). Overall, Dalbergia sissoo and Senna siamea showed better performance in PM remediation within the 
PM10 range.

Discussion
Morphological and chemical characterization of PM
It was observed that smooth surface PM was found in large amounts in both industrial areas (IA-1 and IA-2). 
This indicates that smooth surface particles are mostly associated with industrial areas. PM of rough surface were 
found present in all areas. However in the residential area (RES), the number of such particles was significantly 
higher. The reason behind this could be the resuspension of soil particles due to heavy vehicular activities.

At IA-1, PM consists of elements such as Al, Ca, Fe, K, Mg, O, Si, Ti, and Zr, which are naturally abundant in soil 
and the earth’s crust33–35. They often accumulate on leaves due to air pollution from heavy vehicles in industrial 
areas36,37. Major sources of Fe dust include railways and iron and steel industries, which can lead to health 
issues when mixed with oxygen, forming iron oxides and causing conditions like metal fume fever, abdominal 
pain, vomiting, and constipation38. Carbon emissions originate from coal combustion and coal-based industries, 
causing respiratory problems and the formation of carbon monoxide (CO), leading to symptoms like headaches 
and dizziness39. Potassium and Na emissions are associated with steelworks, coal burning, and incinerators40,41. 
Sulfur can result from fossil fuel burning by power plants and motor vehicles, causing irritation to the skin 
and mucous membranes42. Indium is released from the electronics, photovoltaics, and LED industries, and its 
compounds can lead to health issues such as lung cancer and interstitial pneumonia43,44. Site 1 is the central 
hub of industries in Bilaspur city, and these industries release harmful substances into the air, creating pollution 
and potential health risks. These elements are present in the air at this site and may be transported by the wind.

IA-2 contains the rare earth metal Tb, not found at any other sites33. Terbium is released from mining 
activities and can be irritating to the skin and eyes33. Additionally, IA-2 has a high carbon content due to 
NTPC, a major coal-based thermal power company, generating carbon particles from coal fuel. This results in 
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a higher carbon percentage compared to other elements. Terbium may also be associated with heavy vehicles 
that directly come from mining sites, contributing to its additional presence in the air. ROS shares common 
elements with IA-1, including Al, Ca, Fe, K, Mg, O, and Si. Additionally, ROS has As and Sb. The source of 
As is coal burning, burning vegetation, and coal-based industries45–47. A recent study showed that As is also 

Fig. 3.  Morphological differences of PM present at the leaf surfaces of selected (six) plant species at all 
four sites a-f from site 1 (IA-1), g-l from site 2 (IA-2), m-r from site 3 (ROS), s-x from site 4 (RES). All SEM 
micrograph are in a series of Alstonia scholaris, Dalbergia sissoo, Polyaltha longifolia, Millettia pinnata, Senna 
siamea, and Syzygium cumini.
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emitted from the pharmaceutical and cosmetic industries48. According to the International Agency for Research 
on Cancer (IARC), As is a very toxic and carcinogenic metalloid49. Arsenic can cause health issues, including 
cancer, skin lesions, cardiovascular disease, and diabetes. Arsenic exposure may also produce free radicals and 
alter the methylation status of cellular DNA, leading to a significant impact on liver cells50–52. Particulate matter 
can absorb large quantities of As, increasing the risk of exposure through inhalation and ingestion51,52. The 
majority of Sb emissions come from high-temperature combustion operations, and as a result, they are emitted 
as submicron particles that can rapidly aggregate in a bulk mode, as indicated by PM2.5

53–55. Additionally, waste 
from the cosmetics and pharmaceutical sectors releases Sb48,56. Antimony and its compounds are very harmful 
to human health and can even be carcinogenic57. The United States Environmental Protection Agency (USEPA) 
considers Sb and related compounds to be priority pollutants58. Long-term industrial exposure can cause 
respiratory irritation and, in some cases, lead to pneumoconiosis with obstructive lung changes in humans. It 
can also harm the eyes, lungs, heart, and skin59. High C content is attributed to the proximity to Sirgitti and the 
transport of C by air, along with heavy coal vehicle traffic from IA-1.

RES shares similarities with IA-1 and ROS but includes additional elements, Cl and I. Chlorine comes from 
cooling towers, swimming pools, and water purification facilities in residential area60. Chlorine, when combined 
with soil dust, can cause respiratory illness, asthma, chest pain, vomiting, changes in breathing, and cough61. 
Iodine is emitted from restaurants and street food stalls because they use different types of salt for making foods.

PM counting by image j
Particulate matter size less than 2.5 μm, also known as fine particles, was counted using the Image J technique. 
In the range of PM2.5 (0.2–2.5 μm), Dalbergia sissoo and Senna siamea showed significantly higher accumulation 
at all four sites (P < 0.05) (Fig. 6). At IA-1, the highest PM count was retained by Senna siamea and Dalbergia 
sissoo compared to Polyalthia longifolia (P < 0.05). Senna siamea and Dalbergia sissoo also showed the highest PM 
count at site IA-2 (Fig. 6). At ROS, Dalbergia sissoo showed a significantly higher PM count compared to other 
plants, and Senna siamea also performed well at this site. Since RES is a residential site, the PM concentration is 
lower compared to other sites, and Senna siamea significantly showed the highest PM count at this site (P < 0.05) 
(Fig. 6). One recent study by Gajbhiye et al.62 compared two different plants by using SEM-EDS based rapid 
method, and identified Senna siamea is more suitable for the urban greening program.

In the respirable range of PM10 and PM2.5, Senna siamea and Dalbergia sissoo were found to be the best plants 
for PM retention. These plants are evergreen, so leaves are always present on the plants. Dalbergia sissoo has 
unique surface morphology16. This plant has small leaves that prevent wind force, which is responsible for PM 
resuspension in air. Its leaves have special characteristics such as a rough surface, small pits and grooves on the 
surface, and small trichomes16,63. Anisocytic type of stomata is present in this plant, and the stomatal density is 

Fig. 4.  Number of PM particles in 10–100 μm (non-respirable range) across selected plant sp. at four different 
study sites. Different alphabets shows significant variation (P < 0.05) and same alphabets shows homogeneity 
(n = 3).
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Fig. 6.  Number of PM particles in 0.2–2.5 μm (respirable range) across selected plant sp. at four different study 
sites. Different alphabets shows significant variation (P < 0.05) and same alphabets shows homogeneity (n = 3).

 

Fig. 5.  Number of PM particles in 10–2.5 μm coarse (respirable range) across selected plant sp. at four 
different study sites. Different alphabets shows significant variation (P < 0.05) and same alphabets shows 
homogeneity (n = 3).
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also high64. All these characteristics contribute to the accumulation of a large amount of PM. Senna siamea is 
the best-performing plant in the respirable PM range. This plant has a group of small leaves (compound leaves). 
The leaf surface has unique characteristics such as a rough surface and smaller rough trichomes, which are 
responsible for accumulating a large amount of PM24,62. The stomata are also responsible for PM accumulation in 
Senna siamea; it has three different types of stomata, such as polygonal, anisocytic, and paracytic, present on the 
adaxial and abaxial sides. The rough surface of trichomes is very helpful for the retention of PM in the respirable 
range62,65. Dalbergia sissoo and Senna siamea are the best plants for retaining airborne particulate matter (PM) 
compared to other selected species. This is primarily due to their unique morphological characteristics; in these 
two plants, stomata and trichomes are present on both the adaxial and abaxial surfaces of their leaves (Table 2), 
which distinguishes them from other plants. This unique feature enables them to perform exceptionally well, 
particularly in retaining PM in the respirable range. One recent study compared different methodologies for 
PM quantification accumulated on leaves and microscopy-based method was found best as compare to other 
quantification methods such as gravitational and sensor based16,66.

Conclusion
The research concludes that the SEM-EDS-based method is a quick approach for the comprehensive investigation 
of airborne PM, including their source identification with morphological and elemental composition analysis. 
The study explored the morphology and chemical composition of PM, identifying anthropogenic sources as 
significant contributors. Certain elements, such as As, Sb, Fe, C, In, Tb, Cl, and I, were highlighted as posing 
health risks to humans. The present investigation further revealed that leaf arrangement and morphological 
characteristics significantly influence PM accumulation, with Senna siamea and Dalbergia sissoo exhibiting 
superior PM retention in both coarse and fine PM ranges. The micromorphological features of these plants, 
including trichomes, stomatal density, rough surfaces, and leaf shapes, contribute to their effectiveness in PM 
retention and air purification. Notably, the smaller leaves of Senna siamea and Dalbergia sissoo prevent PM from 
being resuspended in the air by strong winds, enhancing their overall performance in combating PM pollution.

Based on the results of this study, Senna siamea and Dalbergia sissoo were found to be the most effective 
plant species for mitigating PM pollution. This study demostrate the efficacy of the employed methods for PM 
characterization, source identification, and the selection of suitable plant species for urban greening, with a 
particular focus on PM pollution remediation. As such, this work proposes a strategy for the removal of airborne 
PM by utilizing green vegetation, providing a natural solution to mitigate air pollution. The key contribution is the 
identification of suitable plant species for efficiently removing PM from the air, which enhances the effectiveness 
of green remediation strategies and urban greening. However, the current approach cannot provide the accurate 
concentration of elements and only indicates their relative proportion. Although the presence of such harmful 
elements in the air can pose risks to living beings, knowing the actual concentration of these elements is essential 
to assessing their potential harm to human health. Cross-validation of the procedure adopted in this study with 
other approaches should offer valuable insights into the characterization of PM. In addition, research should 
be directed to add specific methods and results of exposure concentration and possible health implications to 
strengthen the relevance to public health discussions and policy-making.

Data availability
Data will be made available on request to the corresponding author (Dr. S.K. Pandey, skpbhu@gmail.com; pan-
dey.sudhir@ggu.ac.in).
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